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ABSTRACT

Bhakra-Beas complex is a multipurpose-multireservoir
system comprising Bhakra Nangal project, (with Gobind Sagar
Reservoir and power plants at the dam) Nangal Dam and Nangal
Hydel channels with its power plants, canal diversions at
Ropar and Harike, Beas-Sutlej Link project (with diversion dam
at Pandoh, Beas-Sutlej link Canal and Dehar Power plant at its
tail) and Beas Project with Pong Dam and Power Plant. It is
a complex system which requires integrated operation policy in
the context of increasing irrigation and power demands.

In order to study the consequences of different operat-
ional policies to meet both irrigation and power demands, a
simulation model PISIM-1 is developed from previously existing
models. A core model is selected from these models, and modif-
ied so as to conform to the attributes and capabilities that
considered desirable for the present study. An advantage of
this model is its optimizing capability with respect to reser-
voiroperating rules for the time period under consideration.
Also PISIM-1 is able to simulate power generation in the system.

The system is simulated on a 10-daily basis using
eighteen years of hydroiogic data and the demands in the recent
years. Various feasible alternative operating policies were
considered and the best policy which utilizes the available
water in the system to its maximum (by reducing the spills) is
presented. The new policy gave due consideration to fully

exploit the existing available waters on the downstream side of
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the reservoirs. This policy besides meeting the systems'
irrigation requirements and the stipulated firm power for the

project, can also generate additional power {(Secondary power).




1.0 INTRODUCTION

1.1 Reservoir Operation

The conventional practice in planning,design and opera-
tion of Water Resources Project has been to consider a number
of alternatives that would satisfy demand and select the best
out of them. The project may fulfil the purpose of national
economic development improvement of environment quality or
enhancement of social well being. It is well recognised that
there has been distinct advancement in the technology to plan
and operate projects more effectively than was possible some
twenty years ago. It should,therefore, be a logical corollary
that there is a scope to obtain target benefits from the
projects planned and executed a couple of decades ago by choo-
sing an appropriate operation policy. This is possible,more
so, in multiple reservoirs systems, serving more than one
purpose.

This can be accomplished by manipulating the réleases
from storages in different reservoirs in a manner that the
aggregate potential head of stored waters is at its maximum
while meeting a certain set pattern of demands. The system
should be so operated by devising a suitable operating policy
in a manner that it can use the available water resources
optimally and the flow of benefit is such that the objective is
maximized. While doing so the limitations and constraints of

the system should be well understood and due consideration




should be given to the changed conditions. Some of the constr-
aints, which require due consideration may be; transfer of water
water from or to the basin; a new system component being added;
a new type of demand being added or a purpose being releagated
in priority or given higher priority over other purposes etc.
Also, there may be institutional changes in the framework of
administration and operation of the system or the change in
value concept of the purposes or change in the estimate of
availability of water resource or change in the pattern of dem-
and. The above time variant constraints may necessitate chan-
ges in systm cénfiguration or in operation of the system, which
were not considered originally while planning. Alsco the loss-
es must be minimized, and the net benefits over a period of
time must be maximized with proper resource allocation policy

against competing users.

1.2 Objective and Scope of the study

In order to study the implications of the time variant
constraints while developing a suitable operating policy, a
case study was undertaken. The Bhakra-Beas complex was chosen
for this study since, it has all the complexitities and the
project was planned two decades ago. It is planned to devise
a suitable operating policy for this complex for meeting irri-
gation demands, while analysing the various aspects concerning

" the power generation of the individual hydroplants.

The object of the study is to consider a number of
feagsible policies of operation of the Bhakra-Beas complex and

to select few operating policies that enhance the irrigation




and power benefits and increases the water resource use in the

system by reduction of spill at Harike to the extent possible.

For this study, a simulation cum optimization model
which uses different hydrologic states( viz., dry.,average and
wet) for the purpose of obtaining working rule curves have
been used. No water is sacrificed in the interest of power but
operation rules are so chosen to meet the firm power requirement
for larger times periods allowing for secondary power generat-

tion after studying a number of alternatives.




2.0 REVIEW

Streamflow regulation during planning stage by a reser-
voir refers to the use of the reservoirs storage volume and
physical appurtenances to modify streamflows. Inflows to the
reservoirs are stored, diverted from the reservoirs and relea-
sed down stream. Schedules for diversion and release and deta-
iled operation procedures, provide for beneficial purposes while
maintaining the integrity of the dam and other structures. The
reservoir system is operated to handle extreme flows as well as

normal flows.

Operating rules are based on availability of streamflows
with respect to the demand. Sequences of streamflows can be
available from historical record if the stream has a flow gauge
station or may be estimated by analysis of hydrological data for
other streams. Out-flows depend on hydraulic characteristics
of the release facilities, the way in which these facilities are
operated, storage characteristics of the storage reservoir and
the height of water behind the dam. For water supply studies

monthly or 10-daily intervals may be suitable.

When a dam is placed on a stream, it .receives the stream
flow that originates in the drainage area upstream of the dam.,
The reservoir often occupies only a small portion of the drain-
age area. If the reservoir is very large it may be used to
regulate the inflows to achieve outflows according to a desired
pattern. Because of topographic and economic limitations,how-

ever, it is not usual for a reservoir to be constructed large




enough to provide regulation of entire flow. To take advantage
of good site for construction of the dam, reservoirs are often
located upstream in a basin and the reservbir controls the flows
originating from only a portion of the drainage area. The reg-
ulated flow may be estimated based on studies of reservoir oper-
ation and considering the flows from the controlled, and un-
controlled areas. When a stream has more than oﬁe dam, the
downstream reservoir operation considers tﬁe release from the
upstream reservoir and the flows from the uncontrolled inter-

mediate area.

A set of operating rules established for the reservoirs
takes into account of inflows, needs for water withdrawals and
releases, storage volumes and reservoir elevation. During the
planning stage the designs of the spillway and other outlet
works are dependent on these rules. The ability to provide
release for water supplies and other conservation uses requires
that water be held in storage at certain times to augment low
inflows. 1In addition to the releases of water that are desira-
ble, the maintenance of reservoir elevation within defined lim-
its may be important. Alsc, if the reservoir is drawn down too
far, there may be a serious reduction of hydroelectric power.
For flood control, on the other hand the pool elevation must be
kept low enough to provide space for containing flood flows
during period of high inflows. For this reason the maximum water
level of many of the reservoirs are no+ permitted to rise above
specific levels at different periods of high flood, care being
taken that sufficient storage above the dead storage level is

maintained always to augment low flow and generate hydroelectric




power.

The rules are initially assumed and are tested with
historical or synthetic inflow records to determine the effect-
iveness. In a complex system involving many reservoirs in a
river system assumptions concerning the operation rules of the
project may be tested with the aid of simulation model. Depend-
ing on the results from the computer runs, the planner can
adjust the operating rules. Thus, by successive simulation with
modified rules a set of acceptable rule is derived. Mathemati-
cal optimization technigque may be used to the extent possible
in the simulation study. By a number of iterations sastisfactory
selections are established. The efficiency by which the scales
and operation rules are determined to a large extent depends
on the experience and judgement of the planners. The operating
rules obtained in this manner during the planning stage are
considered tentative as changes in the system by way of cont-
rolled storage may be felt latter on actual operation of the
project. It is possible to improve the rules based on experie-
nce and available additional data. Thus, it is necessary to

update the working rules during the post planning stage.

In view of the latest development in this specific field
of system engineering, an attempt is made here to introduce its
application to the Indian river basins. Though this idea is not
new to the Indian Reservoir Managers, many times due to various
constraint and consideration they could not implement it with
overall optimal operation policy in view. With advanced tech-

nology, now it is possible to include more constraints in the

operation study.




3.0 STATEMENT OF PROBLEM

Bhakra~Beas complex is a multipurpose-multireservoir
system comprising Bhakra Nangal Project with Gobind Sagar res-
ervoir and Power Plants at the dam, Nanaal Dam and Hydel chann-
els with its power plants and canal diversions at Ropar and
Harike, Beas—Sutlej Link Project with a diversion dam at Pandoh,
Beas-Sutlej link canal and Dehar Power Plant at its tail and
Beas Project with Pong Dam and Power Plant. It is desighed
and operated since two decades primarily for irrigation and
with secondary importance for power generation. With the com-
pletion of the above system, the fury of flood has been comple-

tely eliminated.

"Method of Operation of a System of Reservoirs taking
into consideration the effect of irrigation, flood control and
power generation" has been considered as one of the priority
areas of research at this Institute. The ninth Governing Body
recommended that the reservoir operation .studies of various
reservoir systems in the country like Bhakra-Beas systems,
Damodar Valley Corporation system,Chambal System etc. be taken
up in the order mentioned. Thus, the reservoir operation study
of Bhakra-Beas system was taken up at the first instance and
the relevant hydrological and other data had been collected from
Bhakra-Beas Management Board(BBMB), Ministry of Irrigation,Govt.

of India, Government of Punjab and other concerned agencies.

Reservcir system operations are dependent on river beha-

viour , reservoir storage characteristics and demands. Water



managemeht programmes either encompass or form a part of a
overall planWhen change is evolutionary,however, the future
derives from and builds on the past, thus requiring protection
of benefits to individual groups that derive from the tradition-
al system operation. While seeking an improvement in the oper-
ational policy, one must not only increase the quality and/or
the availability of system products( like power and water
supply) but also provide the user communities at least as much
benefits from the new operation as they used to get from the

old one.

Bhakra-Beas is one of the largest system in the country
and deserve attention in this direction. Keeping in mind the
guidelines mentioned above, an attempt is made to suggest the
modification of operation policies which will result in impro-
vement in the performance of the Bhakra-Beas system while pro-

tecting the interests of the groups concerned.

Thus, the problem studied here is to increase the irri-
gation potential by minimising the spill that goes out as a
waste by way of selection of better operation policy and to
narrow down the shortages during the critical period of the
years guided by a factor known as 'Reservoir Factor' that
controls the reservoir releases proportional to the available
storage position during the session. The study also inciludes
analysis of the impact of the reservoir operation policy on the

power generation of individual and overall system elements.




4.0 DESCRIPTICN OF THE SYSTEM

4,1 The System

The Indus water treaty between India and Pakistan per-
mits:the utilisation of supplies of the eastern rivers i.e. Ravi,.
Beas and Sutlej exclusively by India. The topography of the
region through which these three rivers flow permits the link
amongst them. The Bhakra-Beas system details are given in
Figure 1. The proposal envisaged to the storage works for these
reservoirs for integrated operation have been drawn up and ext-
ended in a phased manner. The schematic diagram of the Bhakra-
Beas system is given in Figure 2.

Bhakra project was planned for utilising irrigation and
power potential of the river sutlej. Beas project, comprising
of two units; unit I-Beas-Sutlej link of 212.5 cumecs (7,500
cusecs) capacity to divert Beai river supplies into Bhakra re-
servoir and Unit II- Beas Dam at Pong, to harness the irriga-
tion and power potential of Beas river. supplies.

The river Ravi and Beas are connected by Madhopur-Beas
Link with a capacity of 283 cumecs (10,000 cusecs) and with the
construction of unit I of Beas Project all the three eastern
rivers have been interlinked. Since it is of great advantage
to coordinate the functioning of Bhakra and Pong reservoirs an
integrated irrigation and power management, the Bhakra Beas
Management Board (BBMB) has been established.

The flow availability at Beas Dam reservoir is 0.6069



FIG. 1~ BHAKRA BEAS SYSTEM
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m.ha.m is (4.92 MAF) in a mean year. But the live storage capa-
city is 0.690 m.ha.m. (5.6 MAF). This allows for additional
storage during the surplus supplies in good years which can be
carried over and used during succeeding dry years. The total
annual flow in rivers Beas and Sutlej in the mean year is 3.320
m.ha.m(26.92 MAF) while maximum being 4.5467 m.ha.m(36.86 MAF).
The individual systemelements are described briefly in the

subsequent paragraphs.

4.2 Bhakra ~Nangal Project

The composite Bhakra-Nangal project was initially desig-
ned for meeting irrigation demands of Punjab,Haryana and Rajas-
than. However, subsequently, the project operating rules have
been modified to cater to the needs of power generation also,
in view of the additional water availability as well as increa-
sed demand for power. This project combines the Bhakra dam
constructed on River Sutlej, located in the State of Himachal
Pradesh and Nangal reservoir constructed on the same river on
the downstream of Bhakra Dam but located in the State of Punjab,
separated by a distance of around 13 kms. The details with

regard to these two reservoirs are discussed below:

4,2.,1 Bhakra dam

The Bhakra dam is a concrete gravity dam with a total
height of 225.55 m(740 ft) above the deepest bed level. The
upstream face of the cross section of the dam is vertical from

the top at 518.16 m (EL 1700 ft.) to 411.48 m (EL 1350 ft) and

" subsequently has a slope of 0.36 to 1.0 upto the bottom. It




creates an upstream lake called Gobind Sagar lake with total
storage capacity of 0.9159 m.ha.m.(7.4255 MAF) at 515.11 m

(1690 ft) and having a surface spread of 16,868 hectare (41,

680 acre). An ogeee type of spillway is provided at the centre
of the dam with its crest at EL 501.4 m(1645 ft) and has a
width of 79.25 m (260 ft) to negotiate the floods. The spill-
way discharge is controlled by four 15.24 m(50 ft) long radial
gates. Facilities for release of water for irrigation and power
production consist of gixteen numbers of 2.64 m(8'8")horse show
type river outlets and 4.572 m (15 ft) diameter steel penstocks
respectively. The river outlets are arranged in two tiers of
eight each in the central spillway section. Generally water for
irrigation is provided through discharges meant for power gene-
ration. However, either when the irrigation demand or when the
demand at Nangal pond is more than the power releases then the
river outlets are operated. The overflow spillway and river
outlets together can take care of around 11327 cumces(4,00,000

cusecs) of flood waters.

4.2.2 Bhakra power plants

The storage of Bhakra dam is essentially for irrigation
and power purposes. The flow of river Sutlej is supplemented
by diversion of Beas Water through Beas-Sutlej link, which takes
off from Pondoh dam acrosss Beas River. The Bhakra Power

Plants are being operated in conjunction with Gungawal and Kotla

‘Power Houses on the Nangal Hydel channel. Together the system

is deéigned to generate 407 M.W. of firm power and lot of sec-

ondary power. There are two power plants; one on the left bank
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and another on the right bank.

The left bank power plants consists of five 90 M.W. ver-
tical type generating units. Each unit comprises 1,50,000 H.P.
Francis turbines designed to run at variable head from 525 to
268 feet coupled to 11,00,000 KVA (90 MW) Generators. The water
for driving the turbines is led from the reservoir through 15
feet diameter steel pipes. The right bank power plant houses
five generating units of 120 MW capacity each. The last unit

of this series was commissioned in April,1969.

4.2.3 Nangal dam

Nangal dam is situated on the river Sutlej about 13 kms.
downstream of the Bhakra dam site. The dam diverts the waters
of Sutlej river into the Nangal Hydel Channel (NHC) for power
generation and irrigation purposes. It acts as a balancing
reservoir with storage about 1974 ha.m. (16,000 acre feet) for
smoothening the variations in releases from the Bhakra power
plants supplying regulated flow to Nangal Hydel Channel. There
are two power houses on the NHC. The first power house is
located at Ganguwal, a place about 19 km. from Nangal and second
power house is situated at Kotla at a distance of 9.6 km. below
Gungulwal on the NHC. A head of about 28.4 m(93 feet) is avai-
1able at each of these two power houses. The two power plants
generate an aggregate power of 154 MW. The tail reach water

from Kotla power house is let out to Bhakra Main line canal.

4.2.4 Phakra command area

In order to achieve the different crop pattern in
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preference to spreading the water over the maximum area regard-
less of the adequacy of supplies, the project command was class-
ified into the following three zones on the basis of the cli-

matical, hydrogeological and geclogical classification.

a) Zone no.l (Restricted perennial)

This zone includes the Bist doab, Samrala,Rajpura south
of Patiala, tracts of Punjab State and Kaithal Pehowa tracts
of Haryana State. The area being nearer to the hills receives
good rainfall during the winter months. The tracts are densely
populated. The rainfall being deficient during the sowing and
maturing periods, irrigation is definitely needed. 1In order to
avoid the éossible, water logging in the area as well as to
conserve water for tracts, restricted perennial supply was pro-
posed for canals in this region. A flow intensity of 45 percent
was fixed for this area and number of full supply Gays were
restricted to 203 days. A kharif-rabi ratio of 44.5 : 55.5 was

adopted.

b) Zone no.2 (non perennial)

This zone comprises of areas with high spring levels

gituated close to the river. It includes the areas north of

Abohar,Grey canals, situated between Kotla and Bhatinda branch
and the area North of Bhatinda branch. After the construction
of Bhakra Dam, a regular irrigation is provided but an inten-
sity of 35 percent with water allowance of 0.10 cumecs(3.5
cusecs) per 404.7 ha {1000 acres) for 158 days in a year. The

Kharif rabi ratio is stipulated at 52:48. These areas were
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originally irrigated even prior to the construction of Bhakra
dam, but the supplies were limited to only during excess periods

of flow in the river.

c) Zone no.3 (perennial)

This zone consists of the dry and arid areas of Hissar
and Rohtak districts of Haryana State and boundary areas of
Rajasthan. The rainfall in these areas is very uncertain and
low varying from 250 to 380 mm. The spring level is very low
and the depth to water table is around 30 to 40 meters below
the natural surface. The tract was subject to frequent deva-
sting famines. Perennial irrigation with an annual intensity
of 62 percent and water allowance of 0.078 cumecs(2.75 cusecs)
per 404.7 hectares (1000 acres) at distributory head for 278
days in a year were adopted for these areas. Kharif Rabi ratio

ig the same as for restricted perennial areas i.e. 44.5 : 55.5.

4.2,5 Bhakra canal systems

a}) Bhakra canals: Bhakra Main Link (BML) takes off from the
tail end of the Nangal Hydel Channel at Ropar and is aligned
towards Tchana in the Hissar District. It is a lined channel
of 108 miles long with a full supply capacity of 354 cumecs
(12500 cusecs). The Narwana,Fatehabad and the Bhakra main
branches take off from the Bhakra Main Line and through further
branches and distributories these channels irrigate areas of

Punjab, Haryana and Rajasthan.

b) Bist Doab Canal: It takes off from the right bank of
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River Sutlej at Ropar just upstream of Ropar Head Works with
full supply discharge of 45.3 cumecs (1600 cusecs). This canal
servwes a gross area of 2.5577 lakhs hecatares(6.32 lakh acres)

in the Jullunder and Kapurthala districts of Punjab.

c) Sirhind Canal: TIn the pre-Bhakra state the Sirhind canal
was fed from the river Sutlej at Ropar and likewise, it has the
first claim on the free flow of river Sutlej. The authorised
full supply discharge of the canal was 244 cumecs(8500 cusecs).
There was ample supply available during summer period but during
Rabi, the branches were run by rotation. Subsequent to the
construction of Bhakra dam, supply of water to the Sirhind

canal posed problem and it was decided that the Bhakra canals
and the Sirhind canals should run as one system sharing the
shortage and the excess in the ratio of their authorised full

supply discharges.

4.2.6 Bhakra reservoir regulation

The regulation policy for the Bhakra reservoir is defined
by the Bhakra Beas Management Beoard based on the indents submi-
tted by the respective Executive Engineers on the downstream of
the project. The working details of the operational policy is

desgcribed below:-

The Executive Engineer, Nangal receives the consolidated
indents from the concerned authorities of Bist Doab Canal,Sir-
hind Canal, Bhakra main line through,Executive Engineer, Ropar
for irrigation purposes as well as from the Execufive Engineer
- Incharge for power houses at Ganguwal and Kotla. He,in turn,
places an indent on Executive Engineer, Bhakra dam for the

17




release of water from Bhakra Dam considering the maximum of the
two indents.

The Executive Engineer, Ropar while placing his indent
on Executive Engineer, Nangal shall consider the inflows of
Sona,Sirsha tributories which join river Sutlej between Nangal
and Ropar. The inflows of these tributories are,however, to be
informed by Executive Engineer, Nangal twice daily during
floods and once daily during normal season. Whenever it beccmes
necessary to release water in the river preference should be
given to release the same through escape channel rather than
reducing the head at Nangal hydel channel (NHC).

The construction of Bhakra dam has eliminated the
occurrence of devastating floods in the downstream. The floodsu
whenever they occur, are absorbed and routed without causing |
any undesirable flow conditions along the river course down-
stream of the dam. The worst flood which occurred after the
construction of Bhakra Dam is on the 6th Aug,1971 which rose
from 3398 cumecs (1.2 lakhs cusecs) to 17217 cumecs(6.08 lakh
cusecs) in five hours and fell to 5664 cumecs(2 lakh cusecs)
in the next five hours as against the design flood of 1947
pattern which rose from 3115 cumecs to 11328 cumecs in 30 hours
and fell to 5664 cumecs in the subsequent 30 hours. This
unprece~dented flood in 1971 resulted in a maximum rise of
3.96 m(1l3 ft) in Bhakra reservoir during a brief period of 24
hours from 6th August to 7th August,1971 and a total rise of
10.54 m (34.57 £t) in a 6 day period. Thus, even a flood of
such a magnituge was safely absorbed and routed without causing

any damage to downstream of Bhakra Dam.
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4.3 Beas-Sutlej Link

A link between Beas and Sutlej rivers could be doubly
beneficial for the production of Hydro power at Dehar Power
Plant for augmenting storage in Bhakra reservoir for generation
of power at Bhakra and for meeting irrigation demands for part
of Haryana, which otherwise could not be commanded from the
Beas at Pong. A fall of about 335.3 m(l000 ft) is available
at the tail of the link for generating power. Also this addi-
tional diversion into the Sutlej augments the firm power at
Bhakra where two sets of power plants of 1050 MW installed
capacity are in operation.

Beas-Sutlej link known as Beas Unit-T consists of 76.2
m {250 ft) high rockfill diversion dam at Pondoh on river beas.
The conveyance system comprises of 13.2 km.long 7.62 meter (25
ft) diameter tunnel from Pondoh to Baggi and 11.4 km. long hydel
channel from Boggi to Sundher-Nagar with a maximum capacity of
212.5 cumecs(7500 cusecs). The penstock is taken from the tail
of the canal and leads water to the Sutlej power plant near
Dehar. There are six turbines to generate power with 165 MW of

installed capacity each.

4.4 Beas Project-Pong Dam

On the downstream of Pondoh dam Pong reservoir was con-
structed with a water spread of about 260 sg.km. at full reser-
voir level of 426.7 m (1400 ft) across river Beas. When the
water level reaches 426.7 m the spillway radiél gates shall be

L)
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raised. From irrigation and power generation considerations,
the minimum level of permissible water level has been fixed at
EL 384 m (1260 ft) MSL. Between the FRL at 426.7 m (1400 ft)
and the dead storage level of 384 m a capacity of 0.729 m.ha.m
{(5.91 MAF) for controlled irrigatidn and power generation is
available. An overflow spillway with six bays of 14.4 m(47.5
ft) each has been provided on the left abutment of the dam with
the crest at EL 416 m (1365 ft). The discharge over the spill-
way is controlled by six 14.5 m (47.5 ft) wide and 12.34 m
(40.5 ft) high radial gates with discharging facility of 1237.5
cumecs (43,700 cusecs) at the highest flood level of 433.12 m

(1421 ft).

4,4.1 Pong dam power house

Steel penstocks of 7280 mm inner diameter have been
installed in three tunnels of 9.14 m (30 ft) dimater each with
downstream emergency gates. At the downstream portals of tunn-
els each penstock header is bifurcated into two penstock bran-
ches of 5205 mm. These penstock branches feed the six genera-
ting units of pong power plant of 60 MW capacity each. The
maximum discharge through one penstock header is about 215.2
cumecs (7,600 cusecs) at rated head of 65.5 m (215 ft) and 158.5
cumecs (5600 cusecs) at maximum net head of 95.1 m{(312 ft).

In addition, irrigation outlets have also been provided
for providing releases during heavy demand for irrigation purpo-
ses. There are four cutlet conduits of size 2.13 x 3.2 m
(7 x 10.5 ft). Two slide gates are installed in each outlet

conduits.
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4.4.2 1Irrigation releases from Pong dam

Pong reservoir can meet the irrigation requirements of
canals of Punjab and Rajasthan which take off from Harike head
works. The releases at Bhakra Dam and Pong Dam alongwith the
available water through Madhopur-Beas link are to be shared
between Punjab,Haryana,Rajasthan and Delhi.

Full utilisation of Ravi-Beas surplus supplies can be
made only with storage on river Ravi. In the absence of such
storage canal requirements of upper Bari doab canal (UBDC) can-
not be fully met and the diversion through Madhopur-Beas link
which joins Beas at Mukerian would fluctuate with pattern of
flood peaks during the flood period. Storage of appropriate
capacity is planned according to the Thein Dam proposal and is
likely to contributé in the near future. As the three rivers
will be completely interlinked and runoff will be fully exploi-
ted any additional storage capacity provided over and above
that required for mean year could be utilised to cover shortage
on any of the three rivers in succeeding dry years. But , as
on today, the Madhopur-Beas link contribution to the canals at

Harike is very small and seasonal.
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5.0  AVAILABILITY OF DATA

The data required for the model are the system descrip-
tion, the maximum and minimum capacities of rivers and canals,
historical ten-daily flow data, demand data and individual
reservoir evaporation data. This model uses the virgin flow
data as the input. During the allocation process, water rele-
ased from the reservoir will be accounted alongwith the virgin

flow from the downstream location.

5.1 Inflow Data

All pertinent flow data have been collected from both
the Bhakra Beas Management Board and the Ministry of Irriga-
tion,Government of India. The ten-daily flow data for the
following stations have been collected for the period between

1964 to 1981.

1) Pandoh
2) Bhakra Dam
3) Nangal
4) Ropar
5) Bhakra main canal
6) Beas Dam
7) Madhopur Diversion
8) Harike
5.2 Evapcoration Data

Evaporation occurs from the reservoirs, channels and
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irrigated areas. Evaporation from irrigated areas is included
in irrigation demands and channel evaporation losses are consi-
dered while placing the indents for rivers, but the losses from
resefvoir shortage due to evaporation is not accounted directly.
Hence, they are to be estimated for Bhakra and Pong reserveoirs
depending upon the water spread area and are to be given as
inputs (demands). Mahandiratta and Hoon(1973) measured the Pan
evaporation at Bhakra from April 1966 to March 1971 and esti-
mated the evaporation rates using the inflow, outflow and
storage data. They estimated an average pan coefficient of

0.7 for Bhakra reservoir. Using meteorological data, the
average monthly evaporation rates have been calculated. The
average annual evaporation is taken as 1.46 m (4.8 ft) and

the monthly values from January to December are given below:

Months Evaporatlion
January 48.8
February 64.0
March 112.8
April 1%2.0
May 228.7
June 168.2
July 152.0
Rugust 103.6
September 118.8
October 103.7
Novembey 76.3
December 51.8

As the operation is scheduled on a 10 daily basis, one
third of the respective monthly evaporation coefficients are

used to calculate the evaporation losses. Same rates are used
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for Pong reservoir also.

5.3 Power Data

As stated earlier, power is generated in the system at
Bhakra, Pong,Dehar and Nangal including Ganguwal and Kotla
power houses. Energy generated through Nangal Hydel Channel
(NHC) is considered to be constant {154 MW} and the releases
at Bhakra are always more than the design capacity of NHC.
Also, the Nangal Hydel Channel's demand of 354 cumecs is
assigned highest priority in the system. The computation of
power generation in the existing system provides little freedom
to use any standard procedures due to differential character-

istics of individual units and their interactions.

5.3.1 Dehar power generation

The installed capacitv of Dehar Power Plant is 990 Mw
{6 units of 165 MW). The head is almost constant. The tail
water level depends upon the Gobind Sagar reservoir level for-
med by Bhakra Dam. For the calculation of head, tail water
level of Dehar Power Plant has to be considered as Gobind Sagar
level plus five feet (for stilling basin) subjected to a maxi-
mum of EL 502.9 m (1650 ft). The other detail steps are as
given below:
Step-I : Head loss in tunnel in meters = 950.27 x 107%¢?

0 : flow in cumecs

Step-II : Penstock losses = 7.62 m for 212.5 cumecs discharge
and 4.6 m for 113.3 cumecs and bhelow.

Between 113.3 to 212.5 cumecs the loss is linearly
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interpolated.

Power in MW = I%%2§7

where,
H = net head ( after losses)
e = efficiency

5.3.2 Bhakra power generation

There are two power plants at Bhakra Dam. They are
known as left Bank and right bank power plants. The left bank
power plant consists of five vertical type generating units of
90 MW each. Each unit comprises 1,50,000 horse power Francis
turbines designed to run at a head varying from 79.25 to

156.05 M.

The right bank power plant consists of five generating
units of 120 MW each. The maximum and minimum head available
for these turbines are 158.5 and 81.95 m as against the left

bank turbine heads of 156.05 m and 79.25 m respectively.

Tail race elevations are available for Bhakra Dam
downstream and are given in Table 1 for various discharges.
Penstock loss of 1.22 m (4 ft) is suggested by Bhakra Beas
Management Board. But different heads for the two sets of
turbines for the same water level in the reservoir pose problem
for the power computation. However,Bhakra Beas Management
Board has made a exclusive study for the determination of opti-
mal schedule for the operation of turbines for different heads
and different discharges, making use of characteristics of the

two turbines'( left bank and right bank). The optimized
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schedule for different heads and discharges are furnished in

Table 2.

5.3.3 Pong power generation

Pong Power Plant comprises six units of 60 MW each.
The maximum and minimum head available to the turbines are
94.5 and 45.72 m (310 and 150 ft) respectively, considering
water level will not be depleted belgw 1260 ft. Tail race
elevation for different discharges to the downstream of Pong
is given in Table 1. Curves for power generation vs head and
discharges as supplied by the turbine manufacturers are given

in Pigure 3.
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TABLF 1 TAIL RACF ELEVATION DISCHARGD TARLE

BHAKRA PONG
ELEVATION IN DISCHARGE IN FLEVATION IN DTSCHARGE
FEET CLSECS FEET CUSECE
355,70 283,17 330,70 79.30
355.85 330.00 330,86 113.30
156,00 272,40 331,01 147,30
156,16 410,40 331,16 184.06
356,31 454,00 331,31 218,04
356,44 497,09 131,47 252,02
154,61 S24.,00 331,47 288,83
354,77 580 .50 371,77 : 322,32
356,92 423,00 331,93 154,80
357,07 565,50 332,08 394,61
357,23 498,40 332,23 427,60
132,38 461,60
732.54 498,40
332,49 537,36
332,84 566,34
333.00 403,16
323,18 637.14
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DYSCHARBEY
IN cusecs
141,387
212.380
255,344
274,094
295,917
349,748
469,186
A77.411
Sig.03m
358,983
£47.325
419,972
£79.957
0. 050
#1809
819,084
843,944
F29.441
PER.O84
92,844

122,873

TARLE 2 - BMAKRA PONER TARE FOR VARIOUS HFARS AR RISCHARGES
(PONER 1K W)

HEADS IN METRE

81,686 97,536 108,728 121,820 134,117 146,304 152,400 158,494
200,000 205,500 200,000 200,000 200,000 200,000 200N 200,000
200,000 200,000 206,300 226,800 248,600 250,400 245,400 265,400
200,000  T1T.700 241,400 778,400 300,000 TMG.000  TE N0 AD4.10G
200,000 240,400 265,000 Tun.000 Iii.Qﬁﬂ TRE.800  JA7.BOC 142,804
209,300 2SR.O0 280,00 19,400 T4, 30y TC9.u08 TS0 AL GG
294,700 o000 TTLLRRO ITH.400 aREG0% 0 420,900 AAS.O0L 445,000
T TS, 700 AGG,O00 442,800 &49.504  S00.900 R2G.B400 SRE.80%
50,000 415,500 484,420 HIS.A7D TOS.400  SOL.00 &9, 200 809200
T4, 600 A0, 000 SIS0 SEEROD ART.O00 LaREND 454,850 . L84, 000
422,800  AS8,237  SSAA00 404200 A48.400  £94.M0 IS 700  TIRAD
456,200 §21,200  S9L.900 450,000 55,400 745200  TRL&M0  TRI.80
473,000 S44.540 424,000 &92.000 TSOO0G 7YY, 22,408 R22.40%
AR93.800  SEI.AS0 L&9,T00 31100 MEL,B00 RSL,000  RET,ANG RAT,AG0
S11,300 410,500 04,000 T1.200 8PS, 200 QVR,.PO0 00,000 900,040
S04,700  ASEAN0 TOT.ANG RPA300 AR AL ORG.OGNG OTRLEGN 97R.&00
SPV.000  AP.R00 TR, 7S RYIMNG 90,000 1074.400 1075000 1435.000
&G, 00 TIS,A00 R340 YIGA0 14700 1835,400  103R,.400  1435,004
SO0.000 800,400 911,900 PO.uG  1OTS.ON0 1075000 3025.000 1075000
00,00t 829, o84, 900 145,000 1635000 10IR,000 10I5,000  1GAR.008
SOMLO00  BI0.000 950,000 1015000 10IN,000 1029000 1075000 1635.000
400,000 830,000 1500,00¢ 1075000 435,006 103,000 10350060  1035:000
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PONG PROJECT
FIG.3-CURVES OF TURBINE DISCHARGE
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6.0 METHODOLOGY

6.1 Simulation technigue

Simulation of nétural and man made svstems is well known
to water resources engineers. The importance of studying sys-
tem operating characteristics by simulation lies in the fact
that different system like geometrical configuration,operatio-
nal constraints, etc. can be explored without actually building
the system or waiting for particular scenario to occur before
making decisions. In most water resource management studies the
inputs are principally hydrological precipitation,streamflow,
etc. Variability in these inputs could be accommodated by using
an observed record from the past (deterministic simulation).
Most of the simulations are generally made presuming that some
particular observed hydrological time series is representative
of future conditions which is not far from the truth.

Simulation is one of the many approaches that might be
useful in analysing a particular water resources system. &As a
working definition, simulation is a technigue for describing
system interactions and fluxes when particular inputs derive
the system while it is operated under a specific set of proce-
dures. Most of the simulations are affected by programming
elementary mathematical descriptions for solution by a digital

computer.
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6.2 Model Used

In this study, a core model based on the Texas Water
Development Board's {TWDB)} River basin simulation model (SIMYLD
~II) which is a quasi optimization model employing Out-of-
Kilter Algorithm has been used. The Out-of-Kilter algorithm
is the back-bone of SIMYLD-II. The other structures of the
programme can be altered to the desired extent depending on the
specific basin conditions with required additions and commisions
The original structure of the model does not have the capability
of energy computations. Here the model is modified suitably to
cope up with the l10-daily operation schedule using reservoir

factor as well as to cater to the needs of system power genera-
tion. The modified Modal is Aesiciotind as PISDI and the flow chart is given in |
Figqure 4.

The Out-of-Kilter Algorithm is a special purpose linear
programming algorithm designed for the solution pf simple net-
work allocation problems. It is an integer arithmetic method
that will converge to the minimal cost solution for any feasi-
ble problem. This algorithm requires a network definition
(configuration) consisting of nodes and arcss A node represe-
nts a storage ( may be even zero capacity) location, inflow
location or diversion point. An arc represents a physical flow

element (river,canal etc.) of the system or a change in sto-

rage over time. For each arc it is necessary to specify.

a) source node number
b) sink node number
c) lower bound for flow in the arc
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Minimize:

zZ = zij qij i3 »ea (1)

Subject to:
i qij - zi qji = 0 j=lo.--.n ..-(2)

Lij g qij < Uij r all ip] a a8 009(3)
where,

qij = Flow from node i to node j for time t

Cij = Cost of flow from node i to node j for time t

Lij = Lower bound of the arc from node i to node j,and

Uij = Upper bound of the arc from node i to node ]

The first set of constraints (Eguation 2) satisfies
continuity of mass at all nodes in the network. Equation 3,
describes the upper and lower limits on flow in all arcs in
the network. The objective function to be minimized is express-

ed by Equation 1.

iv) All necessary state variables have now been deter-
mined and the status of the system at the conclusion of the
current time step becomes the status at the beginning of the

next time step.

The operation of the system depends on whether stora-~
ge and inflow in a given period indicates the water available
to be below, at or above average conditions referred to respec-
tively as dry, average and wet states. The three states are

determined as follows:-
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A specific group of reservoirs or all the reservoirs

are used to identify the system state.

let

]
STy, 41

i,t

i,t+1

t+1

= Unit R.F.capacity of ith reservoir for

t+1t0 time period

Number of reservoirs used in identifying
the state of the svstem

The period under operation

end-of-period (lo-daily)storage for the
ith reservoir in the t& time frame
Average inflow to the ith reservoir in
the (t+1)th time frame (derived from
historical record)

Total unit storage capacity of reservoirs

for the t+1th time defining the state

X, + I Y .o (4)

1 j=1 1st+l

Let Xl and X2 be fractions of the subsystem maximum capacity

used to determine the limits of the hydrologic state with

<
Xl Xz.

Define
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Where the hydrologic state is determined by

R<LB=dry

[
"
s}
n
c
i

Average and

R > U = Wet

Associated with each one‘of the hydroibgic states there
is a corresponding set of operating rules and ranking priorities
for meeting demands. Priority indicates the order of prefere-
nce in which this demand should be met in reference to other
demand and storage priorities in the system. It simulates the
movement of water in a system of reservoirs, and rivers on a
monthly basis while trying to meet a set of specified demands
in a given order of priority. If a shortage occurs (i.e. not
all demands can be met for a particular time period) during the
operation, they are spatially located at the lowest priority
demand nodes. The desired storages are given as a percentage

of the unit reservoir factor storage of each time period.

The level of demand satisfaction is a function of the
storage position of the controlling reservoir. In India where
ground water pumping is practiced to certain extent to augment
surface water supply, minor shocks by way of reduction in
irrigation supply through surface water sources are absorbed
without much agitation. Therefore, reduction in releases are
suggested here whenever the storage goes down below the normal
expected level, rather than facing a total cut in supply
towards the end of the critical period. Thus, in order to

work out the proportional reduction in supply corresponding to
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the controlling reservoir storage a factor known as ' Reservoir
factor' (R.F.) is used here.

S¢ * F3g-t)

(36-t)
[ = Available storage of the reservoir under consid-
eration during the end of month t
F(36-t) = Cumulative inflow during the remaining period of
the year, including loss or gain between and at
the controlling reservoir and the demand point.
I(36—t) Cumulative indent during the remaining period of

the year, on the reservoir

MAX.RELEASE = DEMAND x R.F.

For this purpose the inflow during the rest of the period
either dependable or mean flow depending upon the judgement on

the basin character may be used.

However, whenever there is surplus reach in flow availa-
ble and is iikely to spillout of the system the demand is incre-
ased irrespective of the prevailing reservoir factor of the
controlling reservoir, subjected to a maximum of unit reservoir
factor demand. This happens mostly during the beginning of

monsoon.

6.4 Assumptions

1. Evaporation losses for all reservoirs are calculated
by the product of the 10 daily evaporation rate and the average
10-daily reservoir surface area.

2. Demands for water are known for the period being
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simulated.

3. Reservoir storage contents are allowed to fluctuate
between the maximum and minimum capacities specified by the
user.

4, Spilloccurs only at specified nodes and is the most
expensive alternative.

5. The flow in all links ranges between the maximum

and minimum capacity specified by the user.

Thus, the Out-of-Kilter Algorithm, originally used in
SIMYLD-II, was adopted with a restructured out fit to suit to
the conditions of the present study. The new terminology known
as ' Reservoir Factor' is used here to regulate the releases

at critical period of the year.

6.5 Data requirement

The data requirement of the model is as follows:
System description:

The junctions or nodes of the reservoir shall be described
by name and number. A node may be a storage or a diversion
point with out any storage. Diversion point also will be consi-
dered as a reservoir but with zero storage. For the computa-
tional time saving point of view,reservoirs are to be numbered
first and other nodes are to be followed. Their minimum and
maximum storage must be given. The minimum storage must be
given. The minimum storage may be the dead storage that has
to be maintained considering power and low flow augmentation.
The maximum storage will change with time unless the reservoir

is over designed or there is no flood cushion storage provision.
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Any of the reservoir may be designated as spill reservoir. But
it isg better to designate the downstream most resarvolir in the
system as spill reservoir to analvse the seasonal loss from
the system unless serious problems arised in the carrying capa-
city of the upstream river reaches. For reservoirs it is
required to give the area-capacity and elevation tables for
power and evaporation loss computations.

In order vo furnish the system configuration completely,
links connecting various nodes have to be numbered. Whie num-
bering links river reaches should be numbered first and then
canals. It is to be strictly allowed because in the minimiza-
tion problem the cost assigned for unit volume of flow in river
reaches in less than that of canals. But this can be wisely
utilized by the user depending upon his preference by even
mentioning the physical system vice-versa.

Operation rules are provided as the relative priority
ranks of meeting the demands and desirable storage levels in
terms of unit reservoir factor storage of each time period of
various nodes to decide upon the optimal releases for the time
period under consideration through the Out-of-Kilter algorithm
Since the optimization technique is a minimization one, lower
the rank number higher will the priority assumed. The operation
rule used in this simulation is ten-daily operating criteria
in terms of the miltipleés of unit storage capacity that is
desired to be in the reservoir at the end of the ten-daily for

each of the dry,wet and average states.
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6.5.1 Average reservoir inflow data

In the reservoir system state identification average
inflow data is used alongwith the beginning storage. In the
absence of any forecasting it is felt that the average flow

of the simulation period is required for the above purpose.

6.5.2 Reservoir factor data

The expected cumulative inflow as per mean year or
dependable year and indent during the rest of the water year
in storage volume unit are to be furnished for those reservoirs
which control/command the demand requirement of the down nodes.
The expected cumulative inflow includes the loss or gain on the
reservoir and thé reach between the reservoir and its demand
point.

For any reservoir the cumulative available flow may
be calculated as follows:

a) Calculate the average/dependable ten-daily flows
from the available record.

b} Calculate the average losses or gains between
the point of release and the point where a desired indent is
reguired.

c) Calculate the estimated evaporation losses from
the reservoir. The evaporation is a function of water spread
area and the evaporation rate during that time. As such it
is necessary to find out the average or probable elevation
during each time period of the year. Thus, it may not be poss-~

ible to estimate the average evaporation loss unless it is
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operated for the entire simulation period. Hence, during the
first iteration the system is simulated without considering the
evaporation loss. Subsequently corrections are made considering
the computed losses and updating the same at each stage of
iteration.

d) Substract/add the above two items of losses and
gains from the available average flows as these losses or gains
will be there whatever be the reservoir factor adopted.

e) Convert this available average flow into volume
units for each ten-daily period and find out successive totals
starting from the end of the water year and working backwards

to the beginning. This is the cumulative available flow.

Similarly cumulative indent on any reservoir may be
worked out. The balance storage available after releasing the
indent is known as the unit reservoir factor storage of the

time period.

6.5.3 Power data

There are two options provided for the power computa-
tion. If power computation has to be verformed on the basis
of conventional methods as it happens during planning stage the
installed turbine capacity in M.,W. is recuired to be given as
input. If power production calibration has been done on the
turbine ( which is generally done for systems under operation)
head discharge power table may be given. Thus for any head
Vs discharge a double interpolation is made to pickup the power
generated. But both the cases require the tail race elevation

versus discharge.
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6.5.4 Ten-daily simulation period data

The inflow and demand data for all the junctions for
the entire simulation period shall be given as input in the
ascending order of nodes. These data may be in any unit but
conversion factor to the storage volume shall be provided.
Evaporation rate during the simulation period has to be given
for the storage nodes in the ascending order of the nodes. The
unit shall be in such a way that evaporation rate multiplied
by area given in the area-elevation-capacity table should

yield the capacity (storage volume) unit..
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7.0 ANALYSIS

In the present study, discharge data of the system from
1964 to 1981 are used. It was found that there was significant
deviation of reach inflow between the pre and post reservoir
conditions. It is seen that the loss/gain between various con-
trol points during the post reservoir condition is almost sta-
bilised. This is mainly altributed to the controlled releases
of the reservoirs irrespective of the upstream lean or high
flows. Thus, it is assumed that the data between the above

period is most realistic.

7.1 Discharge

Earlier studies during the planning stage for integrated
operation of the Bhakra-Beas reservoir systems have used the
losses or gains between various locations as constants over a
particular time period of the year.: Analysis of data shows
that atleast for some period, approximately for about one and
a half to 2 months { worked out on the basis of 10 daily data)
mainly during the monsoon season,there is substantial flow
termed as reachinflow (virgin-flow) available in the inter-
mittant catchment of the system which can almost meet the
downstream demand. This is accrued because of Chakki River
western and eastern Bein Rivers join in the main river, in
between Pong and Harike. The present operational policy of
Bhakra Beas Management Board, however, considers this additio-

nal flow calculated on daily basis though originally an average
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value of inflow was adopted during planning stages of the sys-

tem.
Hence, as a first step of the study, the virgin-flow bet-

ween the following reaches have been computed:

a) Pongdam - Mandi Plain ( upstream of Harike}
b} Nangal dam - Ropar
c) Mandi Plain - Harike

d) Ropar - Harike

While, the reach inflow between Pongdam and Mandiplain
includes diversion from river Ravi through Madhopur-Beas link,
besides the contributions from the tributories, its value bet-
ween Nangal dam and Ropar includes the flows from Nangal Hydel
Channel's escapes,Soan and Sirsa Rivers. These calculations
show that both losses as well as gains within these reaches
are signi ficantly different from those consideration in the
planning studies. This necessitated to review the operational
policies which have been institutionalised at the time of pla-

nning and operation of the system.

7.1.1 Cumulative inflows

Cumulative available inflows and indents required for
the reservoir factor computation is worked out as follows. The
inflow at Bhakra (Gobind Sagar) is considered as the sum of
Sutlej inflows and diversion from Pandoh through the Sutlej-
Beas link limited by its capacity of 212.5 m. Thus the eighteen
years data at Pondoh were processed and the ten-daily average
flow available thorough the link were obtained. These flows

together with Sutlej inflows and the loss or gain (reach inflow/
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loss)between Bhakra Dam and Ropar diversion were summed up and
assumed as the available flow to the Bhakra system. Evaporation
loss was estimated later on during the simulation analysis for
each time period of the eighteen years and their ten-daily ave-
rage was substracted from the available inflow. The indent bet-
ween Bhakra Dam and Pong reservoir and that between Pong reser-
voir and Harike and Ropar and Harike were considered as inflow
available in the Beas system. Evaporation losses are estimated
as explained in Methodology. Table-3 and 4 shows the average
inflow, indent and the unit reservoir factor storage for Gobind

.SBagar (Bhakra) and Pong respectively.

7.2 Irrigation Demand Pattern and releases for

various canals

Generally, the demands are low during the winter months
viz., December to April except in the latter half of February
and first half of March when water is required for maturing of
Rabi crops. During the rest of the year, the demands are high
either due to the sowing of Kharif crops, or due to scanty
rainfall in the command area. The supplied demands{( to the
model) are as per unit reservoir factor.

Nangal Hydel channel has got a capacity of 354 cumecs
(12,500 cusecs) which passes through the power houses at Gangu-
wal and at Kotla with an aggregate power generation of 154 M.W.
Subsequent to the power generation, the water is used for
irrigation either through Bhakra main line or diverted to the
river Sutlej through escapes which is later tapped at Ropar.

The Bhakra main canal originates from the tail race of Nangal
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TARLE I - RHAKRA INFLOW ANl TNRENT
10-DAILY AVERAGE Cl.AVAaIL CUHLEXPTR
PERION INFL.OYW INFLOW INDRENT
(CHL . YR} IN CUMEL IN HA.WHT IN HA.MT

1 1834, 548459, B2RAWT,
2 1318, 541032, JREN\S.
S 2042, S16014, 7493193,
4 18840, ABLT0 U4,
b 1909, 340804, S65ITRS .
& 1867, 4T1025, AOTLTR.
7 2281, A0EATH, FETRED,
3 paat-g: I 77507, SO00T4 .,
% I1is, 347235, 440784,
10 1045, 209924, A7EG93,
11 Te7S. 275304, 334289,
12 4714, 2IIVPRH, 2RITR4 .,
13 Sa18, 183309, 2S14R0,
14 q871., 12730%, 170493,
19 7279, TO2S4, 89304,
14 8431 AHUALDE, DAPRRPI,
17 10583, 2425709, 22949RE .
ig 134753, 2I2AL0E 2214740,
19 13940, 2198701, 212498,
20 15199, 2OS94TT . POHSTRT .
2 17211, IRO0AET, 19RANTSE,
22 16853, 1715066, TRUATRY .,
232 15408, 1RZTRIA. 1832T14,
2 1IRE2. 1XTL1a48, 1740345,
2% 10384, 1161714, 18800764,
24 ]131. 1040520, TURYRRE,
27 6137, LRSS 18514517,
28 4854, BAS1O&, 14%X1 717,
29 3704, B8123X9. 13545473,
30 IX34, 77R178. 127 XAR,
1t 2RO, ITOLR, 1192415,
32 2EOP, 204907, 1121,
33 2AR7. 7208, TOROATE,
X4 2154, LTRPE0 . PRIV,
I8 200%., E26705 ., PAITRA,
3& 2ORE ., KA. A #RA11E,
MOTE D JGUME 1% CONSIDFRED af REGIMMING OF
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447440,
4331E0,
LR SE ST TANN
IR2AT2A.
AARWRG .
AF2IRE .
KAR2ATE
2RIAGS,
2aGA41 .
258758,
2BRTAT.
2HBOTS .,
PALRAL
2IRRZ4.,
PRATTE.
Fiaa%,
BAROT .
133AGT0,
1EWRAE.
2RuEBWX,
Avnvya .
SO0263.
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FROZTE.
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TARLE 4 - PONG INFLOW AMT IHMIEMT

10-BAILY AVERAGE cu, ava ll CULEXNPTR UNIT R.F STOR .
FERIODN INFLOW IFLOu THOENT I
(AL YRS I CUMED I Ha . M7 I MO HT Ha W MT

1 497 . 1H4ARE. ITXATR, ALR?72.
2 ao2. 140394, 22183 Iga2i2.
3 797 154059, TPeaz, PRALKED.
4 742, 1414065, 285949, 273121,
3 844, TGRS, DALY, RENARE,
& ABL., 1215884, ZIBTAG, 245304,
7 17 112900, 219045, 2EA92T.
B gv4 ., 100187, 1824840, 2114071,
2 1104, ]ReHOT. 1AGRL1E,. 1REIRG,
10 7?2 70340, 100493, 139131,
11 TP L4097, POHTER, 199449,
12 Th& . SA140. TER44 ., 156732,
13 Re4 ., 42538, LIS, 1470059,
14 1087, 2wrez. 41288, 1402464,
13 1187, 183133, 21817 134241,
14 2344, 1199713, 1103045, J2&10.
17 817, 1173121, AR N c & e 0 17092,
ig 4334, 1148380, 10237405, 6142,
19 7373, 1093216, PHANY A, 1/AUE.
20 F7RP. 1418933X., FRAFIE, AT HRD,
21 189S, 194240, L1741, 1I10¥8R.
22 14778, TRILAL, BR1347 ., 224844,
22 12174, &31LHER. RABOVL iau009.,
24 L2, 497072, 214R8%4 ., 444397,
28 &713X. AT2R44., TIRATR. H14Z33XX.
26 4793, 23239, FTAOPAL, 544154,
27 RRSX. 2724070, FUROT2, IS S ars
pids 1504, 244285, £43408, S499AL .,
2% &4, 2277032, A1R77G. HAVHAT,
X 870, 217405, 372132, 483204,
31 &44 ., 208037, J2ugal. 441071,
X2 543, 200912, 488388, 41420UR,
33 BAB. 194849, AT0%44, Avniia,
24 38G. 1884093, 42IR0T . 264187,
38 %13, 181014, 40UTIS, L 1 S B
3& T &48, 174944, 27840, J3zr2ee.

MOTE?D JUNE T8 CONGIREREDR A8 REGIMMING OF W.YEAR

47




Hydel channel. It has a capacity of 354 cumecs (12500 cusecs)
and obtains its releases from Nangal Hydel channel Sirhind
canal is the left bank canal which takes off from River Sutlej
at Ropar. It has a capacity of 354 cumecs (12500 cusecs) and
obtains its releases from Nangal Hydel canal. Sirhind canal

is the left bank canal which takes off from River Sutlej at
Ropar. It has a capaciﬁy of 354 cumecs (12500 cusecs). The
maximum demand of this canal system during the years 1979-1982,
those were met by the Bhakra Beas Management Board are used
here as the ten-daily irrigation demands. Bhakra main canal
and Sirhind joins together at the downstream of Ghaggar Branch
and irrigates areas in Punjab,Haryana and Rajasthan. The water
releases at Bhakra dam can be available for feeding not only
Bhakra and Ropar canals but also Harike canals. Whereas the
releases at Beas Dam can be available for feeding only Harike
canal system. Also from the reach inflow calculation. it is
noticed that losses between Ropar and Harike is high & releasing
water for Harike canals through Bhakra is not advantageous.
Thus, the lowest priority is assigned for Harike diversions
through Bhakra dam. Also, any additional releases required for
Harike canals for its irrigation demand, if made available from
Bhakra dam that would be at the cost of power generation.
Instead, the same releases can be made through Pong dam on Beas
without the loss of power provided that there is adequate sto-
rage. However, when the level at Pong dam is alarmingly low
the release for Harike have to be made available from Bhakra

only.
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The three canals take off at Harike after the Beas joins
with Sutlej are Rajasthan canal,Rajasthan feeder and
Makhu canal. The water that flows beyond Harike is considered
as waste, since the river enteres into Pakistan. Thus, for
optimal utilisation, it is considered that the spill at Harike

Head works should be the least.

Harike canals receive Ravi flow through Madhopur Beas
link in addition to Sutlej flows from Bhakra and Beas flows
from Pong and the reach inflows in between Bhakra-~Pong-Harike.
However, diversion from Ravi after meeting upper Bari Doa;
canal's demand is insufficient and unreliable. The maximum
demands of Harike canals those were met by the Bhakra Beas

Management Board in the recent years (1979-1981) have been ado-

pted here as the Harike demand.
7.3 Maximum and Minimum Operating Levels of Reservoirs

7.3.1 Bhakra dam

The maximum permitted reservoir level of Gobind Sagar
is at 515.1 m EL (1690 ft), though water level is restricted
to 512 m EL (1680.00 ft) for most of the times to provide nece-
ssary flood cushion. The permissible draw down level
has been fixed at 44.56 m EL (1462.00 ft) in between the above
two limits, the reservoir provides a live storage capacity of
0.7154 m.ha.m(5.8 MAF) for meeting the irrigation and power

irrigation and power demands.
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7.3.2 Pong dam

The maximum and minimum operating levels at Pong dam
are fixed at 426.7 m EL (1400 ft) and 384 m EL(1260 ft) res-

pectively.

7.3.3 Capacities of links (canals and rivers)

The maximum capacities of Beas-Sutlej link is limited
to 212.5 cumecs. Thus,maximum water that can be diverted from
Pandoh diversion dam to Gobind Sagar is 212.5 cumecs. Except
in case of spills, the river flows downstream of the Gobind
Sagar reservoir are based on the reservoir releases in response
to the demands. Hence a maximum capacity of 2000 cumecs is
prescribed for the rest of the links. The maximum flows throu-
ghout the system is taken as zero ( as a lower bound} to avoid

any infeasible solution in case of any shortage in the system.

7.4 Priority for Storages
From a consideration of the characteristics of the

system, the following general observations are made :-

1) Storage in Bhakra reservoir is much more valuable than
in Pong reservoir because of its high head and its ability to

supply irrigation water to demands of the entire system.

2) Storage is more valuable in a dry year than in wet or

average years.
Considering the above factors, - the eighteen years of

data were analysed and used in the operation study to select
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a better operation policy that will use the available resour-
ces most judiciously, with minimum spills under the existing

constraints.
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8.0 VRESULTS

In order to consider the effect of relative priorities
between the storage and for different hvdrologic states, diff-
erent sets of priority ranks were used in the simulation study.
To find out whether the system is in dry or wet or average
state, the storages ©of both Bhakra and Beas are used. After
considering various operation policies, it is found that using
unit reservoir factor system storage (RFSS), the dry and wet
states can be better demarcated from average. It is considered
that dry state prevails if the value of RFSS is less than 70%
average if it is between 70% and 100% and wet state if it is
above 100%., The final rule curve adopted ( since it has chec-
‘ked the loss of water from the system and produced more power)
:is given in Table 5. It shows priority for storage in dry year
may be slightly higher than the average or wet year storages
in order to avoid the large deficit in the summer months (April
and May). Priority for storage at Bhakra should be lower than
the demand on the Bhakra dam and can be at best equal to it.
The priorities for meeting the demands at various diversions
from the river corresponding to the final rule curve are given
in Table 6.

The demand satisfaction of canals at Ropar and Harike
are controlled by the reservoir factors of Bhakra and Pong res-
pectively. As explained in ' Methodology' the use of reservoir
factor narrows down the deviation of shortage especially when

the end of water year is likely to be critical. Thus, the use
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TARLE 5 - RHF QURYE
AR A RATIN OF HMIT KRESERPNIR FALTOR STORABE!Y

BRHAKRA FONG
BERRBLEEAR BUREER K

PERYON AVER nRY WF T AVER RRY NFT
1 1.11 0,99 1.17 1, 2% Gy 40 1,30
2 1.14 1,07 1,20 1,32 0,42 1. X7
3 1,18 1.0% 1.74 1, X9 .44 1,45
a 0,59 0,90 1.06 1,29 UL Ak 1.39
5 1,04 094 1,12 1,25 0,48 1.44
& 1,12 1,03 1,20 1.4 0,51 1,55
7 0.9t e RY 1.02 1.04 0,50 1.19
8 1,00 0,.9% te11 1,18 0. 54 i,13
® 110 1.0% 1.22 1, %2 0. &% 1.51
10 1,09 1. 00 1.4 1,24 .74 .51
11 1,11 1.0% 1.27 1.7 0, Ya 1.55
12 1,11 1,03 1,27 1,31 0,78 1,59
13 0,99 0,95 1L 06 1, X 0,82 L &2
14 1,00 1,04 117 1,36 0.86 1.6%
1s 1.1% 1,16 1,30 1,47 o, /Y 1.77
16 4,47 PR 4,32 1,48 X, 58 2,58
17 4.4 4,42 4,472 & R4 &84 A 84
18 3,97 X, 57 1,57 20,96 PO.YE 2G.9E
19 AL 87 A, 1 4,11 8. 90 T $.70
20 5,58 2L 0% 2.7 PR 2,29 5, X1
21 1.81 1,46 1.92 2.8 1,50 2,46
22 2.11 1,455 2L P27 2,74 1,04 2,80
23 1.4% 1.0 L, 76 1.81 D, 48 1.84
24 1,31 0,94 1,42 1,40 G.5% 1.47
25 1.2 0,90 1,24 1.2% L AR 1,15
28 1,17 0,84 1. 20 1,78 o, 3% 1.28
27 1.14 0,8% 1,16 1,74 0. %4 1.74
28 1,04 a8 1,08 1. 0% 0,15 1,06
29 1,10 . 8A 1.11 11t 0, A7 1.12
20 1.14 0,89 1,17 1,19 a.AG 1,20
11 1,09 .90 1.10 108 0, X1 1,09
32 .14 0,94 1,17 1,13 0,13 1,14
iz 1, 2% 1.0% 1,26 1,20 I 1.23
I 1,20 1,01 1,23 1,08 0,36 1.13%
Zs 1,25 1,04 1.2 1.1 0, xs 1.18
26 1.31 1,10 1,3% 1,19 6, A 1.4
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TABLE é PRIORITY R#NKS FOR MEETIMG DEMAND AND DF:IPFD STORAGE
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of reservoir factor has a tight control over the system in mo-
nitoring the releases.

The storage at the end of May is influenced by the in-
flows during the previous year. Thus, the status of the res-
ervoirs depends very much on the carry over of the PIEViOuS
year. Due to the fluctuations in the demand as well as the
carry over storage during the beginning of the water year,
(June) it is not possible, to adopt different initially desir-
able storages for different status ( wet,average and dry) at:
the end of the month. The reservoir fills up rapidly in the
months of June to September and depletes from October to May.
Because of the fact that irrigation activities are at their
peak during filling in period,irrespective of thé storage
position of the respective reservoir, the reservoir factor is
fixed at unity. Thus, ne reduction is made in the required
demand during the period between June to September. Several
modifications for the desired,lo—daily'storage levéls for the
different states (viz., wet,average and dry) in the two reser-
voirs (Pong and Bhakra) were tried and the best possible rule
curve was evaluated.

The Irrigation demand of the system has gone up from
2.7 m.ha.m during the planning stage ( dependable year cycle)
to 3.4 m.ha.m. in the recent years. This shows an increase of
25 percént. The evaluated operation policy is checked for the
irrigation releases for the dependable year and it is found that
no shortage was encountered during the entire eighteen years
of operation. Using the above planning period demand the average

spill (system loss) was computed as 0.92 m.ha.m. For the

55




enhanced_demand supplied by BBMB for irrigation requirement, the
computed spill is only 0.39 m.ha.m. Table 7 and 8 show the
yearwise simulation summary for Bhakra Beas complex during pla-
nning stage and during the present studv respectively. From
Table 9 it can be seen that shortages are of the order of (0.119
m.ha.m. as against a spill of 0.4 m.ha.m. Thus it indicates
that if 29 percent of this surplus water can be recovered the
shortage could be completely avoided. This is possible only
through artificial recharge whenever surplus flow is available
and conjunctive use of ground water. It is proposed to meet

the shortages by tapping the ground water and adopting the
conjunctive use of surface and ground water. In order to avoid
lowering of ground water levels while meeting this additional
demand of 0.119 m.ha.m, it is proposed that the spill over water
may be used for recharging the aquifer system by adopting suit-
able method@ of artificial recharge technique. The prospectus

of adopting artificial recharge in western Rajasthan area is.
found to_be encouraging (Chatterji).

Further, the study during the planning stage for depend-
éble vear ( cycle 1921-22 to 1959-60) indicates that a firm
power of 920 MW at 100% load factor would be available from
Bhakra, Pong,Dehar and Nangal canal power plants of which 154
MW of power from Nangal is always generated. Thus, the estimated
firm power generation from Bhakra, Pong and Dehar is 766 MW of
which the contribution of Pong is 72 MW. Also from the above
study, it is estimated that this power would be available for

93.5% of time.
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In the present study, using eighteen years data and the
final operating rule for the period from 1964 to 1981, it is
observed that for five years the power generated is less than
766 MW from Bhakra Pong and Dehar. 154 MW power from Nangal
Hydel channel power plants is always generated. The shortages
are mainly due to the extended dry state prevailed during the
p:evious calender years.

The details of the shortage periods are as given below:

Calender vear Period Total No. of 10-Daily period
1966 11 rpril to 30 April 2
1974 1 May to 10th May 1
1975 1 Feb. to 28 Feb. 3
1980 11 April to 30 April 2
1981 10 Feb. to 20 March 4
12

Thus, cof the total number of 648 (36 x 18) periods,firm
power is not produced for 12 ten-daily time periods i.e. 98.15
percent of the time firm power is available. The power produced
on a 10 daily basis is given in Table 9.

In some years during monscon months i.e. July to August
for one or two time period, the power produced is slightly
lesser than the firm power since power generation is considered
as secondary and sufficient is available at downstream
of the reservoirs to meet the irrigation demand.

The irrigation demands and power generated as per plan-
ning studies and present study are given in Table 10. It can

be observed from Table 10 that except during the first ten-daily
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periods of August and September, more power is generated as
per the present study than that of the planning study. It is
observed that during the above two periods i.e., first ten-
daily periods of August and September the power produced is
less because of the sizeable reach inflow generated in the
downstream reach consequence to which, the releases from
storage are reduced. Since, irrigation is considered as the
first priority, water is not released for the sake of power
alone. However, in the subsequent periods the power generated
as per the present study is more than the planning period value
and this increase is about 25 percent on annual basis.

Also, it has to be noted that if firm power stipulation
for individual reservoirs is fixed, total system power will be
reduced to a large extent. This can be seen from the follow-
ing. The firm power stipulated for Pong dam is 72 MW. To
maintain this firm power at Pong, water which is being divert-
ed to Dehar Power house through Beas-Sutlej link would have to
be allowed to Pong reservoir. This could not be recommended
since the utilisable head at Pong reservoir is much smaller
than the utilisable head at Bhakra or Dehar. Alsc ag stated ear-
lier Gobind Sagar can irrigate both Beas and Sutlej commands.
Thus, it is preferable to divert 212.5 cumecs of water({ the
maximum capacity of Beas-Sutlej link) from Pandoh if sufficient

storage is available at Gobind Sagar Reservoir.
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9.0 CONCLUSION

The updating of operational rules for Bhakra Beas Sys-
tem is meant for increasing assured water supply for irriga-
tion and power production by way of hetter reservoir management
techniques. As the demand for water is being increased day by
day and since the sources are limited, continuous studies are
required to explore new avenues with the additional refined
informations collected after execution and sufficient period
of operation of system. Conjunctive use of surface and ground
water is one of the area to be explored in the above context.

The study of the behaviour of the svstem with a simula-
tion cum quasi optimization model was taken up to accomplish
the above objective. The demands used herein are the maximum
indents met in the recent years and it was assumed that these
releases are as per unit reservoir factor. A new operation
policy was evolved and presentéd. The new policy defines the
releases. Priority was given for irrigation demand over power
demand. The releases are always slightly less than the author-
ised supply of the canals except in the case of Nangal Hydel
Channel wherein the Ielease was considered as full supply of
the canal. The extent to which the total water released to the
downstreém demand points ( canals) depended upon the total
available water i.e. existing storage and the expected inflow
at the upstream reservoir during tgb time period under consi-

deration.

Normally the releases for irrigation would also meet the
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firm power requirements of Bhakra Beas pcwerplants. However,
during certain dry years releases had fallen below power requi-
rements in which case releases in the interest of power might
have to be made depending upon the prevailing situation. While
striving to meet the firm power demand with suitable operation
rule no attempt was made here for any extra releases in the
interest of power. But due to the restricted release during
the critical periods additional head was maintained.

During summer months in some years power shortage was
observed. If power is considered on a pridrity basis during
summer months future studies may be focussed in this direction.
The complexity of operation of this system rises the question
whether a single reservoir factor for the whole system has to
be practiced or a individual one has to be used for each
reservoir. In this study, reservoir factor for individual
reservoirs was worked out and releases were made accordingly.
The new operation policy evolved from this study, had reduced
the spills ( loss from the system) from 0.92 m.ha.m at planning
stage to 0.39 m,ha.m. { by adopting the new operational rule)
while meeting the larger irrigation demand (3.3.m.ha.m an
increase of nearly 25.3%) but maintaining existing power pro-
duction. Also, it reflected the need for stipulating the total
firm power production for the system as a whole instead of
fixing the firm power production for individual units.

It is further pointed out that even the depleted spills
may be effectively utilised in the parts of west Rajasthan area
(at.Harike diversion) for értificially recharging the aquifer

system which can be tapped to meet the shortages.
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