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Large-Scale Pressurized Irrigation
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1. Introduction

According to what documented by several auth ors and institutions, in many areas of the
world irrigation projects perform far below their potential (Small and Svendsen 1992) and,
in most of the cases, unrealistic or out-dated designs, rigid water delivery schedules and
operational problems are among the principal reasons for the poor performance (Plusquellec
et al. 1994).

The assessment of actual performance and potential improvement of conveyance and
distribution systems received greater attention in recent years, and this trend will most
likely extend to the near future, given that public and private investments will be more
addressed to modernization of ageing or poor-p erforming irrigation schemes rather than to
development of new irrigated areas or to expansion of existing irrigation schemes. In the
perspective of service-oriented management, existing irrigation systems should be
periodically evaluated for their performance ac hievements relative to current and future
objectives. This requires diagnostic methodologies to analyze system behavior, assess
current performance, identify critical aspects and weaknesses, and to investigate potential
improvements. In this domain , several authors (Small and Svendsen 1992; Murray-Rust and
Snellen 1993; Burt and Styles 2004) reported a remarkable lack of analytical frameworks by
means of which irrigation managers or professional auditors can assess current
achievements and diagnose feasible ways toenhance performance in the future. On the
other hand, as pointed out by Prajamwong et al. (1997), identifying and implementing
improvement changes entail the collection of field measurements and the use of analytical
tools for developing feasible alternative scenarios and for selecting the most effective
measures with the greatest impact on system performance.

Bos et al. (2005) indicated that diagnostic assessments are usually made to gain an
understanding of how irrigation functions, to diagnose causes of problems and to identify
opportunities for enhancing performance so that actions can be taken to improve irrigation
water management. The same authors reported that diagnostic assessments are to be carried
out when difficult problems are identifi ed through routine monitoring, or when
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stakeholders are not satisfied with the existing levels of irrigation delivery services being
provided, and desire changes in system operation.

The core component of diagnostic assessment igepresented by performance indicators, as
their selection and application aim at unde rstanding functional relationships and at

developing performance statements about irrigations. In the rationale of diagnostic
assessment, irrigation managers or auditors need first to acquire a good understanding of
system behavior under different operating conditions, prior to using simulation and

management-support tools for appraising improvement options, and then take or
recommend appropriate decisions.

In this view, a sound methodology for analysis of the existing irrigation schemes and of the
management needs under current and future delivery scenarios is strongly required.
Monitoring a set of variables that characterize the behavior of a complex system (diagnosis),
and evaluating the system response after aternative correcting measures (prognosis and
simulation) represent the basic capabilities required to an analytical methodology for
addressing modernization processes with accuracy. The diagnostic component should be
used to analyze different aspects of system management, such as assessment of water
demand, management of water supply, identifica tion of current system management needs,
evaluation of system design, capacity and performance. The simulation component should
instead be capable of facilitating the appraisal of improvement opti ons by evaluating the
system response after modifications. Both the diagnosis and simulation phases should be
based upon a set of properly-chosen performance indicators to account for the main
variables effecting the system operation and for synthetically representing the state of the
system with respect to defined management objectives.

In this perspective, the methodology proposed in this chapter enables to conduct diagnostic
assessments, simulate alternative deliveries and operational scenarios, and evaluate
performance achievements in large-scale pressurzed irrigation systems, thus constituting an
analytical basis to address modernization processes in such systems with greater accuracy
than was done in the past.

2. Rationale of the proposed methodology

The approach and components utilized within the proposed methodology are outlined in
Fig. 1. The first part of the methodology entails the generation of the flow demand
hydrographs during peak-deman d periods through the use of an agro-hydrological model
named Hydro-GEN that performs the daily so il-water balance and the simulation of
irrigation deliveries for all the cropped fiel ds served by the distribution network. By
aggregating the simulated flow hydrographs at hydrant, the model generates the flow
demand configurations for the entire distribu tion network. The Hydro-GEN model, and its
applications to a pressurized irrigation delivery system at different management levels,
were described in detail by Zaccaria et al. (2011a) and Zaccaria et al. (2011b).

The generated water demand scenarios are spatidly and time distributed estimates that may
be then used to define the expected levels ofirrigation delivery service (objectives setting)
from the distribution network over the differen t serviced areas. The flow configurations in
the distribution network are then passed as inputs to a hydraulic model named COPAM
(Lamaddalena and Sagardoy 2000) to simulate deliveries under different conditions and
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operational modes, analyze the network’s hydraulic behaviour and evaluate hydraulic
performance achievements with regard to the target delivery objectives. In this way, the
COPAM simulation model allows identifying th e structural limitations and the potential
failures of the irrigation deli very network under different si mulated flow configurations.
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Distributed water
demand

Flow configurations in Water demand
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Fig. 1. Process and components utilized bythe proposed methodology for conducting
operational and performance analysis in pressurized irrigation systems.

The hydraulic simulations are based upon user-specified irrigation delivery conditions (or
on agreed-upon delivery service between the water management body and the users) and
utilize selected indicators and reference values to evaluate hydraulic parameters and
identify the state of the system with respect to the specified management objectives.
Moreover, the combined use of the Hydro- GEN and COPAM models verifies that the
aggregated water demand and the adopted operational modes do not exceed the daily
available water supply and the maximum physical conveyance and delivery capacity of t he
distribution network.

As final step, some additional indicators are applied to evaluate water delivery variables,
other than hydraulic parameters, and to refi ne the performance assessment. The outputs
resulting from simulations with the COPAM mode |, along with the eval uation of irrigation
delivery by means of the additi onal indicators, can be interpreted in terms of performance
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achievements through the comparison with the users’ requirements or the agreed-upon
delivery conditions. Applying the above-described tools in the proposed sequence, and
analyzing the resulting outputs, will guide the system managers and auditors in evaluating
the irrigation delivery scenarios as satisfactory or unsatisfactory, and adjust the operations
accordingly or identify the necessary physical changes.

3. Description of main components
3.1 The HydroGEN model

The approach and methodological steps utilized by the HydroGEN model for generating the
flow demand hydrographs are illustrated in Fig. 2. HydroGEN consists of a deterministic
component, represented by different terms of the soil-water balance equation, and a
stochastic component that accounts for uncertainties and variability of some parameters
related to crops and soils, as well as to farmers’ habits and practices. The deterministic
component enables the simulation of daily soil-water balances for all the individual

CROP CLIMATE solL
DATA DATA DATA
RANDOM |
GENERATION
FIELD HIGH RESOLUTION RANDOM
SURVEYING REMQOTE SENSING T GENERATION
A
/ CROPPED AREAS / » | ROOT-ZONE SOIL
»  AND FRACTIONAL > WATER BALANGE
\ CANOPY COVER \
FARMERS’
BEHAVICR
GENERATE WATER
IRRIGATION
PRACTICES DEMAND PATTERNS &
VOLUMES
STOCHASTIC
PROCESSING

FLOW HYDROGRAPH IN
THE DISTRIBUTICN
NETWORK

Fig. 2. Process utilized by HydroGEN to generate discharge hydrographs in pressurized
irrigation systems.

cropped fields supplied by the water di stribution network, based upon crop

evapotranspiration estimated from daily climat ic and rainfall data, crop type and stage of
development, soil properties, and farm irri gation methods. The stochastic component
enables the determination of some parameters of relevance to the computation of crop water
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demand and of timings of irrigation events, su ch as the sowing or green-up dates, and the
initial soil water content at the beginning of the growing season. These parameters are
strongly affected by uncertainties and are determined in HydroGEN by means of random
generation within specific user-defined rang es, as described by Zaccaria et al. (2011a).

By integrating crop, soil and climatic data, Hy droGEN simulates a series of daily irrigation
demand volumes by maintaining a root-zone soil water budget for the cropped fields served
by each delivery hydrant. In this process, the deterministic and stochastic components
jointly allow generating disaggregated informatio n on soil water deficits, and thus on timing
and volumes of irrigation demand, both under conditions of full replenishment of soil water
depletion and under regulated and/or deficit irrigation strategies.

These irrigation depths resulting from simula ting the daily water balance and irrigation
events are then aggregated upwards for all the cropped fields supplied by each hydrant,
and then for all hydrants of the network, thus enabling the generation of a daily hydrograph
of irrigation volumes demanded at different system management levels, i.e. at the hydrant,
at single branches of the distribution network, at sector, district, or at the entire system level.
As a subsequent step, HydroGEN identifies the 10-day peak-demand period by applying
the method of the moving averages to the seies of simulated daily irrigation demanded
volumes.

Within the identified peak-demand period, Hydr oGEN then utilizes a stochastic procedure to
determine the most likely timing of hydrants’ openings and shut-offs during the d aytime to
deliver the required irrigation volumes. Based on the above determination, the daily irrigation
volumes are translated into hourly flow rates and the number of hydrants in simultaneous
operation hour-by-hour can be simulated. Therefore the hydrographs of hourly flow rat es can
be generated by aggregating on an hourly bass the flow rate demanded from these hydrants
on an hourly basis. Likewise for the daily demanded volumes, based upon the level of
aggregation, HydroGEN can simu late the hydrograph of hourly flow rates during the peak-
demand period at hydrants, sector, district or system scale.

3.2 The COPAM Model

The Combined Optimization and Performance Analysis Model (COPAM) is a software
package that provides computer-assisted capablities for design and analysis of large-scale
pressurized irrigation delivery networks. The model is described in details by Lamaddalena
(1997) and by Lamaddalena and Sagardoy (2000and is composed of three modules, one for
the generation of demand discharges, one for the optimization of pipe size, and the third for
the analysis of hydraulic performance. The synthetic process flow of COPAM is presented in
Fig. 3.

As for the first module, the dist ribution of discharges flowing in the delivery network can be
generated by using the Clément probabilistic method (Clément 1966; Clément and Galand
1979) or by means of the “Seveal Flow Regimes” approach (SFR) as proposed by Labye et
al. (1988).

In COPAM, the flow computation through the SFR approach is implemented by means of
the random generation of a certain number of hydrants in simultaneous operation, out of
the total number of hydrants of the network, and the discharge in single sections of the
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network is thus computed as the sum of the discharges withdrawn from the downstream
hydrants being in simultaneous operation, with the simplifying assumption that each open
hydrant always delivers the nominal flow rate (Lamaddalena and Sagardoy 2000).
Alternatively, the flow configuration in the pi pe network can be read by COPAM as external
file that results from simulating the demanded flow rates by means of the soil-water balance
approach coupled with a stochastic processing through the HydroGEN model, as described
in the previous section.

COPAM

COMPUTATION OR
GENERATION OF
DISCHARGES

W

OPTIMIZATION

| A
' ANALYSIS OF
PERFORMANCE

v

|

|

NO |

SATISFACTION |
i \

! IMPLEMENTATION
| YES THROUGH LOCAL
SOLUTIONS

1
“r

IMPLEMENT THE SOLUTION

Fig. 3. Schematic process flow used by C®?AM (Source: Lamaddalena and Sagardoy 2000).

The optimization module enables the computation of optimal pipe sizes in the whole
network following the simulated flow configurat ions through the three possible alternatives
previously mentioned: single flow regimes (C Iément approach), several flow regimes (SFR)
directly generated by the first module, and several flow regime previously generated by the
first module, or simulated exte rnally by the HydroGEN model and stored in a file to be
read.

The performance achievable by the network tentatively designed by following the two

above-described steps is then analyzed bymeans of two conceptual models, the Indexed
Characteristic Curves model (CTGREF 1979; Bthery et al. 1981) and the AKLA model (Ait
Kadi and Lamadalena 1991 - CIHEAM internal note not published), and based upon specific
performance criteria. The Indexed Characteristic Curves model allows investigating a large
number of configurations of hydrants in si multaneous operation, which correspond to a
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fixed value of the nominal discharge, Q, and to different values of the required piezometric
elevation, Z, at the inlet of the distributi on network to satisfy the configurations. A
configuration is considered satisfied when for all the hydrants in simultaneous operation the
following relationship holds true:

Hjr tHReq 1)

where Hj, (m) is the hydraulic head of the hydrant j within the configuration r, and Hreq (M)
is the minimum required head for proper operation of farm irrigation systems.

After defining the values of the discharge (Q) at the upstream section of the network, and

the total number of configurations (C) to be in vestigated, a series of piezometric elevations
(Zr) at the inlet of the network able to satisfy a given percentage of C configurations can be
associated to each value of the upstream disbarge. In doing so, the indexed characteristic
curves can be drawn by plotting in the plan e (Q, Z) the discharge values chosen and the
corresponding required piezometric elevations, and by joining the points having the same

percentage of configurations satisfied. The shape of these curves depends on the geometry
of the network and on the topogr aphy of the commanded area.

The AKLA model enables the analysis of performance at each hydrant of the network
under different operating conditions. The model is based on the multiple generation of a
pre-fixed number of hydrants in simultan eous operation, with the hydrants being
considered satisfied within each generated configuration when the Eq. 1 holds true for
each selected hydrant. The model computes the discharge and pressure head redlting at
each hydrant under different flow configur ations, that is then compared with the
minimum required pressure for the proper operation of the on-farm irrigation systems
downstream of the hydrant itself. The measure of hydraulic performance achievements at
each hydrant is thus obtained by means of the computation of the relative pressure deficit
(RPD;,) at the hydrant j within the configuration r of hydrants in simultaneous operation,
through Eq. 2 reported in the following section, and of the percentage of unsatisfied
hydrants out of the total number of hydrants in simultaneous operation. Therefore, for
each configuration the range of variation of the pressure head at each hydrant can be
determined, and the hydrants subject to insufficient pressure heads, and hence he most
critical zones of the network, can be clearly identified.

3.3 Performance indicators

Performance indicators are parameters resuling from the mathematical combination of

measurable state variables and are conceived to synthetically represent how the irrigation
system behaves with respect to the achievenent of planned, targeted or agreed-upon

objectives. Many authors and institutions have proposed specific ways to measure
performance of irrigation and drainage systems, and therefore there is a large set of
indicators available in literature, as summari zed by Rao (1993) and by Bos et al. (2005).

The proposed methodology for diagnostic assessment entails the use of some performance
indicators that were specifically adapted to pressurized delivery systems for describing the
achievements by the irrigation distribution network with respect to the targeted
water delivery objectives. In detall, the Relative Pressure Deficéind Reliability at each hydrants
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were taken from previous works conducted by Lamaddalena (1997) and by Lamaddalena and
Sagardoy (2000) and, in cajunction with the hydrant’'s Sensitivity, which was instead defined
within the present research, were used to measure and describe the hydraulic performance of
the irrigation delivery networks in terms of pressure heads at the delivery points.

Three additional indi cators, namely the Relative Volume the Relative Frequencyand the
Relative Delaywere instead developed by modifying the indicator of Adequacyas it was
originally conceived by Mold en and Gates (1990) to conduct performance assessment in
open channel networks. These modifications aimed at tailoring the objective of Adequacy to
pressurized irrigation distribution systems an d thus at describing the adequacy of water
delivery in terms of supplied volumes and of timeliness of irrigation.

Finally, also the indicators of Dependabilityand of Equity were modified with respect to those
defined by Molden and Gates (1990), and then usedto assess the spatial and temporal
variability of irrigation delivery conditions over the command areas and during the periods

of interest.

The Relative Pressure Deficit at each hydrant, RPD, as defined by Lamaddalena (1997), is
computed by Eq. 2.

H., H
RPD,, — @

Hreg

where Hj, is the hydraulic head at the hydrant j within the configuration r of hydrants in
simultaneous operation, and Hgeg is the minimum pressure head necessary for proper
operation of on-farm irrigation systems.

The representation of RPD;;, in a plane where the abscissas correspond to hydrants’ number
and the ordinates to RPD;, clearly identifies the hydrants having insufficient pressure for
enabling proper on-farm irrigation.

As for the second indicator, in general terms the Reliability of a system describes how often
the system fails or, in different terms, the frequency or probability of the system being in a
satisfactory state. Following earlier works by Hashimoto (1980) and by Hashimoto et al.
(1982), the mathematical definition of reliability at hydrant level was carried out by

Lamaddalena (1997) as reported hereafter.

D Prob % *S 3)

where Ais the hydrant’s reliability, and X; is the random variable denoting the state of the
system at time't.

The possible values of X; may fall in two sets: S, the set of all satisfactory outputs and F, the
set of all unsatisfactory outputs denoting failu re. Following this approach, at each instant t
the system may fall in one of these alternative sets. Therefore the reliablity of a system can
be described by the probability Athat the system is in a satisfactory set.

The state of satisfaction at hydrant level is measured on the basis of the value of the
available hydraulic head at the hydrant under th e different flow configurations, i.e. within
each generated configuration r of hydrants in simultaneo us operation, a hydrant j is
considered satisfied when the Eq. 1 holds true.

www.intechopen.com



Large-Scale Pressurized Irrigation Systems
Diagnostic Performance Assessment and Operation Simulation 263

In the specific case of pressurized irrigation systems, the reliability of each hydrant
expresses the variability over time of the available pressure head of irrigation water
deliveries at hydrants during th e period of interest. From the Eq. 3, the reliability of each
hydrant can be computed on the basis of the Eq. 4:

C
: lh;  1pj ¢
8| P77 @)
|
i Ihj,r
r 1l
where

A= reliability of the hydrant |

Ih;r = 1, if the hydrant, j, is open in the configuration r

Ih;r = 0, if the hydrant, j, is closed in the configuration r

Ip;r = 1, if the pressure head at the hydrant, j, open in the configuration r, is higher than the
minimum required pressure head

Ip;r = 0, if the pressure head at the hydrant, j, open in the confguration r, is lower than the
minimum required pressure head

C = total number of generated configurations.

After estimating the available pressure head (m) at each hydrant in operation under each flow
configuration within the network, the COPAM mo del calculates the values of the parameters
Ihj, and Ipj , thus computing the corresponding value of the hydrant reliability, A

The sensitivity of hydrants, also named as Relative Pressure Deficit Sensitivity, RPDS refers
to the range of fluctuations of the relative pre ssure deficit occurring at the delivery points,
and how this range stretches agoss the zero-value line of RPD. This in turn identifies the
adequacy in the available pressure head with respect to the minimum required value, Hgeg,
for having the on-farm irrigation systems working properly. In detail, the minimum
boundary of the range of RPD fluctuations is relevant for identifying both the potential
failures and their severity. The sensitivity of hydrants is calculated through the Eq. 5:

H Hpreo8
RPDS RPDye 05 RPRanee —= FEQT 05 RPRx  RPRn

Hreo @ 1
H H 8 ay H H ; H 8§ o] .
—> RPDS AVE REQ 05 MAX REQ.:§ ,MIN REQ (5) »
Hreq © « H reo © ;1 HReg o, 51

where the limits of Hyn and Huax are set as follows:

Huax OMax operating pressure head bearable by pipes

The Relative Volume, RV, is a measure of the objective of the distribution network of
delivering adequate irrigation volumes to each serviced cropped field with respect to the
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required ones. The RV is therefore a measure of Adequacy expressed in terms of delivered
volumes and is defined by the following relationships:

a. ata given location

\/ V
Ry VoEu VREQ (6)
VREQ

b. averaged over the region, R, and the time of interest, T

1 R/ ' (7)

1
Pav = ,
T RR ©I *1

where Vpey and Vgeg are the irrigation volume deliver ed by the distribution network and
the irrigation volume required for adequate cr op irrigation management and target yield,
respectively.

As for the objective of Adequacy in terms of timeliness of irrigation delivery, the Relative
Frequency, RF, and the Relative Delay, RDe were defined by the equations reported
hereatfter.

RF

a. atadelivery location:

Feeo F
re REQ FoE ®)
Freo

b. and the average over the region, R,and during the time of interest, T:

11 P ' (9)

Par .
Ty RR ©I *1

where Fgreo is the frequency of irrigation required by any combinations crop/soil/climate
for not incurring in any soil water deficit, and Fpgs is the frequency of actual irrigation
water delivery by the distribution network.

RDe
a. atadelivery location:

DEI-ALL. DEI-DELI

RDe (10)
DELA.
b. averaged over the region, R, and time of interest, T:
1 1 § :
Po — <+ RDel . (11)
Ty R R ©I °1

where DELaLL. is the maximum allowed delay (days) of irrigation that would cause a yield
reduction within 10 % of the maximum obtainabl e yield due to soil water deficit, for any
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given combinations crop/soil/climate, and DELpg is the actual delay of irrigation delivery
(days) by the distribution ne twork with respect to the requ ired timing for achieving the
maximum yield (no water deficit).

The RV, RF and RDe are particularly meaningful when the distribution network is
operated by rotation or by arranged deliv ery schedules, whereas when irrigations are
under the farmers’ control (demand delivery schedules) the timing of ir rigations and the
volumes withdrawn from the network by farmer s and applied to cropped fields are more
affected by the available water supply, by the network delivery capacity as well as by
farmers’ habits and behavior rather than by the network operations. Indirectly, the
irrigation events and the volumes withdrawn by farmers are also affected by the pressure
head available at hydrants under the different flow configurations. At the same time,
hydrants’ operation, flow rates and volumes withdrawn by farmers strongly affect the
flow configurations in the different sections of the network and thus the conditions of
water delivery to other hydran ts. As a matter of fact, in pressurized delivery systems
operated on-demand, when farmers open the hydrants and do not find adequate pressure
head for proper on-farm irrigation, they usua lly shut-off the hydrant and return sometime
later for irrigating their fields. In other wo rds, water withdrawals by farmers at given
hydrants might be biased by the operation of other hydrants and by the behavior of other
farmers and, at the same time, they might affect the operation of other hydrants as well,
especially when the distribution network ha s low delivery capacity or low flexibility.
Thus, the RV, together with RPD, RF and RDe indicate indirectly the network
performance or, in other words, the capability of the distribution network to
accommodate the farmers’ behavior and the farming practices followed in the entire
command area, and to still deliver water with the required conditions.

The indicator of Dependability expresses the temporal uniformity of the conditions of
irrigation delivery. When the concerned delivery parameter is the irrigation volume the
dependability refers to the degree of temporal variability of the RV that occurs over the
region of interest, R, and is expressed by the Eq. 12:

Vpey VeeoS
CV; RV Cv, -—DPEEL "REQ- ' (12)

1
P, = K
R g R o VRea © !

Voeu  VreQ$ | " A . I
—————— . = temporal coefficient of variation (ratio of standard deviation

VReo  © ‘1
to mean) of the RV over the time period of interest T (i.e. variability from time to time over
the period T).

where CV;

When the concerned delivery parameter is the timeliness of irrigation, the dependability is
expressed in terms of temporal variability of RFand/or of RDeas follows:

RF

Freo  Foew S
CV; RF _REQ DELI= I (13)

B -

CVy
R fReo @

|-
Py
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R FoeL, & -
~REQ TDELI™ _ temporal coefficient of variation of RF over the time period of

where CVp
FREQ © 51

interest T.

RDe:

R + ov; Roe & oy Paw Doeu3 ! (14)
R R < Dar  © I

where CV; DALLD DDELI..§
ALL ©

to mean) of the RDe over the time period of interest T (variability from time to time over the
period T).

= temporal coefficient of vériation (ratio of standard deviation
1

When the concerned delivery parameter is the available pressure head at hydrant, the
dependability corresponds to th e hydraulic reliability at hydran ts, as defined by the Eq. 4.

As for the Equity indicator, it refers to the spatial uniformity of the irrigation delivery
conditions. When the concerned delivery parameter is the irrigation volume, the equity is
expressed as the degree of spatial variability of the RV that occurs over the region of
interest, R, and is expressed by the following relationship:

VDELI VREQ::§ | (15)

P CVr RV % CVg

1

L T VRea  @©

\Y Vieeo8 -

ZDELI TREQ™ spatial coefficient of variation of the RV over the region of
VREQ © 51

interest R (variability from point to point over the region).

where CVg

Likewise the dependability, when the concerned delivery parameter is the timeliness of
irrigation, the equity may be expressed in terms of RF or of RDe by the following
relationships:

RF
L ovg RE b oovg FRee Poed (16)
L T FrReo  © !
8§ .
where CVgy MZZ = spatial coefficient of variation of the RF over the region of
FRReo © :1
interest R.
RDe:
P 1 CVg RDe i /g DL Doeui 3 : (17)
T+ T T DaLL ©
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where Cvjg Dat Doeu 8 - spatial coefficient of variation of the RDe over the region of
Dar  © 1

interest R.

When the concerned delivery parameter is the available pressure head athydrant, the equity
corresponds to the spatial variability of the RPD or of RPDS and thus is expressed either by
the relationships 18 or 19.

RPD:

H Hreo8
P CVk RPD Cv, —D2EH  REQ- ! (18)

1
Tt T HRreq © ! *1

where Cv, Hoen H REQ? = spatial coefficient of variat!bn of the RPD over the region of

Hrea © 1
interest R.
RPDS:
Pe Tl CVy RPDS + C\k RPDwe 05 RPRance! (19)
T T

where CVg RPDpye 0.5 RPDgance = spatial coefficient of variation of the RPDS over
the region of interest R.

Once performance indicators are conceived and defined on the basis of measurable
variables, ranking the state of a system requres the computed or estimated performance

values being evaluated with respect to defined reference values. Setting minimum

performance levels is therefore relevant to diagnostic analyses and to define the states of the
system as satisfactory or unsatisfactory.

Within the present work, a tentative set of reference standard values is proposed in the
Table 1 for the above described indicators. The values of performance indicators and the
relative performance classes are based on pescriptions provided by experienced project
personnel (expert opinions) and on the perceived implications of deviation of the
performance measures from the referene values identified as satisfactory.

PERFORMANCE CLASSES

MEASURE GOOD FAIR POOR
RPD «0.0 -0.3--0.1 <-0.3
RPDS *0.0 -0.1--0.2 <-0.2

RV -0.1-0.00 -0.3--0.1 <-0.3;>0.0
RF *0.0 -0.2-0.0 <-0.2
RDe > 0.0 -0.2-0.1 <-0.2
Reliability «0.8 0.8-0.7 <0.7
Dependability 0.0-0.4 0.4-1.00 >1.00
Equity 0.0-04 0.4-1.00 >1.00

Table 1. Tentative reference standards for performance assessment
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4. Description of the study area

The proposed methodology for operational and performance analysis of pressurized
delivery networks was applied to two district de livery networks of an existing irrigation
scheme located in southern Italy that is in urgent need of modernization due to its poor
performance in terms of water delivery to farmers.

The Sinistra Bradano irrigation scheme (Fig. 4) islocated in the western part of the province
of Taranto and covers a total topographic area of 9,651 ha. The system is divided into 10
operational districts, ranging in size from a minimum of 353 ha to a maximum 1,675 ha.
Each district is subdivided into sectors consisting of a grouped number of farms. The water
source is a storage reservoir located on the Bra@no River in the nearby region of Basilicata,
with a total capacity of 70 Mm 3, out of which 35 Mm 3 are usually available for irrigation of
the Sinistra Bradano system. The distribution of water to farms is managed by a local Water
Users Organization (WUO) and usually starts by late April and ends by late October. The
distribution networks are operated on a rotation delivery schedule, with the rotation being
fixed for the entire irrigation season with a flow rate of 20 | s - hal, and 5 hours of delivery
to each user and a fixed irrigation interval of 10 days.

Significant conveyance and distribution losses are reported for the study area (INEA 1999),
as on average only around 16 M are finally delivered to the cropped fields out of the total
volume of 23 Mm 3 that is diverted from the reservoir. Water is conveyed to the area through
a main conveyance canal, from which it is then delivered to farms by means of 10 open-
branched district distribution networks. The entire irrigation scheme is subdivided into
three operational portions that are commanded by progressive sections of the conveyance
canal. The water diversions from the canal to the district distribution networks are
controlled by cross-regulators and orifice-type undershot-gate offtakes that are manually
operated by the staff of the WUO. The branched delivery networks consist of gravity-fed
buried pipelines delivering water to farms with low pressure head.

The pressure at farm hydrants thus originates from the difference in elevation between the
offtakes, situated along the conveyance canal,and the lower-elevation irrigated areas. The
Sinistra Bradano irrigation system covers an overall cropped and irrigable command area of
8,636 ha. A large reduction in the area seniced by surface water from the WUO and a
corresponding strong increase in the area irrigated by groundwater pumping was
documented for this system by Zaccaria et al. (2010) on the basis of records provided by
the WUO. These changes in the serviced agas are most likely a consequence of the
poor conditions of water delivery with respec t to farmers’ needs. As a result, at present
many farmers rely mainly on groundwater p umping for irrigating their crops. Since the
available pressure head at hydrants is not suficient for the proper operation of the on-farm
trickle and sprinkler irrigation systems, thos e farmers who still withdraw water from the
delivery network need to use booster pumps downstream of the hydrants to adequately
feed their irrigation systems. The actual operation of the distribution system under study,
the resulting effects of the operational procedures on crop irrigation management, the low
performance in water delivery, and the need for system modernization were documented by
previous research works conducted on the study area, all described in details by Zaccaria et
al. (2010).

For the purposes of the present study, the inconsistency between the water delivery
schedule currently enforced by the WUO and the crops’ requirements in terms of

www.intechopen.com



Large-Scale Pressurized Irrigation Systems
Diagnostic Performance Assessment and Operation Simulation 269

irrigation volumes can be inferred from the data presented in Table 2, where comparisons
are made between required and delivered volumes and timings of irrigations during the
10-day peak demand period of the 2009 season for the main crops grown in the study
area. The required irrigation volumes and timi ngs, as well as the maximum allowed delay
(days) for avoiding yield reductions higher than 10% of the maximum achievable yield,
were estimated through simulations run by the HydroGEN model and by a daily soil-
water balance algorithm implemented in Excel worksheet, whereas the actual deliveries
were retrieved from records provided by the WUO. Based on the values reported in Tab le
2 it can be inferred that the actual water deliveries are not matching the irrigation demand
of most of the crops grown in the area. The values of the Relative Volume (RV) show that
in most of the cases the volumes delivered are excessive with respect to the d@snated

requirements.

i,

-]

San Giuliano reservoir

3. . Jonian Sea
Conveyance canal o e coast-line

& Canal offtakes
- San Giuliano reservoir
Conveyance canal

To another irrigation scheme
in the Basilicata Region

Bradano River

Coast-line

|:| Irrigation districts

- e maaassmmmm 00000000 vieters ; :
0 2,500 5,000 10,000 15,000 [_] Apulia Region boundary

Fig. 4. Overview of the Sinistra Bradano irrigation system.

Only for mature wine grapes and vegetables the delivered volumes are not sufficient to

fulfil the irrigation requirements during th e peak period. The values of the Relative
Frequency, RF, reveal that the current delivery schedule is inadequate for all the considered
crops, except for mature olive orchards. The crops suffering most for inadequate frequency
of deliveries are the vegetables, table grapesand wine grapes. Also, the estimated values of
the Relative Delay, RDe, show that severalcrops under the current delivery schedule receive
water with some delays, with respect to the required irrigation timing, that goes way

beyond the maximum allowed delay for avoiding vyield reduction higher than 10%. In other
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words, olive and fruit orchards, as well as citr us and vegetables, may face yield reductions
way higher than 10% due to inadequate timing of irriga tion deliveries.

Within the Sinistra Bradano irrigation system, two district distribution networks, namely the
Districts 7 and 10, were considered in the present study for the application of the proposed
methodology, in view of thei r physical and operational features. Both the districts are
located within the last operational portion of th e Sinistra Bradano system, with the District 7
being at the initial part and the District 10 being located at the last part of this 3d portion,
and thus being supplied by the tail-end section of the main conveyance canal.

Crop |[MTG [YTG [MWG [YWG|MO [YO [MFO [YFO[MTGc|[MC [YC [ Veg [MAIm
Volrea | 354 | 143 428 141| 185 96 230 1594 297 274 217 145 215
(m3/ha)

Freq 4 4 5 4 13 9 6 5 5 8 5 3 6
(days)
Max All.

Del. 3 3 3 3 2 2 4 4 4 1 1 2 5
(days)

Voloer | 360 | 360 360 360 360 360 360 360 360 360 360 360 360
(m3/ha)

FoeL 10 10 10 10 10 10 10 10 10 14 1 1p 14
(days)

De et 2 1 1 1 3 7 7 1 4 4 1 3 5
(days)

RV 0.12 | 152 -0.16| 155 094 274 oH7 184 o041 0|31 d66 -p52 d.68
RF -150| -1.50] -1.00] -1.50 0.2 -0.120.67|-1.00] -1.00 | -0.25[ -1.00| -2.33| -0.67
RDe 0.33 | 067| 067]| 067 -05p-2.50|-0.75] 0.75| 0.00 | -3.00] 0.00 | -0.50] 0.00

Legend: MTG, YTG = mature and young table grapes; MWG, YWG = mature and young wine grapes;
MO, YO = mature and young olives; MFO, YFO = mature and young fruit orchards; M TG c = mature
covered table grapes;MC, YC = mature and young citrus; Veg = vegetables;M Alm = mature almonds

Table 2. Estimation of the adequacy of waterdeliveries in terms of volumes and timings of
irrigation for the peak demand period of the 2009 season fo the main crops grown in the
study area.

The distribution network of District 7 (Fig. 5) serves 326 hydrants, supplying irrigation
water to a total irrigable area of 586.6 ha, ofwhich 119.8 ha are cultivated with table grapes,
54.3 ha with olives, 162.3 with citrus, 58.9 with summer vegetables and 2 ha with almonds.
At the design stage the total command area wassubdivided into 20 irrigation sectors, whose
size ranged from 20 ha to 36 ha.

The District 10 (Fig. 6) is composed of tlree sub-areas that aresupplied by as many

distribution sub-networks originating from thr ee different diversions along the last section
of the main canal, namely the Diversion 7 (D7), 8-North (D8-N) and 8-South (D8-S). The sub-
network D7 supplies water to 129 hydrants, serving a total irrigable area of 252.6 ha, out of
which 198.5 ha are cultivated with citrus, 20.3 with table grapes, 19.6 ha with vegetables,
10.5 ha of olives, and 3 ha with orchards. The sub-network D8-N supplies water to 161

hydrants and serves an overall irrigable area of 661.2 ha, out of which 69.8 ha are cultivated
with table grapes, 347.6 ha with vegetables am 4.9 ha with olives. The total irrigable area
served by the sub-network D8-S is 445 ha, outof which 81.3 ha are cultivated with table

grapes, 230.5 ha with citrus, 42.6 ha with olives and 75.5 ha with vegetables, with a total of
133 supplied hydrants.
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All hydrants in both districts are equipped wi th flow meters and with rubber-ringed flow
limiters allowing for a maximum delivery of 10 | s -1 or 20 | s, according to the cropped
areas supplied downstream. These discharge valles were used as nominal flow rates for
simulations related to the current state and operation of the distribution networks. In
simulating improved operational scenarios the flow rates at hydrants were instead set
according to the estimated discharges required by the downstream cropped and irrigated

fields.
Y
Sinistra Bradano irrigation system
District n.7 - Derivation n.5
=
|81 "
“@E
S
a4
e Legend
Conveyece canal
Derivation
is wes District distribution network

Sector distribution network

Hydrants

Fig. 5. Overview of District 7 of the Sinistra Bradano irrigation system.

5. Application of the proposed methodology to the selected
irrigation districts

A more flexible delivery was considered and simulated as alternative schedule to the fix
rotation currently enforced in both the irrigati on Districts 7 and 10 of the Sinistra Bradano
irrigation system. The simulations focused on a restricted-demand delivery to be
implemented in both districts to allow for more flexibility to farmers for better managing
irrigation on their crops. The feasibility and performance achievable under this alternative
delivery schedule were analyzed vis-a-vis with the physical features and constraints of the
existing distribution networks.
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)
Sinistra Bradano irrigation system

District n.10 - Derivation n.7 - 8N - 8S

}u-[ >

Legend
ws Conveyece canal

| % Derivation
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Fig. 6. Overview of the District n. 10 of the Sinistra Bradano irrigation syst em.

For both the districts, applying the Hydro- GEN model to the cropped areas commanded by
the existing distribution networks allowed si mulating the irrigation demand hydrographs
and the resulting flow configurations during the 10-day peak demand period. The
simulations were conducted by using climatic and crop data referred to the 2009 irrigation
season, under the irrigation management scenaio of full replenishment of the soil water
depleted in the root zone, yielding the 10-day peak demand period as occurring in the
interval DOY 197-206 (July 16 — 25h). Figure 7 shows the simulated demand hydrographs
for both districts during the 10-day peak period.

Under the improved delivery scenarios th e simulated demand hydrographs and flow
configurations result from assuming the fulfilm ent of the required deliveries at farm level,
i.e. irrigation deliveries were simulated as occurring in compliance with the required
volumes and timing estimated by the HydroG EN model. In this way, the simulated
deliveries in terms of volumes and frequency would thus occur in an adequate way for
proper on-farm irrigation. In other words, the adequacy of the simulated deliveries in terms
of volumes and timing was assumed as pre-requisite for evaluating the network
performance under the required flow configurations.

The flow hydrographs and the resulting flow configurations generated by the HydroGEN
model were then inputted in the COPAM mode | for simulating the hydraulic behaviour and
performance of the networks with respect to the target deliveries. The hydraulic
performance was analyzed by using three main indicators, namely the Relative Pressure
Deficit, RPD, the Hydrant Sensitivity, RPDS and the Hydrant Reliability, R. Also for these
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applications, the Equity of the deliveries in terms of available pressure heads was estimated
by using the Eq. 19.
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Fig. 7. Simulated hydrographs of hourly flow rates (I s -1) for the 10-day peak period during
the 2009 irrigation season for the delivery networks of District 7 and District 10 of the
Sinistra Bradano system.

6. Results and discussion

As far as the network of District 7 is concerned, simulations of the restricted demand
schedule on the existing delivery network show that poor performance would be achieved
in terms of available pressure heads at hydrants, and this would be likely due to physical
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constraints and limitations. As can be seen from Figs. 8 and 9 showingRPD, R and RPDS
obtained under this scenario, nearly all hydrants would fall in unsatisfactory state with
respect to the necessary pressure head (Heq = 20 m) for proper operation of the farm
irrigation systems. For nearly all the hydrants the RPD would be way lower than zero, even
reaching for several hydrants very negative low peaks (up to values of — 4.4). Only for very
few hydrants, located in the initial and term inal portions of the network, the minimum
required pressure conditions would be satisfied. At the same time, the reliability would
yield value of zero for most of the hydrants, revealing unsatisfactory states, and thus
insufficient pressure heads on most of the times that the hydrants would be accessed and
operated by farmers. As for the hydrant sensitivity, from the Fig. 9 it can be easily inferred
that most of the hydrants have very negative value of the RPDS. Figure 9 reveals either the
occurrence of large fluctuations of the pressure head at hydrants, or the relative position of
the minimum values of RPD being below the zero-line, which represents the adequacy of
delivery expressed in terms of pressure head.

Several physical improvements, and their effects on the hydraulic behavior of the
distribution network, were simulated by using the available modeling tools in the sequence
indicated in Fig. 1. In this set of simulatio ns, a satisfactory performance was found to be
achieved as a result of the following physical measures:

1. replacement of the flow limiters at all th e hydrants, with the aim of reducing the
maximum flow rate that can be withdrawn by users to 10 | s -1 and thus reducing the
occurrence of peak flows in the distribution network;

2. installation of a flow limiter at the upstre am end of the district network, in order to
limit the peak flow to a maximum of 500 | s -1 to ensure adequate delivery conditions at
hydrants;

3. increase of the total piezometric elevation at the upstream end of the network from the
current value of 42 m to 82 m a. s. |., for ersuring enough pressure head at all hydrants
under the different configurations of hydrants in simultaneous operation.

Figures 10 and 11 show that, after implementing this set of physical improvements, the
distribution network of District 7 would be capable of satisfying the minimum delivery
conditions necessary for proper operation of farm irrigation and allow adequate and flexible
crop irrigation management to farmers. Unde r the flexible delivery scenario and with the
improved network, the RPD for most of the hydrants wou Id be greater than zero, meaning
that the available pressure head would be higher than the minimum required.

Only a few hydrants, corresponding to the numbers from 98 to 107, would have RPD
values lower than -0.4 with low peaks up to -1.32, denoting serious pressure deficits.
These hydrants would thus not be capable of satisfying the required pressure head
conditions, even if the piezometric head at the inlet of the network is further increased up
to 106 m. This is most likely due to the disadvantageous locations of these hydrants in
combination with the network layout and pipe size configurations that would caus e high
friction losses, and make these few hydrants perform unsatisfactorily under most of the

flow configurations. This aspect can also be noticed from the estimated reliability of
hydrants under the simulated operation of the modernized network, which is reported in
Fig. 10. For the majority of hydrants the reliability would reach values of 1.0, apart from a
very limited number of hydrants having reliability lower than 0.7. In four cases |,
corresponding to the hydrants numbered 94, 104, 106, and 107, the reliability would
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approach values of zero, denoting the occurrence of unsatisfactory states every time these

hydrants are operated.

Hydrants Analysis
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Hydrants Analysis (reliability)
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o o5+ + —
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Fig. 8.RPD and R values obtained simulating the restricted demand delivery scenario on the
distribution network of District 7 of the Sinistra Bradano system for th e 10-day peak period

during the 2009 irrigation season.
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Fig. 9. RPDSvalues obtained simulating the restricted demand delivery scenario on the
distribution network of District 7 for the 10-day peak period during the 2009 irrigation season.

As far as the hydrant sensitivity is concerned, by observing Fig. 11 the improved network

seems to work pretty well, as the values of RPDS for nearly all the hydrants, apart from the

very few previously identified, would be very cl ose to or higher than zero, revealing that the
ranges of fluctuation of the RPD would be small and/or that the minimum RPD values
would be mostly above zero.

Under this scenario, the Equity in terms of pressure head was estimated through Eq. 19 and
expressed as the spatial variability, CVr, of the RPDS over the district during the peak-
demand period. The value of Equity resulted of 1.03, thus revealing that under this
improved scenario a large variability of pressure head conditions and of RPDS among
hydrants would still exist. Comparing the co mputed value with the reference standards
proposed in Table 1 allowed classifying as “poor” the equity in terms of pressure head in
District 7 with the upstream piezometric elevation of 82 m.

By analyzing the hydraulic behavior of the network after the physical imp rovements it can be
inferred that the few hydrants characterized by low performance should be operated

separately from the rest of hydrants, with the aim of ensuring adequate performance to the
entire distribution network. In other words, these hydrants should be operated during low-
peak demand hours to avoid excessive peak fbws in the pipe network and, thus, the high

friction losses resulting from limited pipe si zes or limited section capacity. From Fig. 7
showing the demand flow hydrograph simulated for District 7 it can be inferred that low-peak
demand flows occur daily before 6 a.m. and after 6 p.m. and, so restricions in the operation
could be set to allow farmers accessing thesehydrants within this specific time slots.
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