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1. INTRODUCTION

1.1 General

Irrigation has played a key role in raising the food production and
aphieving self-sufficiency in India. The irrigation potential has increased
from 22.6 mha in 1951, the starting year of I five year plan to about 90
-mbha at the end of VIII five year plan (1992-97). The actual area irrigated
however is about 80 mha at the end of VIII five year plan (India, 1999)
with a gap in irrigation of about 10 mha. One of the main reasons for
fhis gap is the adoption of inefficient water application methods by
majority of farmeré. Surface irrigation meth9ds are undoubfedly the
most commonly used methods for applying water to fields and account
for more than 95 per cent of 250 mha of land‘irrigated world wide and
this is likeiy to remain so in the foreseeable future (Kay, 1990). The
utilizable water resources in India are also not enough to irrigate the
entire cultivable area of the country, hence concerted efforts are needed
to use the irrigation water more éfﬁciently. Irrigation water losses
during application to the fields including deep percolation etc. are
substantial and account for 25 fo 27 per cent of water released at the

canal head (Sharma and Sarkar, 1994).

Irrigation is one of the oldest known agricultural technologies, but
improvements in irrigation methods and practices are still being made.

The future will require even greater improvements as the demands on
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water supplies are steadily increasing in the country and in many areas
the ground water supplies are depleting rapidly. Creation of irrigation
potential is an expensive process and at the same time there is a
tremendoué environmenfal concerns about the mega-irrigation projects.
An investment of about Rupees one lac is required to create an
additional water resource in order to bring only one hectare area under
irrigation. The microirrigation systems have é great potential to increase
~ the net irrigated area with the available water resources of the country.
~ This m‘ethodb is an accepted -system of irrigating many crops, yet
microirrigation should not be expected to replace the other irrigaition
methods or in some. éreas to even compete with conventional irrigation

methods.

Like other methods, this method of irrigation is not suitable to
every crop or site. Presently, microirrigation has greatest potential
where — water is expensive or scarce; soils are sandy, rocky or difficult

to ievel;. and high value crops are produced.

1.2 Microirrigation System

Microirrigation is a new approach compared to surface and
sprinkler irrigation systems and offers unique agronomical, agro-
technical and economical merits over the conventional irrigation
methods. It is the frequent application of small quantity of water on or
beneath the soil surface as drops, tiny streams or miniature sprays

through the emitters or applicators placed along a water delivery line.
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. The main components of a microirrigation system are emitters,
laterals, submains and main lines. A microirrigation system may
consist of several subunits. Each subunit has a submain and number
of laterals attached to the submain. The submain is provided with a
~ control valve at its inlet, which facilitates regulation of pressure head in
the subunit and operation of the subunit independent of other
~ subunits. Microirrigation offers several potential advantages over other
methods of irrigation, the primary one being the precise application of

water from the emitter system.

1.3 Microirrigation in India

Microirrigation was comrﬁercially launched in India in the year
1986. The adaptation was low until 1990, the area has been increasing
steadily since then. Presently, about 0.38 Mha are microirrigated in the
country (Jain, 2000a) putting India as the second largest microirrigated
country in the world, next to USA with coverage of 1.05 Mha. An area of
about 15 Mha is under various horticultural crops throughoutu the
country .and it is expected that at least 1 Mha can be brought under
microirrigation by 2005 (Jain, 2000b). Adoption of this method picked
up rapidly in the States of Maharashtra, Karnataka, Tamil Nadu,
Gujarat and Kerala. Maharashtra is the leading state in adoption of
microirrigation, contributing almost half of the country’s microirrigated
area. The main driving factors being, accelerated horticultural

developmerit, dwindling groundwater resources, full fledged growth of



indigenous microirrigation industry, substantial financial support from
the Government, progressive farming community and research support
from. variof,_ls academic institutions. Microirrigation is adopted for fruit
trees, vegetables, flowers, and other crops like sugarcane, cotton, and
- agro-forestry. Applied research on microirrigation is being carried out
through 16 Plééticulture Development Centers (PDCs), sponsored by
Ministi‘y of Agriculture, Goverﬁment of India, established at different

regions of the country.

‘1.4 Microirrigation Hydraulics

Micréirrigation : systems normally wet only a portion of the
horizontal cross sectional area of the soil. The movement of water in the
soil depends on the physical properties of the soii and emitter
discharge. If the emitter discharge exceeds basic infiltration rate of the
soil, water starts ponding at tﬁe surface and a disc shaped saturated
zone is formed around the point source. The radius of the saturated
disc increases with timé and also depends on emitter discharge. Higher
the discharge, larger will be the radius of saturated disc, at any point of
time. Due to wider spread of water at the surface, its movement will be
faster in horizontal direction than in vertical direction. Therefore the
shape of the wetted profile developed below the trickle source will

depend on the emitter discharge.

A number of analytical and numerical models in cartesian and

cylindrical coordinates, are available in literature to predict water
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movement from different types of surface and subsurface trickle
sources. The basic inputs Vto these models are the soil-water
characteristic relationships. A goodv number of these relationships are
| also reported, but most.of them are the empirical ones and needs their
constants to be evaluated for the specific soils being studied.
' Determinat;-ion of soil-water characteristics is a tedious job and requires

a lot of time and efforts to get a reliable value.

The flow regime through a microirrigation system is hydraulically
“steady, spatially varied pipe flow with lateral outflows. Total dischtarge
in the distribution network decreases with respect to distance from the
inlet of the system. ’The lateral and submain have similar hydraulic
characteristics and are -designed to maintain a small pressure variation

in order to achieve relatively uniform outflow from the emitters.

In microifrigation systems, laterals normally extend only on one
side of the submain and they are known as the single laterals. The flow
ratc of emitters depends on their operating pressure head; which varies
along the line due to the elevation differences and friction losses in the
pipeline. The friction losses per unit length 'cf pipe, in different
segments of the pipeline are different because of dccreasing flow rate.
Hence, hydraulic analysis of a microirrigation pipeliﬁe becomes
complicatea because, both the parameters i.e. inlet pressure head and

inlet discharge of the pipeline are unknown. In most of the methods and

design charts, the outflow from the emitters is assumed to be uniform,
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which ieadg. to an error in estimation of inlet pressure head. Use of
Hazen-Williams formula in these methods with a constant roughness
factor multiplies the error. Analyzing the microirrigation lines, step by
step (Hathoot et al.,, 1993) can ecliminate these errors. Thus, the
methods based on this approach provide an accurate solution for single

laterals.

When two laterals extend in opposite direction from a common
submain outlet, they are referred to as paired laterals. With the U;SC of
~such latgrals of the permissible length of laterals can be increased for
the same allowable pressure variation and hence the initial cost of the
system may be redliced to some extent. The problem of design of such
laterals is more complicated due to the position of inlet and opposite
directions of slopes. The problem of design of paired laterals was solved
by é new approach known as lateral discharge equation approach

(Kang and Nishiyama, 1995) which is discussed in detail in chapter 3.

Nor@ﬂly, the laterals and submains in the microirrigation
systems are used with uniform diameter. It can be understood that in
the downstream segments of these pipelincs, the discharge is very small
and hence their contribution towards the head loss due to friction is
very small. In large microirriéation systems where the difference in
discharge of the upstream and downstream segments is very high, use
of smaller pipe size for downstream segment may also reduce the cost of

the system. But, design of such pipelines which are known as tapered



laterals/ submains, is further complicated due to the use of different

diameters in various segments of the line.

The procedures available for design of tapered pipelines are also
based on the assumption of uniform outflow from emitters. Methods
based on step by stép analysis and lateral discharge equation approach,
tl"iough» are accurate, but can not be applied for design of tapered

laterals.

1.5 Problems and Objectives

Several researchers have worked on different aspects of the
microirrigation system design but, there remain many problems
requiring fgrther research. Presently, the emitf.er discharge is selected,
keeping convenience in operation of the system in mind. With this
dischﬁarge the applied water may not be distributed properly in the
plants root zone and may result 1n poor irrigation efficiency. This
creates a design problem for détermination of emitter discharge based
on different soil hydraulic properties. Due to complications in the
procedures available for design, most of the microirrigation systems are
designed with uniform single laterals only, using thumb rules, An
importaﬁt aspect of microirrigation system design i.e. uniformity of
application, is neglected. Use of paired and tapered pipelines is avoided.
These problems may lead to poor performance of the system and higher

initial cost.
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Keeping in view, the above stated problems related to
microirrigation system design, the present study is undertaken with the

following specific objectives:

1. To evolve an approach for determination of discharge of trickle

emitters based on wetted soil profile.

2. . To develop a methodology for the design of microirrigation laterals

to obtain required average discharge from the emitters.

3. To develop a methodology for the design of submain of

microirrigation subunit.

4, To develop a user friendfy computer software for the design of a

microirrigation subunit.
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2. REVIEW OF LITERATURE

This chapter presents a brief review of literature available on
models of soil-water distribution below trickle sources, emitter
discharge, design of microirrigation laterals and submains,
detervminationv of friction losses in multioutlet pipelines, etc. The other
~ aspects related to the modeling of unsaturated flow such as functional
rélationships of the two important parameters governing the
unsaturated properties of the soil i.e. hydraulic conductivity and soil-

water potential, with soil-water content are also reviewed.
2.1 General

A microirrigation subunit consists of a subfnain, laterals and
emitters. Submain receives water from main line and delivers to the
laterals. Emitters attached to the laterals distribute water to the field.
The flow from submain to laterals and the outflow through each emitter
is controlled by the pressure distribution élong the submain and lateral
lines, respectively. The pressure distribution along a submain or lateral
line, which are considered as the multioutlet pipelines is controlled by
the energy drop through friction and 'the gain or loss of energy due to
slopes of pipeline. A pressure regulator provided at the inlet of the
submain controls the pressure head in submain line. The friction losses
in the pipelines are estimated using the Darcy-Weisbach or the Hazen-

Williams formula.
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Water delivered through emitters, infiltrate down to meet the
water requirement of the crop. Due to slow application, water gets
distributed within the root zone of the plant evenly and adequately. The
distribution of water below the soil surface is controlled by the
complicated soil physical parameters, application rate of water, and
spacing of the emitters. The flow of water below a trickle source into the
soil is a case of three-dimensional flow in an unsaturated media and is

evaluated using the soil-water distribution models.
2.2 Soil-Water Distribution Models

Numerous analytical and numerical models have been developed
to study the flow of water below trickle sources. These models are based
on the Ric;hards equation, which describes the three-dimensional flow of
water in an unsaturated media. The knowledge of different hydraulic
properties of soils viz. unsaturated hydraulic conductivity (K) and soil-
water potential (h) and their relationships with soil-water content ()
which govern the flow in an unsaturated media, is necessary for

- modeling unsaturated flow in soils.
2.2.1 Functional relationships for K, h and 6

To represent experimental data to develop analytical and
numericai__ soiutions of flow problems, simple relationships amongst K,
h, and 6 are useful. Some of the relationships available in literature are
given in Table 2.1. Brutsaert (1967) reviewed‘ the functional forms of

K(h) or K(6). Burdine (1953) and Maulem (1976) gave the integral type
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Table 2.1 Empirical relationships between hydraulic conductivity (K),
matric potential (h) and effective saturation (Se)*.

Model | Given By Relationship Referred from
No. 7
A, Matric potential (h) and effective saturation (S.)
1. Brook and Se = (he/h)? h<he Russo (1988)
Coorey (1964) =1 h>he
2. Clapp and h = -hem(Se-n)(Se-1) Clapp and
Hornberger Hornberger
(1978) (1978)
3. . Huston and h = hem(1-S¢)1/2 Alessi et al.
' Cass (1987)
(1992)
4. Van h= (I/B)(Se;llm -~ 1)ln Van Genuchten
Genuchten ' (1980)
(1980)
B. Hydraulic conductivity (K]
5. Green and” K =Ks Raats and
Ampt (1911) Gardener (1971)
6. Richards K= (1-2h/h¢Ks Raats and
(1931) Gardener (1971)
7. Gardener K = Kse*h Raats and
(1958) Gardener (1971)
8. Gardener K = Ks/[(h/hy)a + 1] Raats and
(1958) Gardener (1971)
9. Wind (1955) K = Ks(h/hg)m™ Raats and
and Brook and Gardener (1971)
Coorey (1964) and Russo (1988)
-10. Burdine (1953) ‘ s:dS  ©dS Van Genuchten
K=K,8 [/ [ (1980)
o h 0 h
11.  Maulem (1976) S.4S 1dS. Maulem (1976)
K=K8/"| [—=/[—
s h ¢h
12. Van K =Ks.Set/2 [1 - (1- St/m)m]2  van Genuchten
Genuchten (1980)
(1980)

" Se = (6-61)/(0s-6;), where 6; and 85 are residual and saturated water content
respectively. h. is air entry value of h, Ks is the saturated hydraulic
conductivity and «, B, k, m, and n are constants.
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of relationships amongst K, h, and 6 (model nos. 10 and 11).
Substitution of any h-8 expression in the integrals will give the
functional form of hydraulic conductivity e.g. van Genuchtens model
(no. 12). Among the many other models available, the models (no. 7 and
12) proposed by Gardener (1958) and van Genuchten (1980),
respectively are used extensively by different workers.
| The functional relationships shown in Table 2.1, though gives
sufficient - accurate estimaté of the properties, but involves very
, compliéatéd procedure for determination of the constants. Keeping in
;view, these complications, Gupta and Larsen (1979) used multiple
linear regression e‘ciuation to predict the soil-water content given soil-
water potentials. Thié equation relates the soil-water content with
texture (sand, silt, clay and organic matter content) and bulk density of
the soil. |
Arya and Paris (1981) presented a model to predict the soil water
tension cf;_rve from particle size distribution and bulk density data. This
model calculates a pore size distribution from particle size distribution,
bulk density, and particle density. Then the pore radii are converted to
equivalent soil-water tensions using the equation of capillarity at the
correspondin-g volumetric watér content.
Rawls et al (1982) also reported a multiple regression aﬂalysis
of soil-water content with soil attributes using very extensive data sets.
Using the stepwise regreésion, they correlated only the most statistically

significant variables. The equations have a small sensitivity to organic
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matter. Cosby et al. (1984) also clearly demonstrated that soil textures
could be related to hydraulic characteristics, when they applied
regression and descriminant analysis to these and other data.

Sakj_:on et al. (1986) further simplified the regression equations
of Rawls et al. (1982) by eliminating 3 variables viz. silt, organic matter
and bulk density of the soil. These variables were found to have
negligibly small regression coefficient and hence theif influence on the
| h.-e' and K-0 relationship was ﬁegligible. They proposed three equations
~ to express the h-0 relationship for 3 rariges of soil-water potentials. An
equation to predict the unsaturated hydraulic conductivity K(0) was also
proposed. The propésed équations are valid _for the soil-water tensions
in the range of '0-1560 kPa and for a :wfde range of soil textures

(i.e. 55 %sand <30 with 8< %clay <58 and 30< %sand <95 with

5< %clay <60).
2.2.2 Trickle irrigation flow system

~ In trickle irrigation modeling, generally the flow is assumed to be
axisymmetric. With this assumption, the three-dimensional flow may be
studied in two dimensions only. In this section, a review of water flow

boundaries considered in different modeling approaches is discussed.
2.2.2.1 Flow region

In general a semi-infinite flow region is assumed for analytical
modeling of trickle irrigation flow from a single emitter i.e. in (X, 2)

coordinates, the flow region is defined in the range -0 <X < 0; 0 <z%< ©
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(Loc-kingtqn et al., 1984; Ben-Asher et al., 1986, ctc.). For numerical
modeling a finite flow region with sufficient dimensions in x and z
direction is considered (Taghavi et al., 1984 and Healy and Warrick,
1988). Brandt et al. (1971) considered -X < x < X, where 2X is the
spacing between emitters.

2.2.2.2 Initial conditions

In most of the studies uniform initial moisture content (6n) is
considered for the whole flow region. The value of 6. taken is so small
- that K(8) becomes negligibly small, ahd therefore, the initial water
‘movement in the flow region is igno;ed. Lockington et al. (1984) used
initial effective satﬁrat_ion’, Sei‘ = 0 and Se; = 0.01 was taken by Healy
and Warrick (1988) to obtain numerical édlution. Warrick (1974a)
used matric flux potential, ¢n = O for h = - as initial condition for
analytical. solution.
2.2.2.3 Boundary conditions

The general boundaries considered in various studies to simulate
the axisymmetric water flow from surface trickle source are shown in
Fig. 3.1. These are represented in cartesian (x, z) and cylindrical (r, z)
coordinates.

a) Source boimdary

For a sinrgle emitter simulation this boundary represents a disc of

radius p(t) which is a function of time (Bfandt et al.,, 1971). The

condition applied to this boundary is



9 =6 0<r<p(t); z=0; 0<t<T ..(2.4)
where, és is saturated moisture content.
This vcond'.ition can be represented for in terms of potential as h = 0 or
H = O (Lafolie et al.,, 1989). Taghavi et al. (1984) and Angelakis et
al. (1993) considered constant radius of disc, p, and used a constant

flux condition for this boundary that can be expressed as

Q =K-—K«a£; O<r<p; z=0; t>0 ..(2.2)

V= 3
2np 0z

Clothier and Scotter (1982) assumed the source boundary in
‘the form of hemisphere and used constant flux condition (equation 2.6).
ﬁealy ana Warrick (1988) and Ben-Asher et al (1986) considered a
point source and hence p = ‘0, and thus no condition specified for
source boundary.
b) Non-wetted surface boundary

The boundary represents soil surface outside the wetted disc. The
general condition applied to this boundary is no vertical flow across the
boundary or vertical flow equals evaporation (Bran'dt et al.,, 1971 and

Ben-Asher et al., 1986). This can be written as

K+E—~K§E=0
Zz r > p; t>0 ...(2.3)
K+E- 2_0

0z
c) Axis of symmetry
This is the vertical line drawn >from the centre of the disc. Since

this is the axis of symmetry, no flow occurs across this line in either
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direction (Brandt et al, 1971). The boundary condition may be
expressed as

o _
ox

0; r=0 0<z<sew;  t<0 .. (2.4)
d) Large distance from the source

For the analytical solutions, this boundary represents- r - o
» and/orvz —> o, Warrick and Lomen (1976) assumed ¢ to vanish as r2+z2
Il In other words, soil 'femaiins'to be at initial moisture content (6,) at
this boundary. For numerical analysis (Healy and Warrick, 1988),
~ similar condition applies for x = X and z = Z, where X and Z are finite,
but sufficiently large values of coordinates (x,z), respectively, to
represent the flow boundaries. Brandt et al (197-1), Angelakis et al
(1993), etc. considered no flow across these boundaries, which can be

expressed as

%B_=0; =R; 0<z<Z; t>0

611; ... {2.5)
—=0; 0Sr<R; z=2; t>0

0z

2.3 Solutions to Three-Dimensional Flow Problems

Various solutions reported in literature are grouped in two broad
categories i.e. analytical solutions and numerical solutions. The
discussion of these solutions includes point source, disc source, line
source énd strip source solutions aﬁd the experimental studies that are

related to trickle irrigation.
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2.3.1 Analytical solutions

Analytical solutions of Richards equation for flow below trickle
sources have been developed for steady state as well as unsteady state
conditions. The non-linear governing equation was linearized using the

approach of Garderner (1958) by defining a matrix flux potential as
h K L
¢= [K(h)dh == ...(2.6)
I &

where,
h is the pressure head [L], and
* K(h) is the hydraulic conductivity [LT-1]

. K(h)=Ksexp (@h) (27)
where, o is a coefficient commonly within the range 0.002 to 0.2 cm'!
(Philip, 1969; Braester, 1973) and Ks is commonly known as saturated
hydraulic conductivity. Use of equations (2.10 and 2.11) in the non-

linear moisture flow equation, gives

00 _yry_ 00
= Ve ...(2.8)

where

t is the time, 0 the volumétric vwat.er content and V2 the Laplacian space
operator. The ordinate z is taken positive downward. For steady flows,
equation (2.12) takes the form (Philip, 1968, 1969, 1971; Raats, 1970,

1971, 1972)

Vzcb—a?—(—h:O ...{2.9)
oz
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Assuming d6/d¢ to be constant leads to the linearized form with

time
% _Kgzy 1 00 . (2.10)
ot a 0z
where
do/d¢ = a/k, N k=.dK/d9

. The initial and boundary conditions used for different types of sources

under steady state and unsteédy state conditions are given in Table 2.2.
2.3.1.1 Steady’ state solutions

If trickle irrigation is applied frequently and water application
periods are sufficiently long, the flow at some distance from the source
approaches a steady state condition (Merill et al.,, 1978). Of course a
~ truly steady state flow can never be achieved during trickle infiltration,
but it represents an asymptotic case which permits the use of a simple
theory for the practical purposes of designing trickle irrigation (Bresler,
1978). In the following text, steady state models with pbint, disc and
line sources are discussed.
a. Point source

When water is applied through emitters on the soil surface and
the emitter discharge is not higher than the water intake rate of the soil,
hemisp’heriCal flow geometry develops below the soil surface. At the
point of application th.e‘ métric suction is zero and outside the

hemisphere -c.
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Table 2.2. Initial and boundary conditions used for various trickle

sources.
S. Source Initial Condition Boundary Conditions
No.
1. Surface point o(r,z,0)=0 . -0¢/0z+ap=0, z=0, r=0
source '
2. Surface point ¢(r,z,0) =0 -0¢/0z+ap = -(om/2) ¢, z=0,
source with loss A
at surface r=0
- 3. Surface line ¢(x,y,2,0) =0 -0¢/0z+ap=0, z=0, x#0
source ‘
4.  Surface line 0xy,20)=0 -80/dz+ah = -(am/2) ¢, z=0,
source with loss ‘
at surface ' <%0
5. Surface disc o(r,z,0) =0 -0¢/0z+ad =0, z= 0, r>ro
source :
6. Surface strip o(x,y,2,0) = 0" -0¢/dz+adp =0, z=0, X/ >Xo
source ' ’ - .

where m is the surface flux proportionality constant



a0

Philip (1968) introduced the quasilinear approximation to
unsaturated porous media and then obtained the first solution to single
“point source buried in an infinite three-dimensional media using the
known results from Carslaw and Jaeger (1959).

The partial differential equations for matric flux potential and
Stokes stream function were derived by Raats (1971) using the
approach similar to quasilinearization. The solution of Philip {1968) for
buried point source was used to obtain an analogous solution for point |
source at” surface after incorporating the boundary conditions at
surfade. Similar expression were given by Philip (1971) as a theorem
that enables the solution of the quasilinearized steady infiltration
equation for any distribution of surféce sources to be found immediately
from the corresponding solution for buried sources. Raats (1972)
generalized this theorem to an arbitrary distribution of sources at
arbitrary depths.

Raé_ts (1976) investigated the steady flow from point and line
sources to point and line sinks, as well as the steady vertical flow
subject to distributed uptake by plant roots and water table.

Using Cauchy-Reimann condition Raats (1977) derived the
partial differential equation iﬁ terms of stream function. The solution
“was obtained in terms of stream function using separation of variables.
The results included expression describing flow pattern, the distribution

of matrix flux potential, pressure head, water content and total head.
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Warrick et al. (1980) discussed the radially symmetric flow from
a surface point source with water uptake modeled by various
combinations of disc and cylindrical sinks. |

The point source solutions may serve as a reasonable
approximation in some situations, but, they generally fall short of giving
realistic representation of flow from physical sources of non-zero
dimensions i.e. circular, semicircular, spherical and hemispherical
sources (Pullan, 1990).
b. Disc source

When the emitter discharge is"higher than the intake rate of the
soil, water starts pdnding around the source and a disc of saturated soil
“surface is formed. The radius of this disc increases with time and
reaches equilibrium after some time. The ﬂdw geometry of the wetted
front follows an oblate spheroidal geometry.

The first application of quaSilinearization to a problem of disc
éource‘ with constant matric flux potential specified on the source
boundary was given by Wooding (1968). The problem of mixed
boundary conditions was reduced to a system of dual integral equations
and solved by a modified Tranters method. The important discussion
' made in the paper regarding total flux through system and distriBution
of the unsaturated flow were explored in many subsequent studies
(Bresler, 1978; Philip, 1986; Weir, 1987; Warrick, 1992, etc.). Philip
(1.984)' stated that “Woodings work is a heroic piece of mathematics. It

may be that the complications of Woodings study have discouraged
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others from attempting problems of steady infiltration from finite supply
surfaces with h fixed at such surfaces.” This may be the reason that the
literature remained devoid of ‘any'further. studies on disc source for a
long spell of time.

c. Line source

When the spacing of the emitters along the lateral is such that
~the flow geometry of the emitters are interacting with each other and
emitter flow rate is not higher than the intake rate of the soil, a water
saturated liﬁe is formed below the line of sources. In this case the flow
may be considered to be two-dimensional.

Parlange (1972) included the time dependence and solved the
problem of multi—difnensional infiltration by single perturbation
technique. The case of a spherical cavity is treated explicitly as an
illustrative example. Parlange (1973) again used the same technique
and derived analytical expression for absorption of water when the flux
of water at the cavity surface was imposed. It was noted that after a
certain time the soil around the cavity may become saturated and the
growth of the saturated region with time was examined.

Philip (1969) presented the quasilinear form of Richards
‘equation in which diffusivity and dK/d6 were assumed to be constant.

Warrick (1974b) analyzed the water flow frorﬁ a point source
using quasilinear form of the Richards equation as governing equation.
The anal}‘;tical solution for buried point source was adopted from

Carslaw and Jaeger (1959). The solution for surface point source was
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derived using theorem of Philip (1971). Warrick and Lomen (1976)
who obtained analytical solution for water flow from strip and disc
sources also used similar approach. The results were compared with
the point and line éource solutions of Warrick (1974a).

After the theories of Raats (1971), Parlange (1973) and Warrick
- (1974a) describing constant  flux "infiltration, Clothier and Scotter
(1982) re-examined the gravity free ihﬁltration using a method based
on flux concentration approach of Philip and Knight (1974).
Expérimental verification of results and comparison with above theories
concluded that the early stages of infiltration (up to 120 min) from a
small cav;ty into a fine sandy loam were described by the simple
'absorption theory presented in the paper. In éhother paper, Clothier et
al. (1985) further discussed the experimental (field and laboratory
tests) cpmparisons of the theories -(including Wooding, 1968). It was
concluded that the Woodings theory is more applicable to trickle
irrigation.

Ben-Asher et al. (1986) derived an analytical expression for the
pbsition éf wetting fronts for infiltration (gravity free) from a point
source in the presence of water extraction using an approximate
.h‘emispherical model. The results were compared and found consistent
with available experimental data of Roth (A1974), Taghavi et al. (1984),
Clothier and Scotter (1982), Bar-Yosef and Sheikolslami (1976) and

i

Ben-Asher (1979).



a4

Smetten et al. (1994) obtained an analytical solution for
_unconﬁned gravity free, three-dimensional flow from the disc
infiltrometer into soils that are homogenous and isotropic over the
depth of wetting. ’i‘he results were tested against laboratory
experimental data with Redland soils.

The‘-- solutions under various assunﬁptions for steady state

conditions are presented in Table 2.3.
2.3.1.2 Unsteady state solutions

The unsteady state solutions related to trickle irrigation may be
classified into two categories: those with constant source dimensions or .
fixed .boundary, and those with source dimensions changing with time
- or moving boundary. Most of the models Witl'; fixed boundary used flow
velocity or flux specified at the supply surface, whereas, the models
having méving boundary used more natural boundary conditions i.e.
moisture potential/content specified at the supply surface.

The solutions under various assumptions for steady state

conditions are presented in Table 2.4.
2.3.2 Numerical solutions

The Richards eqﬁation in its nonlinear form is difficult to’ solve
analytical, and thus, numerical solutions are necessary to be developed
to explore the non-dimensional behaviour of water flow in unsaturated
media. Numerical solutions to the Richards equation under varying

simplifications and various experimental soil properties were used to
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Table 2.3 Steady state analytical solutions for infiltration below
trickle sources.

x(l——exp[—Z"(b+1+x/] +A ]+ l‘)

where I
(explZ(1 1+ 2 ){L—expl-Z(b+1~V1+ 2)])
[b+1-v1+X]
s explbZ)—expl-bZ, +(Z~Z )1 +v1+X)] 0<z<zZ
[b+1-V1+%] "
explZ(1—v1+ X)) {1—expZ,((b+1- \/1+7\?)]}
| [b+1-V1+2']

Model Source Solution Given by
No. '
1. One {ImA2+m)]@/a’)l - exploz,)] Warrick et
d:me’n‘mlcinal bs(2)=4-(@/a"){@z+1)-expp(z—2,)]}, 0O<z<gz, al. (1979)
Step sin [m/@+m)@/o)l -expeoz,)]-az, /0, 2>7,
N m)ensional . Eq;{exp(z- DI+ -0 I\;&?ar;lf nkand
ic
]ine source + K“( X+ (Z+D 2)]—2(]-*- m)exp(mD+ (2 + m)Z) (1978)
x Texp(-—(l +mK, (X + 1 )dn
3. Point source = o Warrick
o= 2{% —e¥ Z.[e “lba ... dz'} (1974)
¢s = (aq/8mplexp(Z-p), p?=R?+2Z?
4, Disc source =J (AR)J,(AR ) Warrick et
(or sink) at - ¢ =(aq/4nR )(;[ 1+23)" Wz, Z")d}" al. (1980)
depth z WEAZ,) = exp(Z 2, expl T+ A
'(\/l +A1 ~1) 3
ex (Z+Z VI+A?]
n Yo ) p(- ) }
5. Cylindrical I, (AR)J, (AR,) Warrick et
source (or #R,Z)=(aq/4n R )! +AN)'"? al. (1980)
, :;gll‘&s‘f";th b (WTT R —exp[Z(1 -1+ )]
and dep::h 7 X [1-exp(-bZ )] (V1+A +D)(b+1+1+A7) HdA

Note: The suffix B stands for buried and the dimensionless coordinate are expressed

as X =0x/2; R=0or/2; Z=0z/2; Zo = 020/2; D = ad/2; Ro = aro/2.
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Table 2.4 Unsteady state anaiytical solutions for infiltration below
trickle sources,

{exp[Z(] ~ 1+ AD)Jerfe(Z /24T = /(1 + A)T)

L+ T+27

N exp[ Z(1 + m)]erfc(zuﬁ + m)
1-J1+a%

, 2exp(2Z - l’T)erzfc(Z/2\/1—' + ﬁ)} @
A

Model Type of Solution Given by
No. source . ‘
L. Surface 2T oz Warrick
point 0=2%0, —¢” [e[0,],,dZ (1974)
Source . z
0o = 28 tererfe [p (2VT) + VT
16 np
+ e rerfc [p (2/T) = VT 1}
2. Surface O=0,(X,Z~D,T) +expE2D), (X, Z+D, T)+FR,ZT) Lomen and
point where , Warrick
Source g (1978)
with loss at F(R,Z,T) =~ —é—-(l +m)exp(mD + (2 + m)Z)
surface . T
x [ £ exp(m(m + 2)& ~ R?/4E)
x erfc(l + m)JfE + (Z + D)/2.JE)dE
and ¢g from 1 above
3. Surface ¥ , . Lomen and
line source ¢ = 2{¢B - exp(zz) X Jexp(”zz )[¢B]Z=Z'dZ } Warrick
_ ae” (1974)
6 = — [ &7 expl-E - (X7 +27)/4E)de
4. Surface ¢’= 0,(X,Z~D,T)+exp(-2D)9,(X,Z+D,T) Lomen and
line source Warrick
with loss at ~ 30T exp(m(m + 2 - x2/4a)erfc(—z—+—9ﬂli’—i“—’éjda (1978)
surface Wn 2
where and ¢p from 3 above
S. Surface _ _ » AT 1 Warrick
strip b= 2{8.0 — exp(22) x [exp(=2Z)[0,5),..d2% T
source qQe” 7 _.n 2 (1976}
= 1 exp(~-t1—-2" / 41)
026 ~ 1y p
x[erf{(X+X,)/ 2Jt} —erf{(X-X,)/ 21} ]d
6. Surface ®=(2/R l))'r‘]l)(lR)Jl(lR ) Warrick
disc source ' and Lomen
(1976)

Note: Dimensionless coordinate are expressed as X = ax/2; R = ar/2;
Z=0z/2;Z=02:/2; D=0d/2; Ro =ar,/2; T = akt/4; k = dK/d6
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check tﬁe assumptions included in analytical solutions. Finite
difference, finite element and boundary element methods were usually
‘used to obtain numerical solutions.

The first and most _quote,d' numerical solution to partial
differehtial equation (2.12) with Kirchalffs tranéformation was given by
Brandt et al. (197 ]:) for transient infiltration fromia _trickle source.
Solutions were developed for two types of sources viz. strip source and
disc source, The width/radius of saturation Was considered .as a
function of time (i.e. moving boundary) With,speciﬁed moisture content
in the study. The three dimensional solution was obtained in cartesian
coordinates for stri:p source and in cylindrical coordinates for disc
‘source. Tabulated expérimental values of K(‘é)’ which was interpolated
using cubic spline for intermediate values were used in the simulation.
The solution was checked with Wooding (1968) results for steady
infiltration that approached after 999 min for ¢/¢s = 0.05. Bresler et al.
(1'9’7 1) compared the results of this‘ model with experimental data and
found good agreement with ‘some discrepancies observed for large
trickle discharge rates.

Bresler (1978) again used the model of Brandt et al. (1971) to
quantify the effect of soil hydfaulicbproperties and trickle discharge on
unsteady state infiltration from a trickle source. The results of Wooding
(1968) to linearized stéady infiltration were also used to derive surface
distribution of matrix flux potential function and the expression for

steady radius of saturated zone. The results were then employed to
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estimate the emitter spacing. Hydraulic conductivity parameters were
given for 17 different soils to be used for design purposes.

Ben-Asher et al. (1979) compared the analytical solution 6f
- Warrick (1974b) with numerical solution of Brandt et al. (1971). For
cyclic .condition the results were approximately same with regards to
change in values between the wettest and driest Values.

Finite element method was used by Taghavivet al.r (1984) to solve
the nonlinear partial differential equation of infiltration from a trickle
~ source a_lnd the results wére compared with an experiment conducted on
clay loam soil. For the simulation of- trickle irrigation flow, disc of
constant radius (ro) was assumed as source for which flux was taken as
constant. The disc radius was also c'onsidered as function of time,
determined by the relationship r(t) = t(ro/te), where r, and t, were the
‘maximum radius and irrigétion time respectively. This did not improve
the results. The model w.eis againA applied to steady state moisture flow
in a heterogeneous medium by Taghavi et al. (1985) and was compared
with the experimental results of Merill ef al. (1978).

Healy and Warrick (1988) presented a generalized empirical
method for estimation of the time variant wetting front and wetted
volume due to infiltration from a surface point source. The method is
based on a finite difference solution. The results were empirically fitted

to the following type of equation

D = Atl/2 + Bt + Ct3/2 ..(2.11)
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where D is distance bf wetting fronts (diagonally, vertical down and
horizontally away) from origin of wetted volume. The values of constants
A, B and C were tabulated for different soil parameters and discharge.
The method was compared with experimental data of Clothier and
Scotter (1'.982)‘ and the results of model given by Bresler (1978).

Lafolie et al. (1989) presented a new method for finite aifference
approximation of partial differential equation governing the disc flow
under‘trickle irrigation with ndovingr boundary. It was claimed that the
new method improved the prediction of the size of ponded area at the
soil surface and was computationally efficient. The results were
compared with the ﬁumerical solution of Brandt et al. (1971) and the
experir‘neﬁ.vtal results given by Ababou (1981) and Brandt et al. (197 1).
Lafolie et al. (1989) further confirmed the validity of the model by
‘comparing it with experimental results for stratified and anisotropic
soils.

Warrick (1992) compa'red the finite element solution for disc
infiltration for large times with steady state models of Wooding (1968)
and Weir (1987) and for small times with an approximation of the time
dependent flow rate for linear diffusion from a disc presented by
Warrick et al. (1992). For these comparisons, K{h) fuﬁction given by
Gardener (1958) and van Genuchten (1980) were used.

Angelakis et al. (1993) conducted an experiment to measure
soil-water distribution in homogeneous soil profile of Yolo clay loam and

Yolo sand irrigated from a circular source of water. The experimental
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fesults were then compared with the models given by Warrick (1974b),
Taghavi et al. (1984), Ben-Asher (1986) and Healy and Warrick
(1988).

Bhatnagar et al. (199'}') proposed a model in oblate spheroidal
, .cc-)ordinate system fo stI;dSr the wetting pattern below a trickle (disc)
source. Two types of boundéry conditions viz. inflow through a
saturated disc, and constant inflow through a disc were considered. The
ADI finite difference method was used to solve the quasilinear governing
equation. The model was validéted with the analytical solution of
Warrick and Lomen (1976) and the results were compared With the

experirriental results of Clothier and Scotter (1982).
2.4 Other Studies._Related to Emitter Discharge

In this section the studies which are related to trickle irrigation,
but not included ‘in above discussion are discussed.

Bar-Yosef and Sheikholslami (1976) conducted a laboratory
éxperiment to study distribution of water from a trickle source. The
data generated regarding hydraulic conductivity, water retention curve
and soil water distribution (time dependent) were presented With the
intention to enable verification of mathematical models against the
. experimental results obtained under various conditions.

The application of the known analytical solution to the deéign of
trickle irrigation system was discussed by Bresler (1977). Amoozegar-

Fard et al. (1984) developed nomographs relating discharge rate, plant
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uptake, and soil-water potential at a reference point for trickle irrigation
system.

Russo (1983) uééd a geostatistical approach to investigate the
spatial variability of fwo measured hydraulic parameters, Ks and «, for a
heterogeneous soil. The results were applied to estimate the spatial
distribution of the spacing between emitters required to achieve the
prescribed value of hc (soil-water pressure midway between the
emitters), uniform through out the field. The analyéis was based on

recommendations of Bresler (1978).
2.5 Design of Lateral Line

In drip irrigaéion, systems the lateral lines are the pipes on which
emitters are installed. They receive water from manifolds and are
usually méde of plastic tubing (LLDPE) ranging in diameters from 12 to
25 mm. A precise design of dfip irrigation lateral is important because
the allowable preésure variation or pressure head losses in a drip
irrigation system are much smaller than in sprinkler irrigation laterals.

If ';he pressure distribution along the lateral line can be
determined, uniforfn irrigation can be achieved by adjusting size of
emitters (Myers and Bucks, 1972) length or diameter of microtube
(Kenworthy, 1972) or slightly adjusting the spaéing between emitters
(Wu and Gitlin, 1973). Although, the méasures suggested above may
yield a uniform distribution of water but, are not feasible from operation

and maintenance point of view. Therefore, if the design allows certain
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variation of emitter outflow along the lateral line, a single type of emitter
or same size of microtubes can be uéed with uniform spacing which will
' eliminate the problefn of installation, operation and maintenance of the
drip irrigation system.

The variation of flow from emitters is from two sources viz.
variation :ldue to manufacturing >error in emitters (manufacturing
variation) and variation due to operating pressure head at the emitter
(hydraulic variation). The manufacturing variation can be controlled
only up to certain limits. But the hydraulic variation is a function of the
total length of lateral and inlei.: pressure head, emitter spacing and total
flow rate. This creates a design problem to select the right combination
of length and inlet pfessure in order to aéhieve an acceptable non-
uniform pattern of irrigation. |

Over the past, numerous researchers have developed design
equations considering the flow in a microirrigation lateral to be steady,
spatially varied flow with uniforni lateral outflow. Yitayew and Warrick
(1988) considered that the emitters are so close that the trickle lateral
can be regarded as a homogeneous system of a main tube with a
longitudinal slot.

2.5.1 Energy gradient line (EGL) approach

Wu and Gitlin (1974) preéented a general shape of the energy

gradieﬁt l;ne (EGL) which 'can be applied to estimate the distribution

and variation of emitter discharge along a lateral line. The flow in the

lateral was considered to be turbulent flow in smooth pipes and
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accordingly Blasius equation was used to determine the friction factor.
The approach is applicable when the variation in emitter outflow is very
small (less than 10 percent) and emitters are equally spaced. Discharge
from the emitters was considered to be proportional to square root of
the operating pressure at the emitter. Based on this dimensionless EGL,
design charts were developed to determine a combination of lateral
length and inlet pressure for a desirable or acceptable uniformity
' coéfficient (Christiénsens).

Wu and Gitlin (1975) derived a simplified equation for EGL

R, =1-(1-1i=" .. (2.12)
- where,
i =1/L,aratio of a.given. length () from the inlet to the total length (L)
Ri = AH;/AH, energy drop rafio
- AH; = total friction drop at a given length ratio i
AH = total friction droia at the end of the pipeline

m = én exponent of total discharge in the friction drop equation

This equation can also be used with Williams-Hazen equation and
has been found very useful in analyzing the hydraulics of irrigation
systems (drip and sprinkler).

Wu and Yue (1993) developed an energy gradient line approach
for design of drip lateral line. This approach provided direct calculation

of all emitter flows along the lateral line by the equation

q, =q0(1—Ri%{—+R'i 'A'ﬁ}i) ..(2.13)
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where,‘

gi = emitter at a given length ratio i

Qo = emitter flow at the inlet determined by operating pressure
Ry = AH'i/ AH'

AH'i = energy gain for down slope laterals at a given length ratio i

AH' = total energy gain for down slope laterals at the end of the
pipeline
x = emitter flow exponent

The errors from this épproach were evaluated and a revised
approach was developed. Simple equations were derived for calculating
emitter flows and can be used to develbp computer-aided design for a

- drip irrigation lateral line.
2.5.2 Graphical approach

'~ Wu and Gitlin (1974) presented design charts for determination
of acceptable combination of lateral length and inlet pressure of drip
irrigation system. The design charts were prepared considering the
general slope of energy gradient line, which can be applied to estimate
distribution and variation of emitter discharge along the lateral. For the
purpose of estimation of friction losses in the pipeline the flow was
considered to be turbulent flow in smooth pipes. The charts help in
selecting :a drip irrigation line based on a desirable or acceptable
coe}ﬁcient of uniformity.

Howell and Hiller (1974) conducted an study on the design of

trickle- irrigation laterals with the objectives to develop design methods
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for trickle irrigatidn laterals with appliCation to orchard crops; and to

develop inputs necessary for precise engineering design based on the

experimental data. They developed two design methods among which

one involves a computer programme while the other is a simplified

procedure that is applicable when reduction coefficients are known. The

design was ‘based on the balance between friction losses and optimum

variation in head (20 per cent) which maintaiﬁed a lateral uniformity

' coeffiéienﬁ of at least 95 per cent as suggested by Wu and Gitlin (1974).

'The water requirement of the crop was calculated by the equation
R=0.623 E.AP (2.14)

| where,

~ Ris the design application rate per tree per daiy, lpd

E is the peak consumptive use rate, in/day

A is the tree spacing, ft2

P is the dimensionless coverage factor.

The disadvantages of the study were the several assumptions required

in analysis and the pressure gain cause by the dividing flow in the

latefal was neglected. The computer programme utilized a single {ralue '

of the lateral slope.

Pitts et al. (1986) formulated the design procedure including an -
estimation of the uniformity with which water is applied to the crop. A
microcomputer model, using fundamental hydraulic relationships to
simulate flow within a lateral line was develbped. The Darcy-Weisbach

formula vx}as used to compute the head loss. The head loss due to



36

emitter barb was considered in terms of equivalent length of pipe, which
was expressed as
Le = 0.25 x Bw(19Dy) ...(2.15)

where,
Le is the equivalent length of pipe, m
D is the diameter of lateral, mm
Bw is the diametef of emitter barb.

All the methods mentioned above are based on the assumption of

‘uniform outflow from emitters.
' 2.5.3 Numerical approach

Kaxi_g and Nishiyama (1996a) presented a method for the design
; of microirrigation laterals based on the mréquired average emitter
discharge and the required uniformity of water application. The finite
element method was used to analyze the hydraulics of a lateral. In order
to save the computation time,' the golden section search was employed
to‘ find the operating pressure head of the lateral that can produce the
require.d average emitter discharge. In the paper it was also shown that
the 1ateral length for the required uniformity of water application may
have three solutions and the diameter may have two solutions when
laferals are laid on sloped fields.

The finite element method has been used to analyze, the
hydr'aul.ics of subunits of trickle irrigation systems (Bralts and
Ségeriind, 1985), the hydraulics of pipe networks (Haghighi et al,

1988), the hydraulics of sprinkle irrigation systems (Saldivia et al.,
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1990), and the hydraulics of microirrigation systems (Kang and
Nishiyama, 1994). All of these methods used a large band matrix,
which requires a large compﬁter memory. Therefore, it is difficult to
analyze a submain unit using a persoﬁal computer if the number of
emitters is large. |

Bralts et al. (1993) used virtual emitter system to reduce the
width ‘of -the band matrix and expedite calculations. However, the
bmeth‘od still has size limitations (band width = 15 and 27 when the
seven node configuration is used for submain units with single and
paired laterals, respectively) and reduces the calculation accuracy.
Kang and Niéhiyama (1996b) presented a lateral discharge
‘»equation approach for designing single as well as paired laterals. The
lateral discharge equation (polynomial of nt order, n = 3 ~ 7) was used
to express the relationship between the diécharge and the pressure
head at the inlet of a lateral. Based on this approach Kang and
Nishiy,ama (1996a) developed a simple method for design of
microirrigation laterals. Back step method was used to generate data
sets of discharge andvpressure head at the inlet of the lateral and
forward step method to analyze the hydraulics of the lateral. Given one
of the parameter of lateral (diameter or length), required average emitter
discharge, and required uniformity of water application the other
paramétef of i:he lateral and operating pressure head of the lateral can
be determ.ined. This approach has been very accurate for designing

single and paired laterals under uniform and variable slope conditions.
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2.5.4 Statistical approach

Anyo_u and Wu (1987) presented an approach based on
‘stat15t1¢a1 analy51s for design of trickle laterals. The technique is based
on the coefficient of variation of pressure head along a lateral line and
the variations of emitter flow caused by manufacturer. Considering the
coefficient (K) and pressure (H) in tﬁe emitter flow equation (q = KH¥) as
two random variables, an equation for méan emitter was derived using
Taylors theorem. The coefficient of variation of K indicates the
manufaéturers variation. The coefficient of variation of pressure head ié
’deter.mineld statistically from the average and variance of pressure head,
which is affected by friction and slope changes along the lateral line.
Once a design criterion of an emitter flow variation is set and a type of
emitter is selected, the required coefficient of variation of pressure head
for the lateral line can be célculated and the design length can be
determined.

2.5.5 Step by step analysis

Hathoot et al. (1993) presented a stépwise calculation method
for analysis and design of trickle laterals laid along uniform field slopes
with equally spaced emitters. In the method presented, a small
increment of pressure head is given at the inlet of the lateral. Individual
emitters were considered in discharge and pressure estimation along
the lateral. The friction head loss between successive emitters is

estimated by Darcy-Weisbach formﬁla, taking into account the variation
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of Reynolds number, the different zones of Moody diagram and friction
coefficient formula corresponding to each zone. In addition, the change
in Velocity head was also taken into account. Based on the required
average emitter discharge and the required uniformity of water
applicatiqn, a design chart similar to that presented by Yitayew and
Warrick (1988), was developed. This method has the highest accuracy
because only the basic equations of the hydraulics of steady pipe flow
were used. These methods can be used to design a single lateral for flat
vand‘ sloped field conditions. However, it is not possible with these
| methAods to design paired laterals.
~  An important "component of .‘the designing paired laterals is to
.determine the best submain position. | KelIér and Bliesner (1990)
reported that the best submain position is that location of submain
where safhe pressure variation éxists in uphill and downhill laterals.
This concept has been very useful for design »of paired laterals when

methods presented by Keller and Bliesner {(1990) and Wu and Gitlin
(1975i are used. However, the detérmined location is an approximate
. solution of the best submain position in most cases when considering
Christiansens uniformity coefficient (UCC), low-quarter distribution
uniformity, and emitter flow variation (Vum). It is far from the correct
solution 1n many cases (Kang and Nishiyama, 1996c).
2.6 Design of Submain
Trickle irrigation submains are multi-outlet pipelines like laterals.

They differ from laterals in their flow capacity. Due to high magnitude of
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flow the head loss due friction in such pipelines is high and therefore,
they are gl:nérally tapered with up to four different pipe sizes. To ensure
Vadequate flushing, the smallest pipe shbuld not be less than one-half
the diameter of the largest pipe. The velocity in the manifolds should be
limited to about 2 m/s (Keller and Bliesner, 1990). The methods
developed for designing submain line and various optimization models
' devcloped for multi-outlet pipe network designiare discussed briefly in
this section. |

| Wu l_.and Gitlin (1974) presented two simplified charts, one for
' suBmain slopes less than 0.5 per cent and the other for submain slope
~equal to or greater than 0.5 per cent. The main drawback of the design
'-Was that it fails to design the submain having high lengths and steep
slopes. |
Wu and Gitlin (1977) developed th_é submain design charts
considering the maximum submain slope of 20 per cent. They also
considered the geometry of the field for design of submain. The
maximum slope for triangular shape of the subunit was 30 per cent and
for rectangular and trapezoidal shapes of the subunit was about 20 per
cent for the length and head ratio less than 5. The design chart was
developed for rectangular subunit- and when the field shape is‘ not
rectangular, the design can be made by adjusfing the total discharge so
that the design chart made for rectangular fields can be used directly.
Lopez {1985) developed the graphical and numerical procedures

to calculate the friction head loss in manifolds feeding the lateral laid on
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any shaped field. He considered shape factor for the geometry of the
field and developed a formula for the multi-outlet factor, F, and based
on this formula the friction head loss was calculated. Both the
numericél and graphical solutions given by him make it possible to
design tapered manifolds for almost any geometry or shape of the field.
The méthod proposed neglects the slope of the slope of the submain,
"~ which was coﬁsidered to be the main disadvantage of the method.

. Wu (1985) presented agrapHical method known as Uni-plot, for
Vthe‘ design of drip irrigation laterals and submains. The technique was
| , derived from the.Poly-plot concept of Herbert (1971). The design was
made by using the line slope and an allowable pressure variation to
form a reference area and then fitting the energy gradient curve into the
reference Area. |

Paco (1985) considered .the shape.. of the areas to which a
submain supplies water in a drip irrigation system. He considered the
tr:épezoidal shape as a general and fhen deve}oped the particular cases
for rectangular or triangular shapes. He mainly considered the friction
head losses in drip irrigation manifold and developed a general foymula

for the calculation of the reduction factor.

1 m
‘F= J‘(1$—%J (1-u)"du - (2.18)
0 A
where,
m = ' discharge exponent,
f = shape factor,
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ratio of distance, up to which the head loss is to be calculated,
- and the total length of manifold,

o
i

F reduction factor.

The negative sign (-) is for the laterals with decreasing length towards
the end of the manifold and positive sign (+) is for the laterals with
increasi»ng length towards the end of the manifold.

Keller and Bliesner {1990) proposed graphical and numerical
methods based on the universal economic pipe size selection chart and
. hydraulic“grade line. The graphical design procedure proposed can be
“used for single pipe éize or tapered submain on uniform as well as
irregular topographx. The method requires standard manifold curves.
Using these standa}d curves, the ai)proxinﬁatc length and diameters of
different segments of the tapered submain carI iae determined. They also
developed an economic pipe size selection chart to select pip.e size and
the length of submain feeding the rectangular subunits and calculated
equivalen';. annual cost of escalating energy per water horsepower.

| Hozapfel et al. (1990) developed a nonlinear optimization model
for the design and management of mulfiple subunit drip irrigation
systems. In this model, the objective function represents the net benefit
due to the sale of the crop and is a function of water application and the
costs of implementation and operation of the drip irrigation system.

Mohtar et al. (1991) developed a finite element model for the
optimization of complex pipe hetwork_s using life cycle costing

technique. The model is applicable to a variety of practical design
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situations including farm irrigation pipe networks and municipal water
systems.

Zazueta and Smajstrala (1995) develbped analytical expression
to obtain -‘the pipe diameter of a sloping tapered multiple outlet. pipe.
- The exﬁressioné were based on the assumption that outflow from a
multiple outlet pipe is continuous and constant along the pipe and that
‘the friction coefficient is constant. Aﬁ intermediate correction factor was
developed that allows computation of head losses between any two
points otf a multiple outlet line.

K;ln'g and Nishiyama (1996b) used finite element method to
‘ana_lyze tf}e hydraulfés of the lateral. The meth.odology used provides a
symmetrical tridiagonaﬂ stiffness ma;crix, wh‘iéh is easy to solve, and
requires minimum computer memory.

Dandy and Hassanli (1996) presehted a nonlinear model for the
optimum design and Qperatioﬁ of drip irrigation systems on flat terrain.
The design was based on dividing the field into subunits and evaluating
various shift patterns and corresponding pipe and pipe sizes in order to
.identify a minimal cost solution. The optimization procedure involves a
complete -enumeration approach, which minimizes the sum of the
capital cost of the system and present value of the operating cost.

Singh et al. (2000) presented a method for optimal design of a
microirrigation submain. Based on the shortest route algorithm, the
method is used to determine lengths of different pipe sizes that would

result in minimal cost of the submain. Different route lengths were
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represented by total annual costs of different pipe sizes between two
successive laterals. The method was. compared with graphical method of

Keller and Bliesner (1990) through numerical example.

2.7 Determination of head loss due to friction

' Determination of head loss due to friction in multioutlet pipes is
‘different from that in plain pipes because of decreasing flow in the

‘multioutlet pipelines.

2.7.1 Head loss due to friction in plain pipes
* Hazen-Williams formula
This is the mé)st commonly used formula for estimating friction
head losses in sprinklér and microirrigation systems and mainlines of

various pipe materials. The formula is given as:

~ Q)™ eer |
) AH:k(—C-) x D87 x L x 100 2.147)
where,
Q = flow rate in pipe, 1/s
AH = head loss due to friction in pipe, m
k = conversion constant, 1.212x1012 for metric units
C = friction coefficient (depends on pipe material characteristics)
L = length of pipe, m

D = inside diameter of the pipe, mm
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parcy-Weisbach formula

Darcy-Weisbach formula is a dimensionally homogeneous
formula, which is used for estimating friction loss in pipes. The Moody
diagram shows the relationship between the relative roughness of pipe
and the Darcy-Weisbach friction ) factor (f) for different values of
Reynolds number (Re). The Dércy—Weis_bach formula which relates the
friction factor (f) to the head loss in pipes, due to friction (AH) is given

‘as:

2
AH_:f%lz’E 2.19)

-whefe
f = Darcy-Weisbach friction factor, dimensionless
v = velocity of flow in the pipe, m/s
g = acceleration due to gravity'= 9.81 m/s?
D = inside diameter of pipe, mm
Depending upon» the flow conditions the Darcy-Weisbach friction
factor (f)' can be calculated as follows

(i) For laminar flow (Re < 2000)

Tl | (2.19)

(i)  For turbulent flow (3000 < Re < 105), the Blasius equation can be
used

316
f= QR.::’_Q_S (2.20)

e
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(iiiy For fully turbulent flows (105 < Re < 107), Watters and Keller
(1978) equation can be used

_0.13

= 50172
R,

f (2.21)

In an experiment conducted by Watters and Keller (1978), it was
demonstrated that the Darcy-Weisbach formula should be used for

estimating friction head losses in smooth plastic pipes and tubings.
'2.7.2 Head loss due to friction in multi-outlet pipes

The microirrigation lateral lines and submains are the pipes with
-multiple outlets discharging laterally. The flow conditions in such pipes
are generally considered as steady, spatially varied with decreasing
discharge. Flow of water through the lengthdof a single outlet (plain)
pipe of a given diameter causes more friction loss than does flow
throﬁgh a pipe with a number of outlets. This introduces complications
in estimation of friction losses in multi-outlet pipes. The estimation of
head loss caused by friction in pipelines with multiple outlets requires a
stepwise analysis starting ffom most downstream outlet, working
upstream and computing head loss caused by friction in each segment.
Christiansen (1942) developed a friction factor known as F factor, to
Vavoid the cumbersome stepwise analysis. Computing the head loss in a
pipe consi'dering the entire discharge to flow through the entire length
and multiplying by factor F allows the head loss through a through a
single diameter pipeline; with multiple outlets to be estimated. The

derivation of factor F was based on the following assumptions:
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i) No outflow at the downstream end of the pipeline,

ii) B All outlets are equally spaced,

iii) All outlets have equal discharge, and

iv) The distance between the pipe inlet and the first outlet is equal to
outlet spacing.

. Christiansens factor F can be written as:

_ 105
p_o_1  (m-]

= .. (2.22
m+1 6N ( )

whére,‘
 7 m is the velocity or flow exponent in fhe head loss equation used, and
‘N is the number of outlets in the pipeline.

In 'rn;tny situ.ations (generally in sprink}er irrigation systems) first
outlet cannot be located in a full spacing from the pipe inlet. Scaloppi
(1986) derived the adjusted factor F, that allows for calculating head
loss in single diameter pipelines with multiple equally spaced outlets
and the ﬁfst outlet at any distance from the pipeline inlet. This work
also aésumes \zero outflow at the downstream end of the pipeline. The
adjusted factor F, may be expressed as:

NF - (1= q)

kaszu-m

...(2.23)

where, F is the Christiansens factor.
| For a single diameter pipeline with multiple outlets, factor F or
the adjusted factor F, allows rapid calculation of head loss caused by

friction. ﬁowever, if multi-diameter pipelines are used, these factors
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cénnot be applied directly to the entire length of the pipeline. If for
analytical purposes the pipeline is divided into reaches based on
pipeline diameter, then again factor F cannot be applied directly to any
except the most downstream pipe reaches. Because other reaches of the
pipeline would have outﬂpw at their downstream ends. To resolve this
'probIem, Anwar (1999) proposed a factor G to estimate the friction
‘head losécs in multi-outlet pipes or pipelines‘ with outflow at the

downstream end. The factor G can be written as:

" 1 1 ‘ym+l m+l
G = o o {m — @+ 1)+ 1) - ()

- % NQL+ 1)+ 1) + (Nr)=)

+ 1L2 m(N{ + r)+ 1= - m(Nr)’“‘l}} ‘ ..(2.24)
where
r = - Qo/Ng
Qo = outflow discharge at the downstream end of the pipe beyond the
: last outlet
'q = discharge of each outlet
N = number of outlets
m = exponent of aver"age ﬂdw velocity iﬁ the pipelinc, (=2)

The review of literature reiated to the three-dimensional soil-water
flow indicates that the flow under a point trickle source occurs from a
circular saturated area developed around the point soﬁrce. In case of
line trickle source the flow occurs from a saturated strip developed

along the line of source. The radius of the saturated disc in case of
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point source or width of the saturated strip in case of line source
changes with time and hence use of moving boundary conditions is
most appropriate for modeling the flow. An effort may be made for use

of soil texture based soil-water characteristic relationships.

The literature related to the design of microirrigation laterals and
~ submain indicates that the most of fhe design procedures developed are
based on the assumption -of uniform discharge from the emitters.
Generally the single laterals have been in mind of the researchers and
not much emphasis has been given for paired and tapered laterals. The
'hydraulic.s. of the microirrigation submains is similar to the laterals and

therefore their design principles are the same.
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3. THEORETICAL DEVELOPMENT

This chapter deals with the theoretical development of the model
and the méthodology used for determination of emitter discharge and

design of lateral and the submain lines.
3.1 Emitter Discharge

The emitters of trickle irrigation system are the outlets, which _
supply water directly to the plants. The emitters are designed in such a
way so that enough water is supplied fo the plant root zone to meet the
plant water requirement. Normally, one-third to as: much as three-
fourths of the plant ‘roo;ting volume should be':msr,upplied with adequate
water (Nafﬁyama and Bucks, 1986). The design will be safer if the
percentage of wetted rooting volume relative to bthe total rooting volume
is larger. However, if the wetted volume becomes too large, many of the
advantages of trickle irrigation are iost. The shape of the wetted soil
volume, which is described by soil-water distribution within the root
zone depends on emitter diécharge, duration of irrigation, emitter
spacing and soil texture. In microirrigation systems water is applied
frequently énd hence the effect of irrigation interval on the wetted soil
volume may be neglected. In most orchard and vegetable crops the
Spacing of the emitters is decided according to the plant to plant and
row to row spacing. Therefore, emitter flow rate and soil texture plays a

vital role in deciding the distribution of water within the root zone.
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The soil-water distribution is determined by the soil properties
and the way water is added and withdrawn from the profile. Factors
which generally differentiate the soil-water regime of trickle from other
sources are (1) the flow regime is 2 or 3-dimensional rather than
vertical only; (2) the water is added at a high frequency; and (3) soil-

‘water is maintained within a relatively narrow range.
3.1.1 Unsteady state flow problem:

Over the past, mathematical models have been developed which
. describe the soil water regime under a trickle source. But, only few have
, presented guidelines ‘for the design and operation of trickle irrigation
system. In the pres'eﬁt investigation, two types of trickie sources (viz.
strip source and disc séurce) have been considered. The problem has
been formulated to deséribe the three dimensional axially symmetrical
soil-water flows from trickle source.

The -formulation of the problem is based on the following

assumptions:

1. Soil is a stable, isotropic, homogeneous and non-swelling porous
medium. . :

2. Both, the soil-water content () and the unsaturated hydraulic

conductivity (K) of the soil are single valued and continuos

functions of soil-water matric potential (h).

3. Darcy law is applicable in both saturated and unsaturated zones.
4- - . .-. i o . .
Initial water conten‘g (g\f\)‘%){s‘lg“mntly low and uniform so that
the movement of Wht€r is negligib

28
© 473900




a2

5. Evaporation and plant water uptake during the course of
irrigation is negligible from the flow region.
Under these assumptions, the non-linear Richards equation
which describes the three dimensiohal transient flow through a porous

medium is adopted as governing equation.
3.1.2 Governing equation:

The flow through an unsaturated porous media is governed by

the Richards equation, which is expressed in cartesian coordinates as:

00 0 6H 0 0H 0 6H

Introducing the term of diffusivity equation (3.1) takes the form

® _ _‘?..(D(e)@) + 2 (D)2, E(D(e)-‘?'i) _9K6) ..(32)
ot ox 0x) oy oy ) oz 0z 0z

where,

0 = volumetric soil water content, cm3/cms3

D(0) = soil water diffusivity, cm?2/min

H = total head, cm

=h-z
h = capillary potential or matric'potential, cm
z = elevation head (fneasured +ve downward), cm
K(0) = unsaturated hydraulic conductivity, cm/min
t = time, min

S = sink or source term



53

Brandt et al. (1971) used a new function of water content, the
matric flux potential (¢), to express the flow equation and relevant

bbundary conditions, which is defined as:

6= [Kih)dh = [D(o)do .(3.3)

where, hn -;:.h(en)

In case of a strip (or line) source the flow is axisymmetric along
fhe line of so‘urce and hence it becomes a case of two-dimensional flow
and the governing equation may be expressed in cartesian coordinates.
“For disc (or point) source the flow can be considered to be radially
symmetric and the gdﬁerning equation for two-dimensional flow may be
expressed in cylindrical coordinates. The trickle irrigation flow system
in both the coordinate systems is shown in Fig. 3.1. The governing
equation and the relevant boundary conditions for both the trickle
sources are presented in the following sections.
3.1.2.1 Strip source

If a set of trickle sources are épaced very close to each other at
equal interval‘along‘ an infinite straight line (lateral line), their ponding
areas will overlap after only a short period of time and a strip of width
p(t) along the lateral line will be wetted. It may be assumed that there is
a cbntinuoé lateral discharge from the line. When this strip is oriented
along the y axis, and x is the horizontal coordinate normal to y, the flow

becomes independent of the y coordinate. Substituting the new variable
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(a) strip source

z

(b) disc source

Fig. 3.1 Trickle irrigation flow system in cartesian (strip source)
and cylindrical (disc source) coordinate system.
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¢ from equation (3.3) into equation (3.2) and considering strip source

the governing equation takes the form

29 _0' 3’ K()

=L ¥ (3.4
o oxt o8zt 0z 3D
~ The initial and boundary conditions can be written as:
0 = On; 0s<x<X;  0<z<Z  t=0 ..(3.5)
B _o. x=0,x=X; 0<z<Z  O0<t<T ...(3.6)
ax b
8 _ . O<x<X; z=2; 0<t<T . (3.7)
oz ' o
0 = Og; 0 <x<p(t); z=0; 0<t<T ...(3.8)
K-%_o p<x<X 2=0,  0<tsT ..39
.0Z ’ .
Py - ' z=0; <t< ...(3.10
[K_f?:‘a Lo, O<t<T ..(3.10)
J oz 2 -
where,
Qe = is the trickle discharge per unit length of the Ilateral,
‘ cm3/cm/min ’
p(t) = width of the saturated strip, cm
T = infiltration opportunity time, min

3.1.2.2 Disc source

In case a single trickle nozzle or a number of nozzles are spaced
far apart to prevent interaction of the wetted sojl volume, the source is
said to be a disc source and the flow equations for such sources may be

€Xpressed in cylindrical coordinates. The water content (6) is then a
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function of the coordinates z, t and r = (x2+y2)!/2. Due to the radial

symmetry equation (3.2) takes the form

0 9% 1ap 0% oK
—_— et
ot or? ror 022 oz

..(3.11)

The initial and boundary conditions for the disc source..are
identical to those of equation (3.5) through equation (3.9) provided that
p(t) is the radius of saturated zone, r is substituted for x and R is

‘substituted for X, and they should be sulfficiently large. Equation (3.10)

7 takes the form

p(t) a¢
2 | [K— ~—]rdr =q, ...(3.12)
oz .

0
where,

ge is the trickle discharge in cm3/min.
3.1.3 Soil-water characteristics

Soil water potential and hydraulic conductivity varies widely and
non-linearly with water content of :the soil. These relationships are
relatively difficult, time consuming and expensive to measure are not
feasible for short term and remote investigations. It has been shown
that séil texture predominately determines the water holding
characteriéﬁcs of most agricultural soils. The textural information is
often either available or can be estimated by simple methods. Keeping
all these facts in view the relationships developed by Saxton et al.

(1986) and presented below, have been used with this model.



3.1.3.1 0 - h relationship

97

For the soil water tension, ¥ (i.e. the +ve value of soil-water

potential, h) three different relationships have been given for different

ranges of soil-water tension.
i) For 1500 to 10 kPa
Y = ApB

ii) For 10 to We kPa

W=10.0- (9 - 010)(10.0 - he)/ (05 - O10)

iii)  For We to 0.0 kPa

0 = 0s = ¥=00
Where, ' |
A = exp[a+bC+cS2+dCS<] x100
B=e+ fC2 + gS2 + gCsS=2
010 = exp[(2.302 - InA)/ B]
¥e = 106-[m + n(0s)]
0s = h+ jS + klogioC
Y = soil-water tension, kPa
¥e = water tension at air entry, kPa
0s = water content at saturation, m3/m3
010= water content at 10 kPa, m3/m3
S = sand content, %

C = clay content, %

...(3.13a)

...(3.13b)

...(8.13¢)

...(3.144a)

..(3.14b)

...(3.14¢)

...(3.144d)

...(3.14¢)
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Near saturation (h->0) the slope of 8 - h curve is zero. This creates
problem in finding the solution of equation (3.4 or 3.11). The problem
may be elir.pinated if the 6 - h relationship of Angelakis et al. (1993) is

used in this zone
6 =0s + C(h).h ...(3.144)

where, C(h) is the specific water capaéity of the soil. A positive nonzero

value of C(h) may be assumed in the saturation zone.

3.1.3.2 K - 0 relationship

In case of hydraulic conductivity, K(O); the relationship is

continuous. in the water tension range of O to 1500 kPa., and expressed

as
K(6) = 1/60 {exp(p + gS + [r + tS + uC + vC2] (1/0))} ...(3.15)

where,

K = hydraulic conductivity, cm/min

and coefficients

a = -4.396, b = -0.0715, c = -4.880x10%4, d = -4.285x10°,
e = -3.140, f = -2.22x103, g = -3.484x105, h = 0.332,

j = -7.251x10%, k= 0.1276, m = -0.108, n = 0.341,

p = 12.012, q = -7.55x102, r = -3.8950, t = 3.671x102,
u = -0.1103, v = 8.7546x10+

These relationships are valid over a wide range of soil textures

(Fig. 3.2) which covers almost all the cultivable soils.
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3.1.3.3 Matric flux potential (¢)
Using the K(8) and h(f) relationships expressed above, equation

(3.3) which describes the relationship of matric flux potential with

unsaturated hydraulic conductivity can also be written as

o
= IK(B)%dG ...(3.16)

~Substituting - the value of K(0) from equation (3.15), equation (3.16)

takes the form

¢=CljexP(C2 +%~)—§gd6 | .(3.17)
where,
C1=1/60
Co=p+gS

Ca=r+tS+ ﬁC+ vC?2

The slope of the 0 - h curve (i.e. dh/ do) can be obtained from equation
(3.:13). The integral ih equation (3.17) can be solved using a numerical
method (like Simpson’s 1/3 or 3/8t% rule).

3.1.4 Numerical procedure

Numerical method as used by Brandt et al. (1971) was applied
to solve the equations (3.2, 3.4 and 3.1{})) together with associated
boundary conditions. The method combines use of the non-iterative

alternating directions implicit (ADI) finite difference method with
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iterative method of Newton. This results in a numerical technique that
is highly efficient and accurate.

The flow system was divided into network of squares. Each point
on the grid is designated by two subscripts i and [, indicating that the
point is located at the coordinates (£, z). To discuss the two models
(strip and disc source) simultaneously, & represents x when dealing with
strip source and for r when dealing with disc source. The space time
continuum (&, z, t) is covered by grid points (& z; t), where

g = (i- %)h i=0,1,2, ..., N+1

z, = lh 1=0,1,2, ..., M+1
Cd
Y=>k, for j21 and =0
Pl ]

where, |

kp is a changing time step and

his a fixed space step sétisfying X (orR) =Nhand Z = Mh.

Thé points with &g, &y, OF &y, have been extended beyond the physical
boundary of the system to facilitate the treatment of the boundary
conditions.

The finite difference approximation to 6(, z, t) will now be

denoted as 6; and ¢ and K can also be written as

¥ =0(6%), K = K@}
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From the initial data 6% = 6, the solution is advanced in time by
ADI procedure. In this procedure each time step is further subdivided

into two different stages.

First stage
‘During the first stage the solution is advanced from time t to an

intermediate time t*1/2 by the finite difference equation (FDE)

9;’;”” - eé - ¢E’+1,t - 24’5 + ¢ij—l,l + ¢Ei+_1,t - ¢ij—1.l + {.?:1,2 - 2¢f;+”2 + ¢;;,‘1L11/2 _
(k; /2) h? : (2i - 1)h? h’
Kj+1[2 - K-‘i+1,2

il+1 o i,1-1 (i=12..,N;1=12,...,M) ...(3.18)

where, Y = O for strip source and 1 for disc source.
The boundary conditions to be satisfied at the time t*1/2 are
equations (3.7, 3.8, 3.9, and 3.10 or 3.12). In finite difference form

these become, respectively,

olull =oiy!? i=12,...,N ...(3.19)
05112 — g P=1,2.,0 -1 ...(3.20)
F, =0 i=ig+1ig+2,..,N | ...(3.21)
’ ig-1
F,=q,-)F ...(3.22)
i=1

where, is is approximated as p(t)/ h;

) A ¢_i+1/2
= - /2 "z¥i0
F, =2h(1-v+ yn&,-)[K,!o oh ...(3.23)

: if2 i+1/2 +1/2 4 jelf2
where, A ¢ '° =-3¢f '°+401"'" -0

The above FDE is implicit, but only in z direction.
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The set of equation (3.18), together with appropriate boundary
conditions can be written for #th column in a compact manner as:

QQ)=0 ...(3.24)
where, ®; is a vector representirig the bequations,

®; = (Co, Ci1, ..., CM, Cim+1) ...(3.25)
- The procedure for obtaining &;; is described in section 3.1.5.

Starting with the first approximation Q1) = (81, 04, ... , 0%;ms1),
rapidly improved approximations Ql(2), Q#), ... can be successively
' computed, using Newton’s formula
AP wf = - o0l ...(3.26)

Qft = gf 4 O .(3.27)

where, A{’) is the (M+2) x (M+2) Jacobian matrix, i.e., its element in the
pth rdw and g™ column is 83/04, (p,q = 0,1, ... ,M+1) these partial
derivatives being evaluated at Qf"). The matrix is tridiagonal when i < i
and nearly"tridiagonal when 12 is.

To determine i, which may vary with time, the equations (3.18,
3.19 and 3.20) are solved in order of increasing i. Before passing to i+1

the following condition is checked
.Z:'Ff <q, ‘ ...(3.28)
J=

If this inequality fails the quantity Fi, which thus turned out to be too
large, is stored as Fiand the equations for i = is are solved again, with

equation (3.22) 'servi‘ng as boundary condition instead of equation
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(3.20). The ratio Fi/ Fsis a good measure to the fraction of the interval
[(5 ‘—-l)b, ishl which is in the saturated zone. The radius/width of the
saturated zone may be approximated by
p(t) ~ (i-1+Fs/ Fa)h ...(3.29)
Then the equations (3.18, 3.19, 3.21) are solved for i = &+1, &+2,...,N.
Second Stage

During the second stage of each ADI time step, the solution is

advanced from time t*1/2 through the FDE

j i j+l j+1 j+1 j+1 j+l
gt —gi1/2 _ b~ 2087 + 0, y diyig — 9il1y
k,/2 h? (2i-1)A
]
j+1/2 i+1/2 j+1/2 1/2 j+1/2
ol — 20007 + ol KL -KIY 3.30
+ e - 77 ...(3.30)

supplemented by the boundary condition
Dol diteell,  1=12.M .31
These equations, approximating again the differential equation
(3.4 or 3.11}), and the boundary conditions (equation 3.6} are implicit in
the & direction. The set of equations (equation 3.30), together with
equation (3.31) can again be written in a compact manner as
?,(Q,)=0 ...{3.32)
where,

Q, = 04,08, ...,04%) ...(3.33)

©, = (Cou‘:u:---:Cmu) : ...(3.34)
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¢ are obtained explicitly as explained in section 3.1.5. The method of
solution is similar to that described. earlier except that now @j*!/2
provides the first approximation for Q{. Unlike explicit schemes this
implicii: -procedure | can be shown to be unconditionally stable
(Brandt et al, 1971). Starting with the first approximation
Ql(1)=(9110,91'i1,...,Oli,M;l), rapidly improved approximations Qf), Q8 ...
éan be com“puted successively, using the Newton'’s formula

AP - wh = —p Q) : - ...(3.35)

QP = oM + wi : ...(3.36)
3. 1.5 Computation,a’l procedure

The procedure for computing 8;*!, whén the values of ¢/, are

known, consists of the following steps:

A. First stage

1.  Initializingi=1, 60 =0, is = N+1, and

2. =1, Q) = (6%,01, ..., &ine1) _
' u u o %
3.  Compute [CDS ’]p= (p(Q") and [AP], =22 ’
Qi=ni
(p.q = 0,1,..,M+1) where (p are given as functions of

62 = 04"!/% by
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(
12{(9’*""’ 0s) for i < ig
- _l_{_ j+1/2 J#U2 a2 4412
5 [(RRK 5" + 305" — 401" +¢5,77)
Gio = I-v+yn&;)-q. +0.,] for i =1,

int (2th+1/2 + 3¢_!'(;-1/2 ¢j+1/2 ¢j+1/2)
L-y+yrE,), forig <i<N

j+ j k j+ + j+
Ca = hz(efx v e{x)" 5‘ ¢:J,t142 ¢] 2 ¢;J,t}{2
(Ki";i:/lz K{;léz )] - [¢1+1 1 2¢ll + ¢1 1,1

21— (¢t+1t —(P{—l,l)], fOl' l=1,2,...,M;i'—:1,2,.“,N

Cimer = ‘”li((bﬂl'/é —¢,];,}+/12 , for i=12,..,N

where, k = k;. Then by elimination the system is solved as below
AP w® = .o and QF = . wi

If components of the correction wi® are smaller in magnitude
than g, step 6 is fellowed skipping step S.

If v < M, (maximum number of iterations allowed), v is increased -
by 1-and steps 3 — 4 are repeated. If v = M,, the size of kj is
reduced and steps 1 — 4 are repeated.

The final iterant QY is identified as (05",04"%,...,6//F). If
1 < i5, step 7 is followed. If i .<_:is < N, iis incremented by 1 and

steps 2 - 5 are repeated. If i = N, step 8 is followed skipping step

7.
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‘Fi is computed according to eqhation (3.23) and o; is obtained by

oi = i1 + Fi If 0i < qe, i is increased by land stepé 2-6 are

répeated. If oi 2 qe, assigning is = i, Fs =.Fi, steps 2-6 are

repeated.

'B. Second'stage

8.

9.

10.

11,

Initializing [ = 1, and

() _ jeii2 2 2
V= 1, QI (9 9 ’” *aemu)

0
Compute [q)(u)] - sz(Q("))and [A(“’] G ,
aeql QI=Q§U)

(p,q=0,1, ..., N+1), where ¢, are given as functions of

Oqt = eqiﬂ/z by

= _____(¢J+l _]+l

N ., k . . :
Ga = RIOF" - 0f%) - T [+ ol - 204 + (1~ i,
2 20-1
O — 20 12 - BRI - R
Li+ iyt 2 Li+ i »

fOI' i = 1,2,...,N; l = 1,2,,..,M'

Gy =~ (¢’+‘ oi),  forl=12,..,M

N+1,1 72

where, k = kj. Then by elimination the linear system is solved as
below
If components of the correction wi) are smaller in magnitude

than g, step 13 is followed skipping step 12.
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12. Ifv <'Mo, v is increased by 1 and steps 10 — 11 are repeated. If v

= Mo, the size of kj is reduced and steps 1 ~ 11 are repeated.

13. The final solution of Q! is obtained as (8%',6{",...,04%)).

If I < M, lis increased by 1 and steps 9 — 12 are repeated.
If I = M, the entire time step has been completed. Selecting a new
value of k and increasing j by 1 the whole procedure, starting

with step=_,:1, is repeated.
3.1.6 Deteérmination of emitter discharge

It has been established that the wetting diameter of a trickle
source is a functioff of the emitter discharge and the soil type only.
Therefore, the emitter discharge is the only parameter that determines
the profile of wetted volume for a given soil type, if the total volume of
water applied is known.

If, the coordinates of a point, P, located in the plant root zone or
at the eurface are known and the required soil-water content at this
point, after .irrigatlion can be fixed. The application rate from the emitter
can be determined, which will distribute the water in such a way that
the moisture content at this point,‘ P, are obtained with a specified
éccurac’y. It is known that the .wettil;lg front moves faster in horizontal
direction when discharge (or application rate) is higher. Starting with
minimum discharge and then increasing it gradually the moisture

Content at the point P are determined until the required moisture
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content is not obtained. To save the computation time golden section

search method can be used to obtain the required emitter discharge.

3.1.7 GOlden section search for determination of emitter discharge
This technique is used to find the exact estimate of discharge

vf'rom the source (emitter) so as to obtain the required moisture level at

‘the point P. The steps involved can be described as follows:

‘1. The discharge range [Qa, Qg] is 'lselected for the emitter that will
result in the required moisture level (6:) at P. Here, Ha and Hg are the
minimum and maximum discharge. available from the emitter,
respectively.

2. Initializé a; = Qa, "a3 =Qp,  a;=Aag,

A, =a,, A, = a3 where A = 0.618
If |(a3-a2)| >|(a2 -al)l then
| Ay = a,, ahd
Az =ay + (1-M)(a; - ay)
Otherwise,
Aj = a,, and

TAy=a,- (1-A)(ag - ay)

3. Assuming the discharge of the emitter as A,, the moisture content (0)

at P is determined using the finite difference procedure, and the-

‘associated error (g) as:

z(er - 91
0

g =

r
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4. If € < ERR (error allowed in computations), then A, is the required
emitter discharge.
5. Ife > ERR and

If, 8 < 6y, then

Al = A2, A2 = A3, and A3 = }\«AQ + (1"7\.) A4
Otherwise,
A¢=RAs,  As=Ag and Az= MAs3 + (1-3) A

Now the discharge range is reduced and steps 3 — 4 are repeated.
- 3.2 Lateral Design

In microirrigation system;e, the lateral lines are pipes on which the
emitters are installed. The design of a .single iateral includes
determining the lateral éharacteristics such as length or diameter of the
latera.l, location of the submain (in case of paired laterals), pressure
head required at the inlet of the laterél. Usually cdnstant diameter
laterals are used because they are easy to install and maintain, but
tapered laterals may be less expensive. Tapered laterals are sometimes
neede‘d on sfeep slopes also. However, it is impractical to use tapered
laterals with more than two diameters Keller and Bliesner (1990). Ir‘1
the design of tapered laterals the additional parameters to be

determined are the length and diameter of different sections.
3.2.1 Lateral discharge equation

For designing microirrigation laterals Kang et al. (1995) and

Kang and Nishiyama (1995; 1996a, b) have recommended the use of a
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lateral dischérge equation due to simplicity in calculations and high
accuracy. They used a polynomial to express .the relationship between
inlet flow relte and inlet pressure head of a lateral

q,=Co +CH+C,H? +...... +C H* ...(3.37)
_ Wheré, Co, C1,...Chare coefﬁcients;' H is the inlet pressure head, q; is

the lateral discharge and n =.3~7, depending on lateral parameters,
emitter types and field slopes.

| The lateral discharg_e equatidn is simulated using the least
- squares method by assuming pressure head (within a selected range) at
‘closed end-of the lateral of known diameter and length. The pressure
fequifed at the inlet “of the lateral for maintaining the required flow at
inlet is calculated from équation (3.37).

The lateral discharge equation thus éimulated may have an error
less than 0.1% if range of pressure heads is chosen well in simulation
and the correlation coefficient (r?) is higher than 0.999 at any condition
v(Ka"mg et al., 1995). But, in case of long laterals with relatively smaller
diameter it becomes very difficult to predict this range of pressure
heads. Under such situations fhe desired inlet flow rate may not fall
within the range of pressure heads used and hence the lateral discharge
equation will have to be éxtrapolated for required inlet flow rate. Since
the lateral discharge equation'is valid strictly for the input pressure
range only, a severe error may be introduced in extrapolation of the

lateral discharge equation. The situation in which such errors are
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encountered is discussed in detail ‘through a numerical example in
chapter 5.

The hydraulics of lateral and submain are similar in the way that
laterals attached to a submain behave similar to the emitters fitted on a
lateral. Therefore, the flow equation for a laterél may be taken similar to
the ernissitsn equatidn of the emitter. As an alternative to polynomial
(equation 3.37) a simple power equation may be used as the lateral
discharge equation to describe the flow behaviour of a microirrigation
laﬁeral. The proposed lateral diécharge equation for a single
microirrigation lateral (Fig. 3.3) may be expressed by:

q =aH® . : ..(3.38)
where, o
aand b ar'e.hlateral flow coefficient and exponent, respectively.

For paired laterals (Fig. 3.4), the lateral discharge equation can be

expressed separately for lateral on left and right side of the submain as:

q, =a,H" | : ...(3.39a)
q, = aQHb’ ...(3.39b)
where, |
qu = discharge at inlet of the lateral left to spbmain
Q, - disécharlge at inlet of the lateral right to subn;ain,

a;, b, are flow coefficient and exponent, respectively, for lateral at left
side of submain, and

%, b, are flow coefficient and exponent, respectively, for lateral at
right side of submain.
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3.2.2 Hydraulic analysis

'ISata sets of flow rate and pressure head at inlet are obtained by
assuming a group of pressure heads, within the specified range, at the
closed end of the lateral. The flow in the first element of the lateral is
considered equal to the flow from first emitter. Using back step method

the flow rate and pressure head at the inlet is determined.
3.2.2.1 Back step analysis

The g__eneral equation of back step method may be expressed by:

H =H_,+(Z,_,-Z,)+f_, ggi_e”%%l“ ...(3.40)
where,
Se = lateral element 1ength (émittér spacing)
D = inside diameter of the lateral
Hi = pressure head at the inlet of emitter i
Hi., = pressure head at the inlet of emitter i-1
Zi = eléyation head at the inlet of emitter i
Zi1 = elevation head at the inlet of emitter i-1
g = acceleration due to gravity
fii1 = friction factor of lateral element i-1.
For laminar flow (Reynold’s number Re < 2000)

£ 04 ' | ..(3.41a)

R

e
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For turbulent flow in a smooth pipe (2000 < Re < 105) the Blasius
equation for friction factor (f) can be used (Keller and Bliesner, 1990)

in the transition zone.

0316

T 1025
Re

f ...(3.41b)

For the fully turbulent flow (105 < Re £ 107) Watters and Keller (1978)

formula can be used

f=%'—;%9- .(3.41c)
~ The discharge in lateral elements is determined by
Q; =Qi, +q;, ...(3.42)
Q. =KHY, | ..(3.43)
where,
gi-1 = discharge of emitter i-1
Qi = discharge in lateral element i
Qi1 = discl:large in lateral element i-1, and
K is emission coefficient and x is the emission exponent.
The pressure head at the inlet of the lateral is obtained by
H, =HN+(ZN—Zi“)+fN§g—87:—;Q62':— ...(3.44)
where,
N = the number of emitters along the lateral
Hin = pressure head at inlet of the lateral
Hy = 'pressure head at inlet of emitter N
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Se1 = length from the inlet of lateral to the emitter N

ZN elevation head at inlet of emitter N

!

Zin ~ elevation head at inlet of the lateral

3.2.2.2 Estimation of required head at inlet

The data sets thus obtained are used for simulating lateral
discharge equation using the method of least squares. The correlation
coefficient (r?) has been found to be higher than 0.999 for any case. If
the range chosen for closg:d en_d pressure' head is not in accordance with
the actual pressure head, the degree of error may be relatively higher.
However, there are no chances for the severe error as may be
encountered in case of polynomial (équétion 3.37).

Pressure head required at inlet of a single lateral to cause a flow
such that the average required emitter flow rate is maintained, is

calculated by:

Hrin = (.1— ququb ‘e (3.45)
a .. . .

where,

Hiin is the pressure head required at inlet of the lateral.

vIn case of paired laterals total discharge through the lateral is obtained
by combining discharges of laterals on left and right sides of the
submain. Therefore, total discharge at the inlet of a paired lateral may

be expressed by

q, =q, +q,, =a,H} +a,H% ...(3.46)
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The total discharge through the lateral required for maintaining average

required discharge in the lateral is obtained as

qL =9 (N, +Ny) ...(3.47)
where,
N1 = number of emitters along the lateral located on left side of the
submain
N2 = number of emitters along the lateral located on right side of the
‘ submain.

Equation (3.46) can be evaluated using Newton-Raphson method as
“below.
1. The initial estimate of the head required at inlet of the lateral

(Hrin); is obtainéd by:

1 .
Qreq |*
H.) =|—2 ‘ ...(3.48
) <[22 (3.48
2. The fresh estimate of Hnn is obtained as:

a,(H, ):)1 +a,(H,, )11:, ~Qreq (N, +N,)

H, ), =H_,) - ...(3.49
Fanky =), a,b,(Hy, )™ + 2y, (H,y ) (249
3. If ¢ is the acceptable error iﬁ calculation of Hpn, the following
condition is tested.
H) -H |
(E ), "“)2’«3 (e >0) ...(3.50)

(Hn-n)"l‘ would be the final solution of Hrin if above condition is true

otherwise, (Hrin)1 is set equal to (Hrin)2 and step 2 - 3 are repeated.
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3.2.2.3 Forward step analysis
The pressure head and flow rate distributions along the lateral

can be obtained by forward step method. For a single lateral the

pressure head at the inlet of emitter N can be obtained by:

85, Q%

Hy =H, +(Zin "'ZN)_fN gnzDs

...(3.51)

_Pressure head and discharge at different emitter locations can be found

by equation:

‘ 2
H, =H,, +(Z.,-Z)-1, gii-;-%*; .(3.52)

Q =Q;, - 93;1 ...(3.53)
The minor head losses due to emitter or other fittings can be
obtained as equivalent length of lateral. This equivalent length is added

to the lateral element for calculation of friction loss in the element.

K
S, =
C

...(3.54)
where,
Si is the equivalent length due to fitting loss at emitter i, and
Kst is the fitting loss factor to the length of lateral element i.

According to the mass conservation of energy principle, the flow
in the first downstream lateral element should be equal to the outflow of
first downstream emitter, obtained from equation (3.43). But, due to

error in estimation of Hun from lateral discharge equation, these may

not be equal. If the discharge in lateral element 1 is negative the



’-pressure head at inlet of emitter 1 can be set equal to the pressure head
at emitter 2. The discharge of emitter 1 can then be determined. The
error caused by doing so is less than 1 per cent (Kang and Nishiyama,
1995).

3.2.3 Calculations with risers

In some of the microirrigation systems the emission devices are
connected to the lateral lines through the riser tubes. These risers hold
_the emitters/spray nozzles vertically up in the air above the ground
level. The discharge through the emitter is dependent on the friction
losses in the riser tube and the friction loss in the riser tube can be
estimated énly whenvthe flow rate in the tube is known. Therefore, a
trial and error method lcan be used to calculate the discharge from a
emitter with riser. Considering that the friction losses in the riser tube
are significant, procedure of calculatipn is described as below:

1. Iﬁitially the élischarge él is calculated using equation (3.43)
assuming that the friction loss in the riser tube is negligible
q, =KH-h,)" ...(3.55)
where,
H is the pressure head at the inlet of the riser, and
~ hr is the height of riser above the lateral.
2. Frictionv loss in the riser tube (AH;) is determined using the Darcy-

Weisbach formula as

2
AH, = 8f 11)’; 32—; ...(3.56)
r_n

79



where,

L: is the length of riser tube, and

D: is the diameter of the riser tube.

The friction factor f is calculated using equation (3.41).

80

3. Again the discharge (q,) from the emitter is calculatéd now

considering AH, to be significant, by

q2 = K(H_ hr - A:H:r )x

...(3.57)

If, difference between q; and q, is acceptable then, g, is the dischéirge

from the emitter otherwise, q; is set equal to q, and steps 2 — 3 are

repeated.

3.2.4 Evaluation of uniformity of water application

After the pressure head distribution and emitter flow rate

distribution along the lateral is obtained water application uniformity is

evaluated dsing Christiansens uniformity coefficient (UCC) or the lower

quarter distribution uniformity (DU) or emitter flow variation (Vum),

which are expressed as below

where,

(qlow)i =

] . 1 N .
UcC =1- Y lai - e

queq i=1 :

4 N/4

Z (qlow )i

Nq req i=l

DU =

(Vi )2 = V}? + Vﬁ

dischérge of low-quarter emitter i

...(3.58)

...(3.59)

...(3.60)
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VH effective pressure head (H¥) variation at the emitters

it

\%Y manufacturing variation of emitters

3.2.5 Golden section search for designing tapered lateral

With Vthe help of theories presented above one of the parameter,
namely length or diameter, of a single and paired lateral can be
designed. The diameter of lateral designed may not be the standard
diameter of pipeline available and heﬁce the next larger diameter has to
be considered for the lateral. This wiil increase cost of the lateral. The
cost can be minimized to some extent by using a next smaller diameter
évailable for .the down stream section of the lateral without
compromising with the desired uniformity criteria used for design of the
lateral. Here the parameter to be designed is ti:lé length of down stream
section of the lateral, tapered with smaller lateral diameter. A typical

tapered microirrigation lateral is shown in Fig. 3.5.

The smaller pipe size is used for downstream elements OIZ the
lateral. Considering 1', 2, ..., N-1 lateral elements with smaller pipe size,
uniformity '_.of water application is evaluated for each case, using the
theories presented in previous sections. Golden section search is used

to find quickly the number of elements with smaller pipe size.

In the procedure outlined below the standard golden section
search is used with some modification. The three bracketing variables

(l'lbo, n; and ny) are used which can take only integer values. These
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Fig. 3.5 A tapered (two'pipe size) lateral in microirrigation.
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variables denote the number of elements of the pipeline, which are to be

used with the smaller diameter.
The minimum [Ni) and maximum (Ng] number of lateral element
that can be on the tapered section are obtained. Generally, the
valueé of Na is kept zero which means that there is no element
with smallef diameter i.e. the pipeline is uniform and NB is
assigned the vélue N-1, which means that all the elements of the
pipeline are of smaller size except the element next to the inlet of
the pipeline. |

‘2. Initializing, ng=Na, 1n,=ANg,and 1n;-» N~n,

3. Considering n; number of elements with smaller diameter and n

withilarger diameter simulate the lateral discharge equation for
this setup of the tapered pipeline. Determine Hrin and uﬁiformity
of application (UCC,).

4. If, UCCo = |UCC: + ¢!, (where ¢ is the acceptable error in UCC)

then h2 is the number of elements of the lateral with smaller

diameter.

S. If UCC, < UCCy, then

n, = n,, and

n; =n; - A (n, -‘no) ‘
Othei;wise, |

n, = n,, and

n, = ng + A (n; -ny)
6.  Steps (3 - 5) are repeated until condition of step 4 is fulfilled.
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3.3 Submain Design

Microirrigation submains are multioutlet pipelines like laterals.
‘They differ from laterals in flow rate, which is much higher in submains
and usually submains are tapered. This is done to economize on pipe
costs keeping the pressure head variation within the desired limits. The
submain design includes determining the following submain
characteristics: flow rate, pipe sizes to keep within desired pressure
head variaﬁdn or uniformity of watér application, and inlet pressure
r_1eeded to give desired average emitter diséharge.
| With the introduction of lateral discharge equation approach the
submains can be tr'eéted as laterals and laterals as emitters (Karmeli

et al., 1985 and Kang and Nishiyama, 1996b)
3.3.1 Hydraulic analysis

The flow at the inlet of a single and paired lateral may be obtained
by equation (3.38) and equation (3.39), respéctively (lateral discharge
equations).”For paifed laterals the discharge through both sides of the
lateral is expressed separately.

One of the two parameters of the lateral i.e. length or diameter,
can be designed for the desired: average emitter discharge and
uniformity of flow (like Christiansens uniformity coefficient), provided
that the other parameter is known.

After the lateral is desighed, length and diémeter of lateral are

known and the flow characteristics can be evaluated by the lateral
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discharge equation simulated. Selecting proper dimensions of the
laterals of a sub.unit facilitates minimum flow/pressure head variation
through them and hence higher uniformity. With minimized
flow/pressure head variation along laterals, the submain gets
‘opportunity to aliow more variation within it for the desired overall
(global) uniformity 'of application. Now, one of the two parameters
(length and diameter) of submain is to be designed for the known value
" of the other parameter. Thé equations (3.40-3.44) used for design of a
lateral may aléo be used for design of a submain.

The general layout of a submain is shown in Fig. 3.6. The
submain elements and the laterals are numbered (1,2, ... ,M) from
downstrearn end of the submain. Pressure head at closed end of the
submain is assumed and distribution of pressure head and flow rate
along the submain can be determined using back step method. With the
‘assumed pressure head at the downétream end of the submain the flow
in the first lateral is obtained using the lateral discharge equation
(equation 3.38 or 3.39).AThe discharge in the first element of the lateral
is taken equal to the discharge of the first downstream lateral. The

equation of back step method “with submain ®parameters can be

rewritten as:

88,Q,(i-1)
gn’Dg

H, =H,, +(Z,, -Z,)+1,, ..(3.61)

where,

Dg = diameter of submain,
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il

discharge in submain element i-1,

Qsl(i-1)
St

it

length of submain element (lateral spacing), m .
Other parameters have already been defined. The discharge from the
lateral corresponding to the pressure head at their inlet is obtained
using lateral discharge equation. This saves a lot of time requirea for
computations. The flow in successive submain elements is obtained
from

Qs (i) = Qs(i-1)+ QL (i) ...(3.62)
where,
Q.(i) is the discharge at the inlet of lateral i.
The pressure head a;ﬁ the inlet of the submain can be calculated from
equation (3.44) rewritteh as:

85,Qs(N)*

gn’D3

Hy, =Hy+(2Zy ~2Z,)+ 1y ...(3.63)

If the spac{hg of the first lateral is different from the normai spacing of
laterals, actual length of submain element is used in equafion (3.63) for
computation of Hin.

If the average ef}litter discharge obtained differs significantly from
the desired value, a fresh estimate of pressure head is obtained at the
closed end of the submain using golden section search method, and

entire process of back step calculation is repeated.
3.3.2 Gol@en section search for submain design

This technique is used to find the exact estimate of pressure head

at the downstream end of the submain so as to obtain the required
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average emitter discharge (qreq) from the subunit. The method can be

described és follows:

1.

The pressure head range [Ha, Hg] for the closed end of the
submain that will produce qreq is selected. Where, Ha and Hg are
the minimum and maximum pressure heads at the closed end of

the submain, respectively.

Initializing, -
a; = Ha, az = Hs, a, = Aaz, and
A1 = ay, Aq = a3

If, |(as - ay)| > _I(az - ay)|
A2 = a,
Az =a, + (1-A)(a3 - ay)
Otherwise,
Az = a,
Az =a, - (1'5‘-)(32 - a,)

Assuming the pressure head at the downstream end of the

submain as Az, the pressure head at the inlet of submain (Hin)

and average emitter discharge (qav) are determined.

If Qav = Greq, then Hin determined is the required pressure head at
the inlet. Otherwise

If, Qav < Greq, then

A1 = A, Az = A3z, and Az =AA2 + (1-1) A4
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Otherwise,
Aq = Az, Az = Ay, Az = AAz + (1-1) Ax
Now the pressure head range is reduced. Step 3 - 4 are repeated
until required average emitter discharge is obtained. In every iteration,
the pressufe head range is narrowed down. The correct estimate of
pressure head at the downstream end of the submain, which will give

the required average emitter discharge, is obtained quickly.
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4. DESIGN METHODOLOGY

This Ehapter presents the procedures developed for designing the
three major' components viz. emitter, lateral and submain of a
microirrigation subunit. The emitter discharge is determined as design
emitter . discharge, which ris considered as required average emitter
i .dischargé for design of lateral and submain lines. Subunit of the system
s designed to meet this required average emitter discharge. The single
(uniform and tapered) and paired lateralé have been dealt separately.
However, the basic approach for their design is the same. The design of
single lateral includés dctermination of diameter or length of lateral and
the pressure head required at the inlet of the iateral so as to meet the
requifed average emitter discharge arj.d uniformity. For design of paired
laterals an additional,paramefer i.e; best submain position, is to be

determined.

Design procedures have been developed on the basis of theories,
presented in chapter-3. The flowcharts (Appendix-A) prepared for the
design of different components of microirrigation subunit are based on
the design methodology developed. Interactive, user-friendly computer
prdgramt_nes have been developed for determination of emitter discharge
and design of microirrigation subunit (lateral and submain), separately.

The programmes were developed in C++ language.
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4.1 Emitter Discharge

The mathematical model developed in section 3.1, to evaluate the
soil water distribution below a trickle source and position nof‘,,_wetting‘
front after application of a fixed volume of water, has been used to
‘determine the discharge frém the trickle source.

Two ’type.s of trickle sources viz. disc source and strip sources,
‘have been considered for analysis of the movement of water below the
source. The procedure used for analyzing the movement of water below

the trickle sources is described in the folldwing section.
4.1.1 Soil-water distribution model

The algofithm' given by Brandt et al. (1971) has been used to
solvé the two-dirr;gnsional flow of water below the trickle source. The
procedﬁre ?ombines the ADI finite difference procedure with Newtons
iterative method. The equations proposed.by Saxton et al. (1986)
which describe the soil-water characteristics as function of soil texture,
have been used in the model. The procedure used in solving the two-
dimensional ﬂow problem is présented in section 3.1.5. The problem of
vdetermination of discharge from the emitters is to find that discharge
from the emitters, which will distribute water in the plants root zone in
a desired manner. The desired distribution pattern may be indicated by
specifying -the moisture content at a point situated away from the
source but in the root zone of the plant. The stepwise procedure for

determination of emitter discharge is described in the following section.
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4.1.2 Procedure for determination of emitter discharge

The emitter discharge to obtain desired distribution pattern of

water, is determined by using the following steps.

1.

Information on texture of the soil (sand and clay contents),
moisture content of the root zone before irrigation (6n), minimum

and maximum permissible emitter discharge, total volume of

- water to be applied (V) in a single application, and root zone width

and depth to be evaluated are collected.

Coorainates (x, z) or (r, z) of a critical point, P, in the root zone of
the plant are selected.

The moisture cc;ﬁtent required (0r) at the point P, after irrigatii_)n is
obtained. This méy be the minimum moisture content allowable
af any point in the root zone.

A value of emitter discharge between minimum and the maximum

allowable emitter discharge is selected and corresponding

duration of irrigation is determined to supply V volume of water.
The moisture content at P is determined using the soil-water

distribution model.

If, the obtained moisture content at P is not equal to 6, golden

section search is applied as described in section 3.1.7 for
selection of next emitter discharge.
The process is repeated till required moisture (6r) is obtained at

the point P.
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4.2 Lateré} Design

The précedures developed for the design of microirrigation laterals
are based on la‘geral discharge equation approach as discussed in
section 3.2.1. The lateral discharge equation is> simulated by assuming
: pressuré head at the down stream end of the lateral and determining
inlet flow rate and inlet pressure head (by back step caléulations). The
discharge required at the inlet of the lateral is obtained from number of
emitters on the lateral and known réquired average emitter dischgrge
' v(qreq). The pressure head'required at the inlet of the lateral is obtained
from the lateral discharge equation. Now, the uniformity of emission
from the lateral can be ¢valuated. Different lengths (or diameters) of the
lateral are evaluated in this way and the léhgth or diameter which
meets the design criteria is selected as the designed length or diameter.

‘With this approach, both single as well as pairc?d"llaterals can be
designed on uniform or nonuniform slope conditions.

4.2.1 Single lateral

Two types of’ problems of | design are encountered in single
laterals. Due to the restrictions imposed‘by geometry of the field, the
~length of lateral may be pre-decided and hence the diametcr of the
laterél is to be determined. When the diameter of the lateral is pre-
decided the length of lateral is designed. Generally, the diameter of a
single microirrigation lateral is uniform but in some cases the lateral

- may be tapered with two diameters.
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4.2.1.1 Diameter of single lateral

The steps for designing the diameter of a single lateral are as

below:

Uniform ld_teral

1.

Tapered lateral

A series of values, Di, D2, D3, ... , Dm for standard diameters

available are selected, from smallest to largest.

‘The data samples (H): ~ (qu)1, (H)2 ~ (qu)2, ... ,(H)x ~ (qu)x for each

given value of diameters Di, D2, D3, ... ,.Dm are obtained using
back step method (equations 3.40-3.44).

The lateral discharge equation (equation 3.38) is simulated for
each lateral diémeter using least squéres method.

Reqﬁired pressure head at inlet, Hun, for each lateral diameter is
obtained from the corresponding lateral discharge equafion
(equation 3.45).

The pressure head and flow rate distribution along the lateral are

determined for each lateral diameter using equations (3.51-3.53).

‘Uniformity of water application is determined for each lateral

diameter.

‘The smallest lateral diameter that gives the desired uniformity is

selected as the design diameter of the lateral.

¥
“

Initially, the lateral is designed as uniform lateral using the

Procedure described above, If the uniformity criteria permit, the lateral



35
is considered for tapering and length of tapered section is designed. The
procedure for design of length of tapered section is as below:

1. 'If‘ the designed lateral diameter (from step 7, above) is Dy, the
next lower diameter (Ds) is selected for tapered section of the
lateral.

2. Considering the lateral with two sizes with the first lateral
element having diameter Ds and rest of the lateral diameter Dy,
stepsh 1-5 (of uniform size) are repeated. Similarly, the proceés is
repeated considering the last 2, 3, 4, ... , N-1 elements having -
lateral diameter Ds and rest of the elements diameter Di. To save
the computati(;n time 'goldeﬁ section search is applied as
explained in section 3.2.5. o

3. Uniformity of water application is determined for each option
“considered in step 2, above. The largest number of elements with
diérr@ter Dy giving the desired uﬁiformity are selected as the

length of tapered section.
4.2.1.2 Length of single lateral

The procedure of designing length of lateral is similar to the
procedﬁre of designing diameter. When the diameter of lateral, emitter
spacing, minimum and _maximum feasible length of lateral, slope along
the lateral, required average emitter discharge, emitter discharge
equation etc. are known the length of a lateral can be designed. The
knéwledge of maximum feasible length may be necessary because of the

geometrical restrictions of the field and the minimum length is specified
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for saving the computational time. Number of emitters corresponding to
the minimum and the maximum length of the lateral are calculated for
the given emitter spacing. Starting with minimum number of emitters
(or minimum length), the required parameters (UCC and Hrn) are
calculated using steps 1-6 of the procedure for design of diameter
(section 4.2.1.1). Similarly, the.requi_red parameters (UCC and Hiin) are
obtainea for each option of the lateral length (in one spacing
- incremental length). A lateral may have as many as three options for
iength with the same value of UCC. Therefore, the maximum length of
'latefal that gives the ‘desired uniformity is selected as the designed
length.

The flowcharts developed for the design of sir:gle laterals are
appended (Fig. A-1 and Fig. A-2).
4.2.2 Paired lateral

The principle of design for paired lateral is similar to that for
sihgle lateral. The difference in the procedure is that two lailferal
discharge equations are simulated, one each for laterals on left and
right sides:.of the submain. The best submain position (Pvest) which is
‘defined as the lateral length from the upper end of the paired laterals
(Kang and Nishiyama, 1996¢), is an additional parameter to be
determined. (Kang and Nishiyama, 1_996a) reported that Prest is unique
for fixed lateral parameters and field conditions. On a level field, Ppest is
located at the centre of paired lateral but, on sloping field it will be

located between centre and the upper end of the lateral. Poest shifts
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toward upper end‘of the paired lateral when the length of the lateral
decreases or the diameter of the latéral increases. Ppest is located at or
near the centre of the lateral when the lateral diameter is relatively
small and the lateral length is too long.

To simplify the procedure it is assumed that the submain can be
placed onfy at the centre of an emitter spacing. Therefore, when
designing a paired lateral it is necessary that at least one emitter is
placed on each side of the lateral. Contrary to the single laterals, paired
laterals have emitters on both the ends (i.e. a 100 m long lateral will
have 101 emitters place at 1 rn spacing) and emitters adjacent to the
inlet in both the dii:ections are placed at half of the normal emitter
- spacing (Se).

' Simi}ar to the single laterals the design problem of paired laterals
may also be classified as design of diameter when length is known and

design of length when diameter is known.
4.2.2.1 Diameter of paired lateral

The sequence of calculations for designing the diameter of paired
laterals can be described in the following steps. The information
required is - length of lateral, slope along the lateral, required average
emitter discharge (qreq), emitter flow equation, etc.

1. A series of values, Di, Dz, D3, ... , Dm for standard diameters
available aré choosen from largest to smallest. Initi‘ally,r the

largest diameter (Di) is selected as the lateral diameter.
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Initially, the submain is assumed to be at the centre of the
lateral. |

The data sample of pressure head and flow rate at the inlet of the
lateral i.e. (H)i~(qvL)1, (H)2~(qL)2, ... ,(H)x~(qL)x, are obtained for the
selected value of lateral'diaméter (D), using back step method
(equations 3.40 - 3.44).

After simulating lateral discharge equation (equation 3.39) the
required pressure head at the inlet, Hrn, is determined using

Newton-Raphson method (equations 3.48-3.50 ).

The pressure head and flow rate distribution along the lateral is

obtained by forward step method (equations 3.51 - 3.53).
Uniformity of water application is evaluated.

The submain position is shifted by one emitter spacing in upward

slope direction and steps 3 - 6 are repeated. Thus, uniformity of

application is ev.aluated for all the possible positions of the
submain for the selected lateral diameter.

The submain position that gives highest value of uniformity (UCC)
is the Puest for the selected diameter of the lateral. Corresponding
to this lateral diameter, Ppest, UCC and Hrin are recorded.

The next diameter is chosen and steps 3 - 8 are repeated. To save
computation time, initially, the submain is assumed to be located
at the Prest, obtained for the previous diameter.

The smallest diameter that gives the desired UCC is considered as

the designed diameter with the correSponding Ppest and Hiin.
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4.2.2.2 Length of paired lateral

The procedure for designing the length of paired lateral is same
except that instead of various options for diameter, options for lateral
length are.evaluated. The information required is - lateral diameter,
slope alonghthe lateral, required average emitter discharge (qreq), €mitter
discharge ¢quation, maximum permissible length of lateral, etc. The
design procedure can be presented in the following steps.

1. Considering the maximum pefmissible length of 1atera1 is as the
length of the lateral, number of emitters on the lateral are

determined for the known emitter spacing.

2. The submain ié assumed to be located at the centre of the lateral,
initially.

3. .The data sets of pressure head and flow rate at the inlet of the
lateral i.e. (H)i~(qu)i, (H)2~(qu)2, ... ,(H)x~(qr)x are obtained using

back step method (equations 3.40 - 3.44).

4. VA'fter simulating laterall discharge equations (equation 3.39)
required pressure head at the inlet, Hun, is determined using
Newton-Raphson fnethod (equations 3.48 - 3.50).

S. Thle- pressure head and flow rate distribution along the lateral is
deter.-mined by forward step method (equations 3.51 — 3.53).

6. Uniformity of water application is evaluated for the lateral length
and Prest considered in steps 9 and 7, respectively.

7. Shifting the submain by one emitter spacing in up slope direction

steps 3 - 6 are repeated (if end of the lateral is encountered follow
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step 8). Thus, uniformity of application is obtained for all the

_probable positions of submain for the selected lateral length.

The submain position that gives highest value of uniformity (UCC)
is considered as Phoest for the selected length of the lateral
Corresponding to this lateral length, Ppest, UCC and Hin are
recorded. |

Increasing the lateral length by one emitter spacing steps 3 — 8 (if
lateral length is equal to the minimum allowable length, follow

step 10) are repeated. To save computation time, initially, the

‘submain is assumed to be located at the Ppest determined for

previous length.'

The largest length that gives the desired UCC is selected as the

designed lateral length with the corresponding Poest and Hrin.

The flowchart for design of the length of a paired lateral is

appended in Appendix-A (Fig. A-3). This ﬂowchart can also be used for

design of diameter of the paired lateral with slight modifications.

4.3 Submain Design

With the introduction of lateral discharge equation approach, the

analysis of the hydraulics of a microirrigation submain in a rectangular

field is much simplified. When slope along the submain; spacing of -

laterals on the submain; diameter and length of the laterals; and the

lateral discharge equation is known, the length or diameter of the
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submain can be designed. The procedure for design of the submain is
presented in the following sections.
4.3.1 Dia@eter of submain

The d.iaméter of a submain may be uniform (single pipe size) or
tapered (two pipe sizes). Theories presented in section 3.3 have been
used for devélopment of the design procedures. For designing diameter
of a submain the information required are - field slope along lateral,
,‘spacing of emitters, lehgth of lateral, diameter of lateral, spacing of
laterals along the submain, field slope along th(fT submain, required
-average emitter discharge, required liniformity of application, emission
equation for emitters .selected, and the lateral discharge equation for the
laterals used. |

'The procedures for designing uniform and tapered diameter of a
submain are explained in the following sectiQns.
4.3.1.1 vUni‘form submain

The procedure for the design of uniform diameter of the submain
is as below: |
1. Accoi_"ding to the lateral spacing the number of laterals along the

submain are determined.
2. The diameters available for the submain are obtained. Initially,

the smallest diameter is selected as diameter of the submain.
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A range of pressure heads for the downstream end of the submain
is selected and pressure head at the downstream end of submain
is chosen within the selected range.

Dischafge in the first lateral (from closed end) is obtained, using
lateral discharge equation. This will also be the discharge in the
first element of the submain.

The friction head loss in the first submain element is determined

“{using equations 3.61)‘ and pressure head at the inlet of second

lateral is obtained.

"Similérly, the discharges from all the laterals are determined, step

by step, using the same lateral discharge equation and back step

analysis. In'this way the pressure head and discharge at the inlet

- of the submain are obtained.

The average emitter discharge (qav) is determined by dividing the

inlet flow rate with the total number of emitters in the subunit.

If, gav Obtained is not equal to qreq, a fresh estimate of preséure
head at the downstream end of the submain is obtained using
gélden section search method and steps 2 - 7 are repeated; |

If, gav obtained equals qreq with the acceptable er;of, Athe,

uniformity of application (UCC) is evaluated by forward stép

analysis and recorded against the diameter of the submain

considered.

Next larger diameter is selected and steps 4 — 9 are repeated.
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11. The smallest diameter that gives uniformity greater than or equal
to the required uniformity of application is considered as the
designed diameter of the submain.

4.3.1.2 Tapered submain
For designing the tapered submain the procedure is similar to

that of tapered lateral design. After finding the diameter of uniform
submain, ;che next smaller diameter of the submain (if available) is
‘considered for tapering the subn;léin. The procedure given below
rconSiders two pipe sizes (diameters) for determination of qreq and UCC
and length. of the tape‘lred section of the submain is determined.

1. Considering the ﬁrst element (downstream) of the submain of
smaller diameter and rest of the sﬁiamain of the designed
diameter (obtained 1n the previous section), steps 4 - 9 of section
4.3.1.1, are repeated. |

2. | If, uniformity determined is greater than the desired UCC, the
number of elemeﬁts with smaller diameter, are increased and
steps 4 - 9 (section 4».3.1.1) are repeated. To minimize the
computation time golden'sectiOn search method (as explained in
section 3.2.5) is followed to determine the number of submain

elements that can be uSed with smaller diameter.

4.3.2 Length of submain

When diameter of the submain is known the procedure given for -

design of diameter (section 4.3.1.1) is also used for designing length of
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the submain. In step 2, startin'g from minimum length different length
options in an interval of lateral spacing are considered and the qav is
compared with Qreq. The maximum length, which gives UCC greater
than or equal to the desired value, is considered as the designed length.

The .-ﬂowchart developed on the basis of procedure described
above for the design of length of submain is appended in Appendix-A

(Fig. A - 4).
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5. RESULTS AND DISCUSSION

This chapter presents the results obtained from the procedures
developed in chapter 4, for designing three major components of a
microirrigation subunit viz. emitter discharge, lateral and submain.
Numerical examples have been used for illustration of the procedures

‘and comparison of the results with existing methods.
5.1 Emitter Discharge

Before use, the model presented in section 3.1 for determination
of emitter dischérge ‘was validated with the results of Bresler et al.
(1971) anti Bresler (1978). The procedure presented in section 3.1.5
was used for solving the two-dimensional flow problem.

5.1.1 Validation of the model

The accurécy of the model was evaluated by comparing the
position of wetting fronts obtained at different volumes of infiltration for
both, strip and disc trickle sources used, with the experimental and
predicted results of Bresler et al. (1971) and Bresler (1978). The soil-
water characteristic relationships used in. the model were also
compared vﬁth the relationships used by Bresler et al. (1971).

The 0 - h and K - 0 relationships for the Gilat loam soﬂ (sand 48%
and clay 20%) obtained from equation (3.13) of Saxton et al. (1986)
were compared (Fig. 5.1 and Fig. 5.2)jwith the relationships obtained by

Bresler et al. (1971). It is evident from Fig. 5.1 that the slope of the 0 -
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h curve near saturation is zero. Hence, equation (3.14f) of Angelaski et
al. (1993) was used (replacing equation 3.13c) near the saturation zone
and the value of specific water cabacity (C) was taken as 0.00122
(for 0 2 h > he).

The model is validated with the experimental and theoretical
results of Bresler et al. (1971) and Bresler (1978) through the
}following nﬁmerical examples to compare the positions of wetting fronts
_obtained from strip as well as disc sources.

The results of the proposed model was obtained for Gilat loam soil
(sand = 48% and clay - 20%). The discharge rate of the disc source (qe)
considered was 4000; cm3/hr. The initial water content (6n) of the soil
was taken as 0.04. The contour of 8 = 0.26“was considered as the
wetting front. A grid ipterval (h) of 4 cm and the initial time increment
of 0.1 s, 'w,as used for the numerical solution. The time increment was
allowed to increase by a multiplying factor of 1.5. An error (g) of 0.0001
was allowed in the computations.

The position of wetting fronts obtained after 60, 120, 180 and 240
min. of application from the proposed model and Bresler (1978) model
are shown in Fig. 5.3. Reasonably good agreement is seen in both,
horizontal as well as vertical directions. The deviation in the positions of
wetting fronts predicted by the proposed model, from the Breslers model
was less than 10 per cent in both the directions. The proposed model
predicted rélatively higher values in the horizontal directioﬁ and lower

values in the vertical direction.



108

Horizontal Distance, ¢cm

0 10
0 P i

10 -

Depth, cm

20 -

Proposed model
______ Breslers model

Fig. 5.3 Comparison of wetting front positions for disc source of strength
4 litre/h with the numerical results of Bresler (1978). The numbers
labeling the lines indicate the duration of irrigation in minutes.
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For strip source, the experimental and the predicted results of
Bresler et al. (1971) were used for comparison. The wetting fronts for
the air dry {8n = 0.04) Gilat loam soil (sand = 48% and clay = 20%) were
obtained from the proposed model and were compared with the
experimental and predicted results of Breslers model, as shown in
Fig. 5.4. The wetting front was-defined as the contour of 6 = 0.20. Two
application rates (ge) of 0.495 and 0.983 cm3/cm/min were considered
“and the location of wetting front was obtained for different volumes of
~ infiltrated water.

For the application rate of 0.495 cm3/cm/min, the wetting "fronts
were predicted (Fig. S.4a) for total infiltrated volumes of 0.3 aﬁd 1.0
litre. The position of ‘th‘e wetting fronts obtained, are comparable with
the 'experimental and predicted wetting fronts of Bresleré model. For
both the infiltrated volurnés the posiﬁons of wetting fronts obtained are
under estimated in comparison to the Breslers model. In horizontal
direction, the maximum deviation from the experimental results was
approximately as 15 per cent and 10 per cent for 03 and 1.0 litre of
infiltrated \.Nater, respectively.

Considerihg the application rate (ge) of 0.983 cm3/cm/min,
position of wetting fronts were predicted from the proposed model for
the total infiltrated volumes of Q.3, 1.0, 3.0 and 5.6 litre. The results of
the proposed model are in good agreement with both, the experimental
and the numerical results of Bresler et al. (1971) in vertical direction.

However, in horizontal direction the positions of the wetting fronts have
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Horizontal Distance, ¢cm
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Depth,cm

qe = 0.495 cm’/cm/min

24+
Proposed model
----- Breslers experimental
«= = — Breslers numerical
32

Horizontal Distance,cm
20 30 40

Fig. 5.4 Comparison of wetting front positions obtained for two strengths (qc) of strip
sources with the experimental and predicted results of Bresler (1971) for
Gilat loam soil (numbers labeling the lines are the total volume infiltrated in
litres).
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been over estimated in comparison to both, experi}mental and predicted
results of Breslers model. The.maxﬁnum deviations in the position of
the wetting front from the experimental results were 48, 22, 8, and 10
per cént,- respectively for 0.3, 1.0, 3.0 and 5.6 litre of total volume of
water infiltrated. The maximum deviations from Breslers predicted
| results wefe 29, 17, 8 and 9 per cent, respectively for 0.3, 1.0, 3.0 and
5.6 litre of total volume of water infiltrated.

The variation in the results of the proposed model may be due to
the error in estimation of satﬁ.ration moisture content (6s = 0.463) from
Saxfons equation as against the discrete value (6s = 0.44) used by
Bresler et al. (1971), The other source of error may be in the

estimation of soil-water characteristic properties.
5.1.2 Determination of emitter discharge

The procedure explained in section 4.1.2 was used for
determination of emitter discharge.for the given soil texture and the
desired water distribution pattern. The results obtained for emitter

discharge are explained with the help of examples in the followiﬁg text.

Example 1

.In a clay loam soil (sand = 48% and clay = 20%) with ir;’itial
-moisture c»ontent (8n) of 0.20, water is applied with a trickle source.
Show the effect of ch’ange of emitter discharge on the moisture content
of points having coor;iinates (radial distance and depth from the source

in cm) of 22, 24; 22, 16; 14, 24; and 14, 16 when total volume of water



112
applied is - 12, 14, 16, 18 and 20 litres. The trickle source may be
consideredhto be a disc source.

Solution

The moisture content at the desired points below the source was
.determined using the procedure explained in section 4.1, for different
flow rates. The variation of moisture content with the flow rate at
different volume of infiltration is shown in Fig. 5.5. It is evident that the
moisture content of all the four points decreases with increase in flow
rate, irrespective of the total volume applied. This may be due to large
area coming under ponding at the surface and hence infiltration is
taking place from a .larger disc as the discharge is increased. As a result
the waterfront has advanced more in horizontal direction and less in
downward direction due to smaller infiltration opportunity time. It can
also be seen, in all cases, that the moisture content is approaching a

constant value i.e. 0.20 for very high flow rates.

Example 2

For the a crop planted in the soil of example 1, a moisture
content of 0.30 is required at a point, P, located at a horizontal distance
of 22 cm and depth 24 cm from the centre of a disc source. Assuming
that the moisture content in- the root zone prior to irrigation (6n)
depletes to a uniform level of 0.20, determine the discharge of the

emitter if 20 litre of water is to be applied in each application.
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Fig. 5.5a Variation in moisture content at a point P(r, z) in the plant
root zone with emitter discharge for different infiltrated volumes.
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Fig. 5.5b Variation in moisture content at a point P(r, z) in the plant
root zone with emitter discharge for different infiltrated volumes.
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. Solution

Using the procedure presented in section 4.1.2 the discharge of
the emitter obtained from the proposed model is 70 cm3/min (4.2 litre
per hour), which can also be seen from Fig. (5.5a(i)). The distribution of
soil moisture (Fig. 5.6) at this emitter discharge clearly shows that the
region between point P and the top andbleft boundaries which is the
root zone of the plant, has moisture content higher than the required

‘moisture content (i.e. 0.30) at this point.
5.2 Lateral Design

The problem of design of a microirrigation system has become
simpler with the int‘foduction of lateral discharge equation approach.
This approach is not only simple but is accurate as well, because of
consideration of actual flow from the emitters and use of basic
equations of steady pipe flow. The superiority of the power equation
form (equation 3.38 or 3.39) of lateral discharge equation over the
polynomial form (eqﬁation 3.37) may be explained through the following
example.

When data given in Table 5.1 are used for designing the length of
a single lateral a similar error is encountered while estimating the head
required at the inlet of the lateral. The pressure head range selected for
thé downstream end of lateral was 6.5 — 12 m. The coefficients of
equation (3.37), the inlet flow rates for the minimum and the maximum

pressure heads (i.e. 6.5 m and 12 m) assumed at downstream end of
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Radiai Distance from Source, cm

Depth, cm

36

Fig. 5.6 Soil-moisture contours obtained after application of 20 litre
of water with the emitter discharge of 4.2 litre per hour

(example 2). -
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the lateral énd the required inlet flow rate for the corresponding length
of lateral, determined are given in Table 5.2. It is evident from Table 5.2
that the required inlet discharge for lateral length greater than 186 m,
is not falling in the range of dfschafges for which the lateral dischargé
equation is simulatéd. Therefore, for the lengths of lateral greater than
186 m, equation (3.37) has to be extrapolated beyond its range. Fig. 5.7
- shows the trend of equatioris (3.37 and 3.38), simulated for the lateral
- length of 187 m. It is clear that on extrapolation, equation (3.37) gives
an absurd trend and will result in a severe error while, equation (3.38)
maintains its trend and leaves no scope for such errors.

‘The methodoloéy used for the design of single and paired laterals
is based on the simple power équation form (equation 3.38 or 3.39) of
the lateral discharge equation and their results are explained with the

help of examples in the following sections.
5.2.1 Single lateral

The results of methodology developed for the design of single
lateral are presented through examples separately, for both types of
design problem i.e. design of diameter and design of length of the single

laterals.
5.2.1.1 Diameter of single lateral

When the length of the lateral is fixed, the diameter of the lateral

may be designed using the procedure given in section 4.2.1.1.
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Fig. 5.7 Trend of lateral discharge equaﬁon_ when extrapolated
beyond range for 187 m long lateral for data and field
condition given in Table 5.1.
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Table 5.1 Lateral parameters and field conditions for examples.

Parameter _ ' Value
Lateral digmeter (D) 16 mm
Emitter spacing (Se) ' 1m
Lateral length from the lateral inlet to the first 1m

emitter (Sei)
Field slope along lateral (down slope from the inlet) -0.03

Required average emitter discharge {(Qreg), 3.33x10-6 m3/s
Requifed Christiansens uniformity coefficient (UCC) 0.95

Minor loss factot due to emitter connections (k) 0.3

Emitter riser height (hy) lm

Emitter riser length (L) 1.2m

Emitter riser diameter (Dy) : S mm
Emission"equation 1. q=1.053 x 10:°HO> m3/s

)

Table 5.2 Inlet dischargé range, required inlet discharge and coefficients
of equation (3.37) for lateral parameters and field conditions

of Table 5.1.
» ' Length of lateral (m)

Parameter

186 187 188
Inlet discharge 6.19x104 - 6.26x104 — 6.32x104 -
range (m3/s) 9.41x10+ 9.51x10+4 9.60x10-4
Required inlet 6.194%x10+4 6.227x104 6.26x104
discharge (m3/s) ,
Co ~ 2.6419x104 6.3698x10-3 -2.5711x10-3
Ci - '9.3065x10-6 -4,2594x10-6 1.7174x104
Co 1.3390x10-8 1.1121x10-6 -2.4046x10-6
Cs -5.1389%x10-10  -1.4961x10-7 -1.6453x10-8
o -2.9722x10-12  1.8364x10-9 5.2250x10-10
Cs 8.3889x10-14  -3.0556x10-11 1.2583x10-12
Cs -2.4944x10-16  3.0833x10-13  -7.7778x10-14

Cr -1.0167x10-18  -1.1972x10-15 4.0000x10-16
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Examplé 3
Design the diameter of a tapered lateral 80 m long using the other
lateral parameters and field conditions given' in Table 5.1. The sizes

(inside diarheters) available for lateral are 12 mm, 16 mm and 20 mm,

Solution

Initially, the lateral was considered to be uniform in size and its.
diameter was determined to be 16 rﬁm with pressure head required at
inlet of the lateral (Hsn) of 13.55 m and UCC of 0.97. It is evident that
the uniformity of emission obtained is quite higher than the desired
uniformity (0.95). Therefore, the lateral was tapered with the next lower
diameter a"[_ailable (i.é. 12 mm) to minimize its cost. The length of lateral
for which 12 mm diaméter can be used, was détermined to be 41 m and
the corresponding H:in as 14.3 m. The effect of change in Hrin and UCC

with the length of tapered section is shown in Fig. 5.8.

5.2.1.2 Length of single lateral

Design of length of microirrigation systems is the most common
problem encountered in field. The reason being the limited options
available for diameter of the lateral and hence‘, 12 mm and 16 mm are
the comm(;n sizes used in most microirrigation installations. For
comparison of resuits the example of Kang and Nishiyama (1996a) has

been used.
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Example 4

Design the length of a single lateral using lateral parameters and
field conditions given in Table 5‘.1.
Solution

The maximurﬁ po;ssible length of lateral was taken as 151 m. The
final solutipn for the lateral length obtained was 91 m and pressure
head required at the inlet of the lateral (Hrin) was 14.8 m. These results
are the same as obtained by Kang and Nishiyama (1996a, c). Fig. 5.9
shows the relationship of length\ of lateral with UCC and Hiin. It is clear
- from Fig. 5.9 that the relationships obtained are almost identical with
Kang and Nishiyama;‘(1996a, c). The peaks appearing in the Kang and
Nishiyama (1996c¢) model may be due to the extrapolation error of
polynomial.

It is also evident from Fig. 5.9 that a latéral may have as many as
three solutions of length, for the required uniformity of flow. Therefore,
the largest of the three lengths is considered as designed length of the

lateral for the required uniformity of flow (UCC).
5.2.2 Paired lateral

The paired laterals which are of uniform diameter also face two
types of desigh problems i.e. design of diameter when length is fixed
and design of length when diameter is fixed. The design methodology,
developed :in section 4.2.2 has been used for solving the design
examples presented in the following sections. The example of Kang and

Nishiyama (1996a) has been selected for comparison of results.
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. Nishiyama (1996¢) model for a single microirrigation lateral.
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5.2.2.1 Diameter of paired lateral

For ‘designing diameter of a paired lateral, the procedure
presented in section 4.2.2.1 has been used.
Example 5

Design the diameter of a paired lateral using lateral parameters
and field conditions given in Table 5.3. Head loss due to emitter
connections may be neglected and there are no risers to the emitters.
Also show the effect of change of diameter on uniformity of flow, best
submain position and the head required at the inlet. Use diameter in

- the range of 15 - 21 mm.

Table 5.3 Lateral parameters and field conditions for example 5.

Parameter " | Value

Lateral length 208 m

Emitter spacing (Se) ' 2m

Field slope along lateral 0.03

Required a{verage emitter discharge (Qreq) 3.33x10 m3/s
Required Christiansen’s uniformity 0.95

coefficient (UCC)

Emission equation q=3.33x10-"H m3/s
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Solution

| The relationship of diameter of lateral with the uniformity of flow,
best submain position and the head required at the inlet, obtained is
shown in Flg 5.10. As can be seen from Fig. 5.10 that there are two
solutiops for the lateral diameter i.e. 16.6 mm and 20.6 mm with best
submain position {Ppest) of 68 m and 21 m and Hun, 11.4 m and 10.25
m, respectively. These results are almost the same as obtained by Kang
and Nishiyama (1996a, c). Fig. 5.3palso shows that there%(rf.lay be two
solutions for the diameter of a lateral with the same uniformity (UCC).
'Therefore, the smaller of the two diameters (i. e. 16.6 mm) must be
chosen as the design diameter of the lateral with the corresponding Hyin.
(= 11.4 m) and Pyest (= 68 m).

5.2.2.2 .Le;ngth of paired lateral

The procedure presented in section 4.2.2.2 was used for
designing length of the paired lateral. -
Exampie 6

Design the length of a paired lateral using lateral parameters and
field conditions given in Table 5.4. No risers are used with the emitters
and head loss due to emitter connections may be neglected.
Solution

The Imaximum length for the lateral is taken as 220 m. The
solution for the lateral length obtained is 158 m, best submain position
(Poest) 53 m and head required at inlet of lateral (Hrn) 11.2 m. The

length of submain was determined to be 156 m by Kang and
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Nishiyama (1996a, c¢) and Prest as 51 m énd 53 m by Kang and
Nishiyama. (1996a) and Kang and Nishiyama (1996c}, respectively.
Howéver, the pressure head required at the inlet of the lateral was
same. The relationship of length of lateral with UCC, Poest and Hrin i;
shown in Fig. 5.11. |

In this example (Fig. 5.11) the multiple soluﬁons (three) for the
lateral length are more prominent than as seen in example 4

. (Fig. 5.8).

Table 5.4 Lateral parameters and field conditions for example 6.

Parameter . ' Value

Lateral diameter (D) | : 0.015m
Emittef spacing (Se) 2m

Field slope along lateral 0.03

Required average emitter discharge (qreq) 3.33x 10'6.m3 /s
Required Christiansen’s uniformity | 0.98

coefficient (UCC)

Emission équation q= 1.053x10¢HO5 m3/s

5.3 Submain Design

The design procedures presented in section 4.3 are used for
designing the submain. The designed lateral parameters along with the
lateral discharge equation of the laterals being operated by the submain

are the input to the design of the submain.
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Example 7

Design the diameter of the paired laterals and submain using the

subunit parameters and field conditions given in Table 5.5.

Table 5.5 Subunit parameters and field conditions for example 7.

Parameter

Value

Lateral length, m

Emitter spacing (Se), m

Field slope along laterai

Sizes (ID) available for lateral

Lateral spacing, mrﬁ

Number (Sf laterals alohg submain

Field slope along submain

Sizes (ID) available for submain, mm
Required average emitter discharge {Qreq), Iph

Required Christiansen’s uniformity coefficient
q

(uce)

150
2

0.03 -

12, 16, 20

2

20

0

36.8, 46.2, 59.6,
71, 85.3, 104.5
12

0.98

Emission equation

. q=3.7908H05 Iph

Solution

After designing the diameter of the paired lateral the diameter of

submain was designed considering the submain to be of uniform size.

The next smaller diameter of the submain was used for tapering of the

submain and the length of the tapered section was designed.
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The designed subunit will have laterals of diameter 16 mm with
the submain located at 39 m from the up slope end of the lateral. The
head required at the inlet of the lateral was found to be 10.64 m to
achieve the uniformity of 0.98. The diameter of the submain having 20
such laterals was determined to be 59.6 mm and the head required at
the inlet of the submain was 11.24 m, when submain was of uniform
size. In this case the uniformity of application obtained from the
subunit was higher (0.9833) than the required uniformity (0.98).
Therefore, the submain was considered for tapering with the next
smaller diameter of 46.2 mm, to utilize the margin available in
unifofmity of applicaﬁon. The length of tapered section determined was
24 m and the head recjuired at the inlet of the tapered submain was
obtained as 11.44 m. For the submain of uniform size (59.6 mm) the
pressure profiles of the paired laterals are shown in Fig. 5.12. When
subméu'n is tapered (with 46.2 mm) the pressﬁre profiles of the paired
laterals arehshown in Fig. 5.13. The pressure profiles of the uniform and
tapered submain are shown in Fig. 5.14. The variation in UCC and Hirin

with the change in diameter of the submain is shown in Fig. 5.15.
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6. SUMMARY AND CONCLUSIONS

In spite of the popularity of microirrigation systems due to
increase in production and improved quality of horticultural and
vegetable crops besides saving in irrigation water, the development of
appropriate design criterion still continues to be an important issue of
researchers.,-. In microirrigation systems (particularly in trickle irrigation
systems), due to slow application of water at frequent intervals, water
delivery is restricted to the plant root zone leaving surrounding soil dry.
Efficient design of a microirrigation bsystem needs to take care of the
distribution of apﬁlied water in the root zone of the plants. For the
design of a microirrigation system, the basic i"nformation required is the
discharge from emitter and the daily water requirement of the crop.
Appropriaté; values of these parameters are important not only to
ensure the optimum plant growth and its yield but also for proper

hydraulic design of the system for getting the best results.

Numerous mathematical models have been developed which
facilitate the study of distribution of infiltrated water below point and
line sources. But, most of them need a lot of information about the soil-
water characteristics of the soil where the microirrigation system is to
be installed. Collection of these informations is not an easy task for any

design engineer.» The design of a microirrigation lateral and submain
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requires an accurate estimate of the emitter discharge (which is also

referred as the required average emitter discharge).

On the other hand, most of the procedures available for design of
microirrigation laterals and suBmains are based on the assumption of
uniform emitter discharge, which causes error in estimation of the
pressure profile of the pipeline. These methods are suitable for design of
single lateréls only. The step by step methods though has been modified
for the design of paired laterals but, .can not be used for tapered lateral

design.

In the present investigation, the shape of the wetted profile below
the trickle source hlas been considered as theucriteria for determination
of the emitter discharge. The position of wetting front and distribﬁtién
of soil moisture in the root zone for a known emitter discharl;ge is
evaluated using a mathematical (finite difference) model. The soil-water
characteristic relationships described by the texture of the soil have
been input to the model. The discharge, which will distribute the water
in the root'.:. zone in the desired manner, is considered as the design

discharge of the emitter.

The model, which is combined with statistical equations (given by
Saxton et al, 1986) describing relationship of soil moisture with
matric potential and unsaturated hydraulic conductivity in terms of the
texture, has been validated through the published experimental and

numerical results.
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Lateral discharge equation approach has been used for design of
microirrigation lateral and submain lines. In addition to simplicity énd
high degree of accuracy, this approach has the merit of its applicability
for design of single and paired laterals on uniform and non-uniform
field slopes. Instead of polynomial (as used by other researchers) a
simple -povx;er equatign has been used to describe the reléfionship of

inlet flow rate and inlet pressure head of a lateral.

While designing the diameter of the lateral only“t‘ standard
diameters can be considered, Which are available in discrete sizes only.
Therefore, if the actual requirement is a nonstandard size the next
higher size is considered as the design diameter of the lateral, which
costs more. To reduce 1;,he cost of the lateral to some extent a procedure
has been developéd to taper the lateral with next smaller size. Golden

section search method has been used to make the computations faster.

The lateral discharge equation approach permits to consider the
submains as laterals and laterals as the emitters. With this approach,
the design of microirrigation submains has been much simplified. A
procedure has been developed for design of uniform as well as tapered

submains of a microirrigation subunit.

User'friendly computer programmes have been developed in C++
language using Borland® Version 4.5 compiler for determination of
design emitter discharge and for design of lateral and submain

(subunit).
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The conclusions drawn from this investigation are:

Use of texture based soil-water characteristic relationships
simplified the application of complex soil-water distribution

models in design of microirrigation systems.

The proposed combination of models produced almost similar
results obtained from the finite difference model of Brandt et al.
(1971) for strip source and Bresler (1978) for disc source. The
small deviations of the order of 5 - 15% may be attributed to the
approximations inherited in different functional relationships i.e.
equation (3.15) for K(0) and equ‘ation (3.13) for h(0) and in
estimation of sgturation water content (equation 3.14e) from soil

texture.

The wetted profile approach, used for determination of emitter
discharge facilitates to control the distribution of irrigation water

in the plant root zone.

The power. equation (equations 3.38- and 3.39) used as lateral
discharge equation is simple and gives similar results as obtained
by Kang and Nishiyama (1995), which are claimed to be the
most accurate. Moreover, the chances of extrapolation error as
may be encountered in Kang and Nishiyama model have been

eliminated.
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The combination of golden section search method with lateral
discharge equation approach for design of tapered laterals and

submains is simple.

The design of submain of microirrigation systems is ‘simplified by
using the lateral discharge equation approach. Use of golden
section search method for obtaining required average emitter
discharge from the subunit makes the computation faster without

compromising with the accuracy.
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Fig. A-1 Flow chart for design of length/diameter of single laterals.
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Fig. A-2 Flow chart for design of tapered diameter of single laterals.
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In spite of the popularity of microirrigation systems, the development
of appropriate design criterion still continues to be an important issue of
‘researchers. Efficient design of a microirrigation system needs to take care
of the distribution of applied water in the root zone of the plants.

In the present investigation, methodologies have been developed for
the design of three major components (viz. emitter discharge, lateral line and
submain line) of microirrigation subunits.

The shape of the wetted profile below the trickle source has been
considered as the criteria for determination of the emitter discharge. The
position of wetting front and distribution of soil moisture in the root zone for
a known emitter discharge is evaluated using a finite difference model. The
soil-water characteristic relationships described by the texture of the soil
.have . been input to the model. The proposed model has been validated
through the published experimental and numerical results.

Lateral discharge equation approach has been used for design of
microirrigation lateral and submain lines. A simple power equation has been
used as lateral discharge equation. This lateral discharge equation can be
extrapolated to obtain the head required at the inlet of the lateral. Golden
section ‘search method has been used along with this method for design of
tapered (two pipe size) laterals and submains.

The model developed for determination of emitter discharge is simple
to use and provides a realistic solution. The approach used for design of
laterals and submains is accurate and appllcable for almost all the
situations of mlcr01mgat10n installations.
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