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FOREWORD

This report is the thesis or final report for the Master of Science program of Mr.
Steven J. Visser. He completed the requirements for an M.S. degree in Civil
Engineering from the University of Technology Delft, The Netherlands during July 1996.
He spent six months in Pakistan during 1995-96 to complete all of the necessary field

work. The reproduction is identical of the document accepted by the University of
Technology Delft.

We have a number of national and international students participating in the
research program of the Pakistan National Program of the International Irrigation
Management Institute. Their theses and dissertations are retained in our library for
ready reference. Only a few of these documents are selected for publication in our
research report series. The principal criteria for publishing is good quality research and
a topic that would be of interest to many of our national partners.

This report is one of the studies undertaken regarding unsteady flow hydraulics.
In this case, an unsteady flow model was used to simulate a distributary, including all
of the outlets. This capability has only recently been developed for application in
Pakistan. This particular study focused on testing the sensitivity of various hydraulic
parameters in determining the water distribution to the outlets along a distributary. The
objective was to simplify the model.

Gaylord V. Skogerboe, Director
Pakistan National Program
International Irrigation Management Institute
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GLOSSARY

Available working head
The minimum difference between the outlet structure upstream and downstream water levels

Discharge
A quantity of water passing in unit time

Distributary (secondary canal)

A canal off taking from either a main canal or branch, to supply canal water to outlet structures and
minors, under responsibility ol'a Water Authority.

Duty
‘The area irrigated in a period of time, divided by the supplied amount of water in cfs.

Equitability
Equity of water distribution can be defined as a distribution of a fair share of water to users throughout

the system, based on the irrigated arca served for each outlet structure (expressed in the authorized
discharge g9, )

Outlet structure

A device at the head of a watercourse off taking either from a distributary or direct from a main canal or
branch.

Kharif
The summer flood season (hot scason) lasting from 15" April to 15" October.

Main system

The irrigation infrastructure under responsibility of a Water Authority (PIPD), i.e. the river head works,

main canals, branches, distributaries and minors, secondary and tertiary off taking structures and cross
structures.

Minor

A small canal off taking from a distributary, to supply canal water to outlet structures, under
responsibility of a Water Authority.

Modular outlet structures

"Those outlct structures which discharge is independent from both the upstream water levels in the
distributary as the downstream water levels in the watercourse, between reasonable limits.

Xi
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Nomn-modular outlet structures

Those outlet structures which discharge is both depending on the upstrcani water levels in the
distributary, as the downstream water levels in the watercourse.

NOn-perennial canal
Canal designed to receive canal watcr only in a ccrtain period in the year, i.e. the summer season (Khar:if).

Performance ofa distributary

I he evaluation of the canal water distribution (to the outlet structures) based on the principles of
irrigation in the arca of study, i.e. equity and proportionality.

Proportionality

Condition where the sensitivity of a bifurcation is equal to 1, i.e. the change in the distributed discharge
to an outlet structure is cqual to the change in discharge in the parent canal.

Hebi
Winter season lasting from 15™ October to 15™ April.

Responsiveness of the system

The re-distribution of canal watcr to the outlet structures, based on a ccrtain change in one of the input
parameters of the modcl (sensitivity analysis).

Semi-modular outlet structures

Those outlet structures which discharge is depending on the upstream water levels in the distributary, but

independent on the downstream water levels in the watercourse, as long as the working head required is
available.

Sensitivity analysis
‘The study of the re-distribution of canal water to outlet structures (responsiveness of the system), based
on a change in onc of the canal and outlet structure characteristics in the model. 'The comparison ol the

model output before any adjustments and after an adjustment results in a study of the sensitivity of the
different paramcters in the model.

Sensitivity of an outlet structure (S)

The sensitivity ratio S is defined as the variation in an off taking discharge in response to a change in the
continuing discharge in the parent canal.

Tertiary unit (or Chak)

Irrigated area served by one outlet structure and corresponding watercourse, supplying canal water to the
individual farmers or group of farmers. In general divided in different sections. Within the tertiary unit
farmers are responsible for operation and maintenance of the irrigation system.

Xii
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Water allowance

‘I he amount of supplied discharge (cfs), authorized per 1000 acres of gross or culturablc command area.

The water allowance not only dctermines the size of an outlet structure, but also forms the basis for
design of the distributaries.

Watercourse (tertiary canal)

Small canal within the tertiary unit (lined or unlined), off taking from a distributary, minor or dircct from
a main canal or branch, supplying canal water to the farmers and under responsibility of the farmers.

CONVERSION OF UNITS

Length
| foot (f1) = 0.3048 m
1 mile = 1600.3 m

Surface or area

1 square foot = 0.0929 nv?

1 acre = 0.4047 ha

Discharge

I cfs or cusec (fi*/s) = 28.31 /s

1 cumec (m%/s) = 3531 cls

| cfs per 1000 acres = O,Gmm/day = 0.07 l/s/ha

| I/s/ha = 8.64 mm/day

X111
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SUMMARY

This study is part of the research of the /nternational Irrigation Management /nstiture (ITMI - Pakistan)
at the main system level of the IFordwah Eastern-Sadigia Irrigation Project (Chishtian Sub-Division) in
the Punjab, Pakistan. This study is part of the Integrated Approach, conducted by 1IMI in the area of
study, in order to develop a methodology to evaluate the economic and environmental impact of (changes

in) irrigation management. This study is focussing on canal water distribution at the secondary level
(distributary level).

Water distribution in Pakistan is mainly based on the principles of proportionality and equity. At present,
the water distribution within the distributary, i.c. supply of watcr to the tertiary outlet structures, is
characterized by a high variability and inequity. The main objective of this study is to develop a tool that
predicts the canal water distribution to the tertiary units (q) as a function of the inflow (Q), state of the
distributary, outlet structure characteristics and interventions thercin. By quantifying the effect of these
paramctcrs on the water distribution, a better understanding of how to improve the present distribution
will be obtained. To develop a tool, i.c. a simplified hydro-dynamic flow model, that predicts the water
distribution for the distributarics in the arca of study, many parameters must be dcterniinctl. To minimize
the amount of input data for the simplified flow models (thereby enabling an easier application of the
model), the sensitivity of thcsc parameters on the canal water distribution was studied, bascd on
simulations with a hydro-dynamic flow model SIC, of one distributary (SIC software is developed by
Cemagref, Montpellicr, France). The first application of these simplified models will be to predict water
distribution at the distributary level for all distributaries in the Chishtian sub-division, which will serve as
one of the major components of an integrated approach to evaluate the effect of changes in canal watcr

management on salinity/sodicity and agricultural productivity. In future, the (simplified) methodology to
set up flow models, will be applied in other research studies.

A methodology was proposed to study the sensitivity of parameters determining the canal water
distribution at the distributary levcl, simulating a defincd inflow pattern at the head of the canal using a
“low model of a distributary. An indicator was suggested (R-index) to quantify the impact of a change in
different parameters on the re-distribution of canal water to the outlet structures. Data which arc sensitive
and should be defined precisely for the simplified flow model: discharge coefTicient, opening height and
opening width of outlet structures, and crest level and width of cross structures (drop structures). Data
which are insensitive and can be simplified for the flow model: cross sectional profile, crest levels of
outlet structures, seepage (inflow and outflow) and Manning’s coefficient. The general simplified method
to sct up a flow model is bascd on the inscnsitive parameters. It can be concluded that the simplified
method results in a reduction of time and money spend on developing those models, to investigate canal
water distribution (accuracies of the simplificd method up to 20%).

Besides that, an attempt was made to study the distribution of canal water for the actual and design state
of a distributary. It can be concluded that the performance at present is inequitable and non-proportional,
based on the design principles of irrigation in the area. At least three irrigation indicators are necessary to
study actual canal water distribution: (1) DPR; (2) S, proportionality; (3) MIQR or CV(DPR).

Xiv
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CHAPTER 1 INTRODUCTION

1.1 Irrigation in Pakistan'

Pakistan in general

| he self awareness was growing in the British ruled Indian Sub-Continent. In 1906 the Muslim League
was founded to demand an independent Muslim state but it was until 24 years later that a totally separate
Muslim homeland was proposed. Around the same time, a group of England-based Muslim exiles coined
the name Pakistan, meaning 'Land of the Pure'. The Islamic Republic of Pakistan gained its
independence on the- 14" of August 1947, after centuries of British influence in the Sub-Continent.
Pakistan is bounded in the north by China and Uzbekistan, in the east by India, in the west by Iran and
Afghanistan and in the south by the Indian Ocean. Roughly, Pakistan is situated in between 22.5" and
35° latitude north, and in between 60° and 75" longitude west. The climate in the center and the south of
Pakistan (Sind, Baluchistan and Punjab) is dominated by hot and dry summers with temperatures up to
47°C, and gentle winters with temperatures up to 25°C. In the north, the climate is more moderate due to
local geographical differences of the ITimalayan mountains (North-West FFrontier Province and Jammu /
Kashmir). With an annual rainfall of 300mm a year, the transpiration of most of the crops always exceeds
the rainfall. Intensive irrigation, both gravity irrigation and tubewell irrigation, is necessary to meet the
crop water requirements. With a population of approximately 125 million and a total area of 887.700
km?, the density of population becomes: 140.9 inhabitants ¥ km . Approximately 70% of the total
population is situated in the center of Pakistan (Punjab) along the main rivers of the Indus Plains. With a
literacy rate of 35% only, a population growth ratio of 3%, and an average annual per capita income of
$380, Pakistan can be defined as a developing country. In spite of the widespread poverty, Pakistan has
the potentials to cope its problems with structural aid and investments in the industrial and agricultural
sector. Pakistan economy is dominated by agriculture: 54% of the labour is active in the agricultural

sector, which forms 26% of the Gross National Product (total GNP: $45.5 billion), and 80% of the total
export value.

| he Indus system

Pakistan has onc of the largest contiguous gravity irrigation systems in the world, situated mainly in the
Indus I'lain and river Kabul / fower Swat. These days, the agricultural centre of Pakistan is situated along
the 5 major rivers of the Indus system, and is called the Punjab? ¢ five rivers ).

1
All figures dated 1991, geographical rind topographical information see figure 1.1, page 2.
7
With the inception of PakKistan, the Punjab has been divided into twoparts: west Punjab (Pakistan) and east Punjab (India).

West punjab can be divided into two regions. 7he north-west dry hill region and the Jndus plains, an alluvial and flat plain. It

slopes almost imperceptibly south-west. West of the Sutlej river, the land rises gradually and fades away into the Thar desert
tAnnual Report IIMI, 1993).
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'l hc Indus Basin River Jrrigaiion System is fed by the Indus river and its major tributaries: Jhelum,
Chenab, Ravi and Sutlej river (Indian part: Beas River). Three main reservoirs (Mangla dam, ‘larbela
dam and Warsak dam), 19 barrages (head works), 12 link canals and 46 main canals supplying irrigation
water to an area of 16 million hectares and serve about 90,000 tertiary units. The total length of main
canals (branches), secondary canals (distributaries, minors and sub-minors) and tertiary canals
(watercourses) is about 60,000 km. A great amount of water supplied by the Indus Basin river system is

used for irrigation, but although the scarcity of water in the area, there is still an amount of water flowing
unused into the Indian Ocean.
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Figure 1.1 Map of Pakistan and the area of study.
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After the independence of India and Pakistan, two rivers of the Indus system, i.e. the Sutlej river and the
Ravi river, which are part of both the Pakistani and Indian irrigation system, resulted into a dispute on
water rights. In 1960, the water rights were formally noted down in the Indus Water Treaty. According to
this Freaty, Pakistan gained the rights of the three eastern rivers (Indus, Jhelum and Chenab), and India
received the rights of the other two rivers (Ravi and Sutlej). The water of the rivers of the Indus system is
fully utilized to the extend that in winter there is actually a shortage. To cope the shortage of water,
especially of the Ravi and Sutlej rivers and in order to be able to distribute water of the rivers with a
maximum advantage, the four rivers (Ravi, Chenab, Jhelum and Sutlej) have been linked by means of
feeder canals or link canals. The development of the irrigation system in Pakistan and India started about
150 years ago, during British rule (van Essen and van der Feltz, 1992).

The physical layout of the irrigation system in Pakistan is based on a classical design approach, and
based on protective irrigation management. In general, the classical layout of an irrigation system consists
of two major components (for terminology see figure 1.2). The main system consists of the head works,
link canals, the main or branch canals and main cross structure devices (cross regulators), the secondary
canals (distributaries, minors and sub-minors), secondary off take structures and secondary cross struc-

ture devices. The tertiary system (tertiary unit) consists of one tertiary outlet structure and correspond-
ing tertiary canals (watercourses).

Headworks

Primary canal
Branch canal)

Feeder canal

e Secondary canal
- Secondary offtake

Watercourse

Tertiary offtake
(Outlet structure)

(Sub) minor

Primary canal
(Branch canal)

Figure 1.2 Terminology of the Punjab irrigation system.
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For operation and maintenance, the main system is under responsibility of the Punjab Irrigation and
Power Department (PIPD) and the tertiary units are under responsibility of the farmers.

incioles of irriqati
The physical system has been developed over the years. The available water is spread out over an area as
large as possible. To keep water scarce, as its the major production input for irrigated agriculture, it is
assumed that the return per volume water will be maximized. At present, the operation of the system is
still based on the design principles of irrigation in the Indian Sub-Continent:

. The principle of equitable distribution of canal water. The water is distributed equally over the area
in such a way that each outlet structure receives an amount of canal water in equal proportion to the
size of its command area, i.e. the same amount of water is distributed to every acre (supply-oriented).

* The principle of proportional control of canal water at the secondary level. The available water is
distributed along the distributary to the tertiary units with fixed outlet structures that divide the flow
into a fixed ratio. Besides a proportional distribution of a steady flow, a change in discharge at the
parent canal is proportionally distributed along the outlet structures.

Problem identificati
I'nere are a few processes influencing the overall performance of present irrigation management in the
Punjab, resulting in stagnant agricultural production (wheat, rice and sugercane) and less sustainability
overall. The main problems effecting the overall irrigation performance are: 1. the increasing demand of
canal water supply due to intensified cropping patterns; 2. increase in saline tubewell water use, resulting
in a negative effect on production due to increasing salinity and sodicity of the agricultural plots; 3. sever
waterlogging at the lower parts of the system due to bad drainage and intensive irrigation; 4. limited
resources for proper maintenance and operation of the actual system'by the PIPD, and 5. non-technical
problems due to political and social constraints resulting in water theft and illegal irrigation practices.

This is why the International Irrigation Management Institute® (IIMI-Pakistan), based in Lahore,
Pakistan, has carried out research on inter-related issues of canal irrigation management, ground water
extraction, agricultural production and salinity / sodicity since 1989. Within the overall research program,
the work under the Main System Research Component has its main objective to determine the scope for
interventions in management of the canal irrigation system at primary and secondary level, in order to
improve agricultural production and mitigate soil salinity / sodicity.

This study is part of the Main System Research Component, as it is focussing on canal water distribution

at the secondary (distributary) level. In the next section, the context of the study, within the IIMI program
will be discussed more in detail.

3

The International Irrigation Management Institute 's (iIMI) mission is to strengthen national efforts to improve and sustain the
performance of irrigation systems in developing countries. With its headquarters in Colombo, Sri Lanka, IIMI conducts a
worldwide program to develop and disseminate improved approaches towards imgation management. IIMI is an
autonomous, nonprofit international research and taining institute supported by the Consultative Group on International
Agricultural Research (CGL4R). The CGIAR is sponsored by the Food and Agriculture Organization (¥40) of the United

Nations, World bank, United Nations Development Programme (UNDP) and more then 45 donor countries and private
foundations (ZIMI annual report, 1993).
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1.2 Context of the study: the integrated Approach

[ntreduction

Low levels of agricultural productivity in Pakistan have long been associated with a low performance of
the management (operation and maintenance) of the Indus Basin River Irrigation System, resulting in
inequitable and highly variable canal water supplies along with environmental problems such as salinity,
soil degradation and waterlogging (Bhutta and Vander Velde, 1992; Kijne and Kuper, 1995). Recently,
[IMI-Pakistan has made a start to integrate all the research components in the area of study' in order to
develop a methodology to evaluate the economic and environmental impact of (changes in) irriga-
tion management, i.e. to study irrigation from main system level to watercourse (farm) level based on
hydraulic, economical, sociological, institutional and agronomical aspects. The so called Integrated
Approach will be based on two case studies (Kuper, Strosser et al, 1996):

« Canal management interventions to mitigate salinity: evaluate the impact of interventions in canal
irrigation management (at the main system level) on salinity / sodicity and agricultural production.

» Water Markets Development in Pakistan: evaluate the technical feasibility of water market develop-
ment and its impact on agricultural production and salinity / sodicity.

The integrated approach is defined as an analytical tool to study the inter-relationships of irrigation,
agricultural production and the environment as a dynamical system with different levels and different
disciplines. Initially, the integrated approach will be set up for the area of study, but finally, the approach

will be generalized in order to study an a priori evaluation of management interventions and their
environmental and economical impact of any irrigation system.

Research components

Representing an irrigation system as: 1. a place of collective and individual expectations of different

actors that reflect power struggles within each social group (Molle and Ruf, 1994), and 2. a more

technical bio-physical process (Merkley, 1993), two visions can be formulated:

« The whole process of irrigation has to be divided into different sub-systems (water is distributed from
the head works to the farms).

. lIrrigation is besides the hydraulic infrastructure an agricultural practice with many actors involved:

the farmers community, policy makers and managers (the decision making processes).

Within the Integrated Approach, the different research methodologies for the different sub-systems and
decision making processes are schematized, modelled (with analytical models and decision making
models), simplified and linked (compatible).

4

The research has been concentrated on the Chishtian Sub-Division, an area of 67,000 ha irrigated sub-system, at the lower
command area of the Fordwah main canal, in the south-east Punjab (more details: chapter 2).

5
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The following sub-systems can be distinguished:

Sub-system 1: main system management

The main system, as it consist the main canal and the corresponding distributaries, is studied for both the
physical / hydraulic state using a hydraulic flow model SIC: Simulation of Irrigation Canals, and the
operational decision making process using the decision-making module Gateman. Both models are
developed by CEMAGRETF®. Using these models, both the canal water distribution within the main canal
and distributaries, as the operational rules at the main canal (operations at the gated cross regulators and
secondary off taking regulators) can be studied.

Activities: models SIC,,,;..S1C 4,,, and Gateman (operational rules).
Input: hydrograph at the head of the system (Suleimanki head Works): Q.. wort()-
Output: discharge at the head of the distributaries Q¢7) and discharge head of the warer-

courses g(z).

Sub-system 2: management of tertiary units

The canal water distribution within the tertiary unit is under responsibility of the farmers, who take there
share of water according to a pre set warabandi schedule (further discussed in chapter 2). The effect of
the state of the watercourse and watercourse discharge fluctuations on the canal water distribution to the
farms was studied using an analytical hydraulic (volume-balance) model. The rules determining the
water allocation among the farmers are analysed in an inter-farm water allocation model.

Activities: Volume-Balance Watercourse model and Inter-Farm Water 4/location model.
Input: discharge at the head of the watercourse g(t), guantity and variability.
Quitput: discharge ar the head of afarmqy,,,, (1) quantiry and variability.

Sub-system 3: the farm

Farmers using the quantity and variability of canal water available to him into account when planning his
cropping pattern and input use (fertilizers, labour, pesticides, water, seeds). 11 farm types are identified,
to ’deal with the heterogeneity in farmers’ strategies. The relations between available canal water supply,
itsd of tubewell water, water trades in the area and intra-farm water allocation (based on plot potentials
defined in terms of soil chdracteristics and location), are combined and studied using linear programming
(LP) models for the different farm types.

Achivities: Linear programming models and /ntra-Farm Water Allocation modelsfor the I | farm
types.

Input: canal water supply ar the head of thefarm q,... (1), quantity and variability.

Output: cropping pattern, tubewell water use, intra-farm water allocation (water.distribution

to thefields, both canal water and tubewell water).

5

CEMAGREF, the French research center for agricultural and environmental engineering, division Irrigation based in
Montpellier, France. ,
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Sub-system 4: the field

The use of different ‘types’ of water with different qualities, i.e. the relatively good quality canal water
and tubewell water of marginal quality (saline), are responsible for a complex process underlying the
increase of salinity and sodicity in the area of study®. To study the physical processes of water uptake of
plants and the evolution of salinity, an analytical solute transport model (SWAP93)” will be used. The
evolution of sodicity will be analysed by an initially developed deterministic approach (SOD).

Activities: modelling of salinity (SWAP93) and sodicity (SOD) atfield level.

Input: SWAP93: soil hydraulic parameters, canal water supply at the head of the farm g(),
quantity and variability, crop data, rainfall, evaporation, water table depth; SOD: soil
type, present salinity (EC-value) and sodicity (SAR-value).

Output: SWAP93: actual and potential transpiration and evaporation, salt volume per layer
soil (predicted EC-value); SOD: predicted SAR-value.

Table 1.1 Summarv of thematic research studies, 0 tputs and IIMI’s collaboration

THEME COMPONENT OUTPUT MODEL HHMI +
Hydraulics - Main system irrigation management - Integrated main system PIPD
- Objectives / constraints of the PIPD model SIC,  + Gate- Cemagrcf
- Maintenance and water distribution at the man) TUD
distributary level - Distributaries (SIC,,
simplified)
Economics - Analysing farm systems - Farm typology Cemagref
- Farming practices and agricultural produc- | - Production functions
tion - setofrules
- Intra-farm water allocation - LP models
- Inter-farm water allocation - Aggregated watercourse
- farmers decisions LP models
Salinity ©  Main issues related to salinity / sodicity - Hydro-dynamic solute WAU
- Analysing of physical processes transport model (SWAP SSoP
= Farmers strategies related to salinity 93) CIRAD
- Predictive sodicity model
(SOD)

6

Salinity affects the plant growth ¢y reducing the franspiration) and germination; salinity affects the hydraulicproperties of the
soil, i.e. reduction in hydrailic conductivity. Both processes caus reduction inyields (Kuper, Strosser et al., 1996). Salinity can
be expressed in the Electric Conductivity (EC-value) and sodicity in the so called Sodium Absorption Ratio (SAR-value).

7

SWAP93 is developed at the WageningenAgricultural University(WAU), The Netherlands.
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THEME COMPONENT OUTPUT MODEL M1 +
Social and - History of the irrigation system - Social and institutional WAU
institutional | - Functioning of the PIPD feasibility of management CNEARC
context - Factors influencing the water allocation interventions

within the tertiary unit
Political economy and irrigation manage-
ment

"The next figure 1.3 presents a schematic overview of the Integrated Approach, as described above.

Hydrograph RD 199 Hydrograph head distributaries Inflow head watercourses
e - :
Q ‘ - __,@, ——> SIC disty (14) |—»>
I T T

470 Vateraourses
Monthly volumes

—— — Average

» Production functions ]:»1 Individual economic models Standard deviation

Typology of watercourses ———|
A
!

‘ } Volume-Balance Watercourse Model )

| Inter-Fanm Water Allocation Mode] ——»}
Salinity '

f

SO s<

| SWAR93 <»—] {: Supply canal water <

-

>

i
3

Supply tube well water =«

Y
Aggregated economic models ‘
|

Sodicity Per farm type and watercourse type \4
[Cropping pattern |
Figure 1.3 Schematic overview of the Integrated Approach, as studied in the Chishtian Sub-Division,

Punjab, Pakistan.
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Based on the presented scheme and the discussed models applied in the approach, different irrigation
operation and maintenance scenario's at the main system level will be simulated, in order to evaluate the
impact of irrigation practice on salinity, sodicity and agricultural production. For cach scenario, a 10year
simulation will be used to be able to recommended different strategies to cope with the initial problems in
the area.

Concerning the main system component of the approach, the SIC models of the main canal® and distribu-
tary canals providing the canal water supply to the 470 watercourses in the area of study. The input at the
head of each watercourse to run the simulation loop, i.e. the output of the SIC models for each individual
distributary:

« Monthly volumes in m’ of canal water supply;
« Average volume in m*for each month;
. Standard deviation of e supplied volumefor each month (based on day to day supplies).

1.3 Problem analysis

[IMI is working in the area for almost nine years and most of the studies which have been carried out are
focussing mainly on the primary canal level and tertiary farm level. At the main canal level several studies
focused on operations, while at the tertiary level crop production, agro-economical growth and salinity /
sodicity are studied. At the secondary level, a study has been carried out to determine possible mainte-
nance strategies to evaluate the effect on canal watcr distribution to the tertiary outlet structures (Hart,
1995). At the secondary level where no control structures exist, interventions are only possible mainly
through maintenance activities, i.c. desilting of the canal bed, modifications of outlet and cross structures
(drop structures) and cleaning of the canal profile. This study (Hart, 1996) was based on the assumption
that tiie inflow from the main canal (the Fordwah Branch) into the secondary canal (the Fordwah distri-
butary) remains constant at Full Supply Level. At present, the inflow is far from constant, and is varying
between almost zero to Full Supply Level, and even more. This has definitely impact on the distribution
of different discharges to the tertiary outlet structures.

Initially, canal water distribution at the secondary level in Pakistan is mainly based on the principles of
proportionality and equity. At present, the water distribution within the distributary, i.e. the supply of
canal water t0 the tertiary outlet structures, is characterized by a high variability and inequity. This
study can he seen as a part of the Integrated Approach of IIMI, i.c. the investigation of canal watcr
distribution at the secondary level. The canal water supply to the tertiary outlet structures is onc of the
most important inputs for studies and models within the tertiary unit (sub-system 2, 3 and 4), as dec-
scribed in section 1.2. Besides that, also the irrigation managers of the Punjab Irrigation and Power
Department are interested in the variation of the tertiary canal water supply to evaluate there 'product’.

a

The upstream boundary condition of the SIC mode! for the main canal B determined by the day to day measured inflow at R
199, i.e. the Reduced Distance from the head of the system (Suleimanki headworks). | RD = 1,000 feet = 304,8 m.

9
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Thus, the following problem delinition can be formulated:

The canal water distribution within a distributary, to the tertiary outlet structures is depending on
many parameters, i.e. canal characteristics, the inflow at the head (Q), state of the distributary and
outlet structure characteristics. At the moment (as a part o the Integrated Approach) there is no
tool, model or procedure availuble that describes the relationship between those parameters at the
secondary level and the impact on the canal water distribution at the tertiary level,

To link the 1IIMI studies at the primary level with the studies at the farm level it will be important to
develop this tool or procedure. The research is carried out in collaboration with the Punjab Irrigation &
Power Department (PIPD), and is part of IIMI research in the area of study.

|4 Obijective and approach of study

This study will focus on the secondary level, addressing the impact of different operational and physical
parameters on the water distribution. Some of the outputs of earlier studies at the main canal level will be
uscd for this study: variations of the inflow at the head of the distributary (Q) and impact of maintenance,.
mcthods on the canal water distribution. The main objective of this study following the problem defini-
tion, is formulated below:

To develop a teol that predicts the distribution of canal water to the tertiary ourlet structures (g) as
a function of the inflow (Q), canal characteristics, state of the distributary, outlet structure charac-
teristics und changes (interventions) therein.

This function can be denoted as follows: q; =F(Q, O,C, q, ), where g stands for the canal water supply
to outlet structure i, Q stands for the inflow at the secondary level, O the characteristics of the outlet
structures and C the canal data. In principle, for analysing canal water distribution and (un)steady flow
in irrigation canals, several mathematical hydraulic flow models are available. As described in section 1.2,
IIMI is using for this purpose the SIC sofiware®, S0 it was most convenient to use this model for this
study also. Rased on the existing SIC software, the foo/ that will predict the canal water distribution was
developed. From the main objective, two sub-objectives can be formulated:

« Develop a simplificd approach to set up a hydraulic flow model (SICy,,), based on a sensitivity
analysis of the parameters determining canal water distribution.

In the first stage of this research it was not completely clear which calculation procedure should be usedfor the development of
the tool estimating the canal waferdistribution, i.e. a spreadsheet approach or a mathematical hydraulic flow model (SIC).
Based on the necessity ofF a large database of canal water distribution measurementsfor a great amount of outlet structures
using the spreadsheet approach, and the aim to develop a tool which could be simplified in order fo reduce the time spend on
field measurements, the mathematical hydraulic flow model SIC was usedfor thispurpose. Besides that, HIMI is working with
SIC for several years now and the SIC software and profession is already [here.

10
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. Demonstrate how adjustments (at the distributary level) can be identilied with the hydrodynamic
model, which will improve the water management at the secondary level. i.c. a more equitable and
proportional water distribution.

The objective leads to the following research questions:

« What kind of irrigation outlet structures are used in the Punjab and what are there characteristics
determining the canal water distribution.

» What are the main processes and characteristics determining and influencing the distribution of canal
water at the secondary level.

« What is the sensitivity of the parameters determining the canal water distribution at the secondary
level, i.e. there impact on supply of canal water to the tertiary outlet structures.

» In what way it will be possible to express the performance of a distributary using irrigation indicators,
based on the principles of irrigation in the area of study.

»  Which priorities can be proposed for future development of the research model.

15 Methodology of study

15.1 Methodology

A literature study must provide some details about the following issues: (1) Irrigation in Pakistan in

general; (Q) Irrigation in the area of study: the Fordwah branch in the Chishtian sub-division; (3)

Previous studies in the area, both at the main system level and the secondary level; (4) The actual

physical situation of the system, its performance and distribution; (5) Typical outlet structures and

characteristics; (6) Theoretical principles of the (/q-variability (proportionality, sensitivity, equity)
and (7) Characteristics determining the actual canal water distribution at the secondary level.

+ To study the parameters determining the canal water distribution, a model of a distributary has been
developed. This model is represented by a hydraulic flow model of a small distributary modelled in
SIC. This model has been developed, calibrated and validated based on already existing data and
measured data achieved by a field visit. The model of the distributary has been calibrated and
validated for only one period of rhe year, i.e. November and December 7995.

¢ Use the model of the secondary canal to determine the impact on canal water distribution basced on
variations of the inflow discharge at the head of the distributary. Determine the minimum and maxi-
mum limits in between the inflow of the secondary canal fluctuates. based on mcasurements and
physical constraints (no bank overtopping and no dry-tail situation allowed).

* Using the unsteady flow module of SIC to conduct a sensitivity analysis: simulate the model for
different inflow discharges at the head (Q) and evaluate the impact on canal water distribution (plots
of the Q-q relation) based on adjustments of the variable parameters like: inllow pattern. the outlet
structure characteristics, canal characteristics and state of the distributary. Analyse the sensitivity of
the different parameters and evafuate which parameters have a great impact on the canal water
distribution.

11
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+ Bascd on the sensitivity analysis: (1) a simplilied approach to set up a flow model (a simplificd SIC
model) has been developed to estimate the canal water distribution; and (2) effective adjustments can
be proposed to improve water management at the distributary level.

« Calibrate this 'simplified tool' and validate with another distributary.

« The performance of the canal water distribution at the secondary level will be evaluated based on
suggested irrigation indicators, which will be tested on a comparison of the actual and design perfor-
mance of the modelled distributary.

 1land over the procedure how to use this 'tool' for analysing water distribution in the future to one of
the staff members of 1IMI.

« Bascd on the different simulations, literature study and field practices the conclusions and recommen-
dations arc formulated. 'I'he research questions are answered and the results are presented to the PIPD
and IIML.

1.5.2 Boundary conditions and constraints

‘I'nc boundaries of study are defined by the inflow at the head of a distributary and the canal water
distribution to the tertiary outlet structures. Besides the boundary condition, the following constraints can
be formulated:

I'ne analysis of the sensitivity and corresponding conclusions are based on computed model output,
and not on measured processes in the field.

- T'he study is limited to one distributary only.

- Using models to describe physical processes, one must always realize that model output is only an
approximation of the reality.

- Constraints of using the SIC software (see section 5.7).
I he canal water distribution at the secondary level in Pakistan is influenced by social constraints
(politics, influcntial farmers etc.). It is beyond the scope of this report to incorporate this here.

1.6 Structure of the report

In chapter 2 the area of study, The Chishtian Sub-Division, will be discussed more in detail. Chapter 3 is
focussing on the theoretical background of proportionality and equity as the main principles of irrigation
in the arca of study. 'I'he typical outlet structures and there design characteristics are described in chapter
4. 'I'nc development of a flow model of a distributary (field measurements, calibration and validation) is
described in chapter 5. In chapter 6, the methodology for the sensitivity analysis is discussed more in
detail. 'I'nc actual analysis of the parameters determining the canal water distribution is discussed in
chapter 7. In chapter 8, the simplified methodology to set up a flow model is discussed and in chapter 9 a
mcthod to identify measures for improved water management at the distributary level is treated. Finally,
conclusions and recommendations are described in chapter 10.

12
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CHAPTER 2 DESCRIPTION OF THE PROJECT AREA:
THE CHISHTIAN SUB-DIVISION

21 General description

The command area of the Fordwah-Eastern Sadigia irrigation project is located in the southeast of the
Punjab, Pakistan. It is bounded by the Sutlej River in the northeast, by the border with India in the east
and by the Cholistan desert in the southeast. This study is part of the IHMI study conducted at the main
system level of the Chishtian Sub-Division, part of the Fordwah Division. Figure 2.1 presents a sche-
matic overview of the physical scheme of the Fordwah-Eastern Sadigia irrigation project.

Eastern-Sadigia Canal

Suleimanki

-
Macleod Ganj Canal
Headworks :

/—> =Sadiqia-Fordwah feeder QORDWAH
44/ Fordwah Branch | MAHMOOD

-
I [ | -
IrRD O RD 129 RD 199 RD 245 RD 281 RD 334 RD 371

AZT™M

Fordwah Canal

I
|
|
I
I
I
|

|
I I
I |
I I
| I
| |
! |

Minchinabad Sub-Division Chishtian Sub-Division

M chalwanagar Sub-Division

FORDWAH DIVISION

Figure 2.1 Physical scheme of the Eastern-Sadigia Irrigation project.

The system takes off at Suleimanki headwork, a large barrage on the Sutlej River, built in the 1920's by
the British. The barrage, with an average width of 600 metres at the head and an average depth of 3
metres. Three primary canals taking off from this barrage: the Fordwah and Easter Sadigia Primary
canals on the left bank, and the Pakpattan Primary Canal on the right bank. Fordwah Canal is diverted in
two branches at RD 41.8: Fordwah Branch and Macleod Ganj Branch (1 RD = 1000 ft = 304.8 metres).
The Fordwah Division is divided in three Sub-Divisions: Minchinabad Sub-Division (Fordwah Canal RD
0to RD 44.8, Fordwah Branch RD 0to RD 129 and Macleod Ganj Branch), Bahawalnagar Sub-Division
(RD 129 to RD 245 of Fordwah Branch) and Chishtian Sub-Division (RD 245 to RD 371 of Fordwah
Branch), see figure 2.1.
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The Fordwah-Eastern Sadigia area covers 301,000 ha, out of which 232,000 ha are culturable com-
mended. The climate is semi-arid with annual evaporation (2400mm) far exceeding the annual rainfall
(260mm). Most of the rain fall occurs during the Monsoon period, between July and September. The
highest temperatures occur during May and June (between 30 C°and 50 C°), and the evaporation rate is
about 13 mm/day. The cropping pattern is cotton, rice and sugercane in the Kharif season (summer flood
season, 15" April to 15" October), and wheat and fodder in the Rabi season (winter season, 15* October
to 15% April). This area is part of the Sutlej Valley Project undertaken in 1920's and completed in 1932.
Both Fordwah and l:astern Sadigia canals receive their supply from link canals since partition, as most
part off the water from the Sutlej River is used by India. In Kharif the supplies are diverted from the
Chenab river and conveyed through so called Link canals or feeder canals to the Sutlej River. In Rabi the
water comes from the Mangla Dam. Because supply in the winter season is very limited, irrigation canals
are divided in perennial and non-perennial canals. Perennial canals receive there water the entire year,
while non-perennial canals receive water only during the Kharif season.

2.2 Fordwah Branch in the Chishtian Sub-Division

Figure 2.2 presents a schematic overview of the Chishtian T RD 199
Sub-Division. The Fordwah Branch has a total length of 123
km, 38.4 km is located in the Chistian Sub-Division (from RD
245 to RD 371). 'The design discharge at RD 199, the hand-

over point of the Chistian Sub-Division is 30.3 m*/s (1282
cfs). The average slope is 0.020% (1/5000). The Gross Com-
mand Area (GCA) of the Sub-Division is 74,369 ha, the
Culturable Command Area is approximately 67,000 ha. The
Fordwah Branch is as most irrigation systems in Pakistan, a
system under upstream control. The Fordwah Branch has six
control points, i.c. cross regulators within the Chistian Sub-
Division, with distributaries ofT takingjust upstream of five of
these regulators. The remaining cross regulator at RD 353
controls the water level in the lordwah Branch itself with only
a very small distributary (5-L) off taking upstream of this
point. The cross regulators are operated manually. Gauge
Readers observe the water levels twice daily at all these Con-
trol points and the data are transmitted through signallers to
the irrigation officers in charge to take decisions regarding the
operation of the irrigation in their (sub)division (Kuper and
Kijne, 1992). Discharges are determined by measuring the
down stream water level at the structures. With a simplified
stage-discharge relationship the discharge downstream of the
structure is determined.

The canal water is delivered to the distributaries through 14

off take structures (gates, culverts or open flumes), and to 19
direct outlet structures.
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Increased cropping intensities and the development of previously unirrigated area have resulted in the
perception that the at present, canal water supplies are insufficient to feed all distributaries at the same
time. At the main system, a complex system of rotations has been installed to spread the shortages of
canal water in Rabi season. Priorities are given to the Sub-Divisions for cartain periods of time. Within
the Sub-Divisions, the distributaries are operated on an on/off basis. Out of the 14 distributaries, 9 are
non-perennial and 5 are perennial. Besides due to shortage of canal water supply during Rabi, also the
area prone to waterlogging were labelled non-perennial, and would receive a maximum of three alloca-
tions in Rabi to save the wheat crop (Kuper and Kijne, 1992). Besides surface canal water supply,
increasing tubewell irrigation supply is used to meet the crop requirements. Almost all tube wells are in
private use, owned by big farmers, or a group of farmers.

Table 2.1 Physical characteristics of the distributaries
DISTRIBUTARY STATUS Q DESIGN LENGTH CCA NUMBER OF
(CFS) FT) (acres) OUTLETS
3L NP 18 23,100 2,970 6
Mohar (incl. Hussainabad NP 38 : 20,240 5,186 15
minor)
Daulat (incl Biluka and NP 209 115,150 40,920 108
Nakewah minor)
Phogan NP 75 8,70 2,210 9
4L NP 14 17,30 2,83 7
Khemgarh NP 24 - | 15,500 5,083 9
Jagir P’ 2 13,80 4,704 9
Shahar Farid (incl, NP 153 74,830 31,550 74
Heerwah minor)
Masood P 35 52,300 8,099 16
Soda NP 77 43,700 0113 33
54 P 4 11,300 834 3
Fordwabh (incl. Jiwan mi- P 158 139,780 43,768 109
nor> '
Mehmud P 8.25 11,880 20,066 7
Azim (incl. Rathi, Feroze NP 244 118,000 33,810 94
and Forest minor) )
NP = NON Perennial; P =Perennial source: IML, 1996

Fiéhre 2.4 on page 17, presents the whole Chisthian Sub-Divisionwith the Distributary Command Areas
(GIS, April 1996).
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The operational irrigation objectives, no different from the rest of the Indus Besin Irrigation System, are
to distribute canal water within an area as large as feasible and as equitable as possible (Bandaragoda and
Firdousi, 1992). The fanners share the canal water supply among themselves through a flexible roster of
turns called kacha warabandi'. This system of warabandi was agreed upon by the farmers themselves,
with the PIPD interfering only when a dispute arose. About 20 to 30 years ago, due to increased disputes
about canal water supply at the watercourse level, the PIPD intervene in the most of the watercoursesand
fixed an official roster of water turns, pacca wurubandi (pacca = official).

23 Institutional context

There are different levels of management units in the Punjab Irrigation System. The Zone is the largest
unit, and a Chief Engineer is in charge. The Circle is the next unit, under responsibility of a Superintend-
ing Engineer (SE). In general, a Circle is divide in different Divisions, which are the basic irrigation units,
headed by an Executive Engineer (XEN). The Divisions are divided in several Sub-Divisions, under
responsibility of an Assistant Executive Engineer, also called a Sub-Divisional Officer (SDO), The Sub-
Division itself is divided into different Sections, each of them headed by a Sub-Engineer. Figure 2.3
presents the organizational setup of the Bahawalnagar Circle.

BAHAWALNAGAR CICLE

Superintending Engineer

v v v
Hekra divisicn Ferdweh Divisicn Esastern Sadigia Divisiz:
XEN Executive Engineer XEN
1

Minchinabad S iops .
Sub-Divisicn Chistian Sut-Divisicn

Bahawealnagar
Sub-Pivisicn

SDO Sub-Divisional Officer

Figure 2.3 Organizational Setup of the Bahawalnagar Circle (source: Litrico, 1995)

1
kacha = informal; wahr = furm, and bandi = fixed
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Canal water distribution at the secondary level in the Punjab, Pakistan Water management at the distributary level

CHAPTER 3 WATER MANAGEMENT AT THE DISTRI-
BUTARY LEVEL

3.1 General

This chapter is about water management at the distributary level in the Punjab. As this study is focussing
on canal water distribution at the distributary level, the boundaries are defined by a typical inflow pattern
at the head of the distributary and downstream, the distribution of canal water to the tail cluster outlet
structures. First, the principles applied for irrigation in Pakistan, as described in section 1.1, will be
discussed more in detail. The aim of this chapter is to obtain insight into the theoretical backgrounds of
canal water distribution at the distributary level

32 Theoretical concept

321 Flow in a distributary

The Punjab irrigation system was originally designed with a minimum of adjustable control structures. In
general, in the area of study, there are no adjustable control structures available at the distributary level.
Below the gated head structure of the distributaries, water is distributed by means of fixed tertiary outlet
structures, either an orifice, pipe, or an open flume. Actually, canal maintenance and outlet structure
modifications are the only 'tools' available to manipulate the existing distribution pattern. So, the amount
of water delivered at the head of a distributary, is distributed to all the outlet structuresand minor canals
along the distributary. There are always seepage losses in the canal, and in general the sum of the
distributed discharges to the outlet structures plus the seepage losses must be equal to the incoming
discharge at the head of the distributary:

Qhead = ‘f':lql - Se
Where:
Qhead = Dischargeat the head of the distributary fm¥/s]
i = Dischargethrough an outlet structure [m/s]
S. =  Seepage [Vs/km]
n = Number of outlet structures [-]
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3.2.2 Equitability

Within a distributary the distribution of canal water to the tertiary outlet structures is based on the
principle of equity. Equity of water distributioncan be defined as a distribution of a fair share of water to
users throughout the system (Kuper and Kijne, 1993). The equity principles, as it is used by the PIPD to
adjust operational strategies, were originally established as a design parameter for the Punjab canal
system. A discharge has to be made available at the head of each mogha (tertiary outlet structure) for its
command area based upon a preset 'duty’ or water allowance per unit area (Bhutta, Vander Velde, 1988).
The distribution of canal water based on the irrigated area served for each outlet structure has become the
prior objectiveof irrigation in Pakistan. The duty is expressed in a design quantity of water (csf) per 1000
acres of culturable command area (CCA), i.e. the physical irrigable agricultural area commanded by the
outlet structure. Besides that it was envisaged that the actual area irrigated by farmers would not exceed
50% to 75 % of the CCA. The discharge for an outlet structure is, therefore, directly related with the area
served: the discharge is called the authorized discharge (g ..)-

3.2.3 Sensitivity

Theoretical background

Besides an equitable distribution of the canal water supply, the water distribution at the distributary level
is also based on proportional control, ie a flow control method in which the flow is divided into a fixed
ratio. Besides proportionality for a steady flow, also disturbances will be proportionally distributed: an
increase in discharge at the head of a distributary of approximately 10% will result in an increase of
allocated discharge to each individual outlet structure.of 10%. The distribution of a disturbancealong the
canal can be expressed with the so-called Sensitivity Ratio S. The sensitivity ratio S is defined as the
variation in an off taking discharge in response to a change in the continuing discharge in the parent
canal. The concept of sensitivity is the best basis for evaluation of the performance of a bifurcation under
varying discharges. The bifurcation can be without any structure, a free off take in the off taking canal, or
with a division structure in the parent canal (Ankum, 1995). The basic equations for flow through the
ongoing canal (Q) and off taking outlet structure (q) are:

Q=BH", and q =a.H",

With the assumption that a change in water level in the distributary (dH,) will lead to an equal change in

head over the crest of the outlet structure (dH,), the sensitivity of an outlet structure can be expressed as
follows (clarified in figure 3.1):

. n-1
dq noH"
. g . @H _n.H
4 upHT,  u. A,
Q ﬂ.Huc
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Where:
S = Sensitivity factor [-]
q = Distributed discharge to outlet structure [m/s]
dq = Change in distributed dischargeto outlet structure m’/s]
Q - Discharge parent canal, distributary m’/s
dQ = Change in discharge parent canal, distributary [m’/s)
o = Depth-dischargecoefficient outlet structure [m"*/s (weir flow); m**s (orifice flow)
B - Depth-dischargecoefficient distributary [m¥? /s
H, = Head over the outlet structure (above the crest) [m]
H. = Water level in the canal [m]
n = 0.5 for orifices, 1.5 for weirs {-]
u = 5/3 (see page 23) {-1
Banklevel q
! #
227z,
0@0@0&[05 . \\\\%
22 o ‘ Crest level
Bedlevel 4 00340&]00 ' " O-q
H 0@00[
2, Do
qg=oaH, /]00[004
Figure3.1 Longitudinal profile of a canal with outlet structure.

Four situations can be distinguished, analysing the sensitivity ratio for a bifurcation of a distributary, i.e.
a tertiary outlet structure (Ankum, 1993; Essen, van der Feltz, 1992):

s-0

No sensitivity of the outlet structure discharge to changes in the discharge in the distributary. Any
variation will be distributed to the tail-end of the system. Either flooding or severe water shortage at the
tail due to failure in the supply.
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S<1

Sub-proportional distribution of a disturbance, i.e a low sensitivity of the outlet structure to changes in
the discharge in the distributary. The change in the distributed discharge to the outlet structure is less
then the change in discharge in the parent canal, The discharge fluctuations are distributed mainly to the
tail of the system.

S=1
Fully proportional distribution of a disturbance, i.e the change in the distributed discharge to the outlet
structure is equal to the change in discharge in the parent canal.

S>1

Super-proportional distribution of a disturbance, i.e a high sensitivity of the outlet structure to changes in
the discharge in the distributary. The change in the distributed dischargeto the outlet structure is higher
then the change in discharge in the parent canal. The variations in the head of a distributary are distrib-
uted to the head reach outlet structures.

!

Water level

H [m]

H-JI '
- |
H-) '
: H, canal

|
—————— |
i

, A\ -

Q = 100% FSD
0 [m'/s]
Figure3.2 Theoretical analysis proportionality for design of outlet structures.

The design of outlet structures is based on proportionality,i.e. S = 1. The settings of the outlet structures
are related with this design concept. In general, for fixed outlet structures and no control structuresin the
distributary, a sensitivityratio of I can be obtained in one particular point only (n and u are not similar).
For 100% FSD at the head of a distributary, there is only one combination of ongoing discharge (water
level) in the parent canal and allocated dischargeto an outlet structure: S = 1: dq/q = dQ/Q. This will be
demonstrated in figure 3.2.
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Where:

q = Distributed dischargeto an outlet structure [m/s)
n =0.5 for orifice flowand n = 1.5 for weir flow.

Q =  Discharge distributary [m'/s]

dH = Change in water level in the distributary (m]

H.,, = Head over an orifice type outlet structure [m]

== = Head over a weir type outlet structure (m]

For a certain change in water level in the canal (dH), there will be a change in discharge for the ongoing
canal (dQ) and distributed discharge to the outlet structure (dg). Only for fixed H,,, and H,,, there will be
fully proportional behaviour for orifice and weir flow outlet structures. By changing the settings of the
crest level of the weir type outlet structures, and the elevation of the roof block for orifice type outlet
structures, this can be obtained in one point only. Whenever n and u are similar, i.e. two weirs or two
orifices, there will be always proportional behaviour for different water levels.

1 mn
So, in order to accomplish proportional behaviour, the discharge-depth relationship of the distributary
must be related to the discharge-depth relationship of the outlet structure (Hart, 1996), i.e. S =1. With
the discharge-depth relationship of the distributary expressed by the Manning-Stickler equation, based on
the assumptions that: (1) the hydraulic radius equals the depth (infinite width); and (2) the wetted
perimeter is linear with the depth (rectangular cross sections):

Q= kBHH? i => 0 =pBH"

dg _ 5 dH,
Q 3 H
Where:
Q = Discharge distributary [m’/s)
k = Roughness coefficient (Strickler) [m"?/s)
B = Width of the canal [m]
[ = Bed slope of the canal []
H, = Water level in the canal [m]
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In general, the outlet structure equations for orifice and weir flow can be simplified as:

q=aH",

dq _ 9,

qg  H,
Where:
q = Discharge outlet structure (m*/s)
H,, = Head over the outlet [m]

As the change of water level in the canal equals the change of head over the crest, i.e. dH, =dH, ,the
sensitivity factor equals 1 leads to:

dq " dH,

a o7
s=-9 -_"* =)
dQ  5.dH.

Q 3.H,

H - 3.nH
v 5

Where n is defined by the type of outlet structure. For weirs n = 1.5, for orifices n = 0.5.

- Weir flow : H, =H,, =9/10.H,
- Orifice flow : H, =H,, =3/10.H,

Practically speaking, for weir flow the crest of the open flume should be placed at 1/10 of the depth
(100% FSD) above bed level of the distributary. For orifice flow, the roof block should be placed at 0.7 of
the depth (100% FSD) above bed level (Hart, 1996; Ali, 1993; Mahbub and Gulhati, 1951).

For pipe outlet structures, Wi the canal is running on 100% FSD, the head over the structure should be
0.3*FSD in the canal. With the crest of the pipe at bed level, to ensure maximum silt draw, the down-
stream water level, i.e. the water level in the watercourse, should be approximately at 0.3*FSD below
FSD in the canal.
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By changing the width and height of the opening, the authorized design discharge will be obtained. In
figure 3.3, the design concepts of canal water distribution at the secondary level are presented. Whenever
the distributary is running at 100% FSD, the supplied discharge to the outlet structure is equal to its
authorized discharge, and with the settings the requirement S = 1 will be met. To speak with the words of
Kennedy, a distributary should be designed in such a way that *ateach point it willjust carry as itsfull
supply a discharge sufficient to supply all the outlets below thatpoint, so that when the proper quantity

enters the head all watercoursesshouldjust run their calculated allowances with no surplus at the rail
of the distributary".

0.12 r v

i 209%Fsp | | +20% FsD
| I
= o1 t t
" |
& o0.08 !
8 [
- q des. | r
= 006 t t
=
[
= 0.04 T :
o0 [ [
K 2 y 3
R | !
o -‘}/ I Q des.l
o 20 40 60 80 100 120 140 160
% FSD at the Head
Figure3.3 Design principles proportionalityand equity for an outlet structure.

25



Canal Water distribution at the secondary level in the Punjab, Pakistan Outlet structures in the Punjab

CHAPTER 4 OUTLET STRUCTURESIN THE PUNJAB

41 General

There is probably no physical element within an irrigation system which has a greater impact on canal
water distribution then outlet structures. Therefore, to study distribution, it is necessary to have a good
knowledge of the different types and hydraulic behaviour of outlet structures, as they exist at present in
the Punjab irrigation system. In this chapter many details are based on the study on irrigation outlet
structures in the Punjab by Mahbub, revised and enlarged by Gulhati, published in 1951. They define an
irrigation outlet structure as a device at the head of a watercourse off taking either from a distributary
or direct from a main canal or branch. In general, the distribution of canal water within a tertiary unit or
chak, is managed by the beneficiariesthem self. Each tertiary unit consist of different plots and is served
with canal water through one outlet structure, supplying the water to the watercourse. An outlet structure
defines the point of contact between the beneficiaries and the higher authorities, i.e. the farmers and the
PIPD, and it is therefore the most sensitive part of an irrigation system.

As stated in chapter 3, in large parts of the Punjab, control of the water flow within a distributary is based
on canal maintenance and remodelling of outlet structures. After any adjustment, it takes a considerable
amount of time before the canal is in its final regime again. To maximize the impact of remodelling outlet
structures by the water manager a good understanding of the hydraulic characteristicsand there impact on
the water distribution will be necessary. This chapter is focussing on the different types of outlet struc-
tures that can be distinguished in the Punjab. First, the factors determine the design of an outlet structure
will be discussed; secondly, the different types of outlet structures will be analysed and finally, the
different characteristics determining the canal water distribution will be listed.

42 Factors determining the design of an outlet structure

There are several factors having an impact on the design of an outlet structure. They are summarized and
discussed below.

O fectives of irrigati

As stated in chapter 2, irrigation in Pakistan is based on the principles of equity and proportionality. In
section 4.4.6, the theoretical design criteria for outlet structures based on the principles of irrigation will
be discussed.
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Qptimum capacity

The optimal discharge through an outlet structure is based on: (1) the amount of water that can be
handled efficiently by one farmer and (2) the minimal absorption losses in the watercourse and on the
fields. In general, the optimum discharge efficiently used by one farmer is called the "maind‘eau’, and is
in between 25 to 55 I/s. Studies in the Punjab found that an amount of about 2 cfs' (=56 Us) is generally
the best for cultivating0.5 acres of irrigated land. Briefly, the optimum discharge through an outlet in cfs,
should be 5 times the area in acres to be irrigated (Malhotra, Mahbub, 1951).

Based on that, a classification of outlet structures can be distinguished.

Table4.1 Classification of outlet structures
Characteristic Discharge (cfs) Avrea (acres)
small outlet < 0.50 <0.15

0.50- 100 0.15-0.31

ﬂ Average outlet 1.00- 1.50 0.31-0.46
1.50-2.00 0.46 - 0.61

ﬂ Large outlet 2.00 - 4.00 0.61-1.23
> 4.00 >1.23

source: Mahbub and Gulhati, 1951

Silt drawint? X
Canal water in the Punjab is heavily loaded with suspended silt, which deposits when the silt carrying
capacity of the flow decreases. To avoid sever siltation along the canal the silt load must be equitable
distributed to all the distributaries, and within a distributary to all the watercourses. So each outlet
structure must take its fair share of silt, which has its impact on the design. The essential geometric
features of outlet structures determine the silt drawing capacity are summarized below (Mohammed
Hasnein Khan, 1996). It is beyond the scope of this research to discuss these concepts more in detail.

« Position of the inlet structure (wings upstream and downstream) must be so designed that the whole
mass of water moves towards the outlet structure, with an approach velocity close to the average
velocity of flow in the canal.

« The roof block of orifice-type outlet structures should be as close as possible to the crest, to assure
high velocities within the outlet and to increasethe silt draw.

« The silt conducting power of an outlet structure is increasing with low settings of the crest, due to
intensified silt transport at bed level of the distributary.

1
| ¢fs = I cubicfeerper second =28.31ls
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To obtain equitable distribution of silt along all watercourses and due to seepage losses of approximately
10% to 15% (of the inflow) in distributaries, the silt drawing capacity should be at least 110%to 115%
to enable them to draw their fair proportional share, compared with the Carrying capacity of the distribu-
tary (100%).

Other essential factors
Besides the three major factors determine the design of an outlet structure, described above, there are
some other factors, summarized here:

« Outlet structures must be strong and equipped with minimum adjusted and movable parts to avoid
expensive maintenanceand illegal modifications, i.e. tampering of outlet structures.

« Theoutlet structure should be functioning with a minimum of working head.

« Thecosts for design should be as low as possible.

Besides the classification of outlet structures based on a quantitative analysis, a different classification
can be distinguished based on flow condition. Outlet structuresmay be divided into three different classes
(Mahbub and Gulhati, 1951 ; Ankum, 1993):

Modular outlet structures are those outlet structures which discharge is independent from both the
upstream water levels in the distributary as the downstream water levels in the watercourse (in between
reasonable limits).

Semi-modular outlet structures are those outlet structures which discharge is dependent on the up-
stream water levels in the distributary, but indeperident of the downstream water levels in the water-
course, as long as the required working head is available.

Non-modular outlet structures are those outlet structures which discharge is both depending on the
upstream water levels in the distributary, as the downstream water levels in the watercourse.

43 Hydraulic principles of different types of outlet structures in the Punjab

4.3.1 Types of flow

The two most significant flow conditions are free flow (critical depth flow or (semi-)modular flow) and
submerged flow (drowned flow or non-modular flow). The distinguishing difference between free flow
and submerged flow is the occurrence of critical velocity, so the discharge through any constriction is
only determined by the depth of head just upstream of the critical section (Skogerboe, 1992). If the
difference between upstream water level and downstream water level is decreasing, consequently the
velocity becomes less then the critical velocity within the constrictionand submergence occurs. The value
of the submergence ratio S, describes the change from free flow to submerged flow; S = h / h ,also
known as the minimum modular head. Free flow and submerged flow are the two major flow types.

O = fh)
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Where:

Qg = Free flowdischarge [m”s]
Qy = Submerged flow discharge [ms]
h, = Upstream water level above crest [m]
h, = Downstreamwater level above crest [m]
S =  Submergenceratio (= hy/h,) [-]

In between free flow and submerged flow, a few other possible flow conditions can be distinguished,
based on a change in S; Flow through outlet structures can be discussed based on the possible flow
conditions for fixed structures. There are § different types of flow that can be distinguished through a
fixed outlet structure (Ankum, 1995). The different types are clarified in figure 4.1 and are discussed for
the different types of outlet structures present in the area of study.

I Types of flow
— For outlet structures —_
= = —
" |k " o
A A e
Free weir flow Submerged weir flow

Conveyance flow

!
I

/
Free orifice flow Submerged orifice flow Submerged orifice flow
Fr> | Fr<|
Figure 4.1 Types of flow condition for weirs and orifice flow.

432 Open Flume

General

The design of the open flume outlet structure is based on the ideas'of the Stoddard-Harvey improved
irrigation outlet, whereby the size of the weir has been changed to a long throated flume. The open flume
outlet structures are semi-modular as long as the velocity within the throat is above the critical velocity,
and the length of the flume should be long enough to ensure strait stream lines above the crest.
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In general, the structure is built in brick masonry, provided with an iron frame and steel bed to avoid
tampering. The earlier types of outlets structures developed in the Punjab, i.e. the Kennedy's sill outlet,
the Kennedy's gauge outlet, the Harvey outlet and the Harvey-Stoddard irrigation outlet have been
modified due to there sensitivity of tampering and due to improved designs (FAO, 1982). At present the
open flume outlet structures in the Punjab are Crump's type open flume and Jamrao type open flume
outlet structures. The length of the throat should be equal to 2.5 times the upstream water level above the
crest, with the canal running on FSD. Open flume outlet structures are recommended for use within 300
m upstream of control points, or at tail clusters (FAO, 1982). At the tail, it is useful to distribute the
supply proportionallyamong the watercourses, and to easily absorb an excess of water.

Discharge equation

The discharge through an open flume outlet structure is determined by the free flow weir discharge
equation. The depth of water above the crest does not touch the roof block and the downstream water
level is sufficient low in order to establish free flow conditions, i.e. the gate opening Y > %/, h, and in
general the downstream water level hy <%, h,, or S; <0.67*. The discharge over a weir is determined by
the discharge equation:

3

q = C,.1.1.B.H}
Where:
q = Discharge over the weir [mY/s]
C, = Discharge coefficient for a weir [m"%/s]
B = Width of the crest [m]
H, = Upstream energy head above the weir [m]
¢=C.1.7. B. H*”?
FSD SO T T T T T T~
— X \\\_..___.__B_a_n.fl_egl_
H - =
Bed level .I ...... L - ‘“ . )
SR Watercourse
Figure 4.2 Broad crested weir (Open Flume).

2

Actually, experimental study by D. G. Romijn proved that even with b, = 5/6 h, (S =0.83).and for a high value of /L (L =
length of crest):A, /L > 0.75: C, = |, so there is still free Weir flow.
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The coefficientof discharge (C,) is influenced by several factors like: the side contractions, the shape of
the crest, the length of the crest and the head H,. The difference of a short crested and a broad crested
weir is depending on the existence of curved and parallel stream lines above the crest.

The discharge coefficient for a broad-crested weir C, = 1 m"/s (theoretical value, in reality it will be
approximately 0.95 m"#/s) and for a short-crestedweir > 1m"?/s.

Table 4.2 Relation between coefficient of discharge and width of an open flume
o co <

60 - 9.0 0.94

9.1 - 12.0 0.96

> 120 0.98

source: FAO, 1982.

Silt drawi .
The higher the crest level of the structure compared with the bed level of the canal, the less its silt
drawing capacity. In practice, the width of the throat of the open flume is limited to a minimum of 6 cm,
and therefor it becomes necessary to raise the crest of the outlet above bed level and decrease the silt
draw.

Submerged weir flow or conveyance flow

The depth of water above the crest does not touch the gate and the downstream water level is as high, so
the flow is submerged, i.e. gate opening Y > H, and downstream water level in generalhy > 24 h, ., or hy >
5/6 h, for a high ratioh, / L (L = length of the crest): i / L > 0.75. The flow through such a structure is
fully submerged, with a head loss in these structures determined by: z = [e,, + a,,,]Jv?/2g, with entrance
head losses a, (approximately 1/3) and exit head losses ., (approximately 2/3).

433 Open Flume with Roof Block (OFRB)

General

The main disadvantage of the open flume is its sensitivity for illegal blocking when the opening is deep
and narrow, and its super-proportional behaviour when the opening is shallow and wide. Besides that, it
fails to draw its fair share of silt. Another disadvantage is the increase of discharge through the outlet
structure because of a rise in upstream water table, due to siltation. To overcome these negative effects,
the PIPD started to place roof blocks above the crest. At present the Open Flume with Roof Block
(OFRB) outlet structures are dominant in the area. The roof block is fittedjust above the vena contracta
of the water flowing over the crest of the open flume at FSD (see figure4.3). The open flume starts to
function as an orifice whenever the upstream water level is raising, which results in a decrease in dis-
charge. The following rules have been approved in the eastern part of the Punjab (formal Bahawalpur
State) for the use of roof blocks in open flumes (Mahbub, Gulhati, 1951):
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« The roof block should be fixed at a distance equal to h, (With h, the upstream water level above crest
at FSD) below the upstream end of the throat (length of the throat: 2.5 - 3.0h,).

« The bottom of the roof block should be at a height of 0.75 h, above the crest.

« The roofblock should have a square edge at the bottom (to create contraction with a raise in upstream
water level).

Discharee equation

The discharge through an OFRB outlet structure is determined by either the free flow weir discharge
equation when the roof block is out of the water. As soon as the upstream water level rises, the discharge
equation changes to the general equation for orifice flow. The downstream water level is not influencing
the discharge through the structure. The hydraulic jump is formed at some distance from the gate. The
discharge equation for free orifice flow can be given as (Ankum, 1993):

g = Cp28.BY./H oY

Where:

q = Discharge [m*/s]
Cq = Discharge coefficient (-]
g = 9.8 m/s’ (gravity acceleration)

B = Width of the opening [m]
Y = Height of the opening (m]
H, = Energy head (=approximately the upstream water depth) above the crest [m]
a = Contraction coefficient of thejet (approximately 0.6) [-]

The above depth-discharge relation can also be expressed in a more general discharge equation
(Henderson, 1966):

q - C,BY.[2gH,

The coefficient of discharge is influenced by several factors like: the diameter of the orifice, the shape of
the orifice (determining the contraction coefficienta, the head H, and the degree of turbulence of water
approaching. The equation for the discharge coefficient reads:

The discharge coefficient ranges for free orifice flow between 0.5 and 0.6.
The outlet structure is designed to function as an open flume, but due to siltation, i.e. increase in bed level

elevation, the water levels at FSD are higher then design water levels, and therefor in most cases the
OFRB outlet structuresare functioning as an orifice.
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Partiallv-submerged underflow (Fr> 1)
The flow is super-critical and the hydraulic jump just touches the gate. The downstream water level is
influencing the discharge trough the structure.

Fully-submereed underflow (Fr < 1)

The flowis sub-critical, the structure is completely drowned by the high depth of the downstream water
level. When an orifice is submerged, also the downstream water level determines the discharge and the
discharge equations becomes:

q = C,BY,[2g(H,Hy

Where:

H, = Upstream water level (measured from the crest) [m]
Hy = Downstream water level (measured from the crest) [m]
434 Adjustable Orifice Semi-Module(AOSM)

General

Adjustable orifice semi-module outlet structures (AOSM), or the early Adjustable Proportional Module
(APM) presented by Crump in 1922, are widely used in the Punjab (Pakistanand India). To ensure full
proportionality, Crump's design was originally based on fitting the crest at 0.6*FSD and the bottom of
the roof block at 0.3*FSD (measured from FSD water level). After installing these APM's, problems
occur due to limited silt draw and a bad siltation of the canals. The silt drawing capacity was to low and
other types were developed. At present, all APM's are removed and replaced by AOSM outlet structures,
which are not fully proportional due to lower crest settings, but ensure a fair share of distribution of silt.
The AOSM exists of a long throated flume (approximately 0.60 m) with a roof block, capable of vertical
adjustments and with a rounded roof to prevent contraction and ensure straight stream lines. The struc-
ture is built fiom reinforced cement (roof block), brick masonry (side walls) and cast iron (adjustable
rounded).

Discl .
The discharge through an APM / AOSM outlet structure is determined by either the free flow weir
discharge equation when the roof block is out of the water. AS soon as the upstream water level rises, the
discharge equations changes to the equation for APM 7/ AOSM orifice flow. The downstream water level
is not influencing the discharge through the structure. The hydraulicjump is formed at some distance
fiom the gate.
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The discharge equation for free orifice through an AOSM outlet structure can be given as:

q =C,BYy2gz

Where z is defined by: {H, - Y] and accordingto Crump, the coefficient of discharge remains constant at
approximately 0.90 (FAO, 1975).

Research has shown that remodelled AOSM outlet structures draw with the crest at bed level about 14%
and below bed level at 12/10*FSD about 29% more silt than it would draw at the originally designed
6/10*FSD setting. With these changes in settings, the outlet structure loses its proportionality.

Table 4.3 Improved silt drawing capacity of AOSM

Settings ref. FSD 6/10 setting 8/10 setﬁng

silt drawing capacity 99.5 % 109.7 % 113.7% 10 121.9%
source: FAO, 1975; Ali, 1993.

Q=C,:- (2g a’. B. Y. [H-aY}‘”

Bank level

Watercc urse

R

Roof block I ; ~— Bank level

- A - T Tz S
H // Y —
Bed level X _ ... <. -

h - ZZ atercaurse
AOSM /////////////////////////////////////////// *“W/W
Figure4.3 *rifice flow for OFRB and AOSM outlet structures.
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435 Pipe outlet structure

General

Pipe outlet structures are the most simple and
oldest known types in the Punjab. In early Fsp R Bambievel

days, the pipe outlet structures were T =
constructed of earthenware, but at present they Z  T—— o et
are replaced by masonry pipes and cast iron ”””% % s
and concrete pipes. Pipes are used at places
where the available head is low, and therefor
most of the outlet structures are running sub-
merged. The pipe outlet structure consist of an
upstream head wall, a pipe and a downstream
head wall. The entrance is usually at bed level
orjust above bed level. Figure 4.4

Pipe outlet structure

The pipe is placed either horizontally, or with a slope 1:12 downstream. Both ends of the pipe outlet
structure are built in masonry, which quite offend is dam aged due to bad maintenance, illegal tampering
and eroded canal banks. Experimentally, it is found that with the crest at bed level the outlet structure is
taking its fair share of silt and (sub) proportional behaviour is achieved. Special merit of the (non-
modular) pipe outlet structure is their operation with a very low working head (minimum 2.5 c¢m, with
which no semi-module can function).

Disel ,
For a tube or pipe having a length of 2.5 to 3 times the diameter of the orifice, the discharge equation
reads:

q = CpA.\IZ.gz
Where:
q = Discharge [m’/s]
Cp = Discharge coefficient of a pipe outlet structure [-]
8 = 9.8 my/s? (gravity acceleration) [m/s?)
A = Area of the opening [m?]
z = Energy head measured from (see figure 4.5): [m]

1. Centre of the pipe to the water level in the parent canal, when flow enters in the
free air

2. The difference in the water level in the watercourse and the distributary, when the
pipe discharges into a watercourse in which the water level is above the top of the

pipe.

36



Outlet structures in the Punjab

FTgu re45 Energy head z for pipe outlet structures.

Experiments resulted in a C, coefTicient of 0.63 for free flow to 0.74 for submerged flow, with a head loss
of 0.33H. By means of rounding the edge of the entrance of the pipe, suppression of the contraction leads
to higher values for C,.

4.3.6 Pipe-Crump Semi Module

General

This type of outlet structure can also be regarded as a development of the Stoddard-Harvey improved
irrigation outlet structure. Upstream of this structute, a pipe is taking off fran the parent canal and
opening into an approximately 3 square feet (round) tank on the other side of the bank. From the tank,
the different types of semi-modular outlet structures can be seen, discharging into the watercourse. Either
a pipe working free fall, an open flume or an orifice type. In the area of study, only the so-called Open-
Crump OFRB (OCOFRB) and Open-Crump AOSM (OCAOSM) are installed. The same design charac-
teristics and proportional settings for normal OFRB and OASM are applied here.

Dischargeegquation

The discharge equation of the outlet structure is equal to the type of outlet structure installed at its
downstream end. The upstream water level above the crest (h,) will be determined within the cistern and
not in the canal. The head loss through the pipe is minimal, due to the size of the pipe or barrel.

Silt drawing capacity

Special merit of this type of outlet structure is the improved silt drawing capacity, as the opening of the
pipe can be placed at bed level or even below bed level. There i no time for the silt to settle, due to high
turbulence in the tank. Other advantages of this type of outlet structure are (Mahbub; Gulahti, 1951):

* Large range of modularity;

« Cheap in construction, especially in large canal banks;

« Easy to adjust the settings, when the canal is running;

« Protected for sever interference due to the possibility of early detection, by closing the pipe at the

upstream end so the tank will be empty and the actual outlet structure is visible.
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4.4 Sensitivity and proportionality

Sensitivity as defined here and discussed in section 3.2.3, is similar to the principles of flexibility men-
tioned in many textbooks. Sensitivityhas been defined as:

Obviously any fluctuation, i.e. change in depth of water in the canal will cause an equal change in the
head over the outlet: dH, =dH, . As proportionality is defined by: S = 1, the design settings of outlet
structures can be easily expressed in H, and H . In the following table the settings for proportional
behaviour with the distributary at FSD are listed (H, = FSD).

]
ﬂ Type n Head over the crest: H,, Crest elevation Roof block
(from bed level) (from bed level)

E Open 15 09 * FSD 0.1* FSD .
Flume

“ OFRB 0.5 0.3 * FSD 0.1 ®* FSD 0.7 * FSD

i

(00) 0.5 03 *FSD 0.1* FSD 0.7 * FSD

| OFRB

u AOSM 0.5 0.3* FSD <04 * FSD* 0.7 * FSD
(0C) 05 0.3* FSD <0.4°FSD 0.7® FSD
AOSM

l! Pige 0.5 0.3 * FSD - .

3

Crest level of the (OC)APAf was originally set at a height of 0.4 * FSD, but due to bad silt draw, the (OCJAOSM outlet
structures (improved (OC)APM'’s) were designed with a lower crest (no further specified rules).

4

Pipe outlet structures were originally designed with the crest at bedlevel, orjust a few centimeters above bedlevel, to ensure
maximumsilt drawing capacity. Witha head of 0.3 * FSD, z (= h, - h,) should be 0.3 * 75D,
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The sensitivity ratio S will be approximately 1, with the canal running on FSD:

« for an Open Flume outlet structure, with the crest level placed at 0.9 of the depth of the canal, i.e. 0.1
* FSD above bed level;

. for an Open Flume with Roof Block outlet structure, when the bottom of the roof block is placed at
0.3 of the FSD of the canal and the crest level at 0.9 of the FSD of the canal, i.e. crest 0.1 * FSD
above bed level and roofblock 0.7 * FSD above bed level.

When the upstream water level is increasing, orifice type outlet structures are becoming less sensitive, i.e.
sub-proportional. On the other hand, a decrease in upstream water level results in super-proportional
behaviour. When the upstream water level is increasing, weir type outlet structures are becoming more

sensitive, i.e. super-proportional. On the other hand, a decrease in upstream water level results in sub-
proportional behaviour.

45 Outlet structure characteristics determining the distribution

The delivery of canal water to any type of outlet structure is based on the corresponding discharge
equation and actual flow condition. For free flav conditions the distribution is determined by the
upstream water level above the crest, which is related to the elevation of the crest level. The amount of
water distributed is related to the discharge coefficient C, the width B and opening height Y, as defined in
the typical outlet structure equation, For submerged outlet structures, besides the characteristics

mentioned above, the discharge is depending on the downstreamwater level above the crest, i.e the water
level at the head of the watercourse.

Although the discharge coefficient is fixed for a calibrated situation, the value is changing between
certain limits for free flow (OC)OFRB outlet structures and pipe outlet structures. For submerged outlet
structures the discharge coefTicient iS variable and quite difficult to determine. The above characteristics,
flow conditions and types of outlet structures, are listed in table 4.5
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Table 4.5 Outlet structure characteristics _
Types Free flow Submerged flow
Open Flume - upstream water level - upstream water level
- crest level - crest level
-B -B
-C -C
- downstream water level
(OC)OFRB/OFRB - upstream water level - upstream water level
- crest level - crest level
-B -B
-Y -C
-C -Y
- downstream water level
(OC)APM / APM - upstream water level - upstream water level
- crest level - crest level
-B -B
-Y -C
Y
- downstream water level
Pipe - upstream water level - upstream water level
' - crest level - crest level
-Y -B
-C -C
Y
- downstream water level
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CHAPTER 5 MODELLING A DISTRIBUTARY

51 General

To study canal water distribution of a real irrigation system, the use of hydrodynamic software is widely
applied by Consultants, Research Institutes and even Water boards and Irrigation Agencies. In this
chapter, the development of such a model with the SIC software, for a distributary in the aea of study
will be discussed. The model will be used to study the canal water distribution and the parameters
determining the canal water distribution. In the end, the results of the simulations will be used for the
development of the simplified method (SIC 4, ), as described in chapter 1.

The SIC software is a mathematical model which can simulate the hydraulic behaviour of most of the
irrigation canals, under steady and unsteady flow conditions. The main purposes of the model are: (1) to
provide a research tool to gain in-depth knowledge of the hydraulic behaviour of the main canal and
distributaries, within an irrigation system; (2) to identify, through the model, appropriate operational
practices at regulating structures with a view to improving the present canal operations; (3) to evaluate
the influence of possible modifications to some design parameters with a view to improve and maintain-
ing the capacity of canal to satisfy the discharge and water targets.

The development of a flow model requires a lot of real measured field data for calibration and validation
of the model parameters. In annex A, the field measurements and activities are listed. In annex B, the
results of the calibration and validation procedures are listed. Annex C presents the structure equationsas
the are used within SIC. In annex D and E, the actual input data for structures and cross sections of listed.

52 Simulation of Irrigation Canals (SIC)

521 Main components

The hydro-dynamic software SIC is built around three main components (computer programs TALWEG,
FLUVIA and SIRENE). The three units are:

Unit1

The topographical and geometrical lay out of the canal will be specified here. The topographical and
geometrical files are used by unit I and L The canal will be divided in separate reaches connected by
nodes. A node is a point where either the canal flow is divided in different directions, or when there is a
lateral in- or outflow. Practically, a node is either the head or &l end of the canal, or a secondary or
tertiary outlet structure. At least two cross sections have to be entered for every reach, to describe the
geometry of the canal.
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The cross sections are expressed
in an elevation referred to the head
of the canal. So, the bed slope of
the canal is incorporated in the
Cross sections.

Unit IT

Steady flow computations can be
cariad out with unit II. The hy-
draulic characteristics of the canal
have to be entered here. Unit II
also allows to determine the off
take gate openings and adjustable

MocElirg a distributary

H

S=—

Wetted per meter: A

regulator gate settings.

Figure 5.1 Longitudinal profile of a canal: steady flow

Unit IT computes the water surface profile for a given constant discharge at the head. The steady state
flow computations are based on the Manning-Strickler equation expressed in a differential equation of
the water surface profile (see figure 5.1).

a1 _ _ S, + (k-1).9€

gA?
Where:
0 2Q2

S - A ZR 43
And:
H = Energy head [m]
x = Abscissa [m]
S =  Bed slope [-]
k = Constant (-]
q = Lateral inflow (> 0) or outflow (< 0) [m?/s]

(9q>0:k=0;9<0:k=1)

Q = Canal discharge [m’/s]
A = Wetted perimeter [m?]
n = Manning’s coefficient [m"?/s]
R = Hydraulic radius [m]
g = 9.81 [m/s?)

42



Canal water distribution at the secondary level in the Puniab, Pakistan Modeling a distributary

For solving this equation, an upstream boundary condition in terms of a discharge and a downstream
boundary condition in terms of a water surface elevation are required. The water surface profile will be
solved step by step starting from the downstreamend.

Unit Il

Unsteady flow computations can be carried out with unit IIL It allows to test various scenario's of water
demand schedules and operations at the head works and control structures. Unit I starts from an initial
steady state regime, generated by unit II. The unsteady flow computation are based on the Saint VVenant's
equations. They are solved numerically by discretizing the equations. The discretization scheme used in
SIC, in order to solve the equations is a four-point semi-implicit scheme known as Preissmann's scheme
(Baume and Malaterre, 1995).

Saint Venant's equations (SIC user guide part II: Theoretical concepts, 1995):

Continuity (conservation of mass of water):

34, 89
Ot ox

Dynamic equation:

2
89 , QU | 48k . ~gAS, + kq.V

ot ox Ox
Where:
h = Vertical depth of flow [m]
\Y = Mean fluid velocity [m/s]
k = 1 (lateral outflow); O (lateral inflow) [-]

The variation in momentum due to lateral inflow or outflow is expressed by the term: .4.V. The constant
k is equal to 1 for a lateral outflow (q < 0), and O for a lateral inflow (q > 0). The partial differential
equations must be completed by initial and boundary conditions in order to be solved. The initial condi-
tion is the computed water surface profile generated by the steady flow computation. The boundary
conditions consist of the hydrograph's at the upstream nodes of the reaches, and a rating curve at the
downstreamnode of the model.

522 Input data modelling a distributary with SIC
To develop a hydrodynamicmodel of an irrigation canal, a lot of input data is necessary. Most of the data

was already available and was collected from the PIPD and the database of the IMI field measurement
survey's. The following input data is necessary:
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Phvsical data

The topographical files used in SIC requires information about the topographical and geometrical layout
of the distributary, i.e. a longitudinal profile and various typical cross sections. For each node, both
upstream as downstream, the following data must be add: abscissa (location measured from the head of
the canal) and geometrical description of a reach expressed in typical cross section. It will also be
possible to add more cross sections between two nodes. When there are cross structures along the canal,
both the upstream and downstream cross section must be add.

Qutlet structures and Cross structure?
Along a distributary, several different types of outlet and cross structures can be distinguished. The input

data concerning outlet structures and cross structures along a distributary must be entered in Unit II of
SIC.

OUTLET STRUCTURES CROSS STRUCTURES
Type of outlet structure Type of cross structure
Crest elevation Crest elevation
(reference elevation, m) (reference elevation, m)
Height of the opening (m) Height of the opening (m)
Width of the opening (m) Width of the opening (m)
Authorized discharge (m?*/s) Weir length (m)

[Sischarge coefficient Discharge coefficient

Number of openings

it
The inflow at the head of the distributary must be given as an input. To run Unit 1Lof SIC, the inflow

must be constant. To compute dynamical changes of different inflow patterns Unit III starts with the
initial state computed in Unit II.

Downstream boundary condition at the tail
The outflow at the tail of the distributary must be determined as a function of the upstream water level
abovethe crest. A rating curve must be given at this node.

D lition of 1 I
When SIC has to compute the off taking discharge trough the outlet structures (not an imposed dis-
charge) the downstream boundary condition of the corresponding watercourse must be put in. The
downstream water level will be used by SIC to select the proper discharge equation based on the present
flow condition through the outlet structure. Three options are available:
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« constant downstreamwater level (input: d/s water level);

« Weir type downstream condition, i.e a theoretical free flow weir is defined just downstream of the
outlet structure (input: weir discharge coefficient, weir crest elevation, weir length and targeted
discharge), and;

« user defined downstream condition expressed as a theoretical rating curve.

Canal data

Besides the discharge-depth relation and bed slope expressed in the cross sectional outline of a distribu-

tary, there are two major parameters which are determining the hydraulics:

1. the roughness coefficient expressed as the Manning's coefficient n or Strickler coefficient K [m'?/s],
with K =1/n, and;

2. the rate of seepage losses S, (I/s/km).

The Manning's coefficient is related with the resistance of the canal profile and will be further deter-
mined in the calibration process. The initial value for n will be taken uniform if possible. The seepage can
be calculated by means of an inflow-outflowtest and is based on a simplified water-balance methodology.
Within a typical reach the seepage can be determined as follows:

Se = Qin - Qoul B quullel

Where:

S. =  Seepagelosses [Vs/km]
Qi = Inflow discharge of reach or canal [m*/s]
Qou = Outflow discharge of reach or canal [m’/s]
Qouter = Allocated discharges to outlet structures [m¥/s]

The value for the seepage vill be negative, inflow seepage or gain, if there is an inflow due to high
phreatic ground water tables or leaching from neighbouring canals. Most canals in the Punjab are subject
to frequent fluctuations in water levels over relatively short periods of time (Kuper et al., 1994, Bhutta
and Vander Velde, 1990). To obtain reliable seepage data using the inflow-outflow method, a steady state
flow period (SFP) in the canal is desirable.

523 Structureequations used in SIC

The structure equations for both cross structures and off taking structures used in SIC are based on
experimental studies, and therefor they differ from the theoretical orifice flow and weir flow equationsas
presented in chapter 4. Especially for the transition phase between free flow and submerged flow, the
equations are based on several different ranges where different equations are used. The different ranges
are defined by the relation between the ratio h,/Y and the ratio b, N, where: i determines the upstream
water level above the crest [m],h, determines the downstream water level above the crest [m],and Y
determinesthe gate opening [m].
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H2/Y H2/Y

1 2 H1/Y

ngh sill elevation Small sill elevation

Figure 5.2 Validity ranges of SIC equations.

The different ranges where the different equations used in SIC are applied are presented in figure 5.2.
From the graphs, it can be concluded that one of the simplificationsis based on the assumption that the
transition between open flow and orifice flow occurs for h, =Y.

|. Openflow, free flow 6. Orifice flow, free flow

2. Orifice flow, free flow 7.Openflow, submergedflow

3. Openflow, submergedflow 8. Orificeflow, partially submergedflow
4. Orificeflow, partially submergedflow 9. Orificeflow, completely submergedflow

5. Orificeflow, completely submergedflow

The corresponding structure equationsare listed in annex C.

53 Development of a SIC model of a distributary

5.3.1  Masood distributary

From the 14 distributaries in the area of study (see section 2.2), only one is modelled for this study.
Mesoad distributary was chosen for this purpose, based on the following points:

« The length of the distributary should be in between 35,000 and 55,000 feet and should not exceed the

amount of 15 to 20 outlet structures, to reduce the amount of time necessary for developing, calibra-
tion and validation of the model.
« The major types of outlet structures with different types of flow conditions should be present, i.e.

OFRB outlet structures and PIPE outlet structures.
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* To be able to do measurements in the period of study (November 1995 = May 1996) the canal should
be perennial, with a variable inflow pattern, to cover a representative range of discharge fluctuations
at the head of the distributary.

The Masood distributary is a small secondary canal, off takes at RD 316.38 of Fordwah Branch (see
figure 2.2, chapter 2) . It is running all the way just along the Fordwah Branch. All the tertiary outlet
structures are located on the right bank. It is a perennial canal and originally designed for an inflow of
approximately 1 m*/s (35 cfs) at the head, with a total length of 15.9 km (52,300 A). At present the canal
water flow hardly reaches RD 45.95. The physical condition of the Mesaod distributary is sufficient. At
some places the right bank is damaged by cattle and much vegetation is found in the middle reach and tail
reach. The left bank is not damaged, mainly because it is part of the right bank of the Fordwah Branch.
No cuts were observed and no outlet structures were damaged. The general design characteristics of the
Masood distributary are listed in table 5.2. The listed design data of Masood distributary are based on the
PIPD records.

General design characteristics of Masood distributary
e T

G.CA. CCA. | Crest B Y Q Type

(acres) (acres) (1)) (1) (M) (cfs)

268 268 48847 0.20 L1l 0.96 OFRB

408 408 487.90 0.25 124 1.47 OFRB

292 292 487.26 0.20 1.23 1.10 OFRB

379 379 486.78 0.83 - 1.32 PIPE

- - 485.50 - - - DROP H

474 464 484.22 0.92 - 1.67 PIPE

- - 483.50 - - - DROP

493 489 48222 0.33 1.10 1.76 OFRB

260 250 48232 0.30 0.77 0.90 OFRB

452 447 480.49 0.34 1.09 1.82 OFRB

573 567 | 48030 0.38 111 2.04 OFRB.

441 440 480.69 0.43 1.00 1.67 OFRB

494 494 48025 0.38 0.98 1.81 OFRB

462 443 480.02 0.39 0.90 1.96 OFRB

- - - - - - DROP H
13 44.32 615 544 47532 0.55 0.78 1.96 OFRB
14 45.95 615 612 474.99 0.62 0.78 2.20 OFRB
15 50.20 512 490 473.07 059 | 083 1.76 OF I
Tail 50.20 430 476 472.65 l

¢ =Authorizeddischarge (in ¢fs)
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Figure 5.3 Longitudinal profile Masood distributary: design and actual state.
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Figure 5.4 Actual cross sections Head and Tail of Masood distributary.
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Figure 5.5 Crest elevations: actual and design levels of Masood distributary.

It is interesting to compare the design state of the distributary, based on information from the PIPD and
original construction drawings, with the measured topographical and geometrical data. The following
figures 5.3, 5.4 and 5.5, are presenting the differences between the design and actual state of Masood
distributary. Duc to siltation and a lack of proper maintenance, there is a substantial diffcrence between

the actual bed level of the canal and the design bed level. At the head and downstream reaches there is up
to 0.75 metre siltation (figure 5.3 and 5.4).

When looking at figure 5.5, it can be stated that comparing the actual crest levels of the outlet structures
and cross structures, with the design levels, almost all levels are increased up to 0.30 metre. The crest of
the drop structure at RD 24.05 has been increased even with 0.40 metres. There are two possibilities to
clarify this: (1) to tackle the problems of heavy siltation and lacking distribution, the crest levels were
increased by the PIPD or the farmers themselves, and / or (2) the initial starting point of the conducted
topographical survey of Masood distributary wes not correct.
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Table 5.3 Actual characteristics of Masood distributary: comparison of actual B and Y with
design
2 —re
ﬂ Ountlet RD Crest B daB? Y dy? Type I
no. (m) (m) (m) (m) (m)
lfr- 1.10 148.947 0.067 - 0.393 +0.055 | OFRB
u 2 3.70 148.980 0.110 +0.034 | 0488 +0.110__ | OFRB
I}3 7.30 148.547 0.070 +0.009 0.378 OFRB
4 12 50 148 133 - 1- 0.271 +0.018 | PIPE
Kmopl 11800 148.270 . 1.219 - - - DROP
5 32300 147.781 : - 0.268 0012 | PIPE
drop 2 T24.05 148.113 3.277 |- - . | DROP
6 }27.20 147.392 0.116 0015 o3 1 OFRB
n 7 1 28.75 147.397 0.104 | $0.013 0.253 y +0.018 , OFRB
u 8 {3486 146.838 0.098 , -0.006 0.329 . . OERB
&9 }35.50 146.733 0.116 |- 0.354 | 10016, OFRB
10 35.60 146.756 0.128 . 0.256 , -0.050 _, OFRB
“ 11 36.62 146.644 0119 0.296 _ OFRB
12 37.15 146.453 0.177 4 +0058__Jo0253 . -0021 . OFRB
diop3  }3725 146.594 0.628 . _ ~ DROP

Comparison of the actual and design width and height of the outlet structures is showing that there are
differences. Especially outlet structure no. 2, 4, 5, 6, 7 and 12 are substantially tampered, either by illegal
manipulations of farmers, or re-modelling construction works by the PIPD. The changing dimensions do
have there impact on the distribution of canal water, and will be further discussed in chapter 7.

5.3.2 Reaches and nodes

The total length of the canal modelled in SIC is 11,354 m (37,250 A). The modelled part of the canal
consists of 14 nodes, i.e. 1 head node, 12 nodes at the tertiary outlet structures and 1 tail node. Between
these nodes in total 13 reaches can be distinguished. In the next table 5.4 the length of the different
reaches determined by the SIC model of Masood distributary are listed.

2

dB and dY representing the measured difference between actual and design (see table 5.2) width ¢(B) and height (¥) of the
outlet structure opening.
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Tahle5.4 = Reaches and nodes
e ~ — — e
i Reach | Length (ft) Length (m) Distance from Distance from
the head (ft) the head (m)
0 0 0 0
1 1100 3353 1100 335.8
3700-R 2 2600 792.5 3700 1127.8
I 7300-R 3 3600 1097.3 7300 2225.0 n
| 13500-R 4 6200 1889.8 13500 4114.8
§ 24000-R 5 10500 3200.4 24000 7315.2
| 27200-R 6 3200 975.4 27200 8290.6
| 28750-R 7 1550 472.4 28750 8763
| 34860-R 8 6110 1862.3 34860 10625.3
|
| 35590-R 9 730 222.5 35590 10847.8 |
| 35600-R 10 10 3.0 35600 10850.9
| 36620-R 11 1020 310.9 36620 11161.8
| 37150-R 12 530 161.5 37150 11323.3
| Tail 13 100 30.5 37250 11353.8 J
In figure 5.6 a schematization of the mod-  canaL NODES
i o)
elled canal is presented. . L Hoag
o/t 1
o/l 2
533  Data collection o/t3
5486 m ofl 4
| R CIARRARARED drop i
Most of the hydraulic data was already ol 5
: : 7330 m
available, but to obtain two more data sets & bop 2
to analyse the existing data and to validate o/! 6
the calibrated SIC model of Masood distri- o/t 7
butary measurements took place for differ- o/18
ent discharges at the head. Due to a lack of ol 9
reliable geographical and topographical data o/l 10
of Masood distributary a topographical sur- °§: 1;
- 0,
vey vies set up. The field measurementstook — J._.............. 14353m Tl (v
. o - p3)
place during a three week visit from 23-11-
1995t0 11-12-1995.
Figure 56 Schematization Masood distributary.
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The initial data set, necessary to start the simulation and to provide reliable input data for the model
calibration procedure was obtained by an outlet structure calibration survey of all the 14 distributaries of
the Fordwah branch, conducted by IIMlin 1995. The IIMI study of the Masood distributary was started
at 15-11-1995. Hydraulic data for calibration and validation were measured on Mesood distributary on
27-11-1995 and 30-11-1995. To be able to develop rating curves for the downstream condition for
submerged outlet structures, several measurements took place on 11 and 12 February 1996.

Activities, methodology and results of the field measurements are listed in annex A.

5.3.4 Overall results and conclusions of the field measurements

First of all the hardware has to be calibrated, i.e. determine the discharge coefficients for the outlet
structures and cross structures. Also canal data must be determined: the rate of seepage losses and a
reliable initial value for the roughness coefficient (n) must be determined. The field data from 15-11-
1995 will be used to calibrate the SIC model of Masood distributary for both water levels in the canal and
discharge coefficients of the structures. The field data from 27-11-1995 and 30-11-1995 will be used to
validate the calibrated SIC model (see annex A):

Field data 27-11-1995: validation of water levels, discharge coefficients of cross structures and
supplied discharges to the outlet structures.
Field data 30-11-1995: validation of inflow, outflow and typical discharges along the canal.

The next figures 5.7 and 5.8 are presenting the results of the different field measurements. The upstream
water levels (h,) above the crest of the outlet structures are depending on the inflow at the head of the
distributary. The difference in the raise in upstream water level for certain outlet structures is due to
geometrical differences of the cross sections. Figure 5.8 presents the calibrated discharge coefficients for
the outlet structures of Masood distributary, both for the 15-11-1995 and 27-11-1995 measurements.
Only outlet structures no. 4, 5, 7, 11 and 14 were recalibrated during the exercise on 27-11-1995. It can
be stated that for the 2 submerged pipe outlet structures(no. 4 and 5) the calibrated discharge coefficients
differ from the theoretical value of approximately 0.74. The difference can be due to errors in the mea-
surements and unsteady canal behaviour upstream the flume during measurement. In general it can be
stated that calibration of submerged pipe outlet structure is a difficult task. For the 3 OFRB structures
(flow condition: o.m.) the re-calibration is successfully. The difference (14%) at outlet structureno. 14 is
due to unsteady canal behaviour during the 27-11-1995 discharge measurement at the tail. Except for
outlet structure no. 2, the discharge coefficients of all the OFRB outlet structures are approximately in
between 4.0 and 5.0° (C, = 0.5 to 0.6). Free weir flow conditions were observed at OFRB no. 11: dis-
charge coefficient approximately 3.0 fi¥%/s (C, = 0.97). The discharge coefficient of OFRB no. 2 is to
low, which can be due to errors in the measurements or free weir flow condition during measurement.
The outlet structure was closed during the 27-11-1995 measurements. -

3
Measured m feet (A) and cusec (csf), (2*g)** incorporated (values used by IIMI).
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Figure 5.9 presents the ratio of actual supplied discharge to target (authorized) discharge for all outlet
structures. The ratio q,..; / Guss, 1S related to the inflow at the head of the distributary. Observing the
graph, three reaches can be distinguished, i.e. a head reach , a middle reach and a tail reach. The
performance’, of the distributary is dominated by an unequitable distribution of canal water. To much
water is distributed to the outlet structures in the head reach, and less water or no water is distributed to
the tail-enders. This distribution pattern can be observed in many distributaries (Bhutta, 1991; Vander
velde, 1991;Hart, 1995). Due to modified outlet characteristics, the actual supplied discharge to outlet
structure no. 2, 4, 7 and 12 is far above design. For the submerged pipe outlet structureand OFRB (no. 5
and 6) the supplied discharges are less then design. In figure 5.10, the distribution of canal water to the
outlet structures is presented, based on different inflow at the head of the distributary.

Calibration of the hardware

To calibrate the 3 drop structures in a proper way, it is important to have a steady state situation in the
canal. During the measuremants: (1) the dischargejust downstream of the drop structures were measured;
(2) the flow condition was determined and (3) h, and hy were measured. Drop 1at RD 18.00 (combined
drop structure and bridge) appeared to be fully submerged and therefor it was not possible to calibrate
this structure properly: submergenceratio of almost 1. Actually, the flow through this structure is due to
heavy siltationjust downstreamthe drop transformed from free flow to conveyance flow. For the second
and third drop structures at RD 24.05 and at RD 37.25, the flow condition appeared to be free weir flow,

determined by the rating curve for a broad-crested weir. In the next table the results of the calibration are
listed.

Table 55 Results calibration cross structures along Masood distributary.
Drop structure C, [ft and cfs] C, [(m"s] C, {ft and cfs] C, [m"/s] I
15-11-1995 27-11-1995 15-11-1995 27-11-1995
RD 18.00 - - - - I
RD 24.05 2.91 0.95 3.05 0.99 “
I RD 37.25 2.57 0.83 2.53 0.82 I

4

The ‘performance’ of a distributary is defined as the evaluation of the eanal water distribution (to the outlet structures) based
on theprinciples of irrigation, i.e. equity and proportionality.
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The initial downstream boundary condition for all the outlet structures will be a fixed downstream water
level based on the water level measured in the field. The downstreamwater level, i.e. the water level at the
head of the watercourse, is directly related to discharge fluctuations in the parent distributary.

For outlet structures it is difficult to use the user's defined type of downstream boundary condition. The
development of a rating curve exceeds several water level measurements related to different discharges.
For all outlet structures this will be a difficult task. Besides that, in practice most of the outlet structures
(except no. 4, 5 and 6) were operating under free flow conditions, so downstream effects do not influence
the distribution of canal water. Whenever the model will be used for unsteady flow simulations, rating
curves for the downstream end of submerged outlet structures are definitely necessary, because a change
in discharge in the parent canal results in a change in water level (in the watercourse) just downstream
the submerged outlet structures and therefor in a change in distributed discharge.

5.3.5 initial input for the SIC model of Masood distributary

To obtain a proper set of initial input data for the model. It is important to start the simulation before the
actual calibration of the model with a set of reliable data which is valid for the actual situation of the
distributary. All the input data must correspond with the actual field data. Only then, it will be possible to
compare the computed model output with the meesured data.

Table 57 Results field data 15-11-1995: initial hvdraulic input for the SIC model.
— —
Outlet RD h, (ref. level, m) | hy(ref level, m) | Qe - Cy Flow ﬁ
No. (m®/s) (SIO) condition
lrl 1.10 - - - - closed
B 1370 149.71 149.09 0.067 0.42 o.m.
3 [ 7.30 149.28 148.80 0.053 0.63 o.m.
4 ‘;;1.350 148.86 148.80 0.062 0.60 on.
5 } 2.400 148.31 148.27 0.020 0.38 o,
6 2.720 148.06 147.95 0.028 0.49 o.n. “
7 {2875 147.96 147.77 0.040 0.54 o.m.
8 | 3..486 147.47 147.18 0056 0.60 om.
9 ] 35.59 147.34 147.04 0.061 0.54 o.m.
10 { 35.60 147.33 147.03 0.052 0.55 om. H
11 1 3662 147.04 146.78 007|035 £f.
L2 37150 146.86 146.49 0.070 0.70 o.m.
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Practically, the simulation starts with the same upstream boundary condition, i.e. measured constant
inflow, same downstream boundary condition for both the outlet structures and the distributary, cali-
brated discharge coefficients (outlet structures and cross structures), rate of seepage losses and Man-
ning coefficient. The results of the 'hardware' calibration (discharge coefficients for the outlet structures
and cross structures), downstream boundary condition for each outlet structure (fusd downstream water
level) and target discharge, i.e. the measured discharge in the watercourse, based on the field data from
15-11-1995, are listed in table 5.7

For the fully submerged drop structure at RD 18.00, the discharge coefficient is fixed at a value of 1.00
(this is the maximum value that can be entered in SIC, and the results seems to be good). SIC computes at
this point a head loss, also found in the field, of approximately 2 cm.

Table5.8 Calibration of thg drop structures: 15-11-1995 _
drop | location H, (ref. level) h, (ref. level) Q (m®%/s) CS Flow
(SIC)
1 RD 18.00 - - - 1.00 0.1,
2 RD 24.05 0.64 - 16.00 0.36 0.m.
3 Rd 37.25 0.925 - 4.71 — 0.32 o.m.

Based on observations, the initial value for the roughness coefficient is fixed for reach 1 to 7: n =0.028
(k =35.7 m"/s); and reach 8 to 13: n =0.045 (k=222 8 /s). Seepage is entered as computed and
presented in table 56. The downstream boundary condition of the model will be represented by the drop
structure at RD 37.25. This drop structure works as a free flow weir, determined by a depth-discharge
relation above the crested. In the following table the downstream rating curve is presented.

5
The discharge coefficient for free weir flow reads in SIC: C, * (2g)®* (= 1.7* C,).
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Table 5.9. Downstream rating curve for the model of Masood distributary

Q (m’/s) h, (m above crest level) Elevation referred from crest (m)
0 146.59 (crest Jevel)

0.01 0.05 146.64

0.028 0.10 146.69

0.052 0.15 146.74

0.082 0.20 146.79

0.111 0.25 146.84
ﬂl.l‘w 0.30 146.89

0.184 0.35 146.94
n 0.225 0.40 146.99 J
H 0.269 0.45 147.04

0.315 0.50 147.09

0.363 0.55 147.14

0.414 0.60 147.19

0.467 0.65 147.24

0.522 0.70 147.29

Where:  the discharge equation reads:Q = 1.7. C,.B .H'; B = 0.628 m;

weir: 0.83 m'"¥/s.

54 Calibration of the model

and C, the calibrated discharge coefficient the

By means of model calibration, the SIC model of the Masood distributary will be changed by adjusting
several variables until the output of the model, i.e. computed water levels and discharges, match the real
measured values. When the model is properly calibrated for a typical situation observed in the field, the
model will be validated with another set of field date, to check the calibration results and the validity of
the model output. After calibration and validation the model can be used to simulate different situations
without disturbing the actual functioning of the system. For this purpose only unit I of SIC was used. In
principle, the variables listed below are used to calibrate flow models:

« Discharge coefficients of outlet and cross structures

« Roughness coefficient (n or K)

* Seepage (S.)

« Downstream boundary condition for the outlet structures
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The used methodology to develop a proper model of the Masood distributary is summarized below. The
results of the different calibration steps are presented in annex B.

step |

After developing the flow model of the Masood distributary in SIC with the initial data set as described in
section 5.4.5, based on the field data of 15-11-1995, the simulation can be started. Characteristics: inflow
at the head 23.1 cusec (0.65 m*/s) and outlet structure 1 was closed. After simulation based on the actual
situation, the computed discharges and upstream water levels are compared with the actual measured
data: the calibration of the model starts.

step 2
Use the calibration module of SIC to compute Manning's coefficients for different reaches based on
several water level measurements along the canal.

step 3

Run the model with the calibrated Manning's coefficient and compare the computed water supplies to the
outlet structures with the measured discharges in the field. Adjust the discharge coefficients of the outlet
structuresin such a way that the computed discharges match the measured discharges.

step 4
Final step in the calibration process is to evaluate the calibration results and present the final calibrated
coefficients. In the following figures all the results are presented.

The model is accurate for the measured discharges and water levels dated 15-11-1995. After examining
figure 5.11 and figure 5.12, it can be stated that the calibrated Manning's coefficients for the SIC model
of Masood distributary are accurate, i.e, the computed water levels are matching with the measured water
levels in the field (maximum deviation for outlet 12: 0.04 m).

Figure 5.13, the adjusted (calibrated) discharge coefficientsin SIC are compared with the initial values,

i.e. the discharge coefficients of the outlet structures based on the measurements. It can be concluded

that:

. for all OFRB outlet structures, except the submerged one (no. 6), the calibrated discharge coefficients
are close to the initial values (maximum deviation for outlet structure7: 7.4 %);

« the discharge coefficient for submerged outlet structures (4, 5 and 6) is variable;

« outlet structureno. 11 is functioning free open flow during the measurements, but orifice flow during
the simulations due to the theoretical transition between open weir flow and orifice flow used in SIC:
H =Y. Therefor, the calibrated discharge coefficient for the SIC model reaches 0.65 (orifice flow).

The overall deviation between computed and measured discharges supplied to the outlet structures, as

seen in figure5.14, is varying up to 5%. With an accuracy of 5%, it can be stated that the SIC model
of Masood distributary is calibrated in a proper way.
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55 Validation of the model

5.5.1 Input data for the validation

The calibrated model of Masood distributary will be validated in a steady state situation based on the
steady state data sets from 27-11 and 30-11-1995. For this purpose only unit II of SIC was used. The
used methodology to validate the model of the Masood distributary is described below. The results of the
different validation steps are presented in annex B. Figure 5.15 and 5.16 on page 65 presenting the
results of the different validation scenario’s

step |

The model is running a simulation based on the input data of 27-11-1995, i.e. a constant inflow discharge
of 0.80 m*/s (28 csf) at the head of Masood distributary. All other input data and calibrated parameters
are kept constant (validation 1). It can be stated that the computed discharge supply to the outlet struc-
tures compared with the measured discharges is varying up to 29% (outlet structure 5). More accurate
discharge computation will be obtained by the model, if the downstream boundary condition of the
submerged outlet structures is set on the real measured downstream water levels in the corresponding
watercourses (validation 2). Still, there are differences between the computed and measured discharges
(up to 16% for outlet structure 12). The differences are due to higher computed water levels along the
canal, compared with the measured values. Proposed adjustment: use the actual seepage values of 27-11-
1995 instead of the seepage values of the model based on the 15-11-1995 measurements. The main
difference is that there is inflow seepage (27-11) instead of outflow seepage (15-11). Both, the fixed
downstream water level as the measured downstream water level of the submerged outlet structures will
be simulated (validation 3and 4).

S0, 4 different validation scenario’s are evaluated and the results are presented in figure 5.15:

 validation 1: no changes in the model.

« validation 2: real measured d/s water level as a d/s boundary condition for the submerged outlet
structures 4,5 and 6.

 validation 3: seepage as computed for 27-11-1995.

« validation 4: both seepage as measured d/s water level for a d/s boundary condition for the

submerged outlet structures 4,5 and 6.

step 2

The model is running a simulation based on the input data of 30-11-1995, i.e. a constant inflow discharge
of 0.51 m’/s (18.13 csf) at the head of Masood distributary. The validation is to check different measured
discharges along the canal, and measured water levels upstream of the outlet structures, with the com-
puted output of the model. Based on the conclusions of the 27-11-1995 validation, the seepage will be
taken as the 27-11-1995 measurements (because of low water levels of Fordwah Branch, also outflow
seepage) and the measured downstream water levels for the submerged outlet structures (no. 4,5,6 and 7)
will be used in the model.
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5.5.2 Conclusions of the validation

In figure 5.15, the results of the 4 different scenario’s are presented. It can be concluded that scenario 4 is
the most accurate (deviation between computed and measured discharge up to 10%). It can be concluded
that the downstream boundary condition for submerged outlet structures is an important characteristics.
Besides that, the existence of either inflow seepage or outflow seepage has its impact on the distribution.
Also the water levels upstream of the outlet structures, measured from the crest, are computed correctly,
compared with the real measured values: deviation up to 0.08 m for outlet structure 4 (figure 5.16).

For the 30-11-1995 validation (step 2) it can be concluded that both computed upstream water levels
above the crest of the outlet structures (maximum deviation up to 0.07 m) as the computed discharges
along the canal match with the measured values. In table 5.10, the 30-11 measured discharges and
computed discharges along the canal are presented.

Table 5.10 Comparison of the measured discharges and computed discharges along the canal
(validation step 2)
Location Q measured (15 - 11- 1995) Q computed (SIC)
(m®s) (m’/s)
Head at RD 0 0.513 0.513
Drop 1 at RD 18.00 0.340 (o.n.) 0.342 (o.n.) u
Drop 2 at RD 24.05 0.299(£.£) 0.296 (£.f) I
Tail at RD 37.25 0.035 (£.£) 0.039(£.f) -J
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5.6 Limitations using the hydrodynamic flow model SIC

Using models to predict physical processes one must always take into account that the output of the
model is an approximation of the real process taking place. Besides that, a number of problems occurred
using the SIC software modelling Masood distributary. Most of them are also mentioned by Hart (1996)
and Litrico (1995).

» The number of nodes which can be entered in SIC is limited to 80. When modelling distributaries with
a large number of outlet structures, it will not be possible to model the whole canal with SIC. At
present, new versions of the software are available which can handle more then 80 nodes.

« In SIC, the transition between free open flow and orifice flow through outlet structures takes place for
h, =Y (see figure 5.2), with h, the upstream water level measured above the crest. However, in reality
there will be critical flow above the crest of the weir, so the water level will touch the gate only when
Y =2/3.h,. Transition between free open flow and orifice flow will take place for h, = 1.5 Y. Practi-
cally, when for example in the field an outlet structure is functioning as a weir, it is possible that SIC
computes the distributed discharge with the orifice flow equations.

« Within SIC, there is no difference between an OFRB and an AOSM outlet structure. As stated in
chapter 4, there is a difference in hydraulic behaviour of an AOSM (improved APM) and an OFRB
outlet structure which is not completely covered by the SIC structure equations. (1) The AOSM was
so designed to have a constant discharge coefficient and a rounded roofblock to prevent the jet from
contracting. In SIC however, the discharge coefficient for an AOSM or OFRB is depending on the
upstream water level and is not constant. (2) The transition between free open flow and orifice flow
for an OFRD is not continuous, although in SIC the transition is always continuous. This results in
inaccurate prediction of canal water distribution for outlet structures within the region of transition
from free open flow to orifice flow®.

« Up to now, the computation stops whenever the tail of the canal (downstream boundary condition of
the model) runs dry. As this is a common phenomenon in distributaries in the Punjab. this will create
problems simulating actual discharge supplies to the distributaries. This problem can be tackled by
moving the downstream boundary condition more upstream, as done with the SIC model of Masood
distributary. Improvement is advisable at this point.

« Besides dry tail problem, the computation also stops whenever super-critical flow occurs. Especially
running the model with low discharges at the head, super-critical flow is possible above the crest of
drop structures.

6

The inaccttracies for OFRB outlet structures with the SIC equations compared with the ‘theoreticalequation’ as stated in
chapter 4, can he minimized by adjusting the initial discharge coefficient during the calibration phase of modeling canals.

Additional study (Cemagref) proved that SIC seems to overestimate the dischargefor free overflow and underestimates the
discharge for (AOSM) orifice flow.
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CHAPTER 6 A METHODOLOGY TO STUDY THE CHAR-
ACTERISTICS DETERMINING CANAL
WATER DISTRIBUTION

6.1 General

In this chapter, first a methodology will be defined, to study the impact on the canal water distribution,
i.e. a redistribution of canal water to the outlet structures (= responsiveness of the system), based on
adjusted canal and outlet structure characteristics (= sensitivity analysis). The sensitivity analysis will
be conducted for different inflow at the head of the distributary using the SIC model of Masood distribu-
tary. Therefore, it will be necessary to defme a typical inflow pattern based on the actual variability of
discharge at the head of the distributary. Secondly, a comparison will be made between the irrigation
performance of the actual situation and the design situation of a distributary, based on the output of the
SIC model of Masood distributary. It will be necessary to defme different irrigation indicators to be able
to evaluate the irrigation performance. The aim of this chapter will be:

« to set up a methodology to analyse the responsiveness of the system, based on adjustments of the
different parameters;

. to test the different suggested irrigation indicators, based on an analysis of the actual and design
performance of Masood distributary;

« todefine the different parameters, determining the canal water distribution.

6.2 Methodology of the sensitivity analysis

The methodology that has been used to determine the responsiveness of the system, i.e. the re-distribution
of canal water is listed below and represented in figure 6.1. The analysis is based on the output of the
different simulations with the calibrated and validated SIC model of Masood distributary. The analysis is
based on adjustments of different parameters determining the canal water distribution (the various input
parameters of the model). Any adjustment will result in a change of canal water distribution, i.e. a re-
distribution (dg). Compared with the initial output of the model (without adjustments: ‘0-option’)an
indicator will be used to quantify the impact on the canal water distribution. This indicator is called the
Responsiveness Index.

For a certain adjustment of a parameter, a substantial impact’ on the canal water distribution is ex-
pressed in a high value for the responsiveness index, and results in:

|

1

A ‘substantial’and ‘small’impact of the canal water distribution will be quantified in section 6.4.2.
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« the conclusion that the parameter have its impact on canal water distribution and will form an impor-
tant input parameter for the simplified methodology to set up a flow model;

« the conclusionthat the parameter will be interested for adjustment, in order to improve the canal water
distribution.

On the other hand, for a certain adjustment of a parameter, a small impact' on the canal water distribu-

tion is expressed in a low value for the responsiveness index, and results in:

« the conclusion that the parameter has a limited impact on distribution and can be simplified within the
simplified methodology to set up a flow model;

« the conclusion that the parameter will not be that interesting to adjust, in order to improve the canal
water distribution, because the impact on distribution will be limited.

MODEL OF MASOOD DISTRIBUTARY} m { INFLOW PATTERN|

PARAMETERS | ~
- Canal data(n, S))

- Outlet characteristics (B, Y, crest, Cd) ® »| Re-distribution |
- Cross sectional profile: ARY? ‘, '
- Cross structures (B, crest)
v
| dQ < 0-OPTIONactual state |

Y

INDICATORS |

_Responsiveness index R-index to quantify the change in canal water distribution for a certain re distribution

Irrigation indicaters Perfermance analysis of a distributary, based on the principles of irrigatien

Figure6.1 Methodology of the sensitivity analysis.

The following procedure is used:

« Run a steady state simulation with the SIC model of Masood distributary: inflow at the head 1.0 m’/s,
The steady state results are used as the initial input for the unsteady state computations. The different
simulations will be carried out with the unsteady state module of SIC, based on a pre-defined inflow
pattern. The inflow pattern covers the actual variability of inflow at the head of Masood distributary.

« Run an unsteady flow simulation of the actual situation, without any changes in the input parameters:

so called "0-option'.
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Define both an indicator to express the rate of change in the output with respect to a rate of change of
one of the parameters (responsiveness index) and several irrigation indicators to express the perfor-
mance of both individual outlet structures as the total canal system, based on the design concepts of
equity and proportionality.

Define several scenario's in which the different parameters will be adjusted in a certain range and with
a certain step function. A distinction has been made between a theoretical analysis of outlet structure
characteristics (B, Y, C, and Crest Level), and other parameters, further described in chapter 7.

The impact on the canal water distributionwill be analysed locally, i.e only a few outlet structures will
be studied, or global: all outlet structures and tail.

Results of the simulations: for different discharges at the head the steady state water profile affer the
adjustment is computed and the corresponding upstream water levels above crest can be determined.
For different discharges at the head the canal water distribution after the adjustment is computed. The
amount of canal water & re-distributed (dq).

Adjusted parameters do have a high responsiveness, when there is a substantial impact on the water
distribution. The behavior of an outlet structures is called sensitive, when there is a substantial impact
on the water distribution: compute the responsiveness index (R-index). Based on the evaluation of the

simulations, those parameters with a substantial impact on the canal water distribution can be distin-
guished and will be further analysed.

63 Settings of the Model of Masood distributary for the sensitivity analysis

6.3.1 Introduction

In order to apply the validated model of Masood distributary for the above described analysis the follow-
ing remarks must be taken into account:

to study the distribution for different inflow at the head of the distributary, the upstream boundary
condition of the model must be re-defined,;

to extrapolate the results of the analysis to other distributaries, all types of outlet structures must be
evaluated;

for various discharges in the canal, the downstream boundary condition for the submerged outlet
structures is changing;

the initial input for the seepage losses is based on the 15-11-1995 field measurements;

and the target discharges of the outlet structures are set at their authorized discharge.

In the next sections the points mentioned above are discussed more in detail.
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6.3.2 Outlet structures

Elow condition

Based on the results of the validation it was found that the downstream water level for submerged outlet
structure for different discharges in the parent canal is of great importance. AS the model will be used in
an unsteady flow situation, a constant downstream water level as downstream boundary condition for
submerged outlet structures is not sufficientanymore. In order to simulate a change in water level in the
watercourse based on a change in supplied discharge trough a submerged outlet structure, theoretical
rating curves are developed (for outlet structures: 4, 5 and 6). A theoretical rating curve used as a user
defined downstream boundary condition in SIC reads:

hd_hcre:l n
qthy) = g )

hO -hcre.vt
Where:
q(hy) = supplied discharge as a function of the downstream water level (watercourse) [m¥/s]
Qo = measured discharge [m?/s)
h, = downstream water level (watercourse) (m]
Beres = theoretical downstream crest elevation (m]
n = coefficient

The coefficientn will set at a value of 1.5, as we can schematizea watercourse as a rectangular constric-
tion. The discharge through a submerged outlet structure with the "theoretical rating curves will be
iteratively computed, by solving the equation of the form:

qr = Rhy , hyqy)

qr = Target discharge for the outlet structure [m/s]
h, = Upstream water level [m]
hy(q;) = Downstream water level as a function of the discharge [m]

In table 6.1, the input parameters for the rating curves are mentioned.

Table 6.1 Theoretical rating curves for the submerged outlet structures
Outlet structure qo [M%/s] h, [m] h,..., [m] (= crest n
outlet)
4. 0.062 0.67 148.133 1.50
5. 0.020 0.49 147.781 1.50
" 6. N 0.028 0.56 147.392 1.50
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It can be stated that the rating curves do not compute the proper downstream water levels. This is due to
the fact that the downstream water levels not only depending on the discharge fluctuations in the parent
canal, but are correlated with the dynamical behavior in the watercourse. Anyway, the analysis will be
conducted with the validated model with the theoretical rating curves. The dynamical behavior of a
watercourse is almost impossible to model but at least the impact of submerged outlet structures is
obtained.

Types of outlet structures

The proposed method of simulating the impact on water distribution with theoretical rating curves for the
submerged outlet structures (4, 5 and 6) does not take into account the impact on water distribution with
other types of outlet structures, i.e. (OC)AOSM and OF outlet structures. In order to evaluate the impact
on the water distribution for different types of outlet structures, based on the proposed adjustments, a
theoretical analyses will be conducted. In the end the supply of canal water is determined by the upstream
water level above the crest and the discharge equation for a certain type of structure. The analysis will be
discussed more in detail in chapter 7.

Daily discharge (m~3/s)

0401750473273 057137508703 78 087347007 /15780808 /0%
Data (Khartf 1994)

Figure 6.2 Daily discharges of Masood distributary for Kharif 1994 (01/04/1994 - 05/08/1994).

6.3.3 Canal water inflow: upstream boundary condition

The high variability of canal water supply to the tertiary outlet structures is related to upstream fluctua-
tions at the main system level. It has already been stated that due to operations at the primary level, the
inflow of canal water to the distributariesis characterized by daily fluctuations.
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The inflow pattern of Kharif 1994 of Masood distributary was used in order to derive a typical inflow to
run the analysis with the unsteady state unit of SIC (figure 6.2). The computed discharges are based on
daily water level measurements both upstream and downstream of the fully submerged gated regulator at
the head of Masood distributary. The calibrated discharge coefficient of the regulator used for computing
the discharge? (C, =0.48) is almost similar to the value found during the field measurements in Novem-
ber 1995 (C, = 0.45).

Maximum and minimum discharges

Besides a few measurements in Kharif 1993, the inflow ranges in between approximately 0.4 m’/s and
1.3 m®/s. Besides that, to simulatethe SIC model, no dry tail and no bank overtopping may occur. Based
on that, the inflow is pre-defined at 0.5 m*/s to 1.2 nt /s, which determines the boundaries of the simu-
lated inflow pattern. Besides the minimum and the maximum values of the inflow, a certain step function
with a certain duration must be introduced in order to simulate different typical discharges in the canal.

Step function

To cover a wide range of different discharges on the canal, and study the corresponding distribution, a
step function of 0.10 m’/s will be suggested. This means that for 8 different values for the inflow at the
head, the distribution of canal water can be studied.

Duration

The duration T is defined as the time between two different discharges at the head of the distributary. A
change of inflow results definitely in a change of water distribution to the outlet structures. In order to
study the a constant supply of canal water to an outlet structure, based on a certain inflow at the head, a
steady flow at the canal is necessary. In principle, a change in discharge is followed by a wave in the
canal with a certain travel time T, defined as (Ankum, 1995):

w c * vo ’&)0 + vo

Where:

T, = Travel time of the wave [s]
c = Wave velocity [m/s)
Yo = Previous water depth in the canal [m]
Vo = Previous flow velocity [mV/s]
L = Length of the canal reach [m]
g = Gravitational acceleration [9.8 m/s?]

2
1IMI field measurements
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The travel time of a wave does not take into account the time necessary for filling or emptying the in-
canal or dynamical storage, i.e. the volume of water add or released after a change in discharge to require
the new steady state situation. In principle, the response time 7, of a system is the time required for a
canal system to transit from the previous steady state into the new steady state situation, can be approxi-
mated by (Ankum, 1995):

2.V
T, = —2_-T,
Qn - QO

Where:

T, = Response time of the canal reach [s}
Vi = VVolume of dynamical storage (storage wedge) [m’]
Q. = New discharge [m%/s]
Q = Previous discharge [m’/s]

The theoretical concept of travel time and response time of a canal reach is listed in figure 6.3.

In order to require a proper steady
state situation in the canal for each

typical inflow at the head: T > T,

. — Start of inflow at the head
The response time of the system i )
increases when the change in dis-

charge incrcascs. During the simu- ~ Qnew ¢
lation inflow, the largest change in
discharge reaches 0.6 m'/s (from : 5
0.5 m*/s to 1.1 m*/s). Therefore, the

response time of the canal for a Qo ™ { m

change in discharge (from 0.5 m%/s b 5

to 1.3 m¥/s) is calculated. o .‘ —

Time
For both a steady state condition u
with an inflow of 0.5 m*/s and 1.3

m*/s at the head of Masood distri-
butary, the storage of water in the
canal was calculated.

Figure 6.3 Discharge/time diagram for the tail of the canal:
Travel and response times in a canal reach.

-

am =V

Camys ~ Vosmye = 331942 m® — 17739.7 m® = 154545 m?
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With an average water depth y, =0.40 m and an average flow velocity v, = 0.27 m/s, the I, becomes
about 5044 s (from head to tail). Given the T, and the ¥, ,the T for a change of discharge for the
Masood distributary becomes 33592.25 s: 9.3 hours. Based on the computed response time, the duration
of each steady state simulation is fixed at 24 hours.

Considering the maximum inflow, the mini-
mum inflow, the step function and duration;

1.4
the simulations with Unit I of SIC are : : 3 § ; ; .
based on an inflow pattern listed in figure 1.2 : z‘ i L "
6.4. -
g
o
£
6.4 Evaluation of the analysis &
S 0.4
6.4.1 General
0.2
As.the investigation is based on two major ;. , : : .
. . . 0 : + : T v i v
parts, i.e. (1) the analysis of the responsive- 0 1 2 34 5 6 7 8
ness of the system and (2) the impact on the Time (days)

operational performance of a distributary,
for a certain change in a parameter deter-
mining the canal water distribution, indica- Figure 6.4 Inflow pattern used for the simulations.

tors have to be introduced. For the analysis
of the responsiveness, a so called Responsiveness Index will be suggested.

It has already been stated that special requirements can be formulated, related to the distribution of
irrigation water in Pakistan, sufficient distribution is the one which can meet the following requirements:

» adequacy to meet the targets;

«» efficiency losses at a minimum;

« reduced variability of water flow indicates the reliability of the system;
« equitable distribution among the beneficiaries;

« proportionality of the distributed water flow.

In order to decide whether the system performance, i.e. the canal water distribution along a distributary, is
acceptable, it is necessary that an agreed and rational set of indicators be identified, based on the specified
principles for irrigated agriculture in Pakistan. Using the indicators, the effectiveness of the present
operation of the distributary, a used management tool (maintenance), or different suggested improve-
mcnts can bc cvaluatcd. Evaluation has to bc madc with rcferencc to a certain basc, i.c. the authorized
design targets for the outlet structures, reflecting the proposed equitable and proportional water distribu-
tion. In this study, indicators based on the volume concept will be used: a quantitative analyses of water
need and supply.
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642 Responsiveness index

The responsiveness of the system is the rate of change in the output, i.e. computed discharges to the
outlet structures, with respect to a rate of change in the value of the parameter while keeping the other
parameters constant (McCuen, 1973). The index R, proposed by Loomis (Maheshwari et al, 1990), was
adopted for this study and is calculated as:

N (X - X))
100 Z(m c.)_AJ

R =
N in X,
Where:
N = Number of points in an output, i.e. number of outlet structures (local analysis means: N
Xai = New value of output for the ith point after a simulation with an adjusted parameter;
X = Value of output for the ith point for the '0'-option;
A = Absolute value of change of a parameter, expressed as a percentage of its value for the
'0'-option.

Actually, the expression of R is a measure of elasticity, i.e. the percentage change in the output referred to
the '0-option' based on a 1% change in the value of.an input parameter. For example: R = + 0.3 would
mean thatfor + 7% change in the input, the output increases by 0.3%, and R =- 0.3 would mean that
for + 1% change in the input, the output decreases by 0.3%.

Lixample
For the simulation ofthe '0-option’, i.e. no change of one of the input parameters. the output of outlet structure 5 is: 0.038

m®/s. In the sensitiviry analysis. one ofthe input parameters will be adjusted. For example, the width ofthe drop, just down-
stream of oritlet strucrure 5, will be increased with 25% (ffom 3.28 m to 4.10 m). After simulation ofthe 'new’situation, the
distributed discharge to oritlet srructure 5 has become: 0.035m%s. The R-index reads (with N = |. local analysis):

R=-=—2%L

1
100 (0.035 - 0.038) . (425)! = -0.32
1 0.038

R = -0.32 means: 1/7% change ofthe input (width ofthe drop structure) results in -0.32% change (decrease) in the output
(decrease of distributed discharge to outlet structure 5).

The R-index will be used to quantify the impact of a certain change in the input parameter. The change in
an input parameter will have a substantial impact on the distribution when the R-index > 0.5 and a
small impact when the R-index < 0.5. The characteristic difference of the R-index values found in the
sensitivity analysis: the computed R-index values ranged in between 0.05 to 0.40 and 0.65 to 1, so the
difference between a sensitive and an insensitive parameter is based on the R-index value of 0.5.

Classification: R < 05: low responsiveness, R > 0.5: high responsiveness.
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6.4.3 Irrigation indicators

Adequacy and Efficiency
The performance of an off take (secondary and tertiary) can be described by considering three volumes of

water (Schuurmans, 1991):

1. The intended volume of water (V;), the volume of water in m’ per irrigation period, to be supplied to
the off take. Here, the volume is based on the authorized design volume (quum * T). The intended
volume of water is always described within a allowable range of variation in flow rate.

2. The effective volume of water (V,), the volume in m* per irrigation period, which is effective, i.e. the
moment of supply is within the defined period and flow rate, with respect of response time and
operational losses (Ankum, 1995).

3. The actual supplied volume of water (V,), the volume in m’ per irrigation period, actually supplied
to an off take.

In this study the effective volume is equal to the supplied volume, because due to water shortage, all the
water supplied to an off take will be used by the farmers. There is no minimum or maximum range in
between the supplied water flow is effective. The ratio actual supplied over intended has many applica-
tions (Bos et al, 1990), for instance the division of flow over a scheme and the performance of water
distribution to the tertiary outlet structures. Based on the above defined volumes of water, two perfor-
mance indicators can be distinguished:

14 : v
DPR = = * 100% = —= %x100%
V. V.

! ]

Ve *
e, = — 100% = 100%

Vﬂ
Where:
DPR = Delivery Performance Ratio [-]
€ = Operation efficiency (= 100%. in this case) i-]
Vv, = Volume effectively delivered = Volume actually delivered [m®]
\Z = Volume intended to be delivered [m?]
v, = Volume actually delivered [m’]

The e, determines the operational losses at the off take. The operational efficiency, due to a lack of
sufficient water supply, is 100%. The DPR determines the quality of the actual supplied amount of water,
i.e. has the flow satisfied the effective flow. The hydro-dynamical performance of an off take is described
by both the DPR and the e, (Ankum, 1995).
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Also the overall performance for example of a distributary can be expressed by the above mentioned
indicator: DPR_.

YV, LA

DPR__ _ *100 % = *100%
L SR W 7

Studies in the Chistian sub-division, conducted by IIMI, has shown the relation between the DPR at the
head of the distributary and the DPR of individual outlet structures: the distribution to the outlet struc-
tures is more correlated to the distribution to the distributary for head reach outlet structures, then for
more downstream tail outlet structures (Wahaj, 1995).

Performance classes DPR: 0.90 - 1.10: good; 0.75 - 090 and 110 - 1.25: fair; < 0.75 and > 1.25:
poor.

Variability and Reliability

The above mentioned indicators do not tell anythingabout the uniformity of the supply in relation to the
design discharge over a specific period of time. The variability and reliability of the distribution can be
expressed as the Coefficient of Variation of the DPR (Wahaj, 1995). The mean is the centre of gravity of
the distribution density function and the variance is a measure of the spread of the observations, The ratio
of the standard deviation over the mean is known as CV, Coefficient of Variation. The CV(DPR) is
similar to the dependability indicator, Pp,. given by Molden and Gates (Rao, 1993).

P, = -%E CV(DPR)

Where:
DPR = Delivery Performance Ratio
CV; = Temporal coefficient of variation (ratio of standard deviation to mean) over time period T

The DPR values are either based on an individual outlet structure (local), or all outlet structures of a
distributary (global). Vander Velde (1991) showed that the variability of canal water supplied to the
tertiary outlet structures along a distributary, indicated by the CV of discharges, increased more down-
stream. The increasing CV indicates the increased variability of supplied discharges to outlet structures
with increasing distance from the distributary head.

Performance classes: 0.00 - 0.10: good, low variability; 0.11 -0.20 fair; >0.20: poor, high variabil-
ity (Rao, 1993).
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Equity

The equity of water distribution is an expression of the fair share for each farmer or group of farmers. AS
expressed by Kuper and Kijne (1992), the fairness of a share may be based on legal water rights or on the
delivery of a fixed rotation of a water supply based on extend of the irrigated land served by each (focus-
sing on individual outlet structures: authorized discharge). A system that is considered fair by most
farmers is more likely to be productive and efficient than one that the state has designed on basis of
productivity and efficiency but which is considered unfair by the farmers (Levine and Coward, 1989).
Besides the authorized discharge, focussing on the distributary level, equity may also be expressed as
defined by Bos et al (1994). Equity indicator: Modified Interquartile Ratio (MIQR) is the ratio
between the average DPR of the best 25% of the system and the average DPR of the worst 25% of the
system.

1
;Z DPRy,.0s.

1
;;Z DP. Rwors{ZS%

MIQR -

Performanceclasses: 1.00 - 1.50: good; 1.50 - 1.75: fair; >1.75: poor (Bosetal, 1994).

In fact, the variability indicator P, can also be used as a measure for the equity (IIMI) of the distribution
along a distributary, when computing the CV(DPR) of al outlet structures along a canal, for a certain
inflow. The difference between equity expressed as the intended volume (authorized discharge) of canal
water and the CV(DPR) or MIQR indicators is based on the fact that the authorized discharge is the
equitable amount of water for each individual outlet structure and the CV(DPR) and MIQR indicators
expresses equity for a whole distributary. Practically, there could be an equitable distribution when all
outlet structures receiving canal water less or above authorized discharge.

Proportionality

The proportionality of the water flow distribution can be expressed by the sensitivity factor of a bifurca-
tion, Outlet structure behavior is fully proportional when the sensitivity factor S= 1, sub-proportional
when S < 1, and super-proportionalwhen S> 1. When S << or >> then 1 proportional control of the off
taking outlet structure is not obtained. AS fully proportionality only can be reached in one point (for the
ongoing canal and an offtaking outlet structure), the S,.4 for FSD in the canal (1 m%/s) is calculated with
the equation for the R-factor:

100 g Xy - X))
N in1 X.

cl

S = . A1
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Where:

S = Sensitivity ratio;

N = 1

Xai = qoutlet structure for Q =0.9 m'/s;
X, = g outlet structure for Q = 1.1 m’/s;
A = - 18.1818 %.

Fully proportionality means: 1% change in discharge at the head of the distributary results in 1% change
in supplied discharge to the outlet structure. Also the overall proportionality for example a distributary
can be expressed by the above mentioned indicator: §

Ky E Soutlel

sys

n outlets

Where:

n = number of outlet structures

Performance classes: 0.85 - 1.15: good, fully proportional; 0.70 = 0.85 and 1.15 - 1.30: fair, (sub/
super) proportional; and < 0.70 and > 1.30: poor.

6.5 Comparison between the actual and design performance of a distributary

This section presents the results of the analysis described in section 6.3 for the actual situation and the
design situation of Masood distributary. The actual situation means the validated model with the theoreti-
cal rating curves for the submerged outlet structures (the output of the model is equal to the '0-option’
results). The output of the design model can only be used for a theoretical interpretation. The design
characteristics of a distributary are based on the initial outline of the canal. It takes many years before the
canal is in regime, actually the outline of the canal is always changing due to siltation, erosion and
physical adjustments in time. The aim of this section is:

. to obtain a better understanding of the performance of a distributary based on proportionality and

equity;
. toevaluate the proposed irrigation indicators;
« and to present the outlet structures which will be studied more in detail during the analysis.
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Figure 6.5 Supply of canal water to outlet structure 2 for both design and actual state of Masood

distributary, and inflow at the head of the distributary.

I o have a clear look at the graphics and to reduce time in analysing data, the presentation of the compari-
son of actual and design performance will be conducted for 7 outlets only:

» Headreach: outlet structure 1and 2 (OFRB, 0.m.), 4 (PIPE, o.n.) and 5 (PIPE, o.n.);
« Middle reach: outlet structure 6 (OFRB, o.n.) and 10 (OFRB, 0.m.);:
e Tailreach: outlet structure 12 (OFRB, o.m.).

As described in section 6.4, the analysis will be conducted with a pre-defined inflow pattern at the head
of the distributary based on (1) the limits of inflow, i.e. dry tail problems and over topping, and (2) a time
step between a change in inflow to establish different steady state situations in the canal for different
inflow at the head. In figure 6.4 both the inflow at the head of Masood distributary and the supplied
discharge (actual and design) to outlet structure 2 is shown. Thus, for the design discharge of 1 m*/s at
the head of Masood distributary, the supplied discharge to outlet structure 2 is: 0.042 m’/s (authorized
discharge in the design situation) and 0.076 m*/s for the actual situation. The change in discharge at the
head of the distributary is reflected in the change in supplied discharge to the outlet structure.

First thing that can bc concluded is at present, the outlet structure is receiving far to much water com-
pared with the authorized discharge. Main cause is the remodelling of this structure: width B +3.5 cm and
opening heigh Y +11 cm (see table 5.3).

In table 6.2, the supplied discharge as a function of the discharge at the head of Masood distributary is
listed. As already mentioned in chapter 4, in the end the supplied discharge is depending on the upstream
water level above the crest of an outlet structure.
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The relation between discharge at the head (Q) and supplied discharge to the outlet structure (q) reflects
the typical discharge curve related to type and flow condition of the outlet structure, and is presented in

figure 6.6.

Table 6.2 Supplied discharges (outlet structure no. 2) as a function of discharge at the head in
m’/s
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
0.018 0.023 0.029 0.035 0.039 0.042 0.046 0.049
0.059 0.063 0.067 0.07 0.073 0.076 0.079 0.082
0.1
The results can be plotted in a graph which the x-axis ~_q.0¢1
coutains the discharge at the head of the distributary — Soeos{ | i i A
and the y-axis the supplied discharge to the outlet  E907] Joa bosa)
. . <t 0.08 1 -
stru.cture. The graph _prese_nts information on both the %0051 = _—
equity as the proportionality of an outlet structure, at 2 g g f--rieees R I et
FSProf the canal. $0.034 AT
§0.02 //(‘
« 180% proportionality: the tangent at the curve oy
for Q = 1 m*/s (FSD) crosses the origin. S P
“Dischorge head of dishributary (m*3/s) .
» 100% Equity: for Q = 1 m’/s (FSD), the supplied oo many
discharge equals the authorized discharge. " Design A Actual
Figure 66 Relation between Q and q, for
outlet structure 2 (both design

and actual state).
proportionality
The lines in the graph are representing the theoretical tangents for both the actual as the design situation
for fully proportional behavior of the outlet structure. The actual tangents are represented by the
sensitivity factor S. Actual situation: S = 0.42 (no proportional behavior), actual tangent crosses the y-
axis. Design situation: S = 0.84 (fair (sub)proportional behavior), actual tangent crosses the y-axis. In
case of (super)proportional behavior (2.25 < § < /.30), the tangent crosses the x-axis.

equity

For both the actual as the design situation, the supplied discharges to the outlet structure with the canal
running on FSD (I1m’/s) are listed in the graph. Based on the principles of equity expressed in an
authorized discharge for each outlet structure the following can be concluded. Actual situation: g = 0.076
m’/s, which is >> q,.s. =0.042 m*/s, S0 no equitable distribution. Design situation: q = 0.042, equals the

Q. = 0.042 m¥/s, so 100% equitable distribution. The graph is also printed for the other 6 outlet
structures.
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The next 6 graphs presenting the same curve as figure 6.6 for outlet structure 1, 4, 5, 6, 10and 12, both
the actual and the design situation.
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3 3004
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fo 021 §002
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0 04 0.8 1.2 0 0.4 00 12
02 0.6 1 14 0.2 0.6 1 1.4
Discharge head ot distributory (m”3/s) Discharge head of distributary (m"3/s)
|| des. = 0.047 m'3/s l m Design A Achi l‘—g = Design & Actud
Outlet structure 10 Outlet structure 12
and the actual state (100% FSD).
Outlet q m%s |S DPK cv Q.. m
structure (DPR)
Des. Act. Des. Act. Des. Act. Des. Act. Des. Act.
1 0.025 0.059 1.02 0.55 0.93 2.19 0.30 0.21 13710 | 38802
2 0.042 0.076 0.84 0.42 1.00 1.81 0.26 0.10 24170 | 56506
3 0.029 0.060 0.71 0.44 0.94 1.94 0.23 0.10 16971 | 44127
4 0.035 0.075 1.01 0.69 0.95 2.03 0.35 0.16 18703 | 54283
5 0.047 0.023 0.45 0.66 1.00 0.49 0.11 0.13 30229 | 17440
6 0.050 0.036 0.73 0.58 1.00 0.72 0.24 0.15 28955 | 25933
7 0.024 0.047 1.06 0.45 0.96 1.88 0.34 0.11 12770 | 34395
8 0.049 0.066 0.74 0.48 0.94 1.27 0.23 0.11 28514 | 48555
9 0.060 0.074 0.85 0.50 1.03 1.28 0.23 0.12 35023 | 53304
10 0.047 0.063 1.27 0.50 1.00 1.34 0.35 0.12 24979 | 45866
11 0.050 0.064 0.90 0.80 0.98 1.25 0.21 0.21 29682 | 44581
12 0.054 0.095 0.66 0.71 0.96 1.70 0.14 0.19 33839 | 66247
Tatl 0.449 0.299 111 1.87 112 0.75 0.23 051
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Figure 6.7 DPR values along the distributary (100% FSD).
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Figure 6.8 DPR values along the distributary for different discharges at the head.
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In table 6.3 on page 79, the hydraulic behavior for both the design and the actual state of the distributary,
for all outlet structures is listed. As the downstream boundary of the model of Masood distributary is
fixed at RD 37.25, and at present the tail outlet structureis located at RD 50.20, also the 'performance’ of
the tail is taken into account. In the design state with the canal is running on FSD, the supplied discharge
at the tail equals 0.4 m’/s, in order to distribute canal water to the 5 tail outlet structures.

lied di
With the canal at FSD, generally it can be stated that, except for the submerged pipe (5), OFRB (6) and
the tail, the supplied discharges to the outlet structures for the actual state is far above the equity based
authorized discharge (supplied discharges in the design state). The main reasons are:

« the actual full supply level is substantially above the design level for approximately the upper 75% of
the canal, due to much siltation at the head of the distributary (in many cases crest level < bed level
canal), i.e. an increase of h, above crest;

« increase of canal water supply upstream causes water shortageat the tail;

« remodelling of outlet structures: outlet structure2, 4, 5, 6, 7, and 12.

« change in flow condition (free flow to submerged flow) due to siltation in the watercourse.

Looking at the sensitivity ratio for outlet structures with the canal at FSD it can be stated that for the
design state, most of the outlet structures do have proportional behavior. At present almost all outlet
structures are non-proportional, according the proposed classification. Main reasons:

« change in outlet structure settings (crest elevation referred to bed level, B and Y);
. change in the cross sectional profile (AR¥?) of the canal due to erosion, sedimentation and bank cuts.

Table 64 Performance evaluation on proportionality

Performance classes Design situation: outlet No. Actual situation: outlet No.

0.85 - 1.15: 1,4,7,9, 11, tail 11
ood, fully proportional

0.70-0.85/1.15 - 1.30: 2,3,6,8, 10 -
fair, (sub/super)proportional

<(0.70 and> 1.30: 5,12 1,2,3,4,5,6,7,8,9, 10, tail
poor, no proportionality

S 0.87 : proportional 0.67: no proportionality

85



Canal water distribution at the secondary leve] i the Puniab. Pakistan A theoretical approach

Delivery Performance Ratio

The adequacy of the distribution of canal water for the actual and design situation as discussed above can
be expressed in the Delivery Performance Ratio for both individual outlet structures and the total distri-
butary. In figure 6.7 the DPR value for each outlet structure is plotted in a graph, With the canal running
on FSD. From this graph the inadequate distribution can be extracted easily. Figure 6.8 presents the same
DPR curve for 100%FSD, but also the curve for 60% FSD and 120%FSD. From these graphs it can be
concluded that:

- at present there is an inadequate distribution of canal water to the outlet structures;

« submerged structures 5 and 6 suffer from a lack of water, and are quite insensitive to a change in
discharge in the canal;

» the supply of water is decreasing more downstream of the distributary: the tail-enders suffer the most,
especially when the discharge drops in the parent canal;

« for the design situation the DPR value is almost 1, i.e. the supplied discharges equals the authorized
discharges for outlet structures;

« adrop in discharge at the head resulting in a drop in supplied discharge to outlet structures, when in
the end, the supply to the tail outlet structures fall dry.

The relation between the actual supply and the authorized supply to outlet structures is dominantly a
function of the physical distance between an outlet structureand the head of a distributary. The character-
istic distribution pattern of the two graphs (high DPR at the head and decreasing DPR in flow direction)
are similar to earlier studies at the distributary level, conducted by IIMI in 1987, in the Lower Chenab
Canal system in the Punjab (Bhutta, VVander Velde, 1987).

Table 6.5 Performance evaluation on adequacy of supply
DPR performance (at FSD) I Design situation Actual situation
DPR_. 99 % : good 144% :poor
E-index (Hart, 1996)° 97 % : good 92% : good

3

Hart is using a parameter with the ratio of effectively supplied discharge to the sum of the authorized discharge of the outlet
structures. Per definition. this ratio has a maximum of one (ideal performance). If qi < qi, authorized then qi, effective = qi else
qi. effective = qi, authorized:

E = 5 Jigeate_ 1009,
Qi aumorised
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It can be concluded that the evaluation of the adequacy performance proposed by Hart (1996) in a study
of different maintenance methods at the distributary level, is not sufficient in this case. Due to removed
outlet structures and a shorted tail, the E-index assumes that there is a good performance on adequacy,
with the canal at FSD. Partly it is true, but it does not take into account the actual irrigation practice, i.e.
removed outlet structures, tail shortening, closed branches and illegal practices (supply at the head greater
then FSD). The E-index seems to be good, but the reality is far from acceptable. That is why the simple
DPR indicator as proposed in the previous section is preferable. The adequacy & not sufficient, i.e.
overall supply is higher then authorized.

Coefficient of variation of the Delivery Petformarice Ratio

In order to skip the problems with the above mentioned DPR, (supply of all water to one outlet structure
only, and the indicator seems to be good !), the proposed indicator of Molden and Gates was suggested.
The Coefficient of Variation reflects an unequal distribution to an outlet structure, i.e. it is an expression
of its variability. Both local as global the CV(DPR) is computed, see figure 6.9 and 6.10. The computed
CV(DPR) for each outlet structure (local) is not very much reliable: (1) to compute a CV of 4 situations
only is not very precise, and (2) the computed DPR for different discharge in the canal are based on
model output, and not on measured values. Due to the fact that at present more outlet structures are sub-
proportional, the actual CV(DPR) is lower then for the design situation. At present, disturbances are
transplanted towards the tail (tail: CV(DPR)= 0.51).

Looking at figure 6.10, the global CV(DPR) values are printed for different discharges at the head of the
distributary.

0.55 03
. 03 0.45 {--
§ [ . B e s (e Sl S A 0.4 lo dog. = 1.0 m"3/s |
g 04 0.3 S —
fo3s X o 03
7; 0'3 ,,,,,, fo;ogs
2015 . o N / ‘--\ ...... 3 os U SRS SOV SN NS SR
F o0z ‘\ ...... 013
%o SO N ke o1
01 : 0.05 come—
0.05 0
4 8 12 0.5 0.7 0.9 1.1
Absci:sa ™ 10 0.6 _ 0.8 1 12
(Thousands) Discharge distributory {(m*3/s)
—=— DESIGN  —#&— ACTUAL - Design shualicn ~&— Acludl situoticn
Figure 6.9 Local CV(DPR) for actual and  Figure6.10  Global CV(DPR) for actual and
design state of the distributary. design state of the distributary.
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For the design state of the distributary, it can be concluded that the distribution becomes more variable
when the discharge at the head drops. Minimum variability, performance class: good (0 - 0.1), is obtained
for the design state of the distributary when running on 100% FSD (1 m’/s). At present, the global
CV(DPR) is not depending on the inflow at the head of the distributary.

Table 6.6 Performance evaluation on variability of supply

IPerformance indicator Design situation Actual situation

|| CV(DPR) 60% FSD 0.22 0.34

CV(DPR) 80% FSD 0.10 0.33

CV(DPR) 120% FSD 0.07 0.33

CV(DPR) FSD 0.05: good variability 0.34: poor variability

Equity

As equity can be expressed local for each outlet
structure by means of the authorized discharge,
nothing is mentioned about the equitable per-
formance of an distributary. The distribution of
canal water can be equitable, although the indi-
vidual outlet supplies are less or more then au-
thorized discharge. Therefor, besides the autho-
rized discharge, the Modified Inter Quartile Ra-
tio (MIQR) will be used. In figure 6.11 the 07 0 W
MIQR is printed as a function of the discharge 0.6 D‘scmrgeoimmm_y (319 12
at the head of the distributary.
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- 0

«

-

]

MIOR

e

-
QOU-*U'NU‘NQ‘

o

- Design situafion —&— Actual situaticon
It can be concluded, that the performance be-

comes more inequitable when the discharge at Figure6.11 MIQR value for both the actual and
the head drops. Maximum equitability is the design state of the distributary for
obtained for the design state of the distributary various inflow at the head.

when running on FSD.

Performance indicator Design situation Actual situation

MIQR 60% FSD 1.857 4.003

MIQR 80% FSD 1.218 3.473

MIQR 120% FSD 1.181 2.709

MIQR FSD 1.126: good equitability 3.142: poor equitability
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Looking at the results obtained by using the MIQR value, the same conclusion can be drawn when using
the variability indicator: (global) CY(DPR), as used by IIMI as the indicator for equity.

conclusions

Referred to the objectives of this section and after analysing the performance of the design and actual

state of Masood distributary it can be stated that:

. Although most of the outlet structures running above authorized discharge due to removed outlets and
a shorted tail, the actual performance based on the principles of proportionality and equitability is

0or.

. E)I'o evaluate proposed adjustments on the impact on water distribution, the performance of a distribu-
tary at FSD can not be expressed by one indicator only. In this case, at least three indicators are
necessary. For proportionality S local and global, i.e. S, @nd S , and for equity DPR local for
individual outlet structures, DPR global and MIQR for the whole distributary.

« The outlet structures which will be studied more in detail during the analysis of the responsiveness of
the system are: outlet No. 2 (head reach), outlet No. 5 (close to a drop and middle reach), outlet No. 8
(middlereach), and outlet No. 12 (tail reach).

In figure 6.12, the proposed set up of the analysis with the irrigation indicators is summarized. Parame-
ters with an substantial impact on the canal water distribution (high R-value), are interestingto study in
order to improve the water management at the distributary level. Based on the above suggested parame-
ters, any physical adjustment can be evaluated using these irrigation indicators, based on the principles of
irrigation in the area: proportionality and equity.

ANALYSIS OF THE RESPONSEVNESS ] ['O-—OPTlON: actual state

Global ><

[ PERFORMANCE ANALYSIS OF A DISTRIBUTARY ]

Proportionality |4_l Principles of irrigation in the orea l_>| Equity
" o | w7 o]

!
Esystemle _ [Giobal >EPR %/SFem]

BNy

Figure 6.12 Performance analysis of a distributary, based on the principles of irrigation:
proportionality and equity.
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6.6 Characteristics determining the canal water distribution

This section presents the different characteristics, which will be analysed With the sensitivity analysis,
further discussed in chapter 7. In figure 6.13, a distributary is schematized as a linear canal with n off
taking outlet structures.

Local analysis

d42 Qi | 9 : qQ inr
1 1 R - { - a
Q head l Q s :
o J
Figure 6.13 Schematic presentation of a distributary

The canal water distribution to outlet structurei is determined by:

« Distributed discharge to outlet structure i (local analysis): the type of outlet structure and flow
condition determines the different outlet structure characteristics: opening width (B), opening heighf
(Y), crest level, discharge coefficient, upstream and downstream water level above the crest.

« The outlet structure characteristic which is related with the discharge Q; in the canal is the upstream
water level above the crest (and partly the downstreamwater level for submerged outlet structures).Q;
is related with the discharge at the head of the distributary Q,.,;. The relation between Q,,, and the
water level in the canal in front of outlet structurei is determined by: (1) Manning’s coefficient n,
seepage losses S, and fhe bed slope of the canal i (canal characteristics); (2) cross sectional profile
expressed as 4.R*?; (3) impact of upstream located outlet structures.

« The existence of cross regulators (drop structures), with the characteristics: width o the drop (B),
crest level, discharge coefficient and flow condition.

« Besides the distribution of canal water for a steady inflow at the head of a distributary, a change in
inflow (AQ) results in a re-distribution (Aq) of canal water.

0



Canal water distribution at the secondary level in the Punjab, Pakistan A theoretical approach

In general, canal water distribution to an individual outlet structure can be denoted as:

qizF(Qheag(t)’09CaD9qi—])

qi = Canal water distribution to outlet structure i [m¥/s]
Quea(t) = Inflow discharge at the head of a distributary as a function in time [m’/s]
0] = Outlet structure characteristics

C = Canal characteristics

D = Drop structure characteristics

G = Upstream outlet structures

In chapter 7, al these parameters will be evaluated on there sensitivity (expressed in the R-index) using
the proposed methodology of section 6.2.
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CHAPTER 7 RESPONSIVENESS OF THE SYSTEM: A
SENSITIVITY ANALYSIS

71 Theoretical approach

A distinction has been made between a theoretical analysis of the impact on the canal water distribution
adjusting outlet structure characteristics, and an analysis of the impact on the canal water distribution
adjusting other parameters based on simulations. This chapter presents the analysis of the responsiveness
of the system, i.e. a re-distribution of canal water, based on pre-defined adjustments of the parameters
determining the distribution and an inflow pattern at the head of the distributary. The pre-defined
adjustments are organized in different scenario's to be able to study:

« (1) The responsiveness expressed in the R-index for the different parameters, determined in section
6.6; (2) to quantify the impact of a certain adjustment and (3) to divide the input parameters for the
methodology to set up a simplified model into two groups: insensitive parameters, which can be
generalized and simplified for all distributaries, and sensitive parameters which have to be measured
and calibrated for each individual distributary.

» Based on the analysis, the sensitive parameters are interesting to study more in detail, when it comes
to improve water management at the distributary level.

In table 7.1, the different scenario's and the range of adjustments are listed.

Table 7.1 Scenario's for the analvsis of the responsiveness
SCENARIO'S PARAMETERS RANGE OF ADJUSTMENTS
Remodelling of outlet structures | - Width opening: B Theoretical analysis

- Height opening: Y
- Discharge coefficient: C,

- Crest level

Remodelling of cross structures - Width: B -25%/+25% SIC
- Discharge coefficient:C, -
- Crest level - 40%/+ 40%

Hydraulic canal data - Manning's coefficient:n - 20% / + 20% SIC
- Seepage: S - 100%/ + 100%

Canal maintenance - Area: AR*? - 20% / +40% SIC

—
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72 Outlet structure characteristics

A change in inflow at the head of the distributary results in a change in water levels along the canal. For a
new steady state in the canal, the water table follows Manning-Strickler. Focussing on a local outlet
structure, a change in distribution (dq) based on a change in inflow at the head (dQ) is given in figure
7.1. It is obvious, that the delivery of canal water to the different types of outlet structures is determined
by the input parameters of the corresponding discharge equation and the corresponding flow condition.

{Dischorge variation conol: Q(t) I

chonge in upstreom water level: Hu

[‘I’ypo of outlet s’rucfurel

|

{Outlet chorccterlsﬂc;‘—(oischa—ge equoﬁonj |Flow condition N
.

Epenir{g height: Y]____._‘

hange In distribution: q |  Eubmerged flow |

[Discharge coefficlent: C l_____ L———[Downstream water level: Hd ]

Figure 7.1 Outlet structure characteristics.

To study the responsiveness of the system for adjustments in outlet structure characteristics, a theoretical
analysis will be sufficient. As discussed in section 6.4.2, the responsiveness will be expressed in the so-
called Responsiveness-index (R-index), defined as a percentage change in supplied discharge to an outlet
structure as result of a percentage change in one of the characteristics. For the theoretical analysis, the R-
index values were taken absolute. For example: an increase of the width B with 25%, results in an
increase of distributed discharge with 25%, a decrease of B with 25%o will result in a decrease of distrib-
uted discharge of 25%. For both adjustments, the R = 1..

The R-index = 1: 1% change in the adjusted characteristic results in 1% change in distributed
discharge.

The analysis of the outlet structure characteristics is based on the discharge equations (see chapter 4)
Jor the differenttypes of outlet structures, and the physical characteristicsof outlet structure no. /7 of
Masood distributary (table 7.2).
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Table 7.2 Outlet structure characteristics (based on outlet structure 11)
Type Discharge coefficient Width B (m) | Height Y (m) | Crest Level (m)
(above bed level)
(OC)OFRB .* F(h, Y) 0.12 0.30 0.06
(0OC)AOSM 0.90 (o.m.) 0.12 0.30 0.06
OF 0.95 (f.1) 0.12 . 0.06
PIPE u 0.80 (o.n.) - 0.30 0.06

(OQ)OFRB outlet structures

For the analysis, the general vertical gate discharge
equation for orifice flow, as discussed in section
4.3.3 is used. The coefTicient of discharge C, is a
function of the gate opening Y and the upstream
water level above the crest h,,. With the initial con-
traction coefficient p = 0.60, the C, ranges be
tween 0.50 and 0.60. 'The R-index for the C,-coef-
ficient and the width B of an (OC)OFRB outlet
structure reads |. confirm the discharge equation.

The R-index for the opening height Y is a function
of the upstream water level h, and the change in Y
(dY), as shown in figure 7.2. For high upstream
water levels, R is increasing up to approximately
0.95.

F051
% 0.4 IY =030 m
0.3 1
0.2 [8 =012 m l
0
0
|
—W- Y 420% —— Y +40% Y -20% —8- Y -40%
Figure 7.2 Opening height Y for (OC)OFRB.

For low upstream water levels the impact on distribution for a change in Y is substantially higher then
for high upstream water levels. As the upstream water levels in general reaching up to 1.0to 1.5 metres,
one can say that the opening height is a sensitive parameter: 0.6 < R < 0.95. Besides that, the impact on
water distribution is more sensitive for a decrease in Y then for an increase, i.e. R 400, > R 4006

Figure 7.3 presents the R-index values for a change in crest level. For example, with an initial crest level
of 0.06 m (above bed level), the R-index curve does not change for an increase or decrease up to 40 %
(0.036 m - 0.06 m - 0.084 m). On the other hand, the R-index depends on the initial crest level and the
water /evel in the canal. For a higher initial crest level, for example 0.24 m, a change in crest level results

in higher R-values.
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For high water levels in the canal, the impact on
distribution for a change in crest level is
decreasing. The impact on distribution can be
expressed with the ratio: Initial Crest level
(CL,,a) / Water level (WL). For a high ratio
CLinisiat / WL, the impact on the canal water dis-
tribution increases: the K-index < 0.5 when
CL i / WL <0.35.

It can be concluded thatfor (OC)OFRB outlet
structures the B and the C, coefficient do have
a substantial impact on water distribution, as
the R-index = 1. Also, a change in Y results in
a substantial impact on distribution. Crest
level adjustments are insensitive when Cl.qiga /
WL < 0.35.

(OOYAOSM outlet structures

|’.6 ,\
\ (0C)orRe
1.2
: \\ |! =030m ]
,§ 0.8
o': 0 \ F =012 m I
i\
0.4 %,
0.2 \

0 02 04 06 08 1 12 14
Water level eanal (M)

16 18 2

| m— crest levet 0.06 2 crast levek 0.12  —*— crest level: 0.24

Figure 7.3 Crest levels for (OC)OFRB.

For the analysis, the general discharge equation for an AOSM, as discussed in section 4.3.4 is used. The
coefficient of discharge C, is not depending on the upstream water level, as the roof block has a rounded
top and the initial coefTicient of contraction p =1 :the C, approximately reads 0.90.

The R-index for the Cy-coefficient and the width B of (OC)AOSM outlet structures reads 1, based on the
discharge equation. The R-index for the opening height Y is a function of the upstream water level h, and

the change in Y (dY), see figure 7.4. Compared
with the (OC)OFRB, the impact on water distri-

1
bution for a change in Y is more substantial: YR T YU — o
opening height is a more sensitive parameter for 0.8 f;//
an (OC)AOSM. For high upstream water levels, 0.7 N/ T
R is increasing up to approximately 0.95. For %% T4
low upstream water levels the impact on distri- % 3 17/ o:30m
bution for a change in Y is substantially higher = °* 8
then for high upstream water levels. As the up- zz Il
stream water levels in general reaching up to 1.0 o:: /
to 1.5 metres, one can say that the opening o L . . ) i

0 0.5 1 15 2 2.5 3

height is a sensitive parameter: 0.2 < R < 0.95.
The impact on water distribution is more sensi-
tive for a decrease in Y then for an increase, i.e.
R.40% > R s0%-

Upstream water level above crest (M)

|
Y +40%

- Y +20% Y -20% 8-y -40%

Figure 7.4 Opening height Y for (OC)AOSM.
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Figure 7.5 presents the R-index values for a
change in crest level. The same curves are
found as for (OC)OFRB outlet structures. For
example, with an initial crest level of 0.06 m,
the R-index curve does not change for an in-
crease or decrease up to 40 % (0.036 m - 0.06
m - 0.084 m). 1 he K-index depends on the ini-
tial crest level and the water level in the canal.
For a higher initial crest level, for example 0.24
m, a change in crest level results in higher R-

values. Compared with figure 7.3, it can be
stated that a change in crest level for
(OCYAOSM structures is more sensitive then
for (OC)OFRB structures: R < 0.5 when the
ratio Clea / W1 <0.30.

1 \ [
i !
na : {- f--— -
R-index 1 | |
0.6 | o
I| = !
04 \ N
| = N
. . :
0.2 - B
0 0.5 1 15 2
Upstream water level (m)
-m- CL0OEMM CL-012mm CL:0.24m
Figure 7.5 Crest levels for (OC)AOSM.

It can be concluded that for (OC)AOSM outlet structures the B and the C, coefficient do have a
substantial impact on water distribution, as the R-index = 1. Also, a change in Y results in a substan-
tial impact on the canal water distribution. Crest level adjustments are insensitive when CLj / WL <

0.30.

Open Flume outlet structures

For the analysis, the general discharge equation
for an Open Flume, as discussed in section
4.3.2 is used. The coefficient of discharge C, is
not depending on the upstream water level, and
is fixed at 0.95 (theoretical value 1).

The R-index for the discharge coefficient and
the width B of Open Flume outlet structures
reads 1, confirm the discharge equation. Figure
7.6 presents the R-index values for a change in
crest level. The same curve is found, as for
(OC) OFRB and (OC)AOSM outlet structures.
For example with an initial crest level of 0.06
m, the R-index curve does not change for an
increase or decrease up to 40 % (0.036m -
0.06m - 0.084m).
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Upstream water level (m)
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Figure 7.6
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The K-index depends on the initial crest level and the water level in the canal. Compared with figures
7.3 and 7.5, it can be stated that a change in crest level for OF structures is more sensitive then for
(OC)AOSM and (OC)OFRB structures: R < 0.5 when the ratio CL,.q / WL < 0.24. It can be concluded
that for an OF outlet structures the B and the C, coefficient do have a substantial impact on water’
distribution, as the R-index = 1. Crest level adjustments are insensitive when CL, .../ WL < 0.24.

Pipe outlet structures
For the analysis, the general discharge equation for a pipe, as discussed in section 4.3.5 is used. As the

pipe outlet structures most of the time functioning under submerged conditions, the o.n.-pipe equations is
used. The coefficient of discharge C, is fixed at the theoretical value 0.80. The R-index for the diameter Y
is depending on the change in Y, is independent from the head over the structure (z), and is listed in table
7.3. In general, it can be stated that the sensitivity of the diameter Y for pipe outlet structure reaches R =
2.

Change in diameter Y (m) R (z=0.05 to 0.45)
+20% 22
+10% 2.1
- 10% 19
- 20% 1.8

Figure 7.7 presents the R-index values for a
change in crest level. The same curve is found ’

for the other outlet structures. For example, , i i E i 5 :T
with an initial crest level of 0.06 m, the R-index Mj AV
curve does not change for an increase or e e | s Bt i T
decrease up to 40 % (0.036m - 0.06m - D FUE ST W S N O D=°’,""'
0.084m). The R-index depends on the initial 1 |
crest level and the water level in the canal. , L A
Compared with the other figures , it can be o5 | N Tmedo el
stated that a change in crest level for pipe struc- o - -:J.
tures is the most sensitive, i.e. has the most sub- 0 u,umm,/’m,(m) 18 2
stantial impact on the water distribution. /r can

be concluded thatfor pipe ouwtlet structures the m- CL:000mm- CL:0.92m

Y and the C, coefficient do Jiave a substantial

impact on water distribution, as the R-index is  Figure 7.7 crest levels for (o.n) pipe outlet

respectively 2 and /. Crest level adjustments structures.

are insensitive when the ratio CL,,,,.., / WL <
0.15.
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expressed by the R-index for a change in
upstrcani watcr level for (OC)OI'RI, (OC)
AQOSM and OT outlet slructurcs, and a
change in the head z for submerged pipe
outlet structures is listed in figure 7.8. The
R-index is depending on the percentage N 1
change and is determined by the value of

the power (0.5 or 1.5). 0.5
The same conclusion can be drawn as
formulated for the R-index for the diameter
Y for pipe structurces:

[ (0c)orRs ond (0C)APH ]

0 - -

~-50 ~40 -30 -20 -10 O 10 20 30 40 50
Percantage chonge (%)

- (OC)OFRB/(OC)AOSM: R,, = 0.5; i WS /05 WS |
e« OF:R, = 1.5;
» PIPE: R, =0.5. -

PE: R, =0.5 Figure 7.8 R-index values for upstream watcr levels

and head for different types of outlet
structures.

The analysis on the impact on distribution of dilTerent parameters will be carried out by the model of
Masood distributary, which contains (OC)OFRB and submerged pipe outlet structures only. To take all
types of outlet structures into account, the change in upstream water level due to a certain change of input
parameter will be studied, and based on the results the impact on distribution will bc explained. For a
certain change in upstream water level, the following relations can be stated: see table 7.4.

Table 7.4 Impact on a change in water level on distribution to different types of outlet
structures
(OC)OFRB | (OC)AOSM | OF PIPE comparison
+h, ordz +q, +q, +q, +q, q;:9;:9,:q, = 1:1:3:1
- h ordz - qy, "G - Q5 - Gu 953:92:521 s = 1:1:3:1

In general: the impact of any adjustment on the canal water distribution for open flume type of outlet
structures is higher then for (OC)OFRB or (OC)AOSM-type of structures, For submerged pipe and
(OC)OFRB and (OC)AOSM outlet structures: the increase of water level resulting in an increase in
discharge (%) is less then the decrease in discharge (%) due to a decrease in water level. It goes the other
way around for open flume-types.
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Submergence
Except for the submerged pipe outlet structure, the analysis is conducted for (ree flow conditions only.

FFor a submerged outlet structure, the same hydraulic principles are there. The difference is, due to the
submergence, the discharge through an outlet structure is also depending on the downstream water level.

The overall results of the theoretical analysis of the responsiveness of the outlet structure characteristics,
i.c. the impact on water distribution, based on a certain change in input is listed in table 7.5.

Table 75 Results theoretical responsiveness analysis of outlet structure characteristics
CHARACTERISTICS DISCIHARGE EQUATION RELATION R-INDEX
OPEN FLUME
C q=C,.17.8B .h" dq ::dC, R=|
it dq =dB t=1
h, dq zzdu t=15
Crest Level dqg :d crest R =F({I,.,, CL.Y
(OC)YOFRB |
o q=GC .B.Y .(2.gh)* dq = dC, R=|
5] dq =43 R=|
Y Cy=u/(1 +(uY /W) dq :dY t=Fy, ..
h, dq :dh, R=05
Crest 1.evel dq =dcrest It =1di,.,. CL)
(OC)AOSM
Cy q=C,.B.Y .2.g.(h,-Y))* dg =C, R=I
}) dq =dB R=1
Y dq =dY It =Fdy, )

h, dq =dh, R=05

Crest Level dq ::d crest R =FQ1_., CL)
PIPE

C q=C, .A.Q2g.2)" dg ::C R=1

D dq =dD R=2
z(=h,-hy A="piD? dq ::dz R=05

Crest Level dq ::dcrest R =11, CL)

1

CL = Initial Crest Level measured above bed level
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7.3 Cross structures

Cross structures are used to control the flow of water in the canal, i.c. maintain certain upstream water
levels and divide the canal in sections to decrease the slope of the water profile. 'I'nc cross struclurcs
placed in the distributaries of the Chishtian Sub-Division are ungated fixed control structures, i.e drop
structures, so no manual operations are possible. The characteristics of drop structures are: the width I3,
the discharge coefficient C,, the crest elevation and the flow condition. At present, there are three drop
structures in Masood distributary, one submerged drop located at 5.5 km from the head, and two frce
flow drops located at 7.3 km and 11.4 km from the head. To analyse the responsiveness of the system
based on adjustments of drop structure characteristics, the following scenario's are simulated:

« Scenario 1: firee flow drop structure. Adjust B and CL. No adjustments on the submerged drop
structure. The discharge coefficient is not analysed, as for free flow drop structures, the cocfTicient of
discharge will be approximately constant (C, =0.95).

. Scenario 2: submerged drop sfructure. Analyse the impact on the distribution when the flow condi-
tion turns to free flow, by increasing the crest level and change the discharge cocfficient. No adjust-
ments on the free flow drop structure.

Scenario 1

To analyse the impact on the water distribution for a change in the width and the crest level, the value of
B and CL has been changed as follows:

Table 7.6 Adjustments of B and CL of the free flow drop structure in the model at RD 24.04

Width (B)

-25% 0% +25%

2.46 m 3.28m 410 w
- 40% -25% - 10% 0% +10% +25% + 40%
0.22m 0.27m 032 m 0.36m 0.40m 0.45tn 0.50 1n

After analysing the results, listed in annex F, of the simulations for the outlct structurcs No. 2, 5, 8-and
12, the next conclusions can be stated:
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There is only a local impact on the canal water distribution for adjustments on drop structures, i.e the
outlet structures within the reach of the back water curve upstream a drop structure (outlet structure
no. 5). Disturbances are transported to the tail, as the discharge over the tail drop structure is varying
due to upstream adjustments.

An increase of 25% in the width of the drop structure is resulting in a decrease in upstream water
level (flow condition changed from free flow to submerged flow) and therefor in a decrease in sup-

plied discharge to outlet structure 5. A negative backwater curve results in suction of water over the
crest of the drop. dB +25% => R_.., *= (-)0.26.

A decrease of 25% in the width of the drop structure is resulting in an increase in upstream water
level and therefor in an increase in supplied discharge to outlet structure 5. dB -25% ==> R__,, =
0.37

IFor outlet structure 5, the R-index for a
change in crest levels are presented in table

1.2 .\
7.7. An incrcasc of the crest level results in b e
an increase 0f g, R, . = 0.78. Decrease of ! T s S
the crest level: decrease ol g (decreasing R) P L \ R R P
...~ (067 H

?u u 1 \ : :
- 0.4 \!\

The value of the R-index for a change in

crest level (based on a change in canal water G dy ]
distribution to outlet structure 5) is 0.2
depending on the discharge at the head (as a s
percentage of the FSD). For low discharges, % s0 70 80 90 100 110 120

the R is substantially higher. For a large Wflow % FSD head of the distributary

adjustment of the crest level, the value for
the R-index also depends on theadjustment
itself® R-index for an increase in CL > R-
index for a decrease (see figure 7.9).

|- 4/-10% -+ +40 % -8 - 40% |

Figure 7.9 Crest level adjustment on drop
structure for different inflow at the
Downstream water level of the drop head.
structure remains constant after the
adjustments, for all discharges at the head.
Outlet -40% -25% -10% +10% +25% +40% -dCL +d CL
structure
5 (-)0.53 (-)0.64 (-)0.84 0.78 0.80 0.77 (-)0.67 0.78

2

nean B DUSEd ON ihe computed R-indexfor the distributed discharge to outlet structure 5 for different inflow at the head
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The analysis is conducted for a submerged pipe outlet structure only. Table 7.9 presents the upstream
water levels and the percentage of change referred to the ‘0-option’. It can be concluded that:

An increase of the crest level, results in an increase of the water level for the outlet structure.

- A decrease of crest level, results in a decrease of the water level for the outlet structures.

- The change in water level due to a decrease of crest level of the drop is more substantial for low
discharges (60% FSD).

= The impact on the water distribution for (OC)AOSM, (OC)OFRB, and definitely for Open flume

outlet structures will be more significant, because the impact on submerged pipe outlet structures is

always slightly attenuated.

1
Crest level adjustment - 40 % + 40 %
Outlet No. 5 5
60% FSD
- h, (m) 0.38 0.64
- dh, (%) -25.50% +25.50%
100% FSD
- h, (m) 0.55 0.73
- dh, (%) -8.33% +21.67%
120% FSD
- h, (m) 0.64 0.78
- dh, (%) -4.48% +16.42%
Scenario 2

To analyse the impact on the water distribution for a change in the flow condition of a drop structure, the
crest level and the discharge coefficient has been changed, with respect to avoid overtopping of the
upstream banks.

Old value New value
Crest level 148.27m 148.47m
Discharge coefficient 2.61 0.95
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After analysing the result of the simulation for the outlet structures No. 2, 5, 8 and 12, the next

conclusions can be stated:

. Again, there is only a local impact on the water distribution for adjustments on drop structures. Only a
change in the back water curve is responsible for a change in distribution of canal water to outlet
structures.

« Free weir flow is resulting in significant higher upstream water levels (+0.20 m).

« The discharge over the weir slightly decreases (1% for 120% FSD to 3.5% for 50% FSD at the head)
due to an increase in discharge to outlet structure no. 4.

« Downstream water level of the drop structure remains constant afier the adjustments, for all
discharges at the head.

Backwater effects

The flow profile represents the surface curve of the flow. There will be a positive backwater curve if the
depth of flow increases in the direction of flow, and a draw down or negative backwater curve if the depth
of flow decreases in the direction of flow. The reach of a backwater curve can be computed numerically.

7.4 Hydraulic canal data

There are two parameters that can be distinguished as hydraulic canal data, which will be analysed here:
the coefficient ofroughness expressed as the Manning’s coefficient n or Strickler coefficient k; and the
seepage losses expressed as S,. Both have their impact on distribution as they are influencing the water
table in the canal and therefor the upstream water level above the crest of the outlet structures.

7.4.1 Coefficient of roughness
The Manning’s coefficient is part of the well-known Manning’sequation for uniform flow in open canals.

The equation is usually expressed in the Manning-Strickler equation, with the Strickler coefficient k
defined as 1/n. k will have the dimension of [m"?/s].

21
Q = kdAR3.i?
R=-4
0
Where:
Q = Discharge [m¥/s]
k =  Coefficient of roughness ' [m'/s]
A = Wettedarea [m?]
R = Wetted radius [m]
0 = Wetted perimeter [m]
i = Energy line (slope) [-]
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At present, there are no exact methods to determine the value of k or n, and therefor selecting a proper
value for K or n is based on experience. There are a lot of factors affecting the coefficient of roughness
(Ven Te Chow, 1973): (1) surface roughness of the outline of the canal (determined by grain size and bed
material); (2) height, density and distribution of bed, bank and floating vegetation; (3) canal
irregularities; (4) canal alignment; (5) silting and scouring of the canal bed; (6) canal obstructions, and
(7) change in discharge (for low discharges the irregularities get more substantial and k slightly
decreases).

In table 7.10, the canal characteristics as described by Ven Te Chow (1973) are applied to the calibrated
n-values of the model of Masood distributary. An increase in roughness of the canal results in an
increase of n and a decrease of k.

Table 7.10 Canal characteristics and coefficient of roughness (Masood distributary n-values)

“ Canal Characteristic n ‘ k(=1/n)
Earth canal excavated in alluvial silt soil, 0.025 -0.030 33.333 - 40.000
slightly vegetated with grass
Earth canal excavated in alluvial silt soil, 0.030 - 0.035 28.571 - 33.333
irregular bed, vegetated with long grass
Earth canal exc:;valed in clay and loam, 0.035 - 0.040 25.000 - 28.571
irregular bed, vegetated with long grass
Earth capal excavated in clay and loam, 0.040 - 0.050 20.000- 25.000
irregular cross sections and bed, .
vegetated with brushes |

1
Earth canal excavated in clay , very 0.050 - 0.060 ' 16.667 - 20.000
irregular bed and side slopes, vegetated

l with heavy weeds and grass I

To analyse the impact on the water distribution for a change in the roughness coefficient as defined in the
different reaches of the model, the value of n has been changed as follows (table 7.11):
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Table 711 Adjustments of the value n i

-
- 20%. - 10% -5% initial n +5% + 10% +20%
value
0.020 0.023 0.024 0.025 0.026 0.028 0.030
0.029 0.032 0.034 0.036 0.038 0.040 0.043
0.020 0.023 0.024 0.025 0.026 0.028 0.030
0.023 0.026 0.028 0.029 0.030 0.032 0.035
0.028 0.032 0.033 0.035 0.037 0.039 | 0.042
0.034 0.039 0.041 0.043 0.045 0.047 0.052
0.046 0.051 0.054 0.057 0.060 0.063 0.068
0.039 0.044 0.047 0.049 0.051 0.054 0.059

The results of the simulations for the outlet structures No. 2, 5, 8 and 12 are listed in annex F. Afier
analysing the result the following conclusions can be stated:

» Head reach outlet structures

An increase of the value of n results in an increase of water levels along the canal and therefor in an
increase in canal water delivery to the head outlet structures. Although ¢ increases, there is a decreasing
responsiveness of the system for an increasing n. A decrease of the value of n results in a decrease of
water levels along the canal and therefor in a decrease in canal water delivery to the head outlet
structures. In general, an increase of the value of n: R =0.36; a decrease of the value of n: R = (-)0.33.

* Submerged pipe

Can be characterized by a low responsiveness to a change of the value of n. In general: a decrease of the
value of n: R =(-)0.05; an increase of the value of n: R =0.11. The low response of outlet structure no. 5
for a change of n, is due to the close presence of a drop structurejust downstream. The depth discharge

relationship defined by the drop structure keeps the upstream water level approximately constant, when
the water level in the canal is changing.

» Middle reach outlet structures

An increase of the value of n results in an increase of water levels along the canal and therefor in an
increase in canal water distribution to the middle reach outlet structures. A decrease of the value of n
results in a decrease of water levels along the canal and therefor in a decrease in canal water distribution
to the middle reach outlet structures. In general an increase of the value of n: R = 0.18; a decrease of the
value of n: R =(-)0.17.
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« Tail reach outlet structures

An increase of the value of n results in a
decrease of water levels along the tail end ————— fnereaseofn(4)
of the canal and therefor in a decreasein } | 777777 0-option |
canal water distribution to the tail outlet
structures. A decrease of the value of n
results in an increase of water levels along
the tail end of the canal and therefor in an
increase in canal water distribution to the
tail outlet structures. In general an increase
of the value of n: R =(-)0.26; a decrease of
the value of n: R =0.26.

Decrease of n (-) l
]

* Increase of the value ofn g
More downstream along the canal, the Abclsea

impact on the canal water distribution
changes from an increase in supply to a

Figure 7.10 Impact on a change in Manning's
decrease in supply. coefficient on the water table of a
distributary.

There is a breakpoint were the water line drops below original water line, i.e. '0-option’, due to an
increase of distribution to head and middle reach outlet structures. The opposite counts for a decrease of
the value of n. The tail-enders suffer either from a lack of distribution or an increased distribution (bank
overtopping). This is explained in figure 7.10. In table 7.12 the overall mean R-index values are listed.
The analysis is conducted for (OC)OFRB outlet structures and a submerged pipe outlet structure only. As
mentioned already, the impact on the distribution for other types of outlet structures will be evaluated
based on a change in upstream water level in the canal.

Outlet -20% | -10% - 5% +5% +10% +20% -n +n
structure

2 (033 | (0.36 (031 |l +0.42 +0.37 +0.3 (0.33 | +0.36
5 (0.00 | (-0.05 (0.09 |l +0.11 +0.08 +0.15 (0.05 | +0.11
8 (3021 | (0.18 (0.11 || +o16 +0.18 +0.19 (0.17 | +0.18
12 +0.28 | +0.22 +0.28 (024 | (9030 (-)0.24 +0.26 | (-)0.26

Table 7.12 presents the upstream water levels and the percentage of change referred to the '0-option'. It
can be concluded that:

- An increase of n, i.e the canal becomes rougher, results in an increase of the water level for head and
middle reach outlet structures and a decrease of the water level for tail outlet structures.
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- A decrease of n, i.e the canal becomes smoother, results in a decrease of the water level for head and
middle reach outlet structures and an increase of the water level for tail outlet structures.

Adjusted n -20 % +20 %

Outlet No. 2 5 8 12 2 5 8 12

60% FSD

- h, (m) 0.64 051 0.55 041 0.73 0.50 0.60 0.34

- dh. (%) -7.25% | 0% -5.45% +7.89% +5.80% -1.96% +3.45% -10.53%

100% FSD

-h, (m) 0.78 0.60 0.73 0.67 0.90 0.63 0.83 0.62

- dh. (%) -7.69% | 0% -7.60% | +4.69% +7.14% | +5.00% | +5.06% | -3.13%

120% FSD

-h, (m) 0.84 0.64 0.82 0.80 0.97 0.72 0.93 0.75

- dh. (%) -8.70% | -4.69% -7.32% | +3.90% +5.43% +7.46% +5.68% -2.60%
7.4.2 Seepage

Seepage consists of all the losses in the canal, and is expressed in I/s/km. The losses can be positive, i.e.
inflow seepage, and negative or outflow seepage. To analyse properly the impact on the canal water
distribution to the outlet structures based on a change in seepage losses two scenario's were used:

« The model with the seepage data from 15-11-1995 all positive, i.e. no outflow seepage.
. The model with the scepage data from 15-11-1995 all negative, i.e. no inflow seepage.

The seepage data used are valid for the analysis, as the S, as percentage of the inflow ranges between
approximately 3% to 16% (see table 5.6). In general, in the Punjab seepage losses ranges in between 5%
to 20% of the inflow at the head of a distributary. Therefor, the results of the analysis will be valid for
other distributaries too.

Reach (km) S, (Vs/km) S. (Us) S. in % of the inflow | Outlet structures
(for the whole canal)

0-44 1.9 21.47 3.3% 1,2,3,4

44-76 2.7 30.51 4.7 % 5

7.6-113 9.1 102.83 15.82% 6,7,8,9, 10, 11,

| ] | |12
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To analyse the impact on the water distribution for a change in the rate of seepage losses, for both inflow
and outflow seepage, the value of S, has been changed as follows:

- 100% -40% 0% +40% +100%
0 11 19 27 3.8

0 16 27 3.8 54

0 5.5 9.1 12.7 18.2

The analysis is conducted for outlet structure No. 2, 5 and 12. After the simulations it was found that
there were hardly any changes in the distribution for outlet structure 2 and 5. For no. 12 only, the
adjustments of the seepage rate resulted in a change in distribution. The results of the simulations for the
outlet structures No. 2, 5 and 12 are listed in annex F. After analysing the result, the following conclu-
sions can be stated (see figure 7.11):

Impact on the canal water distribution 0.75 : : ;
for a change in seepage, i.e a value for ’ R
R, is depending on the value for S.. 0.2 PO
The impact on the canal water distribu-
tion for a change in outflow seepage is . 0.15{" s "
more significant then for inflow seepage § -l P
Outflow seepage: Ry., = 0.11; Inflow & g1 fns = 26 T % -
seepage: Ryew = 0.065. Pt el
Impact on the canal water distribution c.054 g A
for a change in seepage, is depending on /'f:;/" C
the inflow at the head of the distributary, olz="

6 8 10 V2 14 te 18 0 77
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Figure7.11 R-index of a change in seepage as a

percentage of the inflow.

Impact on the canal water distribution for a change in inflow or outflow seepage is limited, but the
impact is significant for a change from inflow to outflow. Therefor, it is important to use inflow (+) or
outflow (-) data to simulate properly the distribution. This was also found in the validation of the SIC
model of Masood distributary.
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It can be concluded that the impact on the canal water distribution of a change in seepage is more
significant for low discharges at the head. It was found that there was a proper correlation between the
seepage rate as percentage of the inflow at the head, both outflow (R? = 0.94) and inflow seepage (R? =
0.92), and the value for the R-index, listed in figure 7.11. Below 6% to 8% of seepage losses in the canal,
a change in seepage does not effect the distribution to the outlet structures. That is way there was no
change in distribution for outlet structure 2 and 5.

In general, as seepage losses ranges between 10%and 20% of the inflow at the head, it can be stated that
the impact on the water distribution for change in seepage is low (seepage is an insensitive parameter):

e Inflow seepage: 0.05<K <0.20;
« Outflow seepage: 0.03<R <0.12

The analysis is conducted for (OC)OFRB outlet structures and a submerged pipe outlet structure only.
Table 7.16 presents the upstream water levels (for outlet structure 12 only) and the percentage of change
referred to the '0-option’. It can be concluded that:

« An increase respectively decrease of inflow seepage, results in an increase respectively decrease of
the water level in the canal, which is more significant for low discharges at the head of the distribu-
tary.

« An increase of outflow seepage, results in a decrease of the water level in the canal, which is more

significant for low discharges at the head of the distributary.
« A decrease of outflow seepage, results in an increase of the water level in the canal, which is more

significant for low discharges at the head of the distributary.

Table 7.16 Change in water level (h,) in metres and percentage (Yo)elated to a change in the

Adjusted. ice;)age - 100% +100%

Outlet No. 12 Inflow seepage Outflow seepage | Inflow seepage Outflow seepage
60% FSI

- h, (m) 0.34 0.31 0.43 0.26

- dh, (%) -12.8% +3.33 Y +10.26 Y0 -13.3%
100% FSD

-h, (m) 0.61 0.55 0.70 0.53

- dh, (%) -6.15 Yo +0.54 Y +7.69 Y0 -1.85%
120% FSD

- b (m) 0.75 0.72 0.82 0.67
-dh, (Yo) -3.85v +1.41 Y0 +5.13 % -5.63Y%
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75 Canal maintenance

Considering the Manning-Strickler equation, keeping the slope i and the roughness coefficient k constant,
the factor A.R?? determines the impact of large canal maintenance, i.e. desilting and remodelling the canal
cross sections. Maintenance of the canal cross section plays an important role in the distribution of canal
water to the outlet structures, as the factor A.R** determine the relationship between discharge and water
level within a distributary (tHart, 1996).

During the simulations, the factor A.R** is AR"2/3: - 20% / +20%
increased or decreased over the whole canal
reach (global), by means of scaling the width of
the canal (real measured cross sections were
used). It was found that for 60% FSD, 100%
FSD and 120% FSD, an increase of A.R** with
for example 20% can be obtained by increasing
the width B of the canal by 20%. The applied
re-dimensioning of the canal cross sections is
figured (figure 7.12). The initial value for the
factor A.R* is based on the water level with the I
canal running on 100%FSD.

-

A=(8+ny)y
To analyse the impact on the water distribution R=A/0=A/ @B t2y(1n2)05)

for a change in the cross section of the canal,

273
the \t/atl):]e;n;_;\'R has been changed as follows, Figure 7.12 Change in cross sectional profile based
seetable /.17 on adjusting the width (B) of the
canal.

A change of the initial cross section results definitely in a change in water level, as the slope and the
roughness coefficient are kept constant. The analysis is conducted for the defined inflow pattern at the
head, without the discharge at 50% FSD and ranges from -20% up to +40% in order to avoid sever bank
over topping for a decreased factor A.R¥*, The results of the simulations for the outlet structures No. 2, 5,
8and 12are listed in annex F. After analysing the results the following conclusions can be stated:

* Head and middle reach

Increase of A.R* results in a decrease of discharge to the outlet structures (no. 2: R,, = (-)0.13; no. 8:
R =(-)0.20). Decrease of A.R¥? results in an increase of discharge to the outlet structures (no. 2: R,
= 0.26; no. 8: R_,, = 0.33): so distribution of canal water responses more for a decrease in the cross
section then for an increase. The responsiveness of the system is independent on a variation of discharge
at the head of the distributary or the value of the adjustment (%).
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Table 7.17 Adjustments of the value A.R¥ m? in the model (change of B)

Location - 20% - 10% 0% +20% + 40% n

| lead 1.90 2.13 2.36 2.82 3.29 1
o/l 2.34 2.61 2.89 3.45 4,01 1
o/l 2 1.07 1.20 1.32 157 1.83 1.2
ofl 3 2.18 2.33 2.48 2.77 3.07 2.5
o/l 4 2.22 2.43 2.63 3.05 3.47 15
cross 1 2.12 2.27 2.42 2.72 3.02 15
drop 1(w's) 1.00 1.09 1.18 1.38 1.57 2
drop 1(d/s) 1.43 1.53 1.63 1.83 2.03 3
cross 2 1.54 1.64 1.74 1.95 2.16 2
ofl5 1.06 1.17 1.28 151 1.73 15
drop 2 (ds) 1.06 1.17 1.28 151 1.73 15
drop 2 (d/s) 2.60 2.88 3.17 3.74 4.33 1
o/l 6 1.30 1.35 1.41 1.54 1.66 25
oNn7 1.47 1.60 1.73 2.00 2.27 2
o/18 0.96 1.05 1.13 131 1.48 1.25
o/l19 0.63 0.70 0.76 0.89 1.03 1
o/1 10 0.61 0.70 0.74 0.87 1.00 1
o111 0.84 0.95 1.06 1.29 151 0.5
o1z 0.77 0.83 0.90 1.04 1.17 15
Tail 0.72 0.78 0.85 0.98 1.11 15

« Upstream cross structure (outlet structure 5)

It can be concluded that the presence of a cross structure (drop structure) reduces the impact on the
distribution due to a change in the cross section of the canal. For inflow at the head between 60% FSD
and 100% FSD, an increase of A.R¥* does not result in a change in allocation of canal water to the
upstream outlet structure (R.., = (-)0.02). The cross structure maintains the upstream water level, as
defined by its discharge-depth relation. For a decrease of A.R** the distribution slightly changed (R,,.., =

0.17). With the canal running above 100% FSD, there is more impact on the distribution, for a decrease
in A.R??.

 Tail reach

Increase of A.R?? results in an increase of discharge to the outlet structures (12: R,,,, =0.14), due to less
distribution more upstream in the canal. Decrease of A.R?? results in a decrease of discharge to the outlet
structures (12: R, = (-)0.18), due to more supply to the upstream outlet structures. There is not enough
water left for the tail-enders. Distribution of canal water to tail outlet structures responses more for a
decrease in the cross section then for an increase. The responsiveness of the system is depending on a
variation of discharge at the head of the distributary: for a low discharge (60% to 80% FSD) the impact
on the distribution is substantially higher then for 80%to 120%FSD.

In general: the impact on the canal water distributionfor a distributary is lowfor a change in the
cross sectional area of the canal (-20% to + 40%): thefactor AR?* is an insensitive parameter.
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Figure 7.13

K-index values as a function of the inflow at the head for a change in cross sectional profile
with: - 20%.

Figure 7.13 presents the computed R-index values as a function of the inflow at the head of the distribu-
tary, expressed as a percentage of the FSD. For head, middle and tail reach, the conclusions as stated
above are visualized. In table 7.18 the overall mean R-index values are listed.

Table 7.18 Mean R-index values for a change in A.R*

[ Outlet structure R:-20% | R:-10% Jl R: +20% | R: +40% l-[ Ry -AR” | R, +AR™
2 +0.25 +0.28 [ (-)0.15 (-)0.11 +0.27 (-)0.13
5 +0.17 +0.17 (-)0.03 (-)0.00 +0.17 (-)0.02

" 8 +0.36 +0.29 (-)0.18 (-)0.21 +0.33 (-)0.20

" 12 (-)0.18 o.17 |l +0.14 +0.13 (-)0.18 +0.14

The above conclusions are corresponding with the results obtained by Hart (71996), simulating a
change in the cross sectional area (between -60% to + 130% of the design value) of the Fordwah
distributary. It indicates that the response of the system, either a large distributary (Fordwah) or a
small distributary (Masood), due to adjustments of the cross sectional area is similar.
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The analysis is conducted for (OC)OFRB outlet structures and a submerged pipe outlet structure only.
Analysing the change in upstream water levels. It can be concluded that:

« An increase of A.R*?, results in a decrease of the water level for head and middle reach outlet struc-
tures and an increase of the water level for tail outlet structures.

o A decrease of A.R¥, results in an increase of the water level for head and middle reach outlet
structures and a decrease of the water level for tail outlet structures.

« Within the reach of the backwater curve upstream of drop structures, water levels are kept constant
for an increase of A.R*?. A decrease of A.R?® can affect the discharge-depth relation of a drop
structure. For high inflow at the head (> 90% FSD), water levels are raising.

77 Evaluation

Livaluation of the sensitivity analysis of the different parameters in the model results in the following list
of so-called sensitive and insensitive parameters, according to the classification suggested in section 6.4.2
(insensitive: R < 0.5) and the range of adjustment used during the analysis. Based on the results of the
sensitivity analysis, the 'insensitive parameters' are used to suggest different scenario's to develop a
method for simplifying a flow model for a distributary. This will be discussed in chapter 8. When it
comes to suggest scenario's to improve the canal water distribution at the secondary level with limited
resources, it will be useful to start with adjusting the 'sensitive parameters', as the have the most substan-
tial impact on the water distribution. This will be further discussed in chapter 9.

. Sensitive parameters: discharge coefficients of outlet structures, height and width of the opening of
outlet structures, crest levels of drop structures (only a local impact).

« Insensitive parameters: crest level of outlet structures (measured above bed level), for a low ratio
CL/WL canal (OFRB: < 0.35;A0SM: < 0.30; OF: < 0.24; PIPE: < 0.15 ), width of a drop structure,
Manning's coefficient, Seepage (inflow and outflow) and cross sectional profile (AR"2/3).

The sensitivity of ‘crest levels of outlet structures’ is increasing for low discharges at the head of the
distributary, as the ratio CL/WL increases. Besides that, due to the non-proportionality of most of the
outlet structures (see section 6.5), disturbances are transported to the tail end of the canal. It can be
expected that inaccuracies of the simplified flow model simulations occur for low discharges at the head
(low water table in the canal) and for the distributed discharges to the tail outlet structures.
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Manning's coefficient -20 % -10% +10% +20 %
wtlet 2 (-)0.33 (-)0.36 0.37 0.30
witlet 5 (-)0.00 (-)0.05 .08 015
utlet 8: (-)0.21 (-)0.18 0.18 .19
sutlet 12: (-0.28 (-)0.22 (-0.30 (-)0.24
Inflow seepage losses - 100 % -40 % +40 % +100 %
autlet 12: (-)0.07 (-)0.07 0.06 0.06
Dutflow seepage losses - 100 % -40 % t 40 % 1100 %
wtlet 12: 0.10 0.1l (10.11 (=)0.11
Cross sectional area -20% -10% +20% + 40 %
outlet 2: 0.25 0.28 (-)0.15 (-)0.11
outlet 5: 0.17 0.17 (-)0.03 (-)0.00
outlet 8: 0.36 0.29 (-)01.8 (-)0.21
outlet 12: (-)0.18 (+)0.17 0.14 0.13

» Sensitive parameters: discharge coctlicients of outlet structures, height and width of the opening ol
outlet structures. crest levels of drop structures (only a local impact).

. .Insensitive parameters: crest level of outlet structures (measured above bed level), for a low ratio
CL/WI, canal (OI'RB: < 0.35; AOSM: < 0.30; OF': < 0.34: PIPE: <0.15), width of a drop structure,
Manning's coelficient, Seepage (inflow and outflow) and cross sectional profile (AR2/3).

Ihe sensitivity of 'crest levels of outlet structures' is increasing for low discharges at the head of the
distributary, as the ratio CI1./WI. increases. Besides that, due to the non-proporttionality of most of* the
outlet structures (sce section 6.5), disturbances arc transported to the tail end of' the canal. It can be
expected that inaccuracics of the simplified flow model simulations occur for low discharges at the head
(low water table in the canal) and for the distributed discharges to the tail outlet structures.
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The analysis is conducted for (OC)OFRDB outlet structures and a submerged pipe outlet structure only.
Analysing the change in upstrcam water levels. It can be concluded that:

« An increase of A.R*?, results in a decrease of the water level for hcad and middle rcach outlet struc-
turcs and an increase of the water level for tail outlct structures.

» A decrease of A.R?®, results in an increase of the watcr level for hcad and middle reach outlet
structures and a deercase of the wntcer Icvcl for tail outlet structures.

« Within the rcach of the backwater curve upstrecam of drop structures, watcr levels arc kept constant
for an increase of A.R¥3. A dccrcase of A.R? can affect the discharge-depth relation of a drop
structure. For high inflow at the hcad (> 90% FSD), watcr levels are raising.

1.7 Evaluation

Lvaluation of the scnsitivity analysis of the different parameters in the model results in the following list
of so-called sensitive and insensitive parameters, according to the classification suggested in section 6.4.2
(inscnsitive: R < 0.5) and the range of adjustment used during the analysis. Based on the results of the
scnsitivity analysis, the ‘insensitive parameters’ arc used to suggest different scenario’s to devclop a
mcthod for simplifying a flow modcl for a distributary. This will bc discussed in chapter 8. When it
comes to suggest scenario’s to improve the canal water distribution at the secondary Icvel with limited
resources. it Will be useful to start with adjusting the ‘sensitive parameters’, as the have the most substan-
tial jmpact on the water distribution. This will be further discussed in chapter 9. In table 7.19, all intcr-
ventions with the corresponding mean R-index values arc listed.

Intervention and outlet ++ % adjustment | + % adjustment - % adjustment - - % adjustment
structure
R mean R mean R mean R mcnn
Width B drop structare | - -25% +25%
outlet: § 0.37 (-)0.26
Crest level drop strur- -40 % -25% +25% +40 %
tfure
outlet 5: (-)0.53 (-)0.64 0.80 ' 0.77
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CHAPTER 8 DEVELOPMENT OF A SIMPLIFIED
HYDRAULIC FLOW MODEL

8.1 General

The overall aim of this chapter is to develop a so-called simplified method to set up a hydraulic flow
model for a distributary, based on the results of chapter 7, i.e. the “insensitive parameters’. When it comes
to simplifying input data of flow models, it will be useful to simplify only those parameters, which impact
on canal water distribution is limited (as discussed in chapter 7). The approach will be a general descrip-
tion which steps to be taken, and will be more specified for distributaries in the area of study. As the
traditional way of developing flow models takes a lot of time and requires a lot of field data, a simplified
model could be useful to save time and money for an initial analysis of the actual canal water distribution
and performance of a distributary. In this chapter the development, limitations, boundary conditions and
calibration of the simplified approach will be discussed.

8.2 Simplified scenario’s

In chapter 5, the initial input data of the hydraulic flow model (SIC) is discussed. To evaluate different

simplifications of the input parameters of the model, 5 scenario’s are tested. The simplifications of the

different scenario’s are based on the results of the sensitivity analysis of chapter 7. As the simplification

has to result in a methodology to set up a flow model with limited resources (time and money). The time

consuming aspects of developing flow models will be analysed and simplified, i.e. the topographical

survey (bench marks and cross sectional profile measurements) and calibration of outlet structures and

drop structures. The results of the scenario’s will be used for the development of the simplified method,

described in section 8.3. The following scenario’s are simulated, based on the ‘insensitive parameters of

section 7.7:

« Actual physical state of the distributary with theoretical crest levelsfor outlet structures and drop
Structures.

. Simplification of the geographical inputfiles: minimize the number of cross sections.

« Actual physical state of the distributary with the calibrated (7IMI) discharge coefficients and
theoretical coefficients for the outlet structuresand drop structures.

Besides that, two more scenario’s are simulated, to check the possibility to simplify the downstream
rating curve of the model and the necessity to incorporate illegal closure of outlet structures:

o Simplification of the downstream rating curves for submerged outlet structures and tail of the

distriburary .
« lllegal closure of outlet structures.
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8.2.1 Actual physical state of the distributary with theoretical crest levels for outlet structures and
drop structures.

The topographical layout (longitudinal profile) of a canal determines the horizontal slope of the canal
bed. Crest levels of outlet structures, cross structures and elevation of typical cross sections are all related
to the topographical profile of the canal. In general, the elevations are expressed in a certain height
referred to the head of the canal. To determine the reference elevations of the crest levels of outlet
structures, cross structures and typical cross sections, bench marks should be established by means of a
topographical survey along the canal. Such a survey takes a long time: approximately 2 to 3 days for 10
kilometres'. To avoid these types of elaborate surveys would be an achievement for the simplified
approach.

Two methods were tested to be able to determine the crest levels of outlet structures, drop structures and
the elevation of cross sections, without a topographical survey.

Method 1

For a certain constant discharge at the head of the distributary, there will be a steady state water profile in
the canal (for example the 15-11-1995 measurement data set: Q,..s» h.). With the assumption that the
slope of the water profile i, equals the bed slope i , there will be uniform flow in a certain canal section.
A.R?? can be computed after measuring the cross section near the outlet structure. After determining a
proper value for the coefficient of roughness, the slope i, can b computed with the Manning-Strickler
equation. It will be possible to find the reference elevation of the ‘crest levels of outlet structures with the
following equation (explained in figure 8.1):

i <i(c)

Figure 8.1 Schematic representation of a canal to determine crest levels (method 1).

1
Based on the survey held for Maso~d distributary.
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CL, =CL, *+h

i

- (L*ic) _ h"_i

au,i-1

Wherc:

CIL, = Crest lcvel i* outlet structure [m]
CLiy = Crest level (i-1)™ outlet structure (m]
b = Upstream water Icvcl i outlet structure ‘ (m]
hy, = Upstream watcr level (i-1)" outlct structure (m]
I = Slope watcr profile canal T
l = Distance between tlic outlet structures {m]

When the crest levels of outlet structures arid cross structures are dctennincd, it will be possible to
measure the typical cross sections of the canal referred to the corresponding crest levels. Limitations of
this method arc:

- Still, a lot of data arc necessary: a steady state data set will be necessary for all the canals which must
be modelied.

« The assumption that thcre will be uniform flow in the canal docs not count for the sections just
upstream cross structures. Positive and negative back water curves rcsul(inf'; in a false prediction of
the theoretical crest level values: i </ > i_ (as shown in figure 8.1).

- In genceral, crest levels of outlet structures (free flow, o.m.) are not that sensitive for changes coniparcd
with crest levels of drop structurcs and submerged pipe structures, as found in the theoretical analysis.
This method is especially inaccurate for drop structures (and for Masood distributary a submerged
pipe outlet structure), so inaccuracieg will occur.

. Errors upstream are transplanted downstream and accumulation of errors resulting in a low accurate
prediction at the tail.

Metliod 2

As found in the analysis, in the end only the reference elevation of the water level above the crest of a
structure determines the discharge, so crest levels can be expressed in a theoretical value if the water level
in the canal is related with this value. For a certain discharge at the head and a certain value for the
roughness coefficient, water levels are determined by the factor A.R** (slope i is determined by the
reference elevation of the cross sectional profile). As the impact on the water distribution is limited for
slight changes of the crest levels of outlet structures (sensitivity related to the ratio CL/WL), an increase
in height of the outlet structure crest level together with the same increase in height of A.R*? does not
cffect the distributed discharge. The initial (theoretical) crest levels of the outlet structures and drop
structures are defined by the design crest levels. In general, the values of the design crest levels are
available with the Irrigation Agency (PIPD). In case of the Chishtian Sub-Division, all the design crest
levels of outlet structures are available. The design values for cross structures are not always available,
and are not very reliable. The cross sections close to the outlet structures are measured in the field,
referred to the design crest levels of the corresponding outlet structures. For drop structures thcre are
two possibilities:
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Drop structure close (in between 75 metres) t0 an outlet structure (see figure 8.2):

The crest Icvel of the outlet structure is the initial elevation point. The elevation of tlic drop can bc
measured referred to the crest of the outlet. The cross sections upstream and downstream of the drop
can be measured, with reference to the crest of the outlet structure.

Drop stracture_zor close (>_75 metres)_to an outlet structure (see fieurc 8.21;

The crest level of the outlet structure nearby is the initial elevation point. The elevation of the drop
can be mcasured referred to the crcst of the outlet, by means of a small survey. The cross sections
upstream and downstream of the drop can be measured, with reference to the crest of the outlet
structure.

L
i>[.

CL (design)

CL (Iheoretical) = CL (design) t a - b

Figure 8.2 Schematic rcprescntation of a canal to determine crest levels (method 2).

To be able to test this approach with the model of Masood distributary, the following adjustments wcrc
implemented:

Al the crest levels of the outlet structures were set at the design value (source: PIPD).

The cross sections nearby outlet structures were adjusted proportional with the adjusted value of the
crest level. For example outlet structure no. 2: CL,,, = 148.71 m, CL,, = 148.98 m, so both the
crest as the complete cross section was reduced with 0.27 m.

The two cross section in between outlet structures were deleted.

The crest level of drop 1 was reduced with 0.03 m (referred to the new crest level of outlet structure
4).

The crest level of drop 2 was rcduced with 0.19 m (rcferrcd to the new crest lcvel of outlet structure
5).

The crest level of drop 3 (down stream boundary condition) was reduced with 0.14 m (referred to the
new crest level of outlet structure 12).
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. The same counts for the values of the theoretical crest level and downstream water level of the rating

curves for the submerged outlet structures. They were all reduced proportional with the difference
between design and actual crest level.

40

Deviation (%)

12 3 45 6 7 8 9 1011 12Tail
No. of outle! structures

g8 50% FSD I 80% FSD 100 FSO [N 120% FSD | |

Figure 8.3 Difference between computed discharges (%) for the outlet structures of the actual SIC
model and the simplified model, for different inflow at the head.

Based on the adjustments listed above, {he geographical files of SIC are transformed into simplified files
as if there was no topographical survey, but only detailed measurements of the cross sections with
reference to the corresponding design crest levels of the outlet structures. In figure 8.3, for different
inflow at the head of the distributary, the difference (expressed as a percentage) between computed
discharge with the actual SIC model and the simplified model is listed.

It can he concluded rhatfor low discharges at the head the accuracy & poor. Between 80% FSD and
120% FSD the accuracy is in between 0% and 12%. This means that with the proposed method, i.e.
without a topographical survey, the distributed discharges to the outlet strucrures are computed
properly? by the model. for Masood distributary.

During the simulations, it was found that the dynamical computation was not possihlc for discharges
below 60% IFSD, due to fatal errors in the computation. At a certain moment, there occurred super critical
llow during the computation in reach 6 (at the location of drop structure no. 2). During a normal steady
[low computation, the Froud number reads > |, above the crest of the drop structure (v > (g.D)*%,
shooting water at the drop).

7

The classification properly* Will be used whenever the deviation between computed discharges Of the simplified method
compared with the actual computed discharges by the model are in between 0 % and 20 % 7he accuracies are nof fixed. It
depends on the riser of the simplified models what the accuracies should be.
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The super critical behavior is due to the adjusted cross sections up and down stream of the reach and
adjusted crest level of the drop structure. Up to now, SIC can not handle this problem. Nevertheless, it
does not imply that for all canals super critical flow will occur for low discharges, and therefor the
simplification method is still interesting to use.

8.2.2 Simplification of the geographical input files: minimize tlie number of cross sections.

Using SIC, at least two cross section for each reach have to be defined. To reduce the amount of ficld
work, simulations were done to minimize the amount of cross sections, and afier that to simplify the
measurcments. The next steps were taken: . ' §
« Remove all cross sections (2) in between outlet structures.

« Reduce the amount of cross sections using the actual topographical files.

« Reduce the amount of cross sections using the simplified topographical filcs. .

Remove all cross sections (2) in between outlet structures,
There is no change in the distribution pattern, after removing two cross sections in between outlet
structures (at 1406.7 m and 1748.6 m).

Reduce the amount of cross sections using the actual topographical files,

To remove different cross sections it is important-to maintain the"typical changes in the cross sectional
profile. All cross sections are studied and based on a visual analysis of the cross scctional shape of the
canal. There are three types of cross sections which can not be removed: (1) head cross section just
downstream of the secondary inlet, (2) upstream and downstream cross section of cross structures, and
(3) tail cross section just upstream of the downstream boundary condition. In figure 8.4, the systematical
simplification is drawn. Tle aniount of cross sections is reduced to 7 (approximately 1 cross section :
15 km canal).

MASOOD DISTRIBUTARY

Heod. 1, 2. 3
4, drop 1 u/s
drop 1 d/s

5, drop 2 u/s
drop 2 d/s, 6, 7
a, 9, 10, 11
12, Tail

!
! = cross section
I

g nnn

OmMmmo O >

Figure 8.4 Schematic visualization of the reduced amount of measured cross sections.
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The simplification is modelled in SIC by means of extrapolating the cross sections (A to G) to the other
points including an initial lowering of the elevation, based on the difference of (1) mean bank level or
(2) mean bed level, between two cross sections. In this way, the actual slope of the canal is maintained.
In table 8.1, the results of the simulations are presented, using the actual topographicalfiles with the
reduced amount of cross sections (based on reduction using difference in bed level).

Outlet 50% 80% 100% 120%
No. FSD FSD FSD FSD

O-option  Simpl. O-option  Simpl. O-option  Simpl. O-option ~ Simpl.
2 0.043 0.058 0.07 0.07 0.076 0.076 0.082 0081
5 0.017 0.017 0.021 0.021 0.023 0.023 0.027 0.026
8 0.049 0.054 0.060 0.061 0.066 0.066 0.072 0.070
12 0.053 0.056 0.081 0.083 0.095 0.096 0.106 0.108

It can be concluded thatfor low discharges at the head the gccuracy is poor. Between 80% FSD and
120% FSD the maximum deviation between the actual and simplified model of 2.5 %. This means thar
with the proposed method, i.e. a reduction of the number of cross sections to approximately 1 measure-
ment every 1.5 km, the distributed discharges to the outlet structures are computed properly by the
model,for Masood distributary.

Reduce the amount of cross sections using the simplified topographical files.

The same reduction of cross sections are simulated with the simplified topographical files defined in the
previous section. The design crest levels of the outlet structures are used as the initial elevations along the
canal. To maintain the slope the actual slope between two cross sections, the following procedures are
tested (see figure 8.5):

B(2) ~e-t—

x(2)
mean bank level
x(1) =
mean bed level < 72 CL(i+1)
b(1) ~-t— L
I+ 1
Figure 8.5 Reduction of the amount of cross sections. Maintain slope using two methods: (1) reduction

based on bed level or (2) based on bank level.
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Figure 8.6 Deviation (%0) between actual and simplified model output: simplified topographical files
and reduction of cross sections. :
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Figure 8.7

Deviation (Yo)between actual and simplified model output: simplified topographical files
and reduced amount of cross sections.
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For different inflow at the head of the distributary, the difference (expressed as a percentage) between
computed discharge with the actual SIC model and the simplified model are listed.

« The extrapolation of cross section i to i+l can be based on a reduction of the elevation, by means of
extracting the difference in bank level: x, (see figure 8.5). The difference in bank level can be ob-
tained by measuring a, and b,. The reduction factor x, will be: x, = (CL, +a,) - (CL,,, +b,).

» The extrapolation of cross section i to i+1 can be based on a reduction of the elevation, by means of
extracting the difference in bed level: x, (sce figure 8.5). The difference in bed level can be obtained
by measuring a, and b, The reduction factor x, will be: x, = (CL, - a,) - (CL;4; - by).

Both the methods are simulated and the results are plotted in figure 8.6 and 8.7

Again. it can be concluded thatfor low discharges at the head the accuracy ispoor. Between 80% FSD
and 120% FSD the accuracy B in between 0% and 73%, using the difference n bank level, and
between 0% and 12% using the difference in bed level. This means that with the proposed method, i.e.
without a topographical survey and minimal number d cross sections (based on a difference in bed
level), the distributed discharges to the outlet structures are computed properly by the model, for
Masood distributary.

As mcntioncd earlier, the simplified topographical files causing super critical flow for discharges lower
then 60% FSD above the crest of drop structure 2, for the Masood model. The way the cross sections will
be defined in the model is depending on the available time and the possibility of proper data collection.
Cross sectional profile measurements every 0.5 to 1 metre are recommended (as discussed in annex D).

!

823 Actual physical state of the distributary with the calibrated discharge coefficients for the outlet
structures.

Especially for large canals, the calibration of the discharge coefficients of the outlet structures is a labour
intensive work. To reduce the amount of time and field work, the next 2 simplifications are suggcstcd and
tested:

o Method 1: Use the calibrated discharge coefficients of the outlet structures, as defined by the IIMI
field measurements.

. Method 2: As the discharge coeflicient for outlet structures is approximately constant around its
design value for free flow and o.m. flow conditions, take the design coefficient for the simplified
model. The values are the initial values (u: default values) used by SIC. A distinction must be made
between outlet structures under free flow (and o.m.) or submerged flow conditions.

Free flow (0.m): Submerged flow:

APM: 0.60 APM: measured in the field
OFRB: 0.53 OFRB: measured in thefield
OF: 0.37 OF. measured in the field
PIPE: 0.70 PIPE: measured in thefield
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The two proposed methods are tested with the actual topographical files of Masood distributary and the
results are listed in figure 8.8 and 8.9. It can be concluded that the accuracy for both methods is poor for a
low discharge at the head (50% FSD). Between 80% FSD and 120%FSD, the accuracy is fair. There isa
difference up to 20% between actual computed and simplified computed discharges. Method 2 (figure
8.9) will be recommended, to minimize the amount of field measurements and reduce the chance of errors
and inaccuracies. Conclusion: use the theoretical values and calibrate only the submerged outlet
structures.

deviation (%)
[
S o

ol K ﬁﬁﬁ"mg

-20 &

devigtion (%)
-
o @ o
?

t 2 3 4 5 6 7 8 9 101112 1 2 3 45 6 7 8 9 101112
Outlet structures Outlet structures

BRR50% FSD MR 100% FSD 120% FSD

Figure 8.8 Discharge coefficients based on Figure 8.9 Discharge coefficients based on
the TIMI field calibration theoretical values and
mcasurements. measurements for submerged

types.

To measure in a quick way the distribution to all the outlet structures this method can be used too: (1)

Steady state in the canal; (2) Measure discharge at the head and tail of the canal; (3) Free flow and o.m.

flow condition outlct structures: measure upstream water level above crest (compute the discharge); (4)
Submerged flow condition outlet structures: calibrate the structures (measure discharge). This rapid

Inflow - Outflow method can be used for the calibration of the simplified method to set up a flow model

(sec section 8.4)and to define the seepage losses in the canal.

8.24 Simplification of the downstream rating curves for submerged outlet structures and tail
of the distributary.

Outlet downstream boundary condition

As the downstream rating curve for submerged outlet structures is already a simplification of the actual
dynamical bchavior of watercourse variation and discharge variation in the parent canal, no further
simplifications are suggested.
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The method of developing a rating curve is described in section 6.3.2, and it will take one measurement
for cach submerged outlet structure only. The simplifications of the crest levels and topographical files
must correspond with the values for the theoretical crest elevation and downstream water level defined in
the rating curve. Looking at the results of the simplifications up to now, the rating curves of the outlct
structures 4, 5 and 6 are computing the distributed discharge properly (up to 20% deviation for outlct
structure 6, figure 8.8).

‘lail downstream boundary condition
Each model requires a proper defined downstream rating curve at the tail of the distributary. In general,
there are three possibilities, depending on the physical lay out of the canal.

(n The downstream boundary condition consist of a tail drop structure, as used in the Masood
modecl. The rating curve will be defined by the discharge-depth relation above the crest for free
weir flow. Data necessaiy: width B, simplified crest level and discharge coefficient for free flow
(C, approximately 0.95).

) ‘I’he downstream boundary condition consist of a cluster of tail outlet structures. The rating
curve will be defined by the discharge-depth relation above the crest for free weir flow in case
of an open flume, or orifice flow in case of an AOSM or OFRB. The final tail outlet structure
will be defined as the downstream boundary condition. Data necesdary: width B, simplified
crest level, opening height Y and discharge coefficient for free flow (C', approximately 0.95 for
weir flow; C; =0.53 (OFRB), and 0.90 (AOSM) for orifice flow).

3) The downstream boundary condition consist of a depth-discharge relationship of the canal
itself. Data necessary: width B, bank slope’n, bed slope i and roughness coefficient k
(Strickler).

As the first two options are already defined in 0

the SIC model of Masood, only the last option i5

will be simulated and analysed what the impact "

is on the distribution. The rating curve will be

defined based on Manning-Strickler, with: g s

éc. o &
+ widthB=15m : ¥ ONEN { "
« bank slopen=15 ° §
« bed slopei =4.9*10 -0 HEN
« roughness cocflicicnt k =20 m"? /s -15 | : =

. -20 .
Replacing the old downstream boundary condi- b 9 Cut|I(?t e e Ta
tion and simulating the actual model, it can be
concluded that the impact is limited to the last @i 50% FSD M 1007 FSD (XN 120% FsD
two to three outlct structures at the tail (see
ligure 8.10). ‘I’he impact is depending on the — —
Figure 8.10 Impact of a change in tail downstream

discharge in the parent canal. boundary condition.
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Canal water distribution at the secondary level in the Punjab, Pakistan

8.2.5 Ilegal  closure  of  outlct
struclures. 60

The impact on the distribution, when cver an out- 50

let structure is illegally closed by the farmersis

listed in figurc 811. For this purpose, outlet ¥

structure 1 and 2 were closed during simulation. .—§30

There is an increase of distributed discharge to the 3 a0

outlet structures (approximately 10%).It can be

concluded, that the upstrecam disturbance is dis- 10

tributed towards the tail due to non-proportional

behaviour of the outlet structures. The impact on °

the canal water distribution at the tail is substan-

tially higher.

Further, it can be stated that the impact on the

canal water distribution is depending on the in- =

. . . Figure 8.11

flow at the head of the distributary. For low dis-

charges in the canal, the impact is more

pronounced.

8.3 A simplified flow model general approach

Impact closure of an outlct structure
(1 rind 2) on canal writer distribution.

The analysis of the responsiveness of the system for general hydraulic characteristics is described in
chapter 7. Section 8.2 presents the analysis of different simplified scenario’s based on the sensitivity
analysis of chapter 7. Based on that, the next simplified approach to develop a hydro dynamical flow

model for distributarics, IS suggested:

1. Inventory of the topographical layout of the distributary
IFor each distributary the dilferent nodes must be defined, therefor information is necessary about: (1)
total length of the distributary; (2) location of al the outlct structurcs, inlet structure and tail structure
(nodes abscissa); (3) location of the cross structurcs, and (4) location of off taking minors and sub-
minors. The topographical module can be developed in SIC !

2. Simplified geometrical module

‘I’he geometrical files are based on the simplified approach of section 8.2.1: cross sectional profiles and
the crest levels of the cross structures based on the design crest levels of the outlct structurcs. ‘I’'wo
options are available, either (1) cross sectional measurements fot all nodes and cross structures, or (2)
minimize the amount of cross sectional measurements and apply the proposed method of section 8.2.2.

3. Cross dcviccs description

In general, the cross structures are normal drop structure, without gated openings. Input parameters for
drop structurcs: mecasured width B (m), crest level clevation as defined in point 2., and discharge cocl{i-

cicnt based on mean flow condition,
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Whenever the drop structure is working under free flow conditions, the theoretical discharge coefficient is
sufficient: Cd = 0.37 (= initial value u: default value used by SIC). Whenever the drop structure is
working under submerged conditions, the discharge coefficient has to be calibrated based on field
measurenients.

4. Nodes description

Jn general, the outlet structures are either (OC)AOSM, (OC)OFRB, OF or PIPE outlet structures. Input
parameters for outlet structures: measured width B (m), measured opening height Y (m), design crest
level clevation (PIPD), and discharge coefficient based on mean flow condition. Whenever the outlet
structure is working under free flow or o.m. conditions, the theoretical discharge coefficient is sufficient
(see section 8.2.3), and the downstream boundary condition does not play any role. Whenever the outlet
structure is working under submerged conditions, the discharge coefficient has to be calibrated based on
field measurements. The downstream boundary condition should be modelled by means of a theoretical
rating curve as discussed in section 6.3.2. The upstream boundary condition (head node of the distribu-
tary) exists either of a constant inflow (m?/s), or a typical inflow pattern Q(t) defined in Unit I1I of SIC.
The downstream boundary condiiion of the model must be a rating curve as described in section 8.2.4. If
the tail condition is a drop structure or outlet structure, the discharge coefficient must be determined
based on measurements for both free flow and submerged conditions.

5. Manning's coefficient

The initial input of the roughness coefficient, expressed as the Manning's coefficient n, will be based on a
visual analysis of the physical state of the distributary. Using the descriptive state of a distributary, based
on the classification defined by Ven Te Chow (1973), n values for certain reaches in the canal can be
obtained. It will be suggested to define n values between: head - drop structure I; drop structure 1 -
drop structure 2; drop structure 2 - drop structurex; drop structure x - tail.

6. Seepage

The rate of seepage losses can be simplified taking the seepage as a percentage of the inflow (10% to
20%), or computed by means of a rapid Inflow - Outflow study of the canal: measure the discharge at the
head and tail of the canal (steady state in canal is necessary), the upstream water levels above the crest of
the free flow and o.m. flow condition outlet structures and calibrate the submerged outlet structures to
compute the distribution pattern. In this case, the rate of seepage losses within a distributary will be based
on the IIMI measurements which took place for all distributaries. For small distributaries (< 15 km ): the
mean value for S, for the whole canal will be add in SIC. For large distributaries (> 15 km ): the mean
value for S. for reaches up to 10to 15 km will be add in SIC. Attention must be paid on the difference of
inflow and outflow seepage. For outflow seepage a negative value must be add. For inflov seepage a
positive value must be add.

In general, the more one simplify, the less accurate the output of the simplified model will be. The
proposed different simplified scenario's, with there individual accuracies, will give the user the possibility
to select the most appropriate methodology. For example, a global and general prediction of canal water
distribution could be less accurate then a close examination of the actual performance of a distributary.
Four different simplified scenario's are suggested. The estimated accuracies are experimentally based on
simulations with the SIC model of Masood distributary (see section 8.4), the time spend on developing
the simplified models is a rough indication based on the time spend on developing the model for Masood
distributary (with 2 man):
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1. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measured cross sections.

This method is the most simplified and therefor the less accurate. Accuracies for estimating the allocated
discharge referred to a fully developed SIC model are in between 10% to 3%%. In general it will take
about 2 day’s for every 10to 15 kilometres canal length to set up these kinds of simplified models. One
day will be spend in the field: measuring the cross sections, crest levels of drop structures, visual analysis
of the canal to determine the initial roughness coefficient n, and the calibration of the submerged struc-
tures and the downstream boundary condition of the model. The other day will be spend on entering the
data in SIC. It can be stated that the time spend on developing these models is depending on the skills of
the people involved and the availability of the necessary data (design crest levels and a map with the
abscissa of the nodes).

2. Simplified hydraulic input file and simplified geometric input file with actual cross sections at
the nodes.

This method is less simplified and therefor the accuracy will be better. Accuracies for estimating the

allocated discharge referred to a fully developed SIC model are in between 10% to 25%. In general it will

take about 2 to 3 day’s for every 10 to 15 kilometres canal length to set up these kinds of simplified

models. Extra time will be used for measuring all the cross sections along the canal, referred to the design

crest levels of the outlet structures..

3. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measured cross sections. Calibration of the simplified model by means of the ‘model calibration
mode’ of SIC: calibration of n-values.

This method is also less simplified and even calibrated for a certain situation, and therefor the accuracy

will be better. Accuracies for estimating the distributed discharge referred to a fully developed SIC model

are in between 10% to 20%. In general it will take about 3 to 4 day’s for every 10to 15 kilometres canal
length to set up these kinds of simplified models. Extra time will be necessary to collect the field data for
the calibration of the Manning’s coefficient (n-value) with the SIC model. The calibration procedure is
based on several water level measurements along the canal nearby the head of the distributary, several
outlet structures and the tail of the distributary (approximately every 3 to 5 km). The calibration method
is explained in chapter 5 and annex B.

4. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measured cross sections. Calibration of the simplified model by means of adjusting discharge
coefficients of outlet structures in the model.

This method is also less simplified and calibrated for a certain situation. The accuracy is the best of all
the other methods. Accuracies for estimating the allocated discharge referred to a fully developed SIC
model are in between 0%to 10%. In general it will take about 4 day’s for every 10to 15kilometres canal
length to set up these kinds of models. The calibration procedure is based on an elaborate calibration
procedure of al the outlet structures along the distributary. A data set “‘ofthe distribution pattern for all
outlet structures along the canal will be necessary for a steady state situation in the canal (reach). During
the calibration procedure, the discharge coefficients in the model will be adjusted until the computed
output of the model match with the field data set. The calibration of al the discharge coefficients is time
consuming, but accurate.
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8.4 A simplified flow model for Masood distributary

8.5.1 General approach

|
The four simplified scenario's, as discusscd in the previous section are tested and simulated for Masood
distributary. First, the simplified input files will be discussed. The listings of these files are printed in
annex [

I. Inventory of the topographical layout of the distributary
The topographical data for the simplified approach are the same as for the actual model of Masood
distributary.

2. Simplified geometrical module
The gecometrical files are based on the simplificd approach of section 8.4.

3. Cross devices description
- drop structure 1 (0.n.): B = 1.22 m; crest level = 148.24 my; discharge coel(Ticient = 1.00.
- drop structure 2 (o.m.): B =3.28 m; crest level = 147.92 m; discharge coefTicient = 0.37.

4. Nodes description
- discharge coefficient: theoretical values for the free flow and o.m. {flow condition
- rating curves for submerged outlet structures: No. 4, 5 and 6
- B, Y, crest: design value (PIPD)
- upstream: 100% I'SD =1 m*/s / inflow pattern.
- downstream: original calibrated drop 3 + rating curve +simplified crest level (146.45 m)

|
5. Manning's coefficient
- up to drop 2: 0.025

-up to o/l 8: 0.030
- up to the tail: 0.050
6. Seepage

Small distributary (< 15km ): mean scepage rate based on the 15-11-1995 IIMI data is + 3.31//s/km.

1. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measured cross sections (without calibration).

This method is the most simplified and therefor the less accurate. Accuracies in estimating the allocated

discharge referred to a fully developed SIC model are in between 10% lo 35%.
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Figure 8.12 Deviation between actual and fully simplified model output, for different inflow at the head.

2. Simplified hydraulic input file and simplified geometric input file with actual cross sections at the
nodes (without calibration).

This method is less simplified and therefor the accuracy will be better. Accuracies in estimating the
allocated discharge referred to a fully déveloped SIC model are in between 20%to 25%.

40

soeef bbbk Ll

Deviatien (%)

1 2 3 4 5 6 7 8 9 1011 12 Tadi
Oullet structures

60% FSD [ 80% FSD RSN 1009FSD FH 120% FSD |

Figure 8.13 deviation between actual and less simplified model output, for different inflow at the head.
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3. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measared cross sections. Calibration of the simplified model by means of the 'model calibration
mode' of SIC: calibration of n-values.

Accuracies in estimating the allocated discharge referred to a fully developed SIC model are in between
10% to 20%. The calibration procedure is based on several water level measurements along the canal
nearby the head of the distributary, several outlet structures and the tail of the distributary (approximately
every 3to 5 km). Procedure:

- Using the 15-11-1995 data (IIMI) of Masood distributary: discharge at the head, distributed dis-
charges to all the outlet structures and outflow tail.

- Water level in the canal close to outlet structure: 2, 4, 5, 8 and tail drop structure.

- Using the model calibration mode of SIC to calibrate n based on: (1) pre defined water levels along the
canal; (2) all off taking discharges as an imposed value based on there measured values, and (3) head
discharge fixed at the measured value.

- Results n calibration: 0.025 up to drop 2; 0.033 up to o/1 8 and 0.042 up to the tail.
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Figure 8.14 Deviation between actual and calibrated and simplified model output, for different
discharges at the head. Calibration: Manning's coefficient ).
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4. Simplified hydraulic input file and simplified geometric input file with a limited amount of
measured cross sections. Calibration of the simplified model by means of adjusting discharge
coefficients of outlet structures in the model.

The accuracy is the best of all the other methods. Accuracies in estimating the allocated discharge referred
to a fully developed SIC model are in between 0% to 10% (except for low discharges at the head). The
calibration procedure is based on an elaborate calibration procedure of al outlet structures along the
distributary. Procedure:

- Using the 15-11-1995 data (1IMI) of Masood distributary: discharge at the head, distributed dis-
charges to all the outlet structures and outflow tail.

- Comparc the model output of the simplified model of Masood distributary, i.e. supplied discharges to
the outlet structures, with the measured values in the field.

- Adjust the discharge coefficients in the model to match the model output with the measured values.
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Figure 8.15 Deviation between actual and calibrated simplified model output, for different inflow at the
head. Calibration: discharge coefficients of outlet structures.
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8.5 Validation of the simplified method

To check whether the simplified method for developing a flow model of a distributary, as discussed in
section 8.3, is practical when it comes to developing this model for other distributaries, a validation is
proceeded for 3-L distributary of the Chishtian Sub-Division. It took 4 hours with two persons to collect
all the necessary data, and 2 hours to develop the model in SIC. Evaluating the computed distribution,
with the IIMI measurements of 08/10/1995 on 3-L distributary, the accuracy is in between 10% to 25%
with the Manning’s coefficient (n) calibration method and in between 0% and 10% with the discharge
coefficient calibration method. The development of the simplified SIC model of 3-L distributary is
described in annex G.

Most of the input parameters changing in time. Due to siltation, erosion, maintenance activities and outlet
structure modifications, the parameters changing. To update the existing flow models of distributaries, a
validation data set will be necessary (for example: a rapid Inflow - Outflow measurement). Such a
validation of existing models should be based on a decrease in accuracy of the output of the models. It
was beyond this study to determine the time in between two re-validation procedures of existing
(simplified) flow models.

8.6 Evaluation and conclusions

The different simplified scenario’s are evaluated in table 8.2. The user can make its own decision, bascd
on the amount of time, money and required accuracy of the simplified models.

Table 8.2 Evaluation of the simplified scenario’s
“E). Scenario Accuracy’ Characteristics "
1 Simplified hydraulic input file and 10% -35% - simplified topographical files (see 8.2.1)
simplified geometric input file with a lim- - minimum amount of cross sections (see 8.2.2)
ited amount of measured cross sections - simplified hydraulic files: cross structures, nodes de-
scription, Manning’s coefficient, Seepage (see 8.4)
2 Simplified hydraulic input file and simpli- 10% -25% - simplified topographical files (see 8.2.1)
fied geometric input file with actual cross - simplified hydraulic files: cross structures, nodes de-
sections at the nodes. scription, Manning’s coefficient, Seepage (see 8.4)

3

The accuracy is measured based on the percentage difference between computed distributed discharge of the traditional
calibrated m.del and the computed distributed discharge of the simplified scenario.
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3 As scenario 1 + Calibration of Manning’s
cocfficient in the model

10%-20%

simplified topographical files (see 8.2.1)

minimuim amount of cross sections (see 8.2.2)
simplified hydraulic files: cross structures, nodes de-
scription, Manning’s coefficient, Seepage (see 8.4)
calibration of the manning’s coefficient based on mea-
sured water levels and distributed discharges along the
canal

use the calibration module of the SIC software

4 As scenario 1 + Calibration of discharge
cocflicients of outlet structures.

0% - 10%

simplified topographical files (sec 8.2.1)

minimum amount of cross sections (sce 8.2.2)
simplified hydraulic files: cross structures, nodes de-
scription, Manning’s coefficient, Seepage (see 8.4)
calibration of the discharge coeflicients of all outlet
structures, based on measurements of distributed dis-
charge to all outlet structures

calibration by means of adjusting the discharge coeffi-
cients in order to match the computed discharge with
the measured discharge
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CHAPTER 9 | IMPROVED WATER MANAGEMENT AT
THE DISTRIBUTARY LEVEL

9.1 Discussion

In this chapter, briefly, adjustments at the distributary level will be identified based on the results of the
sensitivity analysis (chapter 7), using the hydrodynamic flow model SIC, in order to improve the canal
water distribution performance. Here, the performance of a distributary is defined as the evaluation of the
canal water distribution to the outlet structures, based on the principles of irrigation in the area of study,
i.c. cquity and proportionality. The canal water distribution is functioning properly , whenever the
supplied discharges to the outlet structures are at there authorized discharge for 100% FSD in the parent
canal, the variability of the distribution along the canal for various inflow at the head is sufficient low
(CV(DPR < 0.10 or MIQR in between 1 and 1.5, as discussed in section 6.4.3), and the available canal
water supply at the head of the distributary is distributed proportionally to all the outlet structures. In
other words, the canal water supply is classified as 'good’, when the distributary is functioning as
designed.

The 'improvement’ as described above is a pure technical subject, and therefor relatively. For example, a
farmer receiving his canal water from outlet structure 2 of Masood distributary once said to me, that he
blamed the PIPD of a lack of interest and capability to operate and maintain the irrigation system.
Approximately 15 years ago he used to receive enough canal water supply to meet his crop water
requirements, but at present the canal water supply is not sufficient anymore, according the farmer. These
day's he has to buy tubewell water to irgigate his fields, although the outlet structure has been modified
and is functioning at 1.81 times its authorized discharge with the canal is running on 100% FSD. Due to
intensified cropping patterns and variable discharge fluctuations at the head of the distributary, at present
the canal water supply does not meet the demand of the farmers anymore. Besides that, the 'improvement’
will not only reduce the amount of canal water supply to the head outlet structures, but will increase the
canal water supply to the tail-enders. As it is quite common that the more influential farmers in the
Punjab are located at the head reach of the distributaries, the 'improvement' could provoke political
anxiety in the area. This practical example illustrates the contradiction speaking of improved water
management at the distributary level, looking at this individual farmer. The problems of canal water
distribution are either upstream (variable inflow at the head of the system) or at field level (intensified
cropping patterns). Another contradiction seems the national goal to up boost the agricultural sector
(increase the agricultural production) in the Punjab, by means of intensified cropping patterns, High
Yielding Variety crops, increase in available crop production inputs and to cultivate more dry lands, all
with the limited resources (scarcity of fresh canal water). In order to meet the crop water requirements, an
increase in (saline) tubewell irrigation is necessary and therefor the problems of salinity and sodicity
increases. So, speaking of improvements at the distributary level, it is necessary to look at the broad
context. The common interests of equitable and proportional canal water supply above individual interest,
variability at the head of the system and the operations at the main system level.

It is beyond this chapter to analyse this complex situation, and provide an answer on all questions, but
one has to take this brought context in mind dealing with improved scenario's at the distributary level in
the Punjab.
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9.2 Possible measures in order to adjust the actual distribution pattern

The study conducted by Hart (1996), to find a relationship between maintenance and canal water
distribution at the secondary level, resulted in the conclusions that:

« mecasures of desiltation do not results in better results then simple adjustments of outlet structures;

+ the best performance (based on the E-index proposed by Hart, see section 6.5, page 86) was obtaincd
by dccreasing in size of a limited number of outlet structures together with the raising of the crest of
one submerged drop structure, and;

« the distributary is relatively insensitive to variations of the factor A.R** (canal maintenance does not
improve its performance significantly).

The above conclusions found by Hart, studying Fordwah distributary are similar with the results of the
sensitivity analysis of Masood distributary. Adjustments on parameters which will result in a rcasonable
change of the canal waler distribution (with the R-index > 0.5) are: discharge coefficient, opening height
and opening width of outlet structures and crest levels of drop structures. Besides the question, what
has to be improved, from a cost-effective point of view, it will be advisable to start the improvements by
adjusting these sensitive parameters in order to change the distribution pattern.

9.3 Scenario's to improve the water management at the distributary level

Before suggesting any scenario for improved canal water distribution, the next points have to be
answered: :

- Define the boundary's in between the proposed measures should result in any change in canal water
distribution. Upstream: actual inflow at the head; tail: actual tail outlet structures.

- Quantify the impact of the adjustment based on an irrigation indicator (or more indicators, as
proposed in scction 6.4).

- Define the term 'improvement', based on the principles and objectives of irrigation in the arca
(national goals) to classify an adjustment as 'positive’ or 'negative'.

The three points mentioned above, should be defined by the authority responsible for the improvements,
in this case the PIPD. Without answering these initial questions, the next scenario's for improved water
management are briefly discussed, based on the results of the sensitivity analysis and the study of Han
(1996): '

» Back to design

As shown in section 6.4, the distribution pattern based on the initial objectives of irrigation in the arca,
can be obtained whenever the distributary is in its design state. Design crest levels, cross scctions, outlet
structure dimensions and longitudinal profile result in a more equitable and proportional distribution
pattern. Especially, the tail-enders will benefit from these measures.
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« Improved maintenance

Besides the regular hydraulic maintenance activities like desiltation, kila bushing, berm cutting and non-
hydraulic maintenance activities like strengthening of banks and closing breaches (Hart, 1996) during the
closure period of the canals (January), it was proposed from a cost-effective point of view to invest in
maintenance that does have its impact on canal water distribution: adjusting outlet structure dimensions
and adjust crest levels of (submerged) drop structures.

» Moving towards demand-based operations (change of irrigation objective)

The idea to match water supplies with the crop water requirements has been debated in Pakistan for quite
some time (Bandaragoda, Badruddin, 1992). The initial irrigation objectives in the area were based on a
delivery system that assumed full supply level flow of canal water in distributaries, and equitable and
proportional delivery to the outlet structures. At present, the rotation schedules are preset (the warabandi
system) and do not allow any user control. A more demand-based schedule provide the user with water as
he needs it, within the limits of the system capacity. In other words, a shift in irrigation objective will be
suggested form 'protective irrigation' to 'productive’ irrigation'. Demand-based operations of an irrigation
system involves the supply of variable quantities of water during the cropping season. Besides the
feasibility in institutional point of view, the following adjustments at the distributary level can be
suggested: (1) gate the outlet structures and implement a within distributary rotation that allows each
watercourse a reduced time of essential flows, and (2) install gated cross regulators within the distributary
to control the water flow (to ensure enough head with the canal running less then design). Constraints
affect the possibility of a demand-based operation (IIMI, 1992): (1) the limited storage available is
inadcquate for intra-seasonal supply regulation; (2) time necessary for adequate response on a change in
demand is due to no in-system storage quite long; (3) due to a minimum slope designed for carrying its
required discharge and a small number of gated cross regulators at the main system level, there is no
scope for increasing the in-system storage, and (4) the canals are unlined and this restricts the range of
discharges that can be run so to avoid problems of scour and siltation.

» Increase the number of drop slruclurzzs

As found in the analysis and by the study of Hart (1996), a drop structure clearly makes the portion of the
canal directly upstream insensitive for a change in cross sectional profile, depending on the upstream
back water curve. The positive effect of drop structures is a more stable water profile for various
discharges at the head for a change in cross sectional profile of the canal reach. At present however, the
extra hcad loss necessary for installing more drop structures is not available.

9.4 Rapid assessment of the performance of a distributary, based on the canal water
distribution

Again, without define the necessary performance of a distributary, for both additional research on canal
water distribution in a certain area and the evaluation of delivered canal water by an Irrigation Agency, it
will be useful to have a simplified and quick procedure to determine the actual canal water distribution.
Based on practice, it can be concluded that it takes a long time to develop a flow model (with SIC) for a
distributary: approximately 3 month's for Masood distributary and 6 month's for Fordwah distributary
(Hart, 1996). The simplified method and rapid Inflow - Qutflow procedure, suggested in this study, will

be useful whenever flow models are necessary to evaluate actual performances and suggested
improvements at the distributary level.
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Irrigation agencies can use this tool to evaluate there 'product’, and research institutes are able to study
inter-related processes in irrigated agriculture.

Advantages of this method: less time and money necessary for development and without changing the
actual system different scenario's and improvements can be evaluated for various discharges at the head
of the distributary. Disadvantage of this method: the use of flow models requires knowledge, specialized
equipment (personal computers) and expensive sofiware. In gencral, these are not the appropriate
technologics which can be used by Irrigation Agencies in developing countrics. On the other hand,
cooperation between funded International Research Institutes and National Irrigation Agencies could Iead
to a solution to cope with the structural lack of resources within Irrigation Agencies, and in the end will
result in fruitful cooperation and a better understanding of the system, for both parties.
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CHAPTER 10 CONCLUSIONS AND RECOMMENDA-

TIONS

10.1 Conclusions

The conclusions of this study are presented based on the different parts of this study:

1.

‘uug\)

The analysis of the impact on the canal water distribution for different parameters: the sensitivity
analysis. v

The analysis of the irrigation performance of both the actual and the design state of a distributary.

The simplified method to set up a flow model.

The analysis of improved water management at the distributary level.

The analysis of the impact on the canal water distribution for different parameters:
sensitivity analysis. Conclusions:

A methodology was proposed to study the sensitivity of parameters determining the canal watcr
distribution at the distributary level, simulating a defined inflow pattern at the head of the canal using
a flow model of a distributary. An indicator was suggested (R-index) to quantify the impact of a
change in different parameters on the re-distribution of canal water to the outlet structures. It can be
concluded that the proposed methodology is an easy tool to gain insight in the sensitivity of the
different parameters determining the canal water distribution at the distributary level.

Based on a theoretical analysis to study the impact on the canal water distribution for a change in
outlet structure characteristics it can be concluded that: (1) opening width, and discharge coefficient
for all types of outlet structures are sensitive parameters, as the R-index = 1; (2) opening height for
(OC)YOFRB and (OC)AOSM outlet structures is depending on the water level in the canal and the
change in opening (dY), and is a sensitive parameter, as the R-index > 0.5; (3) height of the crest level
above bed level for all types of outlet structures is an insensitive parameter (R < 0.5) whenever the
ratio Crest Level / Water Level <0.35 (OFRB), < 0.30 (OASM), <0.24 (OF) and <0.15 (PIPE).
Open flume outlet structures are more sensitive for any changes of the parameters compared with
other types of outlet structures.

An increase in Manning’s coefficient (the roughness of the canal bed increases) results in an increase
of water levels, and therefor in an increase of canal water supply to the head and middle rcach outlet
structures, and a decrease in canal water distribution to the tail outlet structures due to increased
distribution upstream. A decrease in Manning’s coefficient (the roughness of the canal bed decreases)
results in a decrease of water levels, and therefor in a decrease of canal water supply to the head and a
middle reach outlet structures, and an increase of canal water distribution to the tail outlet structures
due to decreased distribution upstream. The tail-enders suffer either from a lack of distributed canal
water or an abundance of distributed canal water. The impact on the canal water distribution for a
change in the Manning’s coefficient is limited (R < 0.36).
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+ Rate of seepage losses do have a limited impact on canal water distribution. Sensitivity of outflow
seepage (0.03 <R <0.12) is larger then for inflow seepage (0.05 <R < 0.20).

« An incrcase in the cross sectional profile (A.R*?) results in a decrease of water levels along the canal,
and thercfor in a decrease of canal water supply to the head and middle reach outlet structures, and an
increase of canal water supply to the tail outlet structures due to decreased distribution upstream. A
decrease in the cross sectional profile (A.R¥?) results in an increase of water levels, and therefor in an
increasce of canal water supply to the head and a middle reach outlet structures, and a decrcase to the
tail outlet structures due to increased distribution upstream. Again, the tail-enders suffer either from a
lack of distributed canal water or an abundance of distributed canal water. The impact on distribution
for a change in the cross sectional profile is limited (R <0.33).

« Impact on water distribution for adjustments on cross structures (drop structurcs) only within the
rcach of the upstream backwater curve.

» A drop structure clearly makes the portion of the canal upstream, within the reach of the back water
curve insensitive for a change in cross sectional profile (A.R 2?). Drop structures maintain water levels
upstream for any adjustment when water levels will drop, i.e. an increase in outflow seepage, canal
maintenance, or cleaning of the bed profile. More drop structures are resulting in a more stable water
profile (less water fluctuations), and therefor in a better canal water distribution.

« In general, the sensitivity of the various paramctiers is increasing for a low discharge in the canal (<
60% FSD).

:‘.

o Data which are sensitive and should be defimed precisely for the simplified flow model: discharge
coefficient, opening width and opening height of outlet structures, crest level and width of cross
structures (drop structures).

o Data which are insensitive and can be simplified for the flow model: cross sectional profile, crest
levels outlet structures, seepage (inflow and outflow) and Manning’s coefficient.

2. The analysis of the irrigation performance of both the actual and the design state of a distribu-
tary. Conclusions:

« At present, the physical layout of the irrigation system is based on the design principles of irrigation in
the Punjab, and is still the actual basis for operation and maintcnance by the PIPD.

« The modelling of a distributary with the SIC software is accurate for studying canal water distribu-
tion: accuracy for the calibrated flow model of Masood distributary up (o 5%, based on the difference
between computed distribution and measured distribation.

e At least three irrigation indicators are necessary to study canal water distribution (both primary and
sccondary level), based on the principles of irrigation in the Punjab: (1) Delivery Performance Ratio
(DPR); (2) S, proportionality, and (3) MIQR or CV(DPR).

 The performance as per design of Masood distributary is equitable and proportional: the original
design of distributaries in the arca is optimal.

« The performance at present of Masood distributary is incquitable and non-proportional. Duc to
modified outlet structures, siltation and variable inflow pattern at the head, the actual performance of
canal water distribution at the secondary level is far from optimal (referred to the design principles of
irrigation in the arca of study: equity and proportionality).
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At present, canal water distribution is characterized by highly variable supply: surplus to the head
outlet structures and therefor a lack of canal water supply to the tail outlet structures. Tail-enders are
suffering from high variability and irregular supply.

The principle of equity (expressed by the MIQR and CV(DPR)) is optimal for the design inflow at the
head of the distributary (100% FSD), for the design state of the canal.

At present, changes in inflow at the head of the canal and disturbances are transplanted to the tail, duc
to sub-proportionality and non-proportionality of most of the outlet structures.

. The simplified method to set up a flow model for a distributary. Conclusions:

Theoretical discharge coefficient is accurate for free flow or o.m. flow condition outlet structures: no
calibration measurements in the field necessary. Measurement of the upstream water level (above
crest) is sufficient to compute the distributed discharge with the corresponding discharg cquation.
General simplified method to set up a flow model for a distributary, based on the simplifications of the
insensitive parameters (see conclusions point 1): reduction of time and money to investigate canal
water distribution with accuracies up to 10% for the simplified method with calibration of the dis-
charge coefficients and accuracies up to 20% for the simplified method with calibration of the Man-
ning’s coefficient. Accuracies are based on the percentage difference between computed distributed
discharge with the traditional model and the computed distributed discharge of the simplified model.
The accuracy of the simplified methodology is depending on the inflow. For low inflow at the head of
the canal the accuracy is decreasing, due to increased sensitivity of the simplified parameters for low
discharges at the head (low water tables in the canal). -

. The analysis of improved water management at the distributary level. Conclusions:

Speaking of improvements at the distributary level, it is necessary to look at the broader context: the
common interest of equitable and proportional canal water distribution above individual interests, and
the variability at the head of a distributary is related to the upstream fluctuations of inflow in the
system and the operations at the main system level.

Whenever any scenario for improved canal water distribution will be suggested, the next points have
to be discussed: (1) define the boundary's in between the proposed measures should result in any
change in canal water distribution; (2) quantify the impact of the adjustment based on an irrigation
indicator, and (3) decfine the term 'improvement’, based on the principles and objectives of irrigation in
the arca (national goals) to classify an adjustment as "positive’ or 'negative'.

10.2 Recommendations

+ -Bascd on the sensitivity analysis and the conclusions draw at point .1 of section 10.1, it can be

recommended from a cost effective point of view to invest in maintenance or small measures to
improve canal water distribution for those parameters only, which do have a reasonable impact on the
canal water distribution: discharge coefficient, opening height and opening width of outlet struc-
tures and crest levels and width of cross structures (drop structures). It was found that the factor
A.R** should be adjusted (back to design) in order to obtain fully proportional and equitable distribu-
tion. The impact of a small adjustment of the cross sectional profilc docs not change the canal water

141



Canal water distribution at the secondary level in the Punjab, Pakistan Conclusions and Recommendations

distribution sufficient, therefore this parameter is characterized as an insensitive parameter. To restore
the design principles of irrigation of canal water distribution, this parameter should be adjusted
though. o

Based on the analysis of the actual and design state of a distributary, it can be recommended whenever
an improvement should result in a canal water distribution as per design, i.e equitable and propor-
tional distribution, the best strategy to be followed will be adjusting the different characteristics back
to design.

To analyse the actual canal water distribution pattern of a distributary, or to evaluate different sug-
gested improvements in order to change the actual canal water distribution pattern bascd on the
principles of irrigation (equity and proportionality), one should usc three irrigation indicators. To
express the variability of distribution along the canal, the Delivery performance Ratio (DPR) can be
used. To express the equity of the canal water distribution pattern either the MIQR or CV(DPR)
indicator can be used. Finally, to express the proportionality of distribution the sensitivity factor S can
be used. The different irrigation indicators can be applied local, i.c. for one outlet structure only, or
global, for all outlet structures along a distributary. '

Recommendation for a rapid assessment of the canal water distribution at the distributary level

In order to obtain a quick insight in the actual distribution pattern of canal water to the outlet struc-
tures and to compute the seepage losses in the canal, a Rapid Inflow-Outflow method is suggested.
The inflow during the measurements should be constant, in order to obtain a steady state in the canal.
(1) Measure discharge at the head and tail of the distributary; (2) calibrate the submerged outlet
structures; (3) measure the upstream water levels above the crest of free flow and orifice modular {low
condition outlet structures; (4) determine the characteristics of the outlet structures (opening width
and opening height); (5) compute the discharge to the free flow outlet structures based on the dis-
charge equation and the corresponding theoretical discharge coefficient, and (6) compute the scepage
(Inflow = Outflow + distribution to outlet structures + secpage).

For Rescarch Institutes and Irrigation Agencies it can be recommended to make use of the simplificd
method to set up a flow model, to evaluate canal water distribution based on different measurces
(actual pattern, maintenance strategies, improvements). The simplified method saves time and moncy
whenever hydrodynamic flow models will be developed of distributary canals.

Recommendation for further research

More research should be done on determining the validation of developed simplificd flow models of
distributary canals. To what extend, the different parameters in the model have to be re-measured in
the field in order to increase its accuracy.

Up to now, the sensitivity analysis did not analyse the sensitivity of adjustments on gated cross
structures. In order to incorporate gate cross structures in the simplificd method, new simulations and
measurcments should be done.

The simplified method of developing a flow model is a quick tool in order to investigate actual canal
water supply. It will be useful, to investigate the possibilities how to make this kind of technology
available for local Irrigation Agencics (PIPD, WAPDA), to evaluate there product, i.c. the distribution
of canal water, and to obtain more knowledge about the system.
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ANNEX A FIELD MEASUREMENTS

Topographical survey Masood distributary

In the files of the PIPD, only one detailed longitudinal section of the Masood distributary was available.
This map, dated 13-11-1963, presented the Masood distributary off taking at RD 31,638 of the Fordwah
Branch with the design tail at RD 52.30. Due to a lack of reliable topographical data, i.e. crest elevations
and cross sections of the actual situation, a four day survey was held. Three days were spend (03, 04 and
05-12-1995) on establishing bench marks along the canal with the crest elevation of the (intake) head
structure of Masood as initial point: 486.82 ft (148.38 m). In total 17 bench marks were establishcd and
they will also be used by future IIMI field activities. The bench marks are listed in table A.1.

Table A1 Bench marks élong Masood distributary

Benchmark No. Description Location (RD) Elevation (ft) Elevation (m)
0 head level 0 486.820 148.383
1 ofl1 1100 491.750 149.885
2 ofl2 3700 491.540 149.821
3 cutout tree 4700 492.395 150.082
4 of13 7300 490.275 149.436
5 RD stone 8500 494.295 150.661
6 cutout tree 10500 493.760 150.498
7 RD stone 12000 492.830 150.215
] ofl 4 135000 488.860 149.005
g cutout trce 15140 491.820 149.907
10 drop 1 18000 489.470 149.190
1 o/l 5 24050 487.305 148.531
12 o/l 6 37200 486.300 148.224
13 o7 28750 485.808 148.074
14 ) o8 34360 483.873 147.484
15 019, 10 35600 484.148 147.568
16 o 11 36620 483.180 147.273
17 o/l 12, tail 37250 483.280 147.304
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On 09-12-1995 based on the different benchmarks along the canal, 20 typical cross sections were
established. Also the elevations of the White Marks (lla,,,, upstream and I ., downstream) and the
crest levels of the 12 outlet structures, the 2 drop structures and the tail drop structure, with reference to
the benchmark clevation were measured (for an explanation of White Marks see figure A.1). The
mecasurcd data arc listed in table A.2. '

Table A.2 White Mark and crest elevations along Masood distributary

Qutlet No./ head/ tail and Ha, WM (m) Hb, WM (m) Crest level
cross structures (m)
Head . , 148.383
1 149.861 149.727 148.947
2 149.977 149.855 148.980
3 149.454 149.079 148.547
4 - - 148.133
drop 1 149.276 148.869 148.270
3 - - 147,781
drop 2 148.512 . : 148.113
6 148.133 : 148.172 147.392
7 148.095 . 147.930 : 147.397
8 147.481 147.387 146.838
9 147.379 | 147.644 146.733
- 147.448 147.305 146.756
11 147.193 147.153 146.644
ir 147.029 147.084 146.453
Tail 147.351 - 146.594

Hydraulic data collection for the calibration and validation of the model

1IMI field measurements 15-11-1995

The first set of data, used for calibration of the SIC modcl of Masood dlslnbutary, was obtaincd by the
IIMI calibration survey of all the 14 distributaries of the Chistian Sub-Division. The exercise of the
Masood distributary was started at 06:00, 15-11-1995,

Methodology

» At least 5 hours before starting the exercise the gate reader was instructed not to change the gate
settings (gated orifice-type ofT take) at the head of Masood distributary, in order to establish a stcady
state condition in the canal during the exercise.
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«  Whitc Marks (WM) were established both upstream and downstream of all outlet structurcs, width,
height and clevations of the upstream and downstream water level were measured (referred to the
WM). Almost all structures in the Chishtian sub-division have been provided with White Marks to
measurc h, and h,. The White Marks are referred to the crest. The advantages of this method is that
both the measurements of the upstream and downstream water levels are independent of the physical
condition of the parent canal and the corresponding watercourse. By means of a simple equation both
h, and h, can be obtained: h, =H,wy -h, andhy =H, v\ -h .In figure A.1 the White Marks on
structures in the Chistian Sub-Division are presented.

« For cach outlet structure the discharge was measured by means of a current metering (for lined
watercourses) or a fluming test. Afler that, the discharge coefficients were computed using the
corresponding equation, based on the measurements, type of outlet structure and typical flow
condition.

« To check if the inflow of water in the distributary was constant and the canal is in steady state, cvery
half an hour the upstrecam and downstream water elevation referred to the WM's of the gate at the
head of Masood distributary was measured. Also the discharge some distance downstrcam of the head
was measured by means of a current metering.

 To calculate the seepage, a water balance based Inflow-Outflow method was used: Seepage = Inflow -
Outflow - Total supplies to the outlets. .

« The tail of the distributary was assumed to be at about RD 45.95. Further downstrcam the canal
hardly received any water and the supply to the outlet structures is neglectful.

WM
——

| h,

v WM

: — i 5
Ha, WM | | T

' “ i

|

N

Figure A.1 White Marks on outlet structures in the Chishtian Sub-Division.
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Ilydraulic situation

At the head of Masood distributary the
discharge was constant throughout the day from
07:00 a.m. to 5:30 p.m,, at 23.1 cfs. The flow
through the head structure of Masood was
su!')mcrged. Also the discharge at the tail (RD
45.95) was constant. Both discharges arc
presented in figure A.2.

Measurement results

The results of the measurements and hardware

calibration are listed in the next table. Table A.3
contains thec measured discharges ¢, measured
h, and §j, computed h and, h, corresponding
discharge cocflicients and observed flow con-
dition. To calculate the different Cd coefTicients

the equations presented in chapter 4 were used.

Dischorge ot the heod

Masood disty: 15—-11-1995

50
45
40
T3
S0
= -a
s 28 {1 g
e N
§ 20 [ b b e
[
FIRTR [ SN SNSRI NSNS SENSIS NN S —
o
BT
0
6 ] 10 12 " 16 18
time (hr)
|~-— hflow al the hecd —+— Oulflow ol the lail
Figure A.2 Discharge at the head and tail during

the 15-11-1995 measurements.

Discharge measurements and calibration of outlets: 15-11-1995

Table A3
Outlet No. | Location h, h, h, h, q C, Ilow
(RD) o) o @ ) (cfs) condition
1 1.10 - - - - - - closed
2 3.70 0.81 2.52 2.46 0.35 2.35 3.35 o.m.
3 7.30 0.56 0.94 2415 0.83 1.87 5.09 o.m.
4 13.50 ; - 2.39 2.19 2.18 0.98 o.n
5 24.00 : - 175 1.604 0.71 0.38 0.
6 27.20 0.25 0.73 2.18 1.83 0.974 3.97 on
7 28.75 0.45 0.52 1.84° 1.23 1.42 4.36 om.
34.86 0.05 0.68 2.06 112 1.96 4.79 o.m.
9 35.59 0.13 1.98 1.99 1.01 2.16 4.33 o.m.
10 35.60 0.38 0.90 1.89 0.90 1.83 4.42 o.m.
u 36.62 0.49 1.22 1.31 0.45 1.66 2.84 £r
12 37.15 0.55 1.95 1.34 0.12 2.48 5.64 o.m.
13 44.32 0.78 2.06 1.556 0.18 2.02 4.66 o.m.
14 45.95 1.03 0.88 1315 0.87 1.9 4.51 o.n,
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To calibrate the 3 drop structures in a proper way, it is important to have a steady state situation in the
canal. During the 15-11 measurements, the discharge just downstream of the drop structures, h, and by
were measured and the flow condition was determined. Drop 1 at RD 18.00 (combined drop and bridge
structure, was not noticed during 15-11-1995 measurements) is totally submerged and therefor it was not
possible to calibrate this structure properly: submergence ratio S; (= hy/h,) almost 1 . Actually, the flow

through this structure is due to heavy siltation just downstream the drop transformed from frcc flow to
conveyance flow.

For the second and third drop at RD 24.05 and at RD 37.25 the flow condition was completely free
overflow, determined by a rating curve for a broad-crested weir, with the discharge formula q =
Cd.B.H"S; where q is the discharge in cfs, B the width of the structure in ft, H is thc upstrcam energy
head (equals to h,) and Cd the discharge cocllicient for a broad-crested weir [11"%/s]. In the following
table A.4 the results of the calibration are presented.

Table A4 Calibration of the drop structures: 15-11-1995

“ drop location h, h, h, h, B Q cd
(ft) (f1) (ft) (ft) (1t (cfs) (£t'72/s
1 RD 18.00 - - - - 4.00 - -
2 RD24.05 0.67 - 0.64 - 10.75 16.00 2.91
3 - Rd-37.25 1.56 - 0.925 - 2.06 4.71 2.57

Conclusions

Most of the outlet structures were taking excess water compared to there design discharges, due to higher
actual water depth above crest. Inflow seepage occurs in the middle and tail reaches of the distributary.

The data set is accurate, and will be used for calibration of the model parameters of the SIC model of
Masood distributary.

Field practice: 27-11-1995

Methodol

« During the night the inflow remains constant, in order to establish a steady state condition in the canal
during the exercise. The last operation on the gated inlet structure was at 01:00, according the gate
reader.

From 06:00 until 22:00 h, and h, were measured at the head and tail (= assumed tail at RD 45.95),
every 30 minutes.

During the day, 5 outlet structures were re-calibrated with a fluming test or a current metering. These
5 outlets were either submerged or disputable during the 15-11-1995 experiment.

By means of current metering the discharge in the canal was measured at 5 points, i.c. the head of the
distributary, the tail and close to the tree drop structures.
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Table A.5 Discharge measurements and calibration of outlets: 27-11-1995
O:nlet No. | Location h, h, h, hy q C, Flow
(RD) (ft) (f) (ft) () (cfs) condition
1 1.10 - - - - - - closed
J 2 3.70 - - - - - - closed
“ 3 7.30 0.23 0.40 2.745 1.345 2.05 5.09 o.m.
“ 4 13.50 - - 2.41 2.19 3.26° 1.39 o.q, |
[ 5 24.00 - - 1.86 1.75 145° 0.90 on
6 27.20 0.16 0.99 2.27 1.57 1.38 3.97 o1,
7 28.75 0.40 0.65 1.89 1.10 1.51° 4.55 o,
8 34.86 .03 0.97 2.14 0.83 2.02 4.79 om.
9 35.59 0.07 1.94 2.05 1.05 2.21 4.33 o.m.
10 + 35.60 0.32 0.95 1.95 0.85 1.87 4.42 o.m.
11 ‘ 36.62 0.44 1.08 1.36 0.59 1.87 3.02 Lf.
12 '37.15 0.46 - 1.43 - 2.61 5.05 o
13 44,32 0.77 2.08 1.57 0.16 2.03 4.00 o,
Il 14 45.95 0.48 0.89 1.865 0.85 2.80° 5.16 o.m.

* Discharge measured with a fluming test or a current metering, discharge cocfficient re-calibrated.

LS
.

To re-calibrate the 3 drop structures in a proper way, again it is important to have a steady state situation
in the canal. During the 27-11 measurements, the discharge just downstream of the drop structures were
measured, the flow condition was determined and h, and h; were measured. Again, drop 1 at RD 18.00
was totally submerged and therefor it was not possible to calibrate this structure properly: submergence
ratio S = h,/h, = 0.963. For the second and third drop at R 24.05 and at RD 37.25 the flow condition
was completely free overflow, determined by a rating curve for a broad-crested weir. In the following

table A.6. the results of the re-calibration are presented.

Table A.6 Re-calibration of the drop structures: 27-11-1995
drop location h, h, h, h, B Q «d
(ft) {0 (ft) (f0) (r (cfs) (ft"*/s
1 RD 18.00 1.25 .01 2.05 1.975 4.00 21.68 -
2 RD 24.05 0.59 - 0.72 - 10.75 20.00 3.05
3 Rd 37.25 1.48 - 1.005 - 2.06 5.25 2.53
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Cenclusions .

After examine the results of the data collection on 27-11-1995, the following can de stated: (1) Data set is
not reliable for calibration, due to unsteady behavior in the canal and a lack of precise discharge
measurements at the outlet structures; (2) Data set is reliable for validation in steady flow (unit 11 of SIC):
use measurements between 08:00 and 14:00; (3) The assumed tail at RD 45.95 is not sufficient and
reliable to model in SIC: new tail and downstream boundary condition for the model at the free flow
drop structure at RD 37.25; (4) The SIC model of Masood distributary consists at present of a canal of

11.3 km, 12 outlets (2 submerged pipe outlets and 12 OFRB's), one frec flow drop and once submerged
drop.

Sield practice 29-11-1995

Visited different farmers along Masood distributary to explain my investigation and ficld practices. 1
asked them if they could open there outlet structure and do not close it before 14:00, 30-11-1995. Result:
positive, only outlet no. 1 remained closed, according the farmers.

field practice 30-11-1995

Methodology

+ During the night the inflow remains constant, in order 1o establish a steady state condition in the canal
during the exercise.

 Inflow constant at approximately 75% of the discharge at 15-11-1995.

¢ From 06:00 until 14:00, h, and h, were measured at the head, new tail (= assumed tail at RD 37.25),

and the two drop structures every 30 minutes.

Between 08:00 and 14:00 permanent control of the outlets, measurement of h, and check the typical

flow condition.

 Discharge measurements at the head, drop 1 Discharge &1 Ine heod 3™ 1a

Masood disty: 30-11-1995
(RD 18.00) and thc tail. 25 oo

Problems 20 ”
The following problems occurred during this
exercise: (1) Discharge to low for a current
metering at the tail; (2) Very small wave in the
inflow; (3) Outlct no. 8 at RD 34.86 was closed
by farmers just afier the excrcise started.

discharge (cusec)

Hydraulic situation R B T
At the head of Masood distributary the discharge fime (hr)
was approximately constant throughout the day

flow @ —— w i
from 06:00 1o 14:00, at 18.13 cfs (0.51 m*/s ). T lflow o1 e beod Qutflow o1 the toF

The flow through the head structure of Masood

was submerged. Figure A4 Discharge at the head and tail during
the 30-11-1995 measurements.
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The discharge at the tail (RD 37.50) was constant during the day, at 1.22 cfs. Both head and tail
discharges are presented in figure A.4.

Measurement results
The results of the measurements are presented in thé next table. Table A.7 contains the computed
discharges q, measured h, and i, computed h and h, corresponding Cd values (calibrated) and flow

condition.

Table A.7 Water level measurements and discharge computations of outlets: 30-11-1995
Outlet No. {. Location- h, h, h, h, q Cq Flow

RD) () (f) () () (cf5) (mean) condition

1 1.10 0.21 - 2.79 - - - closed
2 3.70 1.14 - 2.13 - 3.28 2.93 f.f.
3 7.30 0.91 - 2.07 - 1.66 5.09 0.m.
4 13.50 - - 2.10 2.07 1.08 1.19 0.1L
5 24.00 - - 1.54 1.48 0.7!7 0.64 o.n
6 27.20 0.89 1.18 1.54 1.38 0.67 3.97 0.0
7 28.75 1.08 0.73 1.21 1.02 0.50 3.97 o.n.
8 34.86 0.5 - 1.61, - - - closed
9 35.59 0.71 - 1.41 - 1.87 2.93 £t
10 35.60 0.96 - 131 - 1.39 .42 o.m.
11 36.62 0.98 - 0.82 - 0.85 2.93 f.f
12 37.15 0.87 - 1.02 - 1.74 2.93 f.f.

Table A.8 presents discharges measured at several places along the canal.

Table A.8. Measured discharges along the canal
Location RD Q (m%/s) Q (cfs) Flow condition
Head 0 0.51 18.13 on.
drop 1 18.00 0.34 12.02 fs.
drop 2 24.05 0.30 10.56 £f.
Tail 37.25 0.035 1.22 £f
-onelusion

- Data set reliable for validation of water levels and discharges along the canal.

- Data set useful for validation of the seepage calculation of 15-11-1995 and seepage is related with
inflow at the head and surrounding water levels.
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ANNEX B CALIBRATION AND VALIDATION RESULTS
OF THE MASOOD MODEL

Calibration results

This part of the annex presents the results of the 4 different calibration steps to calibrate the SIC model of
Masood distributary based on the tield data from 15-11-1995,

step ! :

Afier developing the flow model of the Masood distributary in SIC with the first sct of actual {icld data as
described in section 5.4.5 (initial data input for SIC), the simulation can be started. Characteristics:
inflow at the head 23.1 cusec (0.65 m’/s) and outlet 1 was (illegally) closed. After simulation of the
situation based on the actual situation the computed discharges and upstream water levels are compared -
with the actual measured data.

step 2

Use the calibration module of SIC to calculate the Manning’s coefficients for the different reaches based
on several measured water levels along the canal. Run the model with all outlet structurcs as an imposed
discharge (measured discharge) and define the measured water levels along the canal. Table B.1 and B.2
presenting the results of the Strickler (k) and Manning’s coefficient (n) calibration:

Table B.1 Computed values for the Strickler - Manning’s coefficient
Reach I Computed k Input SIC model: k Input SIC model: n
1 40.6870 40.00 0.025
2 40.6870 40.00 0.025
3- 27.6344 27.78 ) 0.036
4 28.6256 27.78 0.036
5 39.2706 40.00 0.025
6 40.0000 40.00 0.025
7 35.1430 34.48 0.029
8- 28.7811 28.57 0.035
9 23.3602 23.26 0.043
TU— 17.5383 17.54 0.057
11 17.5383 17.54 0.057
12 20.4291 20.41 0.049
13- 20.4291 20.41 0.049

10
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In table B.2 the computed water levels for both the computations with n initial and n calibrated are listed.

Also the computed supplied discharges to the outlet structures with calibrated n values and the initial
discharge coefficients are listed'.

Table B.2 Measured and computed water levels and discharges during the Manning-Strickler
calibration procedure
Node no. measured measured computed water computed water computed
water level discharge level: n initial level: calibrated n | discharge
(m) (m*/s) (m) (m) (m*/s)
head 149.92 - 149.94 149.92 .
1 - closed 149.88 149.87 closed |
2 149.71 0.067 149.64 ] 14971 0.041 “
3 148.28 0.053 149.22 149.29 0.044 “
4 148.86 0.062 148.89 148.86 0.055
5 148.31 0.020 148.31 148.31 0.049
drop 2 148.31 - 148.31 148.31 - “
6 148.06 0.028 148.10 148.06 0.058 “
7 . 147.96 0.040 148.03 147.96 0.055
8 147.47 0.056 147.48 147.47 0.045
9 147.34 0.061 1‘47.29 147.34 0.048 “
10 147.33 0.052 147.28 147.34 0.044 ||
T 147.04 0.047 147.03 147.05 0.034
12 146.86 0.070 146.89 146.90 0.061
tail 146.87 - 146.88 146.88 - “
step 3

Run the model again with the calibrated Manning’s coefticients and compare the computed water
supplies to the outlet structures with the measured supplies in the field. Adjust the discharge coefTicients

of the outlct structures in such a way that the computed discharges match the measured discharges. This
procedure is listed in table B.3.

1
Jnifial n
Initial Cd =

i

initially defined Manning s coefficient (n = 0.028 for reach 1 1o 7 and n = 0.045 for reach 8 10 13).

initial discharge coefficient based on the calibrated outlet structures with the measurement set of 15-11-
1995.

11
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Table B.3 Calibration of C, values outlet structures of the SIC model of Masood distributary

No. | C, q(1) C,Q2) q(2) C,3) q3) C,(3) q(3) Cyend q end
start
1 - - - - - - - - (0.55) -
2 0.42 0.062 0.44 0.065 0.45 0.067 - 0.067 0.45 0.067 |
3 0.63 0.052 - 0.052 - 0.052 - 0.052 0.63 0.052 r
“ 4 0.60 0.050 0.70 0.056 0.80 0.062 - 0.062 0.80 0.062
5 0.38 0.028 0.30 0.022 - 0.021 - 0.021 0.30 0.021
6 0.49 0.044 0.40 0.036 0.30 0.027 - 0.027 0.30 0.027
7 0.54 0.038 0.58 0.041 - 0.044 - 0.041 0.58 0.041
|| 8 0.60 0.057 - 0.057 - 0.057 - 0.057 0.60 0.057
“ 9 0.54 0.061 - 0.061 - 0.062 - 0.062 0.54 0.062
10 0.55 0.052 0.56 0.053 - 0.053 - 0.053 0.56 0.053
|l 11 0.35 0.025 0.50 0.036 0.65 0.047 - 0.047 0.65 0.047
12 0.70 0.077 0.65 0.071 - 0.069 0.68 0.072 0.68 0.072

2. Validation results

This part of the annex presents the results of the steps to validate the calibrated SIC model of Masood
distributary, based on the ficld data from 27-11-1995 and 30-11-1995.

step 1

The model is running a simulation based on the input data of 27-11-1995, i.e. a constant inflow discharge
of 0.80 m’/s (28 csf) at the head of Masood distributary. All other input data and calibrated model data is
kept constant (validation 1). It can be stated that the computed discharges supplicd to the outlet structures
are approximately 0.06 to 0.011 m*/s to high, compared with the measured and computed discharges.
Ispecially the computed discharges of the submerged pipe outlet (no. 5) and submerged OFRB (no. 6)
are nor very precise. The computed discharges slightly become more accurate, if the downstream
boundary condition op the submerged outlet structures is set on the real measured downstream water
levels in the watercourses (validation 2). Still there are differences between the computed and measured
discharges. The differences are due to higher computed water levels along the canal. Proposed
adjustment: use the computed seepage values of 27-1-1995 (now there is secpage in stead of gain). Both
the model downstrcam water level as the measured downstream water level of the submerged outlet

structures will be simulated (validation 3 and 4). In table B.4, the results of the 4 different validation arc
listed.
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Table B.4 Validation results : 27-11-1995 - )
Outlet No. Validation 1 Validation 2 Validation 3 Validation 4 Targeted u
discharge

1 - - - - : |
: - - - : : |
0.058 0.058 0.058 0.058 0.058 J

0.103 0.103 0.098 0.098 0.092

0.029 0.045 0.028 0.045 0.041

0.037 0.037 0.034 0.036 0.039

0.045 0.045 0.043 0.043 0.043
0.063 0.063 0.058 0.058 0.057 I

0.069 0.069 0.063 0.062 0.063
0.059 0.059 0.055 0.054 0.053 K
0.059 0.058 0.050 0.049 0.053
0.087 0.086 0.075 0.073 0.074 H

validation 1;
validation 2:

validation 3:
validation 4:

no changes in the model
measured d/s water level as a d/s boundary condition for the submerged outlet structures

4. 5and 6.

scepage as computed for 27-11-1995

both seepage as measured d/s water level for a d/s boundary condition for the submerged

outlet structures 4, 5 and 6.

step 2

The model is running a simulation based on the input data of 30-11-1995, i.c. a constant inflow discharge
of 0.51 m’/s (18.13 csf) at the head of Masood distributary. The validation is to check different measured
discharges along the canal, and measured water levels upstream of the outlet structures, with the
computed output of the model. Based on the conclusions of the 27-11-1995 validation, the seepagc will
be the same as 27-11-1995 (because of low water levels of Fordwah Branch) and measured downstream
water levels for submerged outlet structures (no. 4,5,6 and 7) will be uscd in the model.

Table B.5 presents the results of the comparison of measured water levels (measured above the crest) and
computed water levels. Table B.6 presents the validation results of discharges along the canal.

13
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Table B.5 Validation results: 30-11-1995, water levels above the crest
(Tu&et No. Computed I, H measured
1 149.80 149.80
2 149.63 149.64
3 149.18 149.20
4 148.77 148.76
5 148.25 148.26
o 147.86 147.93
7 147.77 147.82
8 147.33 147.34
9 147.16 147.19
10 147.16 147.18
11 146.89 146.92
12 146.76 146.73
.
Table B.6 Validation results: 30-11-1995, measured discharges along the canal
l.oc'ation Q mecasured Q computed
Head at RD O 0.513 ‘ 0.513
drop 1 at RD 18000 0.340 (o.n.) 0.342 (o.n.)
drop 2 at RD 24050 0.299 (£.£) 0.296 (£.£)
1ail at RID 37250 0.035 (£.1) 0.039 (£.£)

Both computed upstream water levels necar the outlet structures as the computed discharges along the
canal match with the measured values. The water levels are computed correct. It can be concluded that
the validation of the SIC model of Masood distributary has been successful.

14
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ANNEX C STRUCTURE EQUATIONS USED IN SIC

H2/Y H2/Y e
(5)/ ) (9)

1 A
/fj—)’f 2) /1,7:'1 (6)
7T : 7T ) :
1 2 Hiv 1 2 Hiy
High sill elevation Small sill elevation

1. Open, free flow 6. Orifice, free flow
2. Orifice, fiee flow 7. Open, submerged flow
3. Open, submerged flow 8. Orifice, partially submerged flow
4. Orifice, partially submerged flow 9. Orifice, completely submerged flow

3. Orifice, completely submerged flow

Structure equations:

1. Q = IJPL-\/ig—-hlm

and: 0<h,<Y, h,<2/3.h,
2 Q = wLy2g(hi®-(h,-1"?)
and: h>Y , h,<2/3.h,

Where: po=op,
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3. Q = p'sL\/—z_g_r(hl _hz)l[l'hz

and: 0<h,<Y , 2/3.h;<h,<h
e 3y3
Where: M, = _:)‘/_‘.“F

3,3
40 = p. L8l ‘3/—.((h|—h2)”2.h2)—(hl—)’)3’2]
and: h>Y | 2/3.h,<h,<203.h + Y13

5. 0 =y Ly2g.(h -h)'PY

and: h>Y h,<2/3.h +1/3.Y
. ' 3y3
Where: “/ =p, = —:)‘/:"“F

6. 0 = Ly2g(uh)”-p,(h-1")

h,
and: h|>Y > h2< h
1+0.14.—
)/
po= p,+0.08.(1 »-_]._)
Where: LA :
Y
By = pr0.08.(1-——)
Where: ! P ‘
_)_’,

16
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3
7. Q= pppL-ﬁZ’—-hln

hl
h <Y, h<————<h,<h,

and:
1+0.14.—>
Y
Where: y = l_ﬁz_
h,
x>0.2: ke = 1-(1- X )P
|-«
x <0.2: ko= Sx(1-(1-—22 99
|-«
Where: B = 20 +26

8. 0 = Ly (k. (h-1")

and: h>Y d <h,<

. : h
h,+Y.0. 14._Y‘+0.14)

! ’ 2

hl hl
1+0.14.—L 1.14+0.14.—
Y Y

With kg, mu and mu, as defined above.
9 0 = Ly2ghkpph)” ~kpppr, (b - 1))

h
h,+¥(0.14.2+0.14)
and: h>Y Y

Ay <hy<h

hl
1.14+0.14.-2
Y

1

17
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With kg, mu and mu, as defined above.

For kg: - ‘_hz“Y
h,-Y
x> 0.2: kp = 1-(1-—=—)
1-a
x <0.2: k. = Sx.(1-(1- 0.2 )
|-a
Where: B = -2a-+26

18
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ANNEX D INPUT STRUCTURE DATA ACTUAL
SITUATION

Cross structures

No. Name Location Location Width B Width B Crest Level
) (m) ) (m) (m)

1 Drop 1 18,000 5,486 4 1.219 148.270

2 Drop 2 24,050 7,330 10.75 3277 148.113

3 Tail 37,250 11,354 2.06 0.628 146.594

Nodes (outlet structures)

No. Name Location  Location ~ Width B Opening Y Crest Level
) (m) (m) (m) (m)
1 1100-R 1,100 3358 0.067 0.393 148.947
2 3700-R 3,700 1127.8 0.110 0.488 148.980
3 7300-R 7,300 2225.0 0.070 0.378 148.547
4 13500-R 13,500 41148 - 0.271 148.133
5 24000-R 24,000 7315.2 - 0.268 147.781
6 27200-R 27,200 8290.6 0.116 0.332 147.392
7 28750-R 28,750 8763 0.104 0.253 147.397
8 34860-R 34,860 106253 0.098 0.329 146.838
9 35590-R 35,590 10847.8 0.116 0.354 146.733
10 35600-R 35,600 10850.9 0.128 0.256 146.756
11 36620-R 36,620 11161.8 0.119 0.296 146.644
12 37150-R 37,150 113233 0.177 0.253 146.453

19
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ANNEX E INPUT CROSS SECTIONS OF MASOOD
DISTRIBUTARY ACTUAL SITUATION

Survey done by: Anwar Igbal and Steven Visser.

Date: December, 1995.

Method: Cross sections measured from the left bank of Masood distributary, with x-step of
0.50 metres, referred to a Bench Mark (figures in metres and reference elevation:

initial point crest level of the gated inlet structure of Masood distributary), see
figure F.1.
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Figure F.1 Measurements of cross sections of Masood distributary

REACH : HEAD - 1100R

Masood Head

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
150.14 149.50 149.45 14948 149.49 149.49 149.49 149.46
4.00 4.50 5.00 5.50 6.00

149.44 149.37 149.36 149.80 150.14

o/l 1 (u/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
150.01 149.81 149.34 149.20 149.16 149.22 149.30 149.38
4.00 4.50 5.00 5.50 6.00

149.46 149.52 149.58 149.73 149.97
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REACH : 1100R - 3700R

o/l 1 (d/s)
0.00 0.50 1.00 1.50
150.01 149.81 149.34 149.20
4.00 4.50 5.00 5.50
149.46 149.52 149.58 149.73
o/1 2 (u/s)
0.00 0.50 1.00 1.50
149.81 149.64 149.23 149.24
4.00 4.50 5.00 5.50
149.27 149.27 149.46 149.66

REACH : 3700R - 7300R

o/1 2 (d/s)

0.00 0.50 1.00 1.50
149.81 149.64 149.23 149.24
4.00 4.50 5.00 5.50
149.27 149.27 149.46 149.66
o/l 3 (u/s)

0.00 0.50 1.00 1.50
149.50 149.35 149.10 149.00
4.00 4.50 5.00 5.50
148.81 148.90 149.06 149.06

REACH : 7300R - 13500R

o/l 3 (d/s)

0.00 0.50 1.00 1.50
149.50 149.35 149.10 149.00
4.00 4.50 5.00 5.50
148.81 148.90 149.06 149.06
o/l 4 (u/s)

0.00 0.50 1.00 1.50
149.01 148.92 148.45 148.15
4.00 4.50 5.00 5.50
148.25 148.84 148.95 149.28

2.00
149.16
6.00
149.97

2.00
149.27
6.00
149.62

2.00
149.27
6.00
149.62

-2.00
148.74
6.00
149.50

2.00
148.74
6.00
149.50

2.00
148.14

2.50
149.22

2.50
149.27
6.50
149.81

2.50
149.27
6.50
149.81

2.50
148.59

2.50
148.59

2.50
148.08

3.00
149.30

3.00
149.28

3.00
149.28

3.00
148.56

3.00
148.56

3.00
148.11

3.50
149.38

3.50
149.27

3.50
149.27

3.50
148.60

3.50
148.60

3.50
148.12
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REACH : 13500R - 24000R

o/l 4 (d/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
149.01 148.92 148.45 148.15 148.14 148.08 148.11 148.12
4.00 4.50 5.00 5.50

148.25 148.84 148.95 149.28

cross |

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
148.96 148.79 148.73 148.71 148.12 147.95 147.90 147.99
4.00 4.50 5.00 5.50

148.50 148.78 148.99 149.13

drop 1 (u/s) :
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

149.41 149.14 148.82 148.55 148.30 148.25 148.12 148.26
4.00 4.50 5.00 5.50 6.00
148.26 148.38 148.61 148.93 149.14

drop 1 (d/s)

0.00 (.50 1.00 1.50 2.00 2.50 3.00 3.50

148.97 148.86 148.79 148.72 148.56 148.32 148.13 148.03
4.00 4.50 5.00 5.50 T 6.00 6.50 7.00 7.50
148.02 148.08 148.16 148.22 148.32 148.38 148.54 148.69
8.00 8.50

148.83 149.03

cross 2

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
148.97 148.87 148.53 148.23 147.98 147.89 147.92 148.06
4.00 4.50 5.00 5.50

148.25 148.63 149.04 149.10

o/l 5 (u/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
148.57 148.48 148.14 147.84 147.75 147.76 147.80 147.83
4.00 4.50 5.00 5.50

148.02 148.34 148.64 148.70
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REACH : 24000R - 27200R

o/t 5 (d/s)

0.00 0.50 . 1.00 1.50
148.57 148.48 148.14 147.84
4.00 4.50 5.00 5.50
148.02 148.34 148.6v4 148.70
drop 2 (u/s)

0.00 0.50 1.00 1.50
148.57 148.48 148.14 147.84
4.00 4.50 5.00 5.50
148.02 148.34 148.64 148.70
drop 2 (d/s) .

0.00 0.50 1.00 1.50
148.28 147.92 147.62 147.58
4.00 4.50 5.00 5.50
147.52 147.92 148.44 148.72
o/l 6 (u/s) 4

0.00 0.50 1.00 1.50
148.30 148.21 148.37 147.86
4.00 4.50 5.00 5.50
147.49 147.59 147.76 148.10

REACH : 27200R - 28750R

o/1 6 (d/s)

0.00 0.50 1.00 1.50
148.30 148.21 148.37 147.86
4.00 4.50 5.00 5.50
147.49 147.59 147.76 148.10
o/l 7 (ws)

0.00 0.50 1.00 1.50
148.35 148.22 148.00 147.86
4.00 4.50 5.00 5.50
147.39 147.45 147.55 147.96

REACH : 28750R - 34860R

o/t 7 (d/s)

0.00 0.50 1.00 1.50
148.35 148.22 148.00 147.86
4.00 4.50 5.00 5.50
147.39 147.45 147.55 147.96

23

2.00
147.75

2.00
147.75

2.00
147.50

2.00
147.82
6.00
148.31

2.00
147.82
6.00
148.31

2.00
147.65
6.00
148.11

2.00
147.65
6.00
148.11

2.50
147.76

2.50
147.76

2.50
147.38

2.50
147.60

2.50
147.60

2.50
147.44
6.50
148.35

2.50
147.44
6.50
148.35

3.00
147.80

3.00
147.80

3.00
147.28

3.00
147.47

3.00
147.47

3.00
147.49

3.00
147.49

3.50
147.83

3.50
147.831

3.50
147.33

3.50

147.41

3.50
147.41

3.50
147.43

3.50
147.43



Canal water distribution at the secondary level in the Punjab, Pakistan Annexes
o/l 8 (u/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.63 147.31 147.18 146.87 146.87 146.87 146.90 147.16
4.00 4.50 5.00

147.48 147.55 147.73

REACH : 34860R - 35590R

o/1 8 (d/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.63 147.31 147.18 146.87 146.87 146.87 146.90 147.16
4.00 4.50 5.00

147.48 147.55 147.73

o/1'Y (ufs)

0.00 0.50 '1.00 1.50 2.00 2.50 3.00 3.50
147.52 147.47 147.20 146.84 146.85 146.86 146.85 147.23
4.00 4.50 5.00

147.46 147.65 147.80

REACH : 35590R - 35600R

o/1 9 (d/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.52 147.47 147.20 146.84 146.85 146.86 146.85 147.23
4.00 4.50 5.00

147.46 147.65 147.80

o/t 10 (u/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.52 147.47 147.20 146.84 146.85 146.86 146.85 147.23
4.00 4.50 5.00

147.46 147.65 147.80

REACH : 35600R - 36620R

o/1 10 (d/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.52 147.47 147.20 146.84 146.85 146.86 146.85 147.23
4.00 4.50 5.00

147.46 147.65 - 147.80



Canal water distribution at the secondary level in the Punjab, Pakistan Anncxes
o/l 11 (u/s) '

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.38 147.31 146.89 146.69 146.58 146.71 146.75 146.79
4.00 4.50 5.00 5.50

146.87 147.01 147.27 147.49

REACH : 36620R - 37150R

o/l 11 (dfs) |

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.38 147.31 146.89 146.69 146.58 146.71 146.71 146.71
4.00 4.50 5.00 5.50

146.70 147.71 147.27 147.49

o/l 12 (u/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.82 147.60 147.14 146.83 146.63 146.56 146.44 146.57
4.00 4.50

147.36 147.56

REACH : 37150R - TAIL

o/l 12 (d/s)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.82 147.60 147.14 146.83 146.63 146.56 146.44 146.57
4.00 4.50 )

147.36 147.56

tail

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
147.82 147.60 147.14 146.83 146.63 146.51 147.01 147.57
4.00 4.50

147.76 147.56



Canal water distribution at the secondary level in the Punjab, Pakistan

ANNEXF

- all discharges in m'/s
- outlet structure 2, 8 and 12: no effect

RESULTS SENSITIVITY ANALYSIS

Width B Drop Structure

outlet structure 5

1.0
0.9
0.8
0.7
0.6
0.5

1.1
1.2

mean

25 %
q

0.026
0.025
0.023
0.022
0.020
0.019
0.027
0.029

0.33
0.55
0.38
0.40
0.21
0.47
0.32.
0.30
0.37

Crest level Drop Structure

outlet structure 5

1.0
0.9
0.8
0.7
0.6
0.5
1.1
1.2

mean

-40 %
q R

0.021 -0.31
0.019 -0.34
0.016 -0.60
0.014 -0.75
0.012 -0.92
0.010 -1.03
0.023 -0.20
0.026 -0.09

-0.53

-25%
q R

0.021 -0.50
0.019 -0.55
0.017 -0.76
0.015 -1.00
0.014 -1.05
0.013 -0.94
0.024 -0.16
0.026 -0.15

-0.64

0%

0.024
0.022
0.021
0.020
0.019
0.017
0.025
0.027

0%

0.024
0.022
0.021
0.020
0.019
0.017
0.025

0.027

+25 %

0.028
0.027
0.026
0.024
0.023
0.022
0.029
0.030

0.67
0.91
0.95
0.80
0.84
1.18
0.64
0.44
0.80

+25 %
q R
0.022 -0.33
0.021 -0.18
0.020 -0.19
0.018 -0.40
0.017 -0.42
0.016 -(0.24
0.024 -0.16
0.025 -0.15
-0.26
+40%
q R

0.030 0.62
0.029 0.80
0.028 0.83
0.027 0.87
0.026 0.92
0.024 1.03
0.031 0.60
0.032 0.46

0.77
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Manning’s coefficient

outlet structure 2

20 %
Q q R

1.0 0.071 -0.33
0.9 0.069 -0.27
0.8 0.066 -0.29
0.7 0.063 -0.30
0.6 0.059 -0.32
0.5 0.054 -0.42
1.1 0.074 -0.32
1.2 0.076 -0.37

R mean -0.33

outlet structure 5

-20 %

Q qg R

1.0 0.024 -0.22
0.9 0.022 -0.00
0.8 0.021 -0.00
0.7 0.02 -0.00
0.6 0.019 -0.00
0.5 0.017 -0.00
1.1 0.025 -0.00
1.2 0.026 -0.19
R mean -0.00

outlet structure 8

-20 %

Q q R

1.0 0.063 -0.23
0.9 0.061 -0.16
0.8 0.058 -0.17
0.7 0.054 -0.26
0.6 0.051 -0.1¢
0.5 0.047 -0.20
1.1 0.066 -0.22
1.2 0.068 -0.28
R mean -0.21

-10%

q R
0.074 -0.26
0.071 -0.27
0.068 -0.29
0.064 -0.45
0.061 -0.32

1 0.056 -0.51

0.076 -0.38
0.079 -0.37
-0.36

-10%
q R
0.023 -0.00
0.022 -0.00
0.021 -0.00
0.02 -0.00
0.019 -0.00
0.017 -0.00
0.025 -0.00
0.026 -0.37
-0.05

-10%
q R
0.065 -0.15
0.062 -0.16
0.059 -0.17
0.056 -0.18
0.052 -0.19
0.048 -0.20
0.068 -0.14
0.07 -0.28
-0.18

0 %

0.076
0.073
0.07

0.067
0.063
0.059
0.079
0.082

0 %

0.023
0.022
0.021
0.02

0.019
0.017
0.025
0.027

0%

0.066
0.063
0.06

0.057
0.053
0.049
0.069
0.072

+10 %

0.079 0.39
0.076 0.41
0.073 043
0.069 0.30
0.065 0.32
0.061 0.34
0.082 0.38
0.085 0.37

0.37

+10 %
q R
0.024 0.43
0.022 0.00
0.021 0.00
0.02  0.00
0.018 -0.53
0.017 0.00
0.026 0.40
0.028 0.37
0.08

+10 %
q R

0.068 0.30

0.065 0.32
0.061 0.17
0.058 0.18
0.054 0.19

0.049 0.00

0.07 0.14
0.073 0.14
0.18

+20%
q R
0.081 0.33
0.078 0.34
0.074 0.29
0.071 0.30
0.067 0.32
0.062 0.25
0.084 0.32
0.086 0.24
0.30

4+20%
q R
0.025 0.43
0.023 0.23
0.021 0.00
0.02 0.00
0.018 -0.26
0.017 0.00
0.027 0.40
0.029 0.37
0.15

+20%
q R
0.069 0.23
0.066 0.24
0.063 0.25
0.059 0.18
0.055 0.19
0.05 0.10
0.072 0.22
0.074 0.14
0.19



Canal water distribution at the secondary level in the Punjab, Pakistan Annex

outlet structure 12

220 % -10% 0% +10 % +20%

Q q R q R q q R q R

1.0 0.097 0.11 0.096 0.11 0.095 0.093 -0.21 0.092 -0.16
0.9 0.095 0.40 0.089 0.11 0.088 0.086 -0.23 0.085 -0.17
0.8 0.084 0.19 0.082 0.12 0.081 0.079 -0.25 0.078 -0.19
0.7 0.077 0.35 0.074 0.28 0.072 0.07 -0.28 0.069 -0.21
0.6 0.068 0.40 0.065 0.32 0.063 0.06 -0.48 0.058 -0.40
0.5 0.059 0.57 0.056 0.57 0.053 0.049 -0.75 0.046 -0.66
1.1 0.103 0.10 0.102 0.10 0.101 0.1 -0.10 0.099 -0.10
1.2 0.109 0.14 0.108 0.19 0.106 0.105 -0.09 0.105 -0.05

R mean 0.28 0.22 -0.30 -0.24

Seepage losses

- outlet structure 2 and 5: no effect

outlet structure 12: INFLOW SEEPAGE

-100 % -40% 0% +40 % +100%
Q q R q R q q R q R
1.0 0.092 -0.04 0.094 -0.05 0.096 0.097 0.03 0.099 0.03
0.9 0.085 -0.06 0.087 -0.08 0.090 0.091 0.03 0.093 0.03
0.8 0.077 -0.06 0.080 -0.06 0.082 0.084 0.06 0.087 0.06
0.7 0.068 -0.08 0.072 -0.07 0.074 0.076 0.07 0.079 0.07
0.6 0.057 -0.12 0.062 -0.12 0.065 0.068 0.12 0.071 0.09
0.5 0.047 -0.15 0.052 -0.14 0.055 0.058 0.14 0.062 0.13
1.1 0.098 -0.04 0.100 -0.05 0.102 0.103 0.02 0.105 0.03
1.2 0.104 -0.03 0.106 -0.02 0.107 0.109 0.05 0.111 0.04
R mean -0.07 -0.07 0.06 0.06
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outlet structure 12: OUTFLOW SEEPAGE

-100 % -40% 0% +40 % +100%

Q q R q R q q R q R

1.0 0.092 0.06 0.089 0.06 0.087 0.085 -0.06 0.083 -0.05
0.9 0.085 0.06 0.082 0.06 0.080 0.077 -0.09 0.074 -0.08
0.8 0.077 0.08 0.073 0.07 0.071 0.069 -0.07 0.064 -0.10
0.7 0.068 0.11 0.064 0.12 0.061 0.058 -0.12 0.053 -0.13
0.6 0.057 0.14 0.053 0.15 0.050 0.046 -0.20 0.039 -0.22
0.5 0.047 0.31 0.041 0.35 0.036 0.032 -0.28 0.028 -0.22
1.1 0.098 0.04 0.096 0.05 0.094 0.093 -0.03 0.090 -0.04
1.2 0.104 0.03 0.102 0.02 0.101 0.099 -0.05 0.097 -0.04
R mean 0.10 0.11 -0.11 -0.11

Cross sectional area: A.R??

.-otutlet structure 2

220 % -10% 0% +20 % +40%

Q q R q R q . q R q R
1.0 0.080 0.26 0.078 0.26 0.076 0.074 -0.13 0.073 -0.10
0.9 0.077 0.27 0.075 0.27 0.073 0.071 -0.14 0.070 -0.10
0.8 0.074 0.29 0.072 0.29 0.070 0.068 -0.14 0.067 -0.11
0.7 0.070 0.22 0.069 0.30 0.067 0.065 -0.15 0.064 -0.11
0.6 0.066 0.24 0.065 0.32 0.063 0.061 -0.16 0.060 -0.12
1.1 0.083 0.25 0.081 0.25 0.079 0.077 -0.13 0.075 -0.13
1.2 0.086 0.24 0.084 0.24 0.082 0.079 -0.18 0.078 -0.12
R mean 0.25 0.28 -0.15 -0.11

outlet structure 5

20 % -10% 0% +20 % +40%

Q q R q R q q R q R
1.0 0.025 0.43 0.024 0.43 0.023 0.023 0.00 0.024 0.11
0.9 0.022 0.00 0.022 0.00 0.022 0.022 0.00 0.022 0.00
0.8 0.021 0.00 0.021 0.00 0.021 0.021 0.00 0.021 0.00
0.7 0.020 0.00 0.020 0.00 0.020 0.020 0.00 0.020 0.00
0.6 0.019 0.00 0.019 0.00 0.019 0.019 0.00 0.019 0.00
1.1 0.027 0.40 0.026 0.40 0.025 0.025 0.00 0.025 0.00
1.2 0.029 0.37 0.028 0.37 0.027 0.026 -0.19 0.026 -0.09
R mean 0.17 0.17 -0.03 -0.00
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outlet structure 8

Q
1.0
0.9
0.8
0.7
0.6

1.1
1.2

R mean

-20 %
q. R
0.071 0.38

0.068 0.40
0.065 0.42
0.061 0.35
0.057 0.38
0.073 0.29
0.076 0.28

0.36

outlet structure 12

1.0
0.9
0.8
0.7
0.6

1.1
12

R mean

-20 %
q R

0.093 -0.11
0.086 -0.11
0.078 -0.19
0.069 -0.21
0.057 -0.48
0.099 -0.10
0.105 -0.05

-0.18

-10%
q R
0.068 0.30
0.066 0.48
0.062 0.33
0.058 0.18
0.054 0.19
0.071 0.29
0.074 0.28
0.29

-10%

0.094 -0.11
0.087 -0.11
0.079 -0.25
0.071 -0.14
0.060 -0.48
0.100 -0.10
0.106 -0.00

-0.17

0%

0.066
0.063
0.060
0.057
0.053
0.069
0.072

0%

0.095
0.088
0.081
0.072
0.063
0.101
0.106

30

+20 %
q R
0.064 -0.15
0.061 -0.16
0.058 -0.17
0.055 -0.18
0.051 -0.19
0.066 -0.22
0.069 -0.21
-0.18

+20 %

0.096 0.05
0.090 0.11
0.083 0.12
0.075 0.21
0.067 0.32
0.102 0.05
0.108 0.09

0.14

+40%
q R
0.061 -0.19
0.058 -0.20
0.055 -0.21
0.052 -0.22
0.048 -0.24
0.064 -0.18
0.066 -0.21
-0.21

+40%

0.0PS 0.08
0.092 0.11
0.085 0.12
0.077 0.17
0.070 0.28
0.104 0.07
0.109 0.07

0.13
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ANNEX G PROPOSED APPROACH SIMPLIFIED SIC

MODEL FOR 3-L DISTRIBUTARY

General approach
The next procedure to develop a simplified hydrodynamical flow model (SIC) for distributaries, is
suggested:

1.

Inventory of the topographical layout of the distributary
For each distributary the different nodes must be defined, therefor information is necessary about: (1)
total length of the distributary; (2) location of al the outlet structures, inlet structure and tail structurc
(nodes abscissa); (3) location of the cross structures, and (4) location of off taking minors and sub-
minors. The topographical module can be developed in SIC !

Simplified geometrical module

The geometrical files are based on the following simplified approach: cross sectional profiles and the
crest levels of the cross structures are based on the design crest levels of the outlet structures.
Minimize the amount of cross sectional measurements by taking cross sectignal measurements close
to outlet structurcs and head structure only.

Cross devices description .

In general, the cross structures are normal drop structure, without gated openings. Input parameters
for drop structures: measured width B (m), crest level elevation as defined in point 2., and discharge
coeflicient based on mean flow condition. Whenever the drop structure is working under free flow
conditions, the theoretical discharge cocfficient is sufficient: Cd = 0.37 (= initial values mu, default
values, used by SIC). Whenever the drop structure is working under submerged conditions, the
discharge coefficient has to be calibrated based on field measurements.

Nodes description

In genceral, the outlet structures are either (OC)AOSM, (OC)OFRB, OF or PIPE outlet structures.
Input parameters for outlet structures: measured width B (m), measured opening height Y (m), design
crest level elevation (PID), and discharge coefficient based on mean flow condition. Whenever the
outlet structure is working under frec flow conditions, the theoretical discharge coefficient is
sufficient, and the downstream boundary condition does not play any role. Whenever the outlet
structure is working under submerged conditions, the discharge coefficient has to be calibrated based
on field measurements. The downstream boundary condition must be modelled by means of a
theoretical rating curve. The upstream boundary condition (head node of the distributary) exists
cither of a constant inflow (m’/s), or a typical inflow pattern Q(t) defined in Unit III of SIC. The
downstream boundary condition of the model must be a rating curve. If the tail condition is a drop

structure or outlet structure, the discharge coefficient must be determined based on measurements for
both free flow and submerged conditions.
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5.

Manning's coefficient

The initial input of the roughness coefficient, expressed as the Manning's coelficient n, will be based
on a visual analysis of the physical state of the distributary. Using the descriptive state of a
distributary, based on the classification defined by Ven Te Chow (1973), n valucs for certain reaches
in the canal can be obtained. It will be suggested to define n values between: head - drop structure 1
drop structure I - drop structure 2; drop structure 2 - drop structure x; drop structure x - tuil.

Seepage

The rate of seepage losses within a distributary will be based on the HIMI measurements which took
place for all distributarics. For small distributarics ( < 15 km ): the mean value for S, for the whole
canal will be add in SIC. For large distributaries ( > 15 km ): the mean value for S, for reaches up to
10 to 15 km will be add in SIC. Attention must be paid on the difference of inflow and outflow
seepage. For outflow seepage a negative value must be add. For inflow seepuge a positive value must

be add.

Data input

The necessary data input to develop a simplified SIC model for 3-L distributary is presented in the
following table. The data are based on the measurements on 3-1. dated 08/10/1995, conducted by 1IMI-

(Bahawalnagar).
Table F.1 Data input simplified SIC model 3-L distributary
1. TOPOGRAPHY
Nodes Name Abscissa jm]
Head Head 3-1. 0
1 outlet 1 3
2 outlet 2 1036
3 outlet 3 1524
4 outlet 4 2134
5 outlet 5 3353
6 outlet 6 4974
Tail Tail 3-1 7041
Cross structures Name Abscissa [m]
2. GEOMETRY
i.éngitudinal profile (field)
Cross sections (ficld)
3. CROSS STRUCTURES
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4. NODES DESCRIPTION

Rating curve: Q(IT)

type: OF
flow: f.f
C;: 1.34?
width B [m}: 0.201
height Y [mj: -

crest level: 151.29 m

Qutlet structures: Free flow (o.m.) Submerged (o.n)
B[m] Y([m] CL [m] Type
I 0.186 0308 153.15 OFRB Y: C4=0.53 N
D/S WL = 153.2
2 0.162 0.308 152.87 OFRB N Y: field
3 0,180 0.320 152.73 OFRB (field) N
4 - 02350 - PIPE N Y: field
S 0.213 0.264 152.31 OFRB Y: C,=0.53 N
D/S WL =152.4
6 0.146 0.262 151.86 OFRB Y: Cy=0.53 N
D/S WL = 152.0
Uipstream boundary condition:
Discharge [m'/s)
Downstream houndary condition: Outlet / drop structure: Rating curve:

!
q(H) = 0.459*11*?

MANNING'S COEFFICIENT

Visual analysis for every reach

Om-884m:

884 m-1067m:

- banks were good
- banks damaged

more visual field data

SEETAGE LOSSES

Inflaw - Outflow test (8/10/1995)

q outlet structures [m*/s)

Upstream water levels [m]

I 0116
Infllow: 0.57 m%/s (20.12 cfs) 2 0.054 0.76 153.91
Outllow:  0.12 m'/s (4.10 cfs) 3 closed 0.74 153.61
4 0.108 - -
5 0.102 0.64 -
S. 10 m- 5000 m): 1.7 Vs/km (inflow) 6 0.059 0.57 152.88
S.15000m - tail}: - 11.6 Vs/km (outflow) 0.59 152.45

2

Discharge coefficient is based on the measiirements on 3-L 3/10/1995): C, = q/1.7.B.1*?,
mand I = 0.4 m. C, is slightly to high (theoretically 1.0), but for the simplified model the me
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Lield measurements
: BCSIdLS the inflow - outflow test, conducted by [IMI, the f‘ollowmz> measurements are necessary (o set up
the sunphﬁcd model for 3-L.:

(ES]

. Cross scctional measurements close to all outlet structures and the tail structure (open flume), with

reference to the crest of the corresponding outlet structure.

TIME: 2 hours, 2 man

Survey to establish the crest level of outlet structure 4 (submerged pipe), with reference to the crest
level of outlet structure 3. (only approximately 600 metres levelling).

TIME: 1 hour, 2 man

. For outlet structure 2 and 4: measure width of the watercourse [m], lined or unlined, h,, h,, depth of

the watercourse [m].

TIME: 0.25 hour, 1 man

For outlet structure 3: check the general flow condition. If submerged, measure the same items as
stated in point 3. If free flow (0.m.), its ok.

TIME: 0.25 hour, 1 man

Describe the state of the distributary in between every node: vegetation, banks, cuts, in fill / in cut cte.
TIME: 0.5 hour, 1 man

Total time and manpower for the exercise: 4 hours with 2 man.

FIELD MEASUREMENT RESULTS

Overall, the condition of the canal is bad. Many cuts and a weak bank was found at the left side of the
canal. Vegetation was foynd al along the canal, therefor the initial n-value for the model will be set at
0.04 (k = 25). Especially the tail reach is heavy vegetated.

Looking at the measurements of 1IMI, outlet no. 4 (illegal pipe) is supposed to be free flow. Only a
rating curve will be set up for outlet no. 2. Width of the watercourse: 0.75 m, unlined.

. Crest level of outlet no. 4 (illegal pipe) and cross section of outlet no. 2 (crest was u)vuu.d with (o

much silt) are measured referred to the design crest of outlet no. 3.

Table F.2 Topographical survey results
Crest 3 ==> cr‘:)ss section 2 Crest 3 ==> crest 4
BS FS BS kS
crest 3 + 8.66 crest 3 +9.56 !
+7.04 -5.32 +3.54 -5.01
+4.76 -6.135 + 5.085 . -4.48
+3.83 -3.90 +4.825 -5.26
+4.08 -4.195 -9.07 (= crest 4)
- Cross section 2 s
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SIMPLIFIED SIC MODEL OF 3-L
Qs = 0.57 m’/s
Table F.3 SIC output and IIMI data
O/L — G q (n) q(Cp h, (ITMI) h, (XIM) C, (IIMI)
1 0.116 0.101 0.111 0.76 0.20 0.52 (0.m.)
2 0.054 0.051 0.052 0.74 0.66 0.86 (o.n.)
3 - - - - -
4 0.108 0.136 0.117 0.64 0.40 0.79 (pipe,
0.1m.)
5 0.102 0.082 0.097 0.57 0.37 0.54 (0.m.)
6 0.059 0.068 0.064 0.59 0.16 0.45 (0.m.)
Tail 0.116 0.113 0.015 0.40 0.24 1.34 (f££)
Calibration
n: Foroutlet 1,2, 4,5, 6 pre-define the measured upstream water levels in the model and all the

measurced discharges as imposed discharge. Simulate the model and the calibrated n will be

computed.

Reach 1 -35: k=225/n=0044
Reach 6: k=480/n=0.021
Reach 7: k=250/n=0.040

Simple adjustments of the initial discharge cocfficient input was necessary.

I: 0.53 ==>0.60

2: 0.86 ==> -

3: 0.53 ==>_

4: 0.75 ==>0.65 (pipe o.m.)
3: 0.53 ==>.

6: 0.53 ==>0.50
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