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CHAPTER 1

INTRODUCTION TO HYDROPOWER

1.1INTRODUCTION

This chapter describes hydropower technology. It starts withief br
historical overview of how the technology has evolved (Sectidi), a
discussion of resource potential and how it may be affectediimate
change (Sectiot.2), and a description of the technology (Sectid®) and

its social and environmental impacts (Sectibf). Also included is a
summary of the present global and regional status of the pyaey
industry (Sectionl.4) and the role of hydropower in the broader energy
system (Sectiod .5), as well as a summary of the prospects for technology
improvement (Sectionl.7), cost trends (Sectiorl.8), and potential
deployment in both the near term (2020) and long term (2050)i¢®ect
1.9). The chapter also covers the integration of hydropowerhbraader
water management solutions (Sectiba0). In this chapter, the focus is
largely on the generation and storage of electrical energy from;wager
use of hydropower in meeting mechanical energy demands is covdyed o
peripherally.

1.1.1Source of energy

Hydropower is generated from water moving in the hydrologiyale,
which is driven by solar radiation. Incoming solar radiaimabsorbed at
the land or sea surface, heating the surface and creating evapotagien
water is available. A large percentagelose to 50% of all the solar
radiation reaching the Earth’s surface—is used to evaporate water and
drive the hydrological cycle. The potential energy embedded in this sycle i
therefore huge, but only a very limited amount may be teclwical
developed. Evaporated water moves into the atmosphere and incheases t
water vapor content in the air. Global, regional and local veystems,
generated and maintained by spatial and temporal variatiotige isolar
energy input, move the air and its vapor content over tHacguof the
Earth, up to thousands of kilometers from the origin of evajporati
Finally, the vapor condenses and falls as precipitation, ab®4 on
oceans and 22% on land. This creates a net transport of waterthe
oceans to the land surface of the Earth, and an equally large flowesf wat
back to the oceans as river and groundwater runoff. It is thedfovater

in rivers that can be used to generate hydropower, or more pretsely,
energy of water moving from higher to lower elevations on &g fack to

the ocean, driven by the force of gravity.

2



1.1.2History of hydropower development

Prior to the widespread availability of commercial electric power,
hydropower was used for irrigation and operation of various mashi
such as watermills, textile machines and sawmills. By using water
power generation, people have worked with nature to achielbettar

lif estyle. The mechanical power of falling water is an old resourcefose
services and productive uses. It was used by the Greeksntovaier
wheels for grinding wheat into flour more than 2,000 years agohdn t
1700s, mechanical hydropower was used extensively for millirdy an
pumping. During the 1700s and 1800s, water turbine development
continued. The first hydroelectric power plant was installe@ragside, in
Grand Rapids, Michigan, when a dynamo driven by a water turbfize w
used to provide theatre and storefront lighting. In 188tuah dynamo
connected to a turbine in a flour mill provided street liggptat Niagara
Falls, New York. The breakthrough came when the electric generator was
coupled to the turbine and thus the world’s first hydroelectric station (of

12.5 kW capacity) was commissioned on 30 September 1882xoRiter

at the Vulcan Street Plant, Appleton, Wisconsin, USA, lightig paper
mills and a residence.

Early hydropower plants were much more reliable and efficient trean th
fossil fuel-fi red plants of the day (Baird, 2006). This resulieda
proliferation of small- to medium-sized hydropower statiorstritiuted
wherever there was an adequate supply of moving water and a need for
electricity. As electricity demand grew, the number and size of flnsdijl
nuclear and hydropower plants increased. In parallel, concerns arose
around environmental and social impacts (Thaulow et al., 2010).

Hydropower plants (HPP) today span a very large range of stralesa

few watts to several GW. The largest projects, Itaipu in Brazi {000
MW 2 and Three Gorges in China with 22,400 MW,3 both produce
between 80 to 100 TWh /yr. (288 to 360 PJ/yr.). Hydropoweepi®jare
always site-specifi ¢ and thus designed according to the rigegrsythey
inhabit. Historical regional hydropower generation from 1862009 is
shown in Figurel. 1.

The great variety in the size of hydropower plants gives thmodagy the
ability to meet both large centralized urban energy needs Hdsawe
decentralized rural needs. Though the primary role of hydropowire
global energy supply today is in providing electricity genenass part of
centralized energy networks, hydropower plants also operate latioso
and supply independent systems, often in rural and remote arels of t
world. Hydro energy can also be used to meet mechanical energy oeeds
to provide space heating and cooling. More recently hydroagthas
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also been investigated for use in the electrolysis process doodsn fuel
production, provided there is abundance of hydropower iniamremd a
local goal to use hydrogen as fuel for transport (Andreassah, €002;
Yumurtacia and Bilgen, 2004; Silva et al., 2005).

Hydropower plants do not consume the water that drivesuutbanés. The
water, after power generation, is available for various other essesgis
In fact, a significant proportion of hydropower projects are desidgmed
multiple purposes (see Sectitiri0.2). In these instances, the dams help to
prevent or mitigate floods and droughts, provide the pilisgito irrigate
agriculture, supply water for domestic, municipal and industsal, and
can improve conditions for navigation, fishing, tourism @uee activities.
One aspect often overlooked when addressing hydropowehamaultiple
uses of water is that the power plant, as a generator of revens@mne
cases can help pay for the facilities required to develop othmr uses
that might not generate sufficient direct revenues to finareer t
construction.
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Figure 1. 1 Hydropower generation (TWh) by region (BP, 2010).

1.2 Resource potential

Hydropower resource potential can be derived from total availade fl
multiplied by head and a conversion factor. Since most preogoitati
usually falls in mountainous areas, where elevation differences)(head
the largest, the largest potential for hydropower developnienin
mountainous regions, or in rivers coming from such regiohe {btal
annual runoff has been estimated as 47,000 km3, out of ®2Bi6l90 km3

is surface runoff, yielding a theoretical potential for hydropovesregation

of 41,784 TWh/yr.. (147 EJ/yr..) (Rogner et al., 2004). This value o
theoretical potential is similar to a more recent estimate 0839[8Vh/yr.
(144 EJlyr..) (IJHD, 2010). Section 1.2.1 discusses the gleicahical
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potential, considering that gross theoretical potential is of no pracalued v
and what is economically feasible is variable depending on esempty
and pricing, which can vary with time and by location.

1.2.1Global Technical Potential

The International Journal on Hydropower & Dams 2010 WorlchsAg
Industry Guide (IJHD, 2010) provides the most comprehensixentary

of current hydropower installed capacity and annual generaaod
hydropower resource potential. The Atlas provides three measfires o
hydropower resource potential, all in terms of annual gener@ifiyr.):
gross theoretical, technically feasible, 4 and economically feasible. The
total worldwide technical potential for hydropower isirested at 14,576
TWhlyr.(52.47 EJ/r.), over four times the current worldwide annual
generation (IJHD, 2010)

This technical potential corresponds to a derived estiroatestalled
capacity of 3,721 GW.6 Technical potentials in terms of annual gerera
and estimated capacity for the six world regions7 are showrgurd-1.2.
Pie charts included in the figure provide a comparison of currentabnn
generation to technical potential for each region and the pegeerdf
undeveloped potential compared to total technical poteft@se charts
illustrate that the percentages of undeveloped potentigerom 47% in
Europe and North America to 92% in Africa, indicating large opaties
for hydropower development worldwide.

There are several notable features of the data in Fig2ré&orth America

and Europe, which have been developing their hydropower resdorces
more than a century, still have sufficient technical potentidbidle their
hydropower generation, belying the perception that the hydropower
resources in these highly developed parts of the world araustdd.
However, how much of this untapped technical potential isaomally
feasible is subject to time-dependent economic conditions.

Actual development will also be impacted by sustaingbdoncerns and
related policies. Notably, Asia and Latin America have compaitgtiarge
technical potentials and, along with Australasia/Oceania, the fnaofio
total technical potential that is undeveloped is quighhin these regions.
Africa has a large technical potential and could developll tiimesirrent
level of hydroelectric generation in the region. An overview of regio
technical potentials for hydropower is given in Table 1.1.

Understanding and appreciation of hydropower technical pateran also
be obtained by considering the current (2009) total regiordgoppwer
installed capacity and annual generation shown in Fifji3teThe reported
worldwide total installed hydropower capacity is 926 GW piadg a total
annual generation of 3,551 TWh/yr. (12.8 EJ/yr.) in 20009.
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Figure 1.3 also includes regional average capacity factors calculsiteyl
current regional total installed capacity and annual gener@t@pacity
factor = generation/(installed capacity x 8,760 hrs)).
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Figure 1. 2Regional hydropower technical potential in terms of annual generation
and installed capacity, and percentage of undeveloped technical potential in 200
Source: IJHD (2010).

It is interesting to note that North America, Latin America, Eurapé

Asia have the same order of magnitude of total installed capacitg wh
Africa and Australasia/Oceania have an order of magnitude-l&g&ca

due in part to the lack of available investment capital andraasia/
Oceania in part because of size, climate and topography. The average
capacity factors are in the range of 32 to 55%. Capacity factobean
indicative of how hydropower is employed in the energy mix (pagking
versus base-load generation), water availability, or an opptrtdoi
increased generation through equipment upgrades and operation
optimization. Generation increases that have been achieved ipyneqt
upgrades and operation optimization have generally not aseessed in
detail, but are briefly discussed in Sectidr4 andLl.8.

The regional technical potentials presented above are for conventional
hydropower corresponding to sites on natural waterways where is
significant topographic elevation change to create useable tgdnaad.
Hydrokinetic technologies that do not require hydraulic hiead rather
extract energy in-stream from the current of a waterway are being
developed. These technologies increase the potential for emedyction
at sites where conventional hydropower technology cannot op&late.
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traditional sources of hydropower are also not counted in thenadg
technical potentials presented above. Examples are constructstvayat
such as water supply and treatment systems, aqueducts, canaént effl
streams and spillways. Applicable conventional and hydrdkinet
technologies can produce energy using these resources. Whitetdhe
technical potentials of in-stream and constructed waterway resduave
not been assessed, they may prove to be significant given theirxtege e

Taple 1. 1. Regional hydropower technical potential in terms of annual generatio
and installed capacity (GW); and current generation, installed capacity, averag
capacity factors in percent and resulting undeveloped potential as of 2009. Sourc
IJHD (2010).

Technical potential, Technical 2009 2009 Un- Average regional
World region annual generation potential, installed | Total generation | Installed capacity developed capacity factor
TWh/yr (EJiyr) capacity (GW) TWhiyr (E)lyr) (GW) potential (%) (%)
North America 1,659 (5.971) 388 628 (2.261) 153 61 47
Latin America 2,856 (10.283) 608 732 (2.635) 156 74 54
Europe 1,021 (3.675) 338 542 (1.951) 179 a7 35
Africa 1,174 (4.226) 283 98 (0.351) 3 92 47
Asia 7,681 (27.651) 2,037 1,514 (5.451) 402 80 43
Australasia/Oceania 185 (0.666) 67 37(0.134) 13 80 32
World 14,576 (52.470) 3,721 3,551 (12.783) 926 75 44
Figure 1. 3 reference pipe section for sizing.
North America Latin America Europe Africa Asia Australasia/
Oceania
™ k ™ -
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Figure 1. 4 Total regional installed hydropower capacity and annual generation ir
2009, and average regional capacity factors (derived as stated above). Source
IJHD (2010).



1.2.2Possible impact of climate change on resource potential

The resource potential for hydropower is currently based ooricist data
for the present climatic conditions. With a changing climats, résource
potential could change due to:

* Changes in river flow (runoff) related to changes in local climate,
particularly in precipitation and temperature in the catchment afas.
may lead to changes in runoff volume, variability of fl ow @edsonality

of the flow (e.g., by changing from spring/summer high fl @wvntore
winter flow), directly affecting the resource potential for hydropower
generation.

» Changes in extreme events (floods and droughts) may increase the cost
and risk for the hydropower projects.

* Changes in sediment loads due to changing hydrology and extreme
events. More sediment could increase turbine abrasions and decrease
efficiency. Increased sediment load could also fi Il up reserfaster and
decrease the live storage, reducing the degree of regulation and idgcreas
storage services.

The work of IPCC Working Group Il (reported in IPCC, 2007b) incluales
discussion of the impact of climate change on water resources, ba
technical paper on water was prepared based on the material included in the
previous IPCC reports as well as other sources (Bates et al). 20@8
information presented in this section is mostly basethese two sources,

with a few additions from more recent papers and reports, as pokdente
example, in a recent review by Hamududu et al. (2010).

1.2.2.1Projected changes in precipitation and runoff

A wide range of possible future climatic projections have beesepted,

with corresponding variability in projection of precipitati and runoff

(IPCC, 2007c; Bates et al., 2008). Climate projections using mutielno
ensembles show increases in globally averaged mean water vapor,
evaporation and precipitation over the 21st century. At high latitamale

part of the tropics, nearly all models project an increase inpian,

while in some subtropical and lower mid-latitude regions, pitatipn is
projected to decrease. Between these areas of robust increase or decrease,
even the sign of projected precipitation change is incamistcross the
current generation of models (Bates et al., 2008).

Changes in river flow due to climate change will primarily efep on
changes in volume and timing of precipitation, evaporationsaiosvmelt.
A large number of studies of the effect on river flow have beerngheol
and were summarized in IPCC (2007b). Most of these studies use a
catchment hydrological model driven by climate scenarios based on climate

8



model simulations. Before data can be used in the catchment hydablog
models, it is necessary to downscale data, a process where foortipthe
global climate model is converted to corresponding climatic ohathe
catchments. Such downscaling can be both temporal and spatiat, ia
currently a high priority research area to find the best metHod
downscaling.

A few global-scale studies have used runoff simulated dyrésticlimate
models (Egré and Milewski, 2002; IPCC, 2007b). The results of these
studies show increasing runoff in high latitudes and thetiogtics and
decreasing runoff in mid-latitudes and some parts of the dpyctroFigure

1.4 illustrates projected changes in runoff by the end of theiggriased

on the IPCC A1B scenario8 (Bates et al., 2008).

Uncertainties in projected changes in the hydrological systmmse from
internal variability in the climatic system, uncertainty abduture
greenhouse gas and aerosol emissions, the translations of theserem

into climate change by global climate models, and hydrologivadiel
uncertainty. Projections become less consistent between modéte as t
spatial scale decreases. The uncertainty of climate model projeations f
freshwater assessments is often taken into account by usitignmodel
ensembles (Bates et al., 2008). The multi-model ensemble approach is,
however, not a guarantee of reducing uncertainty in mathematical models.

Global estimates as shown in Figurd represent results at a large scale,
and cannot be applied to shorter temporal and smaller spadialss In
areas where rainfall and runoff are very low (e.g., desert areas), small
changes in runoff can lead to large percentage changes. & regions,

the sign of projected changes in runoff differs from recenbgeoved
trends. Moreover, in some areas with projected increases in runoff,
different seasonal effects are expected, such as increased wet saaffon ru
and decreased dry season runoff. Studies using results fromdiawate
models can be considerably different from the results preseatedBates

et al., 2008).
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Figure 1. 5 Large-scale changes in annual runoff (water availability, in percent) fo
the period 2090 to 2099, relative to 1980 to 1999. Values represent the median o
climate model projections using the SRES A1B scenario. White areas are whe
less than 66% of the 12 models agree on the sign of change and hatched areas
where more than 90% of models agree on the sign of change. Source: IP(
(2007a).

1.2.2.2Projected impacts on hydropower generation

-
aﬁ

Though the average global or continent-wide impacts of cliclzeageon
hydropower resource potential might be expected to be relatsrell,

more significant regional and local effects are possible. Hydrapowe
resource potential depends on topography and the volume, irgriabd
seasonal distribution of runoff. Not only are these regipraatd locally
determined, but an increase in climate variability, even withhamge in
average runoff, can lead to reduced hydropower production unless more
reservoir capacity is built and operations are modified to acdourthe

new hydrology that may result from climate change.

In order to make accurate quantitative predictions of regional effasts
therefore necessary to analyze both changes in average flowangks in
the temporal distribution of fl ow, using hydrological madéb convert
time series of climate scenarios into time series of runoff scendrio
catchments with ice, snow and glaciers it is of particular rapoe to
study the effects of changes in seasonality, because a warmimdgeclini
often lead to increasing winter runoff and decreasing runoff ring@and
summer. A shift in winter precipitation from snow to rain doencreased
air temperature may lead to a temporal shift in peak flow and winter
conditions (Stickler and Alfredsen, 2009) in many continerdgat
mountain regions. The spring snowmelt peak would then lbeght
forward or eliminated entirely, with winter flow increasing. As ggasi
retreat due to warming, river flows would be expected to increatieein
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short term but decline once the glaciers disappear (Bates et &, ,\2Q
et al., 2008).

Summarizing available studies up to 2007, IPCC (2007b) and Ba#és et
(2008) found examples of both positive and negative regional effacts
hydropower production, mainly following the expected charngesver
runoff. Unfortunately, few quantitative estimates of the effectseohnical
potential for hydropower were found. The regional distribubérstudies
was also skewed, with most studies done in Europe andh Monerica,

and a weak literature base for most developing country regions,
particular for Africa. The summary below is based on findswgamarized

in Bates et al. (2008) and IPCC (2007b) unless additionacas®uare
given. In Africa, the electricity supply in a number of stateangdly based

on hydroelectric power. However, few available studies examine the
impacts of climate change on hydropower resource potential in Africa.
Observations deducted from general predictions for climate chamde
runoff point to a reduction in hydropower resource potential il
exception of East Africa (Hamududu et al., 2010).

In major hydropower-generating Asian countries such as Climdia, Iran,
Tajikistan etc., changes in runoff are found to potentially havgnafisant
effect on the power output. Increased risks of landslides and Igiakdga
outbursts, and impacts of increased variability, are of particolacern to
Himalayan countries (Agrawala et al., 2003). The possibility of
accommodating increased intensity of seasonal precipitayioncbeasing
storage capacities may become of particular importance (limi, 2007).

In Europe, by the 2070s, hydropower potential for the wholeuobpe has

been estimated to potentially decline by 6%, translatedar?0 to 50%
decrease around the Mediterranean, a 15 to 30% increase in northern and
Eastern Europe, and a stable hydropower pattern for western and centra
Europe (Lehner et al., 2005).

In New Zealand, increased westerly wind speed is very likegntwmance

wind generation and spill over precipitation into major Sotgland
watersheds, and to increase winter rain in the Waikato catchment. Warming
is virtually certain to increase melting of snow, the ratio offedli to
snowfall, and to increase river flows in winter and early spriihgs 1§ very

likely to increase hydroelectric generation during the winter pieskand
period, and to reduce demand for storage.

In Latin America, hydropower is the main electrical energy source dst m
countries, and the region is vulnerable to large-scale anstpetsrainfall
anomalies due to El Nifio and La Nifia, as observed in Argentin
Colombia, Brazil, Chile, Peru, Uruguay and Venezuela. A combination of
increased energy demand and droughts caused a virtual breakdow
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hydroelectricity in most of Brazil in 2001 and contributed te@uction in
gross domestic product (GDP). Glacier retreat is also affecting hyeleopo
generation, as observed in the cities of La Paz and Lima.

In North America, hydropower production is known to be sefastb total
runoff, to its timing, and to reservoir levels. During theA9%or example,
Great Lakes levels fell as a result of a lengthy drought, antiog9,
hydropower production was down significantly both at Niagach $awult

St. Marie. For a 2°C to 3°C warming in the Columbia River Basin and BC
Hydro service areas, the hydroelectric supply under worst cass wat
conditions for winter peak demand is likely to increasen(lugnfidence).
Similarly, Colorado River hydropower vyields are likely to decrease
significantly, as will Great Lakes hydropower. Northern Québec
hydropower production would be likely to benefit from greater
precipitation and more open-water conditions, but hydropowelttspian
southern Québec would be likely to be affected by lower waterslevel
Consequences of changes in the seasonal distribution of #logvsn the
timing of ice formation are uncertain.

In a recent study (Hamududu and Killingtveit, 2010), the reai@nd
global changes in hydropower generation for the existingopygiver
system were computed, based on a global assessment of chamyes i
flow by 2050 (Milly et al., 2005, 2008) for the SRES A1B scenasiog

12 different climate models. The computation was done at the coomtry
political region (USA, Canada, Brazil, India, China, and Austrdésgl,
and summed up to regional and global values (see Ta&ble

Taple 1. 2 Power generation capacity in GW and TWh/yr (2005) and estimate
changes (TWh/yr) due to climate change by 2050. Results are based on an anal
using the SRES A1B scenario in 12 different climate models (Milly et al., 200¢
UNEP world regions and data for the hydropower system in 2005 (US DOE, 200
as presented in Hamududu and Killingtveit (2010).
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Power Generation Capacity (2005) Change by 2050
REGION
GW TWhiyr (PJiyr) TWh/yr (PJ/yr)

Africa 22 90 (324) 0.0 (0)

Asia 246 996 (3,586) 2.7 (9.7)
Europe 177 517 (1,861) -0.8 (-2.9)
North America 161 655 (2,358) 0.3 (=1)
South America 119 661 (2,380) 0.3 (=1)
Oceania 13 40 (144) 0.0 (0)
TOTAL 737 2931 (10,552) 2.5(9)

In general the results given in Tadle€ are consistent with the (mostly
gualitative) results given in previous studies (IPCC, 2007b; Bsited.,
2008). For Europe, the computed reduction (-0.2%) has the samedign, b
is less than the -6% found by Lehner et al. (2005). One reasahlmthat
Table1.2 shows changes by 2050 while Lehner et al. (2005) givegekan
by 2070, so a direct comparison is difficult. It can be conclutatithe
overall impacts of climate change on the existing global ke
generation may be expected to be small, or even slightlytiyeos
However, results also indicated substantial variations in @saimgenergy
production across regions and even within countries (Hanuwchural
Killingtveit, 2010).

Insofar as a future expansion of the hydropower system will occur
incrementally in the same general areas/watersheds as the existam,s
these results indicate that climate change impacts globallyaveraged
across regions may also be small and slightly positivd, 8tiktertainty
about future impacts as well as increasing difficulty of futuraesys
operations may pose a challenge that must be addressed in thegofarhin
development of future HPP (Hamududu et al., 2010). Indirect eftects
water availability for energy purposes may occur if water demandHer ot
uses such as irrigation and water supply for householdmduodtry rises
due to the climate change. This effect is difficult to quantifyd @nis
further discussed in Sectidnl0.

1.3 Classification of hydropower plants

Head and also installed capacity (size) are often presented as criténia fo
classification of hydropower plants. The main types of hydreppw
however, are ruwf-river, reservoir (storage hydro), pumped storage, and
in-stream technology. Classification by head and classificafjosize are
discussed in Sectioh3.1. The main types of hydropower are presented in
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Section 1.3.2. Maturity of the technology, status and current trends in
technology development, and trends in renovation and madéom
follow in Sectionsl.3.3 andl.3.4 respectively.

The classification of hydro-electric plants is based upon (Fig. 2.1):
(a) Quantity of water available

(b) Available head

(c) Nature of load

Hydropower
Quantity of water available Available*head Nature of load

Run-off river plants with out pondage l
Run-off river plants with pondage

Reservoir Plants

v
Low-Head (less than 30 meters)
Medium-head(30 meters - 300 meters) v
High-head ( ~ >1000m)
v
Base load plants Peak load plants

Figure 1. 6 Showing the classification overview of hydro-power plants
1.3.1Classification with respect to quantity of water available

1- run-off-river
1-1- run-off-river without pondage
1-2- run-off-river with pondage
2- reservoir plants
2-1- storage hydropower.
2-2- pumped storage

1-1- Run-off river plants without poundage: These plant thawe storage
or pond ages to store water; Run-off river plants without ages uses
water as it comes. The plant can use water as and when availake. Si
generation capacity of these types of plants these plaptend on the rate
of flow of water, during rainy season high flow rate may meanesom
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guantity of water to go as waste while during low run-offiqus, due to
low flow rates, the generating capacity will be low.

1-2- Run-off river plants with pondage: In these plants, pgadallows
storage of water during lean periods and use of this water dpeakg
periods. Based on the size of the storage structure provided, ibenay
possible to cope with houte- hour fluctuations. This type of plant can be
used on parts of the load curve as required, and is more usaiuh tplant
without pondage. If pondage is provided, tail race conditisimould be
such that floods do not raise tail-race water level, tadacing the head on
the plant and impairing its effectiveness. This type of plant
comparatively more conscientious and its generating capadityaisased
on available rate of flow of water.

Desilting
Tank Diversion
Weir

Headrace

Figure 1. 7 Run-of-river hydropower plant.

2-1- storage hydropower: Hydropower projects with a reservoir ace al
called storage hydropower since they store water for later consumption.
The reservoir reduces the dependence on the variabilityflobwn The
generating stations are located at the dam toe or further deamstr
connected to the reservoir through tunnels or pipelineguf&il.6). The

type and design of reservoirs are decided by the landscape anany
parts of the world are inundated river valleys where the resesvan artifi

cial lake. In geographies with mountain plateaus, high-déitakes make
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up another kind of reservoir that often will retain many ef phoperties of

the original lake. In these types of settings, the generatingrsiatioften
connected to the lake serving as reservoir via tunnelsngoap beneath

the lake (lake tapping). For example, in Scandinavia, naturaldtigide

lakes are the basis for high pressure systems where the heads may reach
over 1,000 m. One power plant may have tunnels coming from $evera
reservoirs and may also, where opportunities exist, be cathdot
neighboring watersheds or rivers. The design of the HPP and type of
reservoir that can be built is very much dependent on oppiesinffered

by the topography.

e &

Switch Yard

Figure 1. 8 Typical hydropower plant with reservoir

2-2- pumped storage: Pumped storage plants are not energy sourees, bu
instead storage devices. In such a system, water is pumped flower
reservoir into an upper reservoir (Figuite’), usually during off-peak
hours, while flow is reversed to generate electricity duringddnly peak
load period or at other times of need. Although the losE#segpumping
process make such a plant a net energy consumer overall, the @lala is
to provide large-scale energy storage system benefits. In facpepum
storage is the largest-capacity form of grid energy storage nowlyread
available worldwide (see Sectidrb.5).

16



Upper Reservoir

Pumping

Pumped Storage
Generating Power Plant

Lower
Reservoir

Figure 1. 9 Typical pumped storage project.

1.3.2Classification According to Availability of Water Head

() Low-head (less than 30 m) hydetectric plants: “‘Low head’’ hydro-
electric plants are power plants which generally utilize headslypfciew
meters or less. Power plants of this type may utilize a law alaweir to
channel water, or no dam and simply use the ‘‘run of the river’’. Run of the
river generating stations cannot store water, thus their electpatordries
with seasonal flows of water in a river. A large volume of water pass
through a low head hydro plant’s turbines in order to produce a useful
amount of power. Hydro-electric facilities with a capacity of l&dsmn
about 25 MW (1 MW = 1,000,000 W) are generally referred to as ‘‘small
hydro”’, although hydro-electric technology is basically the same regardless
of generating capacity.

(i) Medium-head (36300 m) hydro-electric plants: These plants consist of

a large dam in a mountainous area which creates a huge reservoir. The
Grand Coulee Dam on the Columbia River in Washington (108gim, h
1,270 m wide, and 9,450 MW) and the Hoover Dam on the Colorado R

in Arizona/ Nevada (220 m high, 380 m wide, and 2000 MW) ai g
examples. These dams are true engineering marvels. In fact, the American
Society of Civil Engineers as designated Hoover Dam as oree &fetven

civil engineering wonders of the modern world, but the maskikes
created by these dams are a graphic example of our ability to manipulate
the environmentfor better or worse. Dams are also used for flood control,
irrigation, recreation, and often are the main source of potable water fo
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many communities. Hydro-electric development is also possibbreas
such as Niagra Falls where natural elevation changes can be used.

(i) High-head hydro-electric plast ‘‘High head’’ power plants are the
most common and generally utilize a dam to store water at asagex
elevation. The use of a dam to impound water also providesapability
of storing water during rainy periods and releasing it dudngperiods.
This results in the consistent and reliable production otredig, able to
meet demand. Heads for this type of power plant may be greatet,0tfh
m. Most large hydro-electric facilities are of the high-headetariHigh-
head plants with storage are very valuable to electric wililbecause they
can be quickly adjusted to meet the electrical demand on rébuligin
system.

1.3.3Classification According to Nature of Load

() Peak Load Plants : The peak load plants are used piysupwver at the
peak demand phase. The pumped storage plants and Gas Turbiseapda
this type of plants. Their efficiency varies betweenr@o.

(i) Base load plants: A base load power plant is one tloaiges a steady
flow of power regardless of total power demand by the grid. ThHasgsp
run at all times through the year except in the case of repaichedwded
maintenance.

1.4 Advantages of Hydroelectric Plants
The benefits of hydropower plants are manifold as described below:

» The running, operation and maintenance cost of this kind of plants are
low.

« After the initial infrastructures are developed the energy is virtually free.

* The plants is totally free of pollution as no conventional fuels are required
to be burned.

* The lifetime of generating plants are substantially long.

* Reliability is much more than wind, solar or wave power due to its easy
availability and convertibility.

» Water can be stored above the dam ready to cope with peaks in demand.

* The uncertainties that arises due to unscheduled breakdowns are relatively
infrequent and short in duration due to the simplicity andiikty of the
instruments.

» Hydro-electric turbine generators can be started and put ‘‘on-line’” very

rapidly.

18



* It is possible to produce electricity from hydro-electric power plant if

flow is continuously available. Benkovic et al. (2013); Paniale(2013);
Sharma and Awal (2013); Dursun and Cihan (2011) etc. has already
discussed the benefits of the HPP in different aspect in theirsped
literatures.

1.5 Disadvantages of Hydro-Electric Plants

But along with the advantages, the disadvantages (Bahadaki 2013;
Chen et al. 2013; Jensen et al. 2002) of such renewable enejeptpeve
also manifold but lesser than the other sources of iafiaitd also finite
energy.

* The potential of hydro power depend on locations and if properly not
selected may cause lots of hostility and absurdity durirgadienal stage
of the power plant.

* The dams are very expensive to build. However, many dams are also used
for flood control or irrigation, so building costs can be shared.

» The capital cost of electrical instruments along with civil engineering
works to be installed and cost of laying transmission linesnsrgéy high.

* The impact on plant life due to the water quality and quantity downstream
of hydro power plants are reported.

* The impact on residents and the environment may be unacceptable
environmental and social activist if location is not optimally sekbct

* Due to increase in water temperature and insertion of excess nitrogen into
water at spillways health and migration of fish as well d®roaquatic
plants get effected.

* Due to the installation of reservoir in the flow paths the siltation rate get
altered.
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1.6 Types of Dams

A dam is a hydraulic structure of fairly impervious material bagitoss a

river to create a reservoir on its upstream side for impounding water f
various purposes. A dam and a reservoir are complements of each other
Dams are generally constructed in the mountainous reach of the river where
the valley is narrow and the foundation is good. Generalhydaopower
station is also constructed at or near the dam site to gelgbiropower.

Dams are probably the most important hydraulic structure builthe
rivers. These are very huge structure and require huge money, manpower
and time to construct.

1.6.1Classification of Dams:
Based on Function Served:

1- Storage dams

2- Detention dams

3- Diversion dams

4- Debris dams

5- Coffer dams - a temp dam constructed for facilitating construction. |
iIs an enclosure constructed around a site to exclude watert sbeha
construction can be done in dry.

Based on Hydraulic Design

1- Overflow dams
2- Non-overflow dams

Based on Materials of Construction

1- Masonry dam

2- Concrete dam

3- Earth dam

4- Rockfill dam

5- Timber dam

6- Steel dam

7- Combined concrete-cum-earth dam
8- Composite dam.

Based on Rigidity

1- Rigid dams: A rigid dam is quite stiff. It is constructed a&ffs
materials such as concrete, masonry, steel and timber. These dams
deflect and deform very little when subjected to water presand
other forces.

2- Non-rigid dams: A non-rigid dam is relatively less stiff quared to
a rigid dam. The dams constructed of earth and rockfill are non-rigid
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dams. There are relatively large settlements and deformations in a

non-rigid dam.

Note: Rockfill dams are actually neither fully rigid nor fulpnrigid.
These are sometimes classified as semi-rigid dams.

Based on structural action

1- Gravity dams

2- Embankment dams
2-1- Earth dams
2-2- Rockfill dams

3- Arch dams

4- Buttress dams

1.6.1.1Gravity dams.

A gravity dam resists the water pressure and other forces diseweight
(or gravitational forces). Usually it made of cement concrete andlstiai
plan. Gravity dam is approximately triangular in cross-sectiath, apex at
the top. In the past, the gravity dams were made of stone masonry.

Advantages:

1- Gravity dams are quite strong, stable and durable.
2- Are quite suitable across moderately wide valleys and gdravasg
steep slopes where earth dams, if constructed, might slip.

3- Can be constructed to very great heights, provided good rock

foundations are available.

4- Well adapted for use as an overflow spillway section. Earth dams
cannot be used as an overflow section. Even in earth dams, the

overflow section is usually a gravity dam.
5- Especially suited to such areas where there is very heavy dawnp

The slopes of the earth dams might be washed away in such an area.

6- Maintenance cost of a gravity dam is very low.

7- Does not fail suddenly. There is enough warning of the imminent
failure and the valuable property and human life can be saved to

some extent.
8- Can be constructed during all types of climatic conditions.

9- sedimentation in the reservoir on the upstream of a gravity dam can

be somewhat reduced by operation of deep-set sluices
Disadvantages
1- Gravity dams of great height can be constructed only on soaokd

foundations. These cannot be constructed on weak or permeable

foundations on which earth dams can be constructed.
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2- Initial cost of a gravity dam is usually more than that okarth dam.
At the sites where good earth is available for construetiwhfunds are
limited, earth dams are better.

3- Usually take a longer time in construction than earth dasysecially
when mechanized plants for batching, mixing and transportingrete
are not available.

4- Require more skilled labour than that in earth dams.

5- subsequent raising is not possible in a gravity dam

non-overflow overflow section
1.6.1.2Earth dam.

An earth dam is made of earth (or soil) and resists the foresgedxupon
it mainly due to shear strength of the soil. It is usualiyt In wide valleys
having flat slopes at flanks (abutments). It can be homogensben the
height of the dam is not great. Also, it is of zoned sectiont) an
impervious zone (called core) in the middle and relatively pasvzones
(called shells or shoulders) enclosing the impervious zoneotin dides.
Nowadays majority of dams constructed are of this type. Thesiglams
of the world are earth dams (Rongunsky dam Rusia, 325 m and Nurek dam,
Rusia, 317 m) as well as the largest capacity dams (New Cornelia dam
USA and Tarbela dam, Pakistan).

J
% on
128ty / sit \san 0
clay avel
¢

(a) Simple zoned embankment

Pervious strata

Impervious foundation

(b) Earth dam with core extending to impervious foundation

3
Qay blanket 1 on3

Pervious material oncrete cutoff wall

Figure 1. 12 Earth dam Figure 1. 13 Earth dam construction
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Advantages

1- Are usually cheaper than gravity dams if suitable earth for catisinu
is available near the site.

2- Can be constructed on almost all types of foundations, ma\aditable
measures of foundation treatment and seepage control are taken.

3- Can be constructed in a relatively short period.

4- Skilled labour is not required in construction of an earth dam.

5- Can be raised subsequently.

6- Are aesthetically more pleasing than gravity dams.

7- Are more earthquake-resistant than gravity dams.

Disadvantages

1- Are not suitable for narrow gorges with steep slopes.

2- Cannot be designed as an overflow section. A spillway hlas tocated
away from the dam.

3- Cannot be constructed in regions with heavy downpour, easltpes
might be washed away.

4- Maintenance cost of an earth dam is quite high. It requiredarans
supervision.

5- Sluices cannot be provided in a high earth dam to remove slit.

6- Fails suddenly without any sign of imminent failure. A serdailure
causes havoc and untold miseries.

1.6.1.3Rockfill dams

A rockfill dam is built of rock fragments and boulders of largee siAn
impervious membrane (cement concrete or asphaltic concrete or earth core)
is placed on the rockfill on the upstream side to reduceetygage through

the dam. A dry rubble cushion is placed between the rbckiil the
membrane for the distribution of water load and for providirgupport to

the membrane. side slopes of rockfill are usually kept equbktangle of
repose of rock (1.4:1 or 1.3:1). Rockfill dams are quite economwicah a

large quantity of rock is easily available near the site. Asknigh dam

(110) in Egypt, while Mica dam (242 m, Canada), and Chicoaser{2#0m

m, Maxico) are highest rockfill dams.
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CUT OFF DERRICX LAID ROCK

ROCKFILL DAM

7 Aoy S >
COMBINED EARTH AND ROCKFILL DAM

(b} Impermeable earth cone

Figure 1. 14 rockfill dam Figure 1. 15 rockfill dam construction

Advantages

Rockfill dams have almost the same advantages and disadvantages
gravity dams as discussed for earth dams. Particular advantages an
disadvantages over earth dams.

1- Are quite inexpensive if rock fragments are easily available.

2- Can be constructed quite rapidly.

3- Can better withstand the shocks due to earthquake than earth dams.
4- Can be constructed even in adverse climates.

Disadvantages

1- Rockfill dams require more strong foundations than earth dams.
2- Rockfill dams require heavy machines for transporting, dumpmp a
compacting rocks

1.6.1.4Arch dams

An arch dam is curved in plan, with its convexity towards dpstream
side. It transfers the water pressure and other forces mainlyeto th
abutments by arch action. It is quite suitable for narrow canyatis w
strong flanks which are capable of resisting the thrustymemxti by the arch
action. The section is triangular and is comparatively thinnarayt have a
single curvature or double curvature in the vertical plane.€eThgses of
dams are subjected to large stresses because of changes in temperatu
shrinkage of concrete and yielding of abutments.
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Figure 1. 16 arch dam

Advantages

1- An arch dam requires less concrete as compared to a gravity daen as t
section is thinner.

2- Arch dams are more suited to narrow, V-shaped valley, having very
steep slopes.

3- Uplift pressure is not an important factor in the desigarofrch dam
because the arch dam has less width and the reduction ihtwleig to
uplift does not affect the stability.

4- An arch dam can be constructed on a relatively less stromgldtan
because a small part of load is transferred to base, whereas intg grav
dam full load is transferred to base.

Disadvantages

1- An arch dam requires good rock in the flanks (abutments) td tiesis
thrust. If the abutments vyield, extra stresses develop whighaause
failure.

2- The arch dam requires sophisticated formwork, more skilled tado
richer concrete.

3- The arch dam cannot be constructed in very cold climates because
spalling of concrete occurs due to alternate freezing and thawing.

4- The arch dams are more prone to sabotage.

5- The speed of construction is relatively slow.
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1.6.1.5Buttress dams

Buttress dams are of three types: (i) Deck type, (ii) Multiple arch;tgpd
(iif) Massive-head type.

() A deck type buttress dam consists of a sloping deck stgapbdy
buttresses. Buttresses are triangular concrete walls which tranemiater
pressure from the deck slab to the foundation. Buttresse® @@ ession
members. The deck is usually a reinforced concrete slab suppetteeen
the buttresses, which are usually equally spaced.

(i) In a multiple-arch type buttress dam the deck slab isaced by
horizontal arches supported by buttresses. The arches ailty usuismall
span and made of concrete.

(i) In a massive-head type buttress dam, there is no dabk Isistead of
the deck, the upstream edges of the buttresses are flared to fosimemas
heads which span the distance between the buttresses.

Figure 1. 17 deck type Figure 1. 18 multiple-arch type

Figure 1. 19 massive-head type

Advantages

1- Uplift/ice pressure is generally not a major factor

2- Can be constructed on relatively weaker foundations.

3- Power house and water treatment plants, etc. can be housed between
buttresses.

4- Vertical component of the water pressure on deck prevents the dam
against overturning and sliding failures.

5- Can be designed to accommodate moderate movements of oundations
without serious damages.

6- Heat dissipation is better in buttress dams.

7- Back of the deck and the foundation between buttresses are accessible
for inspection.

8- Can be easily raised subsequently by extending buttressedeakd
slabs.
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Disadvantages

1- Buttress dams require costlier formwork, reinforcement and more
skilled labour. Consequently, the overall cost of construatiay be
more than that of a gravity dam.

2- Buttress dams are more susceptible to damage and sabotage.

3- Buttress dams cannot be constructed in very cold climates bedause o
spalling of concrete.

4- Because the upstream deck slab is thin, its deterioratiorhawvayvery
serious effect on the stability.

1.6.2Site Selection for a Dam

A dam is a huge structure requiring a lot of funds. Extreme slzak be
taken while selecting the site of a dam. A wrong decision may tiead
excessive cost and difficulties in construction and maintenanaeous
factors should be considered when selecting the site of a dam.

1- Topography

2- Suitable Foundation

3- Good Site for reservoir- (i) Large storage capacity (i) Shape of
reservoir basin (iii) Water tightness of the reservoir (iv) Good
hydrological conditions (v) Deep reservoir (vi) Small submerged are
(vii) Low silt inflow (viii) No objectionable minerals

4- Spillway site

5- Availability of materials

6- Accessibility

7- Healthy surroundings

8- Minimum overall cost

9- Other considerations

1.6.3Selection of Type of Dam

Selection of the most suitable type of dam for a particular sitéresca lot

of judgment and experience. It is only in exceptional casedtthamost
suitable type is obvious. Preliminary designs and estimates saialyu
required for several types of dams before making the final seleation o
economic basis. The salient features of different types of dams @danss
the preceding sections should be kept in mind while seletitmgype of
dam. Various factors govern the selection of type of dam.

1- Topography and valley shape

2- Geology and foundation conditions
3- Availability of construction materials
4- Overall cost

5- Spillway size and location

6- Earthquake hazards
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7- Climatic conditions.

8- Diversion problems.

9- Environmental considerations
10- Roadway.

11- Length and height of dam.

12- Life of dam.

13- Miscellaneous considerations.

1.7 Hydropower Plant Scheme Layout
Typical components of a hydroelectric plant consist of the following:

1. Structure for water storage and/or diversion, like a dam or a barrage.

2. A head-race water conveying system like a conduit (penstock) or an
open channel to transport water from the reservoir or head-water pool
up to the turbines.

3. Turbines, coupled to generators.

4. A tall race flow discharging conduit of open channel thaivegs the
water out of the turbine up to the river.

Although the above components are common for all hydropower
development schemes the general arrangement for high and meshdm h
power houses are more or less similar. The low head power,plnth

are usually of ruref-power type schemes, have a slightly different
arrangement as mentioned in the paragraphs below.

1.7.1High and medium head development

Usually, there could be two types of power scheme layout:
* Concentrated fall schemes

* Diversion schemes

In the concentrated fall type projects, the powerhouse wmilouilt at tle
toe of a concrete gravity dam. This type of project developrsesuiiable
for medium head projects since a high head project would require an
enormous concrete gravity dam, which is generally not adoptetedhum
or high head project with an earthfill or rockfill dam may havesatated
or off-stream power house. Here, the water is conveyed to the wisbhane
penstocks laid under, or by-passing, the dam. Spillways aredptbvi
separately to take care of floods. A distinction of such projsctsat it
consists of a long system of water conduits. Surge tanksoaretisnes
provided at the end of the conduits to relieve them of water leamvhich
is the very high pressure developed by causing the stoppadgenvofob
suddenly at the turbine end.

In the diversion type of layout, the diversion could be gisircanal and a
penstock (Figure 18) or a tunnel and a penstock (Figurerh®)former is
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usually called the Open-Flow Diversion System and the lattersifiees
Diversion System.

power house
containing turbine §
and generator _ — 7|

e

TSR

FIGURE 18 HYDROELECTRIC PROJECT BASED ON OPEN FLOW DIVERSION SCHEME
1-DAM . 2-INTAKE DIVERSION CONDUIT. 3-HEAD POND. 4- SPILLWAY . 5- POWER HOUSE.
fi=- TAILVACE. T-PENSTOCKS. B-RESERWAIR

Figure 1. 20
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FIGURE 19. HYDROELECTRIC PROJECT USING A PRESSURE DIVERSION SYSTEM
1-WATERCOURSE. 2-0AM. 3~ INTAKE STRUCTURES. 4-DIVERSION TUNNEL. 5- SURGE TANK. B-PENSTOCK FORK HOUSE
T-PENSTOCKS. 8- FENSTOCKS SUPPORT.9- POWER HOUSE. 10- POWER LINE

Figure 1. 21
In fact, the combination of open channel and pressure tarlipenstock
may be done in a variety of ways shown in Figures 22, 23, and 24.
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DAM | DIVERSION STRUCTURE

N

POWER CHANNEL

DAM ! DIVERSION
STRUCTURE

(b)

INTAKE ~ Dowicie  FOREBAY

RIVER FLO Se;
A

(c}

FIGURE 20. DIVERSION HYDRO POWER PROJECT BASED ON OPEN CHANNEL AND PRESSURE FLOW SYSTEMS
(2) LONG CANAL AND SHORT SURFACE PENSTOCK ALONG STRAIGHT RIVER REACH
(b) SAME AS (3) BUT IN A CURVED RIVER REACH
(C) SECTIONAL VIEW ALONG WATER CONDUCTING SYSTEM FOR (8) AND (b)

Figure 1. 22
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POWER CHANNEL PENSTOCK

DAM / DIVERSICN STRUCTURE

(d)

POWER
INTAKE  ~panNEL  FOREBAY

PENSTOCK

POWER HOUSE
(P.H.)

RIVER FLOW 7N
(e)

FiGURE 20. DIVERSION HYDRO POWER PROJECT BASED ON OPEN CHANNEL AND PRESSURE FLOW SYSTEMS

{d} SHORT CANAL AND LONG SURFACE PENSTOCK
{e) SECTIONAL VIEW FOR (d)

Figure 1. 23
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FiGuRe 20. DIVERSION HYDRO POWER PROJECT BASED ON OPEN CHANNEL AND PRESSURE FLOW SYSTEMS

(f) HEAD RACE TUNNEL AND PENSTOCK IN A CURVED RIVER REACH
{9} SECTIONAL VIEW FOR (f)

Figure 1. 24

There could be totally underground projects which cons$istly pressure
system of water conveyance. A variety of such projects are shown in Figure
25. This type of project layout may be termed as undergrouretsthn
schemes where even the power house is built underground.
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Ficure 21. Underground project with
(a).(b) and (c) pressure diversion system, and (d),(e) and (f) open flow diversion system;
1-intake structure; 2- surge tank; 3-lailrace pressure tunnel; 4- power house; 5-penstock
6-intake open flow tunnel; 7-tailrace open flow tunnel ;8-intake pressure tunnel; 9--head pond

Figure 1. 25

1.7.2Low head development
Here too, two types of layouts may be possible:

 In-stream scheme

* Diversion scheme

In the in-stream type of project, the powerhouse would be bualtpast of
the diversion structure, as shown in Figure 2(a) or a generaledetéaw
in Figure 6. A typical layout of such a power house and itsscsection is
shown in Figure 22.
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FIGURE 22. ATYPICAL LOW-HEAD IN STREAM POWER HOUSE
(a) plane (b} sectional elevation of the power house; 1-earth dam.2-over flow dam
3- power house: 4-lock;5-spillways in power house; 6- navigable canal dike downstream of dam:
7-output dike; 8- left bank clearing; 9- electrical switch yard

Figure 1. 26

In the diversion type of scheme, there has to be a diversion structure as well
as a diversion canal, as shown in Figure 2(b). The power hoagebe
located at some convenient point of the canal, that is, ap#seam end,
middle, or at the downstream end. The location of the power house depends
upon conditions such as hydrological, topographical, gembg
environmental economic conditions. The ground water table has to be taken
into account.
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1.7.3 ) ' S

As might have been noticed from the layouts, there could be d@yvafie
position for the power house with respect to natural ground level.

IS: 4410(Part10)-1988 differentiates between the followingdyqf power
stations, which may be constructed as per site conditions:

1. ' ' ' stati

.or12.

w

1Ce.

Figure 1. 27 surface power station

tunnel
intake

L35 Service
”‘g'ﬂ building

Figure 1. 28 underground power station
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T |~ RADIAL GATES

SCHEMATIC SECTION OF ATYPICAL HYDRO-ELECTRIC PROJECT

Figure 1. 29 semi-underground power station

g
Electrical power generated or consumed by any source is ususdisured
in units of Kilowatt-hour (kWh). The power generated by ropdwer
plants are normally connected to the national power grid fsmch the
various withdrawals are made at different places, for different pespos
The national power grid also obtains power generated by tme n
hydropower generating units like thermal, nuclear, etc. The power
consumed at various points from the grid is usually terageelectrical
load expressed in Kilo-Watt (KW) or Mega-Watt (MW). The load oitya c
varies throughout the day and at certain time reaches the higilast
(usually in the evening for most Indian cities), called the Peak do Peak
demand. The load for a day at a point of the national powerngay be
plotted with time to represent what is known as Daily LGanlve. Some
other terms associated with hydropower engineering are as follows:

This is the ratio of average load over a certain time period hed t
maximum load during that time. The period of time could be a day, a week,
a month or a year. For example, the daily load factor is the ratio of the
average load may be obtained by calculating the total energuced
during 24 hours (finding the area below the load vs. time yrapt then
divided by 24. Load factor is usually expressed as a percentage

total energy consumed during a day (MWhr)

L =
oad factor/day maximum load X 24 hrs

total energy consumed during a year (MWhr /year)

Load factor/year =
Iy maximum load % 8,760 hrs
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Installed capacity

For a hydro electric plant, this is the total capacity oftlal generating
units installed in the power station. However all the umtsy not run
together for all the time.

Capacity factor

This is the ratio of the average output of the hydroelectric fdarg given
period of time to the plant installed capacity. The averagaubofp plant
may be obtained for any time period, like a day, a week, a montheara y
The daily average output may be obtained by calculating thkednergy
produced during 24hours divided by 24. For a hydroeleciaatpthe
capacity factor normally varies between 0.25 and 0.75.

generation (MWhr/year)
installed capacity (MW) X 8,760 hrs

capacity factor =

Utilization factor

Throughout the day or any given time period, a hydroelectrid plawer
production goes on varying, depending upon the demana ipaWwer grid
and the power necessary to be produced to balance it. Thenumaxi
production during the time divided by the installed capagites the
utilization factor for the plant during that time. The valdfeublization
factor usually varies from 0.4 to 0.9 for a hydroelectric plant dd#ipgn
upon the plant installed capacity, load factor and storage.

maximum generation (MW)

Utilization factor = — -
installed capacity (MW)

Firm (primary) power

This is the amount of power that is the minimum producea lhydro-
power plant during a certain period of time. It depends upon weheth
storage is available or not for the plant since a plant witbtmrage like
run-of-river plants would produce power as per the minimum stream flow.
For a plant with storage, the minimum power produced isylilkeebe more
since some of the stored water would also be used for power g@mera
when there is low flow in the river.

Secondary Power

This is the power produced by a hydropower plant over andeahevfirm
power.

References
Mosonyi, Emil (1991) “Water power development”, Akademia Budapest.
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CHAPTER 2

PELTON WHEEL

2.1 INTRODUCTION

We emphasize large dynamic turbines that are designed to produce
electricity. Most of our discussion concerns hydroturbines ubibte the

large elevation change across a dam to generate electricéye @he two
basic types of dynamic turbire impulse and reaction, each of which are
discussed in some detail. Comparing the two power-produwtymgmic
turbines, impulse turbines require a higher head, but can opeithte
smaller volume flow rate. Reaction turbines can operate with much less
head, but require a higher volume flow rate.

Impulse turbine:

Pelton wheel
Reaction turbine:

1- Francis turbine
2- Kaplan turbine

Nst, us
1 2 5 10 20 50 100 200
'3 ot TP R T T Trrancis i Kaplan T | |
- 1
0.9 Impulse i :
2 /\ 1 1
- 1 ]
o : :
Tmax E - ¥
07 : :
il 1 1
ik ] ]
0.6 = : i
. 1 1
- 1 1
0.5 | R [ N EREEERL [ R
0.01 0.02 0.05 0.1 0.2 0.5 1 2 5 10
N

Figure 2. 1 Maximum efficiency as a function of turbine specific speed for the thre
main types of dynamic turbine.
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Figure 2. 2 When to use a Pelton turbine
2.2 PELTON WHEEL

In the impulse turbine all the energy of the water is convertedvalbcity
before entering the wheel by expanding through a nozzle oe gaides

.The pressure of the water is atmospheric, hence the wheel musinnot
full; in which case, it must be placed at the foot of thedatl above the
tailrace. The water may be admitted over part of the circumference only or
over the whole circumference. An example of impulse turbine is Pelton
wheel, Turgo wheel and Banki turbine (cross flow or Ossberger turbine)

Pelton wheel is a special type of axial-flow impulse turbirgiarused for
very high heads. It is the most efficient type of impulse wheeling an
overall efficiency of 88%.

Figure 2. 3 A close-up view of a Pelton wheel showing the detailed design of ths
buckets; the electrical generator is on the right.
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Figure 2. 4 A view from the bottom of an operating Pelton wheel illustrating the
splitting and turning of the water jet in the bucket

In such a process, the entire available energy of the watemverted into
kinetic energy by passing it through nozzles. The jet inggran the wheel
from one or more nozzles and strikes the blade at the centendlawaally
in both directions. The blades are known as buckets arsistoh a double
hemispherical cup, Fig. (2.5.), fitted with dividing wall (#glr), Platel. As
the water flows axially in both directions, there is noabxnrust on the
wheel. Each jet may be deflected backward through an angl®wf 565
as shown in Fig. (2.6)A complete reversal of 18Gvould be desirable.
This is not possible because the fluid must be thronon®side to clear
the following bucket. The bucket changes the velocity dwacbf the
water, thus a dynamic force is developed.

It should be noted that the flow only partly fills theckets, and the fluid
remains in contact with the atmosphere. Thus, once the jet haspdooly
the nozzle, the static pressure of the fluid is atmosphemughout the
machine. Figure (2.4) shows a section through a bucket, whicking b
acted on by a jet. The plane of section is parallel to the axiseoivheel
and contains the axis of the jet, Plates 3 a and b.
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Figure 2. 5 Main dimensions for the Pelton runner

Splitter ridge

V_i =T

(b)

Figure 2. 6 Schematic diagram o& cross section of bucket

2.2.1 Velocity triangles.

The work done may be obtained, as previously explainefluley ’s
equation for turbine. The total head available at the nozzlqual ¢o the
gross head loss the head losses due to friction in thengipe&ding to the
nozzle. If it is equal to H, then the velocity of jet issuing from the nozzle is

C,=C,(29*H)

Where G is the velocity coefficient and its value is between 0r8¥ @99.
The velocity head of the fluid in the pipeline is normally litgigle
compared with H.

During the time that any one-bucket is being acted on bjethitbe wheel
turns through a few degrees and so the direction of the motion of the bucke
changes slightly. The effect of this change, however, is very smdlif &
sufficient here to regard the direction of the bucket velocitthasame as
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that of G. Since the radius of the jet is small compared with that ef th
wheel, all the fluid may be assumed to strike the buckeadatis r. It is
also assumed that all the fluid leaves the bucket atgadand that the
velocity of the fluid is steady and uniform over sectiorend 2 where the
values G and G are considered.

Splitter
ridge

W1 U

W2 G

A

Figure 2. 7 velocity triangles

Since G and U are co-linear, the diagram of velocity vectors at inlet is
simply a straight line Fig. (2.7)

U= Wn
Cui= G
Wl = Cl— U

The relative velocity W with which the fluid leaves the bucket is
somewhat less than the initial relative velocity.\Whis is due to the

43



frictional losses as the fluid flows over the buckets arabtlitional loss as
the fluid strikes the splitter ridge, because the ridge cahawé zero
thickness.

W2 =K Wl
Where, K is a fraction slightly less than unity.
2.2.2 Euler’s head

As the bucket is symmetrical it is sufficient to considdy dnat part of the
flow, which traverses one side of it. To obtain the velotiigngle at
outlet, considering the direction of U as positive.

C,, =U —W,Cos(x — )
C,, =U +W,Cos(0)
AC, =C,, —C,, = C, —{U +W,Cos(6)}
AC, =C, —{U +W,Cos()} =W, —W,Cos(6)

AGy =W][1- KCos(6)]
H_ = U.G; —UG,

E

So that,

He =%(01—U)[1— KCos(0)]

This equation shows that there is no energy transfer when ldde b
velocity is either zero or equal to the jet velocity.

2.2.3 Maximum Euler's head

The maximum energy transfer will occur at some intermediate valte of
blade velocity.

This is obtained by differentiation with respect to U as follows:

dHg (G —2U)[1-KCos(@)] 0
du g B
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Hence,
G, —2 =0

Therefore,
U==c
2
or 6 =180°
Substituting this value in equation (4-3) yields
C 2
H E max

= ﬁ [1- KCos(0)]

2
Now the energy input from the nozzle per unit Weigh%ia:.

Thus the maximum efficiency of Pelton Wheel becomes
[L- KCos()]
M max= >

In the ideal case, assuming no friction, K = 1. Also if 6 = 180° the
maximum efficiency becomes 100 percent. In practice however, friction
exists and K is in the range of 0.8 to 0.85. Also, theebkayle is usually
165°, to avoid the interference between the oncoming and out cgating
Thus the ratio of the wheel velocity to the jet velocityegsp factor)
becomes, in practice somewhat smaller than the theoretical, tlusigati
about 0.46. Fig. (2.8)

h

P

Power output P

optimal speed.

k=0.45| 8| 1049

i 1 i ]
Viurhet Speed n

Figure 2. 8 Maximum Euler’s Head

2.2.4 Efficiency of Pelton wheel:

The overall efficiency quoted for a machine always refers to theyatil
the machine itself to convert fluid energy to useful mechanical energy.
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Psh Psh
noturbine: P =

jet 7’chHnet
Thus the required power output P determines the volume rate o€Qftowm
a certain head H. Since;Gs already determined, the total cross section

area of the jets is given by Q/C

. He . i
F[1[:B Penstock Jet n Bucket nm Shaft nG Electric To Grid
power losses power nvol e power power power

Figure 2. 9 Efficiencies of Pelton wheel

o _ Qua
7= - Myor= 0,
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plant -
Pjer }/Q th H net

2.2.4.1Efficient Operation:

Although the Pelton wheel is efficient and reliable when operainder

large heads, it is less suited for smaller heads. This can be explainet by tha
the wheel operates in atmospheric air although housing s&scio. It is
therefore essential that the wheel be placed above the tall vaae. The

head from the nozzle to tail water is wasted. To develojven gutput
power under a smaller head the rate of flow would need to beegresth

a consequent increase in jet diameter and the increase of wheel diameter.
Since, moreover the jet and bucket velocities are reduced as theshead i
reduced; the machine becomes very bulky and slow running.

A greater rate of flow can be achieved by the use of more jets Fig (2.10).
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2.2.5 Design of pelton wheel:

In the design of a Pelton wheel two parameters are of particular importance
a- The ratio of théucket width to thget diameter, and

b- The ratio of the wheel diameter to the jet diameter.

2.2.5.1Design of Buckets

If the bucket width is too small in relation to the jet diagnethe buckets
do not smoothly deflect the fluid and in consequence, muchygnsr
dissipated in turbulence and the efficiency drops considerablthéother
hand, if the buckets are too large, the friction on surfaces iscassarily
high.

The optimum velocity of the bucket width /jet diameter has been found to be
4-5.

The depth of the bucket / jet diameter is0.9 - 1.2.
2.2.5.2Number of Buckets

Approximate number of buckets is generally found by usintpviahg
empirical relations

No. of Buckets z = 0.5(%) +15 or Z = 5.4\/2

Where, D/d is the ratio of wheel diameter to jet diameter.

Small values of D/d involve either too close a spacing of the buckéig
few buckets for the whole jet to be used. There is no upper tintie
ratio, but the larger its value the more bulky is the entireliasta, Fig
(4.5). In practice a minimum value of about 10 is usually chdeerthe
ratio of wheel diameter to jet diameter.

2.2.6 Specific Speed and Wheel-jet diameter
The specific speed of a turbine is given by Equation:

N - NVHP

s H 5/4
Results of tests made on single nozzle Pelton turbines shionted range
of specific speed for high efficiency. Generallyy § 9 - 31 is
recommended. The highest efficiency attained is about 88% at
approximately Ns = 20. The relationship between Jet ant whadl p
diameters D affects the specific speed hence the efficiency of theeturb
This may be shown by substituting in Equation 3.@ tlollowing
expressions:
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7*Q* H*770 _ 7*72.* djz*C13*770

) P=
75 4*752*g
b3
n*D

|||) C1 = valz* g* H

Hence

60 * (2g)*'* \Jy 32, U
N, = G (=2
Nt NCR ()5

With standard numerical value pfy and @
U, d;
N, =575\n,(—) =
S no(cl) D

Substituting into Equation n, =0.88 and (i) =0.45 and N, =20, one
C

1

obtains the optimum wheel diameter ratcll% =11 (approximately)
j

2.2.7 Number of jets in a Pelton turbine:

Generally, it has aingle jet. But if asngle jet cannot develop the required
power and to increase the specific speear, 4 Jets can be employed, with
maximum number 6.

The jets must be equidistant on the outer periphery of thelwhethis
case,

N./HP/n
N, =——-—
S H 5/4
Wheren is the number of jets and HP is the total power of thertenbnit.

Sometimes, instead of providing a number of jets to a wheelptvioree
wheels are mounted on a common shatft.
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Figure 2. 10 multi-jets Pelton turbine
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Figure 2. 11 relation between specific speed and jet diameter
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Figure 2. 12 relation between specific speed and number of buckets
2.3 GOVERNING OF PELTON WHEEL.:

Since a Pelton wheel is usually employed to drive an etattyenerator, it
is required that its speed of rotation is constant, regazde the load.
Thus, it must be constant, but for maximum efficiency itis® anportant
that the speed ratio is maintained constant as well.

Since the jet velocity depends only upon the total headshithwor a
given installation is also constant, the velocity ratio rhaykept constant
provided there is no reduction of head at the nozzle. Itvisllthat any
alteration of the load on the turbine must be accompanieda by
corresponding alteration of the waterpower but with (Y/@maining
constant. Since P ¥ ¢ Q H), it follows that this requirement can only be
achieved by alteration in Q such that H is unchanged.

Q= AC, = AC, ,[2gH

And therefore, to vary Q, the area of the jet must be changed.isThis
achieved by any of the following methods operated by the seteomo
mechanism:

2.3.1 Spear Regulation:

It consists of a nozzlm which a spear moves too and for by the action of
the servomotor piston and controls the quantity of water at changing
demands, Plate3. This movement causes variation of cross seatiemalf

jet without change of velocity as shown in Fig. (2.13

Application:
This method is useful, when the fluctuations in load are small.
Drawback:
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When the load falls suddenly, sudden closure of the nozzkesamater
hammer in the penstock. Therefore simple spear regulation systeat i
used in modern turbines where fluctuations in the load ore sudden.

Deflector in -@..
normal position

(b) Jet deflected from buckets,
Fig. 4.1

Figure 2. 13 governing of Pelton wheel
2.3.2 Defledor Regulation

It is a plate, pivoted just outside the nozzle and is coadeict the oll
pressure governor through levers. When the load, drops, ectiedl part of
the jet and thus controls the quantity of water striking the buckets.

Drawbacks:

In this system large amount of water goes into waste but drerano
chances of water hemmer in penstock. This system is also istiyased
due to large wastage of water and poor speed regulation.

2.3.3 Double Regulation

Figure (2.14) shows this method and is used by all moéelton wheel
because it has advantages of both spear as well as deflectatioagu
Systems. If load on a turbine drops suddenly, the speed tendse
suddenly. In this, system operates the deflector, which conefdtibn
immediately and obstructs a part of water reaching to the buckdteln t
mean time, spear is gradually forward to its new position (dutheo
servomotor) and thus the risk of water hammer is avoided. Whepéhe s
has moved to iteew position to allow the required quantity of water, the

51



deflector moves backward and allows the full jet to strike blckets
through spear nozzle.

As this type of governing controls the speed of turbine @edsure (i.e.
water hammer) in the penstock by the combination of spear and jet
deflector, this system is known as “Double Regulation”, because it
incorporates the use of both the first types of regulation.

Normal Load Running:

The piston in the distribution valve and the actuator piesutheir normal
positions as shown In Fig. (4.1R) this position as the pors andB are
closed the oil supplied by the gear pump remains in thdlenjbrtion of
the distribution valve and thus gears of the pump gootating without
developing further pressure.

Decreasing Load:

As the load on the turbine decreases, speed increases corregpAsdime
actuator is connected to the turbine shatft, its speed also iesraad balls

fly off. Therefore sleeve moves upward, the lever rod inclines andethe b
crank lever moves downward. When the bell crank Lever moves
downward, the jet deflector will operate and divert wholeaot pf the jet
sway from the buckets. With the downward movement of bell dierds,

the roller on the cam rises.

Distribution Valve Working:

When the lever rod inclines then sleeve control valve rod is pushed down in
the distribution valve. Downward movement opens the poen@ keeps

port k still closed. As soon as pd&topens, the oil from the middle port of
distribution valve goes to the servomotor on the left side of thenpist

This oil of high pressure forces the piston to move towagts side, thus
forcing the spear to reduce the area of jet and hence the rate of flew. Th
spear occupies its final position; jet deflector occupigesriginal position

and does not obstruct jet as the speed again becomes normal.

Increasing Load:

When the load on the turbine increases, the speed reducesalises the
fly balls of the actuator to come down and thus sleeve alscesnov
downward, causing the lever rod to move upward on the otthero$ithe
fulcrum. This causes the control valve rod to move upward @rapén
port A but to close porB. Thus the oil under pressure will go into the
servomotor via port A to the right side of the piston. Thetopi moves
towards left, causing the spear to move away from the nozzlmemedses
area of flow, which in turn increases the amount of water strikine
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buckets and. thus brings the speed to come normal. In this case Jet deflector
move upbut deflector plate is not able to obstruct the jet at normal speed.

2.3.4 Auxiliary nozzle

The auxiliary nozzle arranged at the back of the blades as in2Fid) (s
provided for emergency unloading of the wheel.

ACTUATOR

BALL

SLEEVE -

FROM TURBINE
MAIN SHAFT

Figure 2. 15the auxiliary nozzle
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2.4 OTHER TYPES OF IMPULSE TURBINES
2.4.1 Turgo Turbine

canhandle relatively larger quantities of flow at a given speedramaler
diameter by passing the jet obliquely through the runnea imanner
similar to a steam turbine. The jet impinges on several buckets
continuously whereas only a single bucket per jet is effectiaayainstant

in a Pelton wheel.

As for Pelton Wheel, the Turgo turbine is controlled byrbedle valve.
Since the needle valve can throttle the flow while maintainingnéisd.ly
constant jet velocity, the relative velocities at entraand exit remain
unchanged, producing nearly constant efficiency over a wide rahge
power output. Fig. (2.16).

e Y
Runner biedes

Figure 2. 16 Turgo Turbine

2.4.2 Banki-Mitchell Turbine

Cross flow turbine, illustrated in Fig. (2)17s a variation on this theme.
The water flows from a water jet of rectangular cross-section and passes
twice through the turbine blading at right angledhe shaft. The water
flows through the runner first from the periphery towards theéecesnd

then, after crossing the open center space, from inside outwards. T
machine is therefore a turbine with two velocity stages, therwdling

only part of the runner at ariyne

distributor

runner

blades

water fiow
Figure 2. 17 Banki-Mitchell Turbine
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Usually the cross-flow turbine is controlled by a guidine, which can be
divided into two separately controlled sections. For madallations the
lengths of the two guide vane sections are in the ratio (1l@yviag for
utilization of (1/3), (2/3), or the entire runner, depending on fibe
conditions. This contribution provides a relatively flat effi@grcurve over
the power range of 15 to 100 percent. The long flat peak an@whad
load flow are especially important for small power stations.ereh
frequently only a single turbine is installed end the watew flvaries
between wide limits. Efficiency of a cross flow turbine is shawrig.

(2.18.
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CHAPTER 3

FRANCIS TURBINE

3.1 INTRODUCTION

Although the Pelton wheel is efficient and reliable when operatnder

large heads, it is less suited to smaller heads. As it wdaimegh before,

this is due to the fact that operating in atmospheric air,htbed from
nozzle to tail race is wasted. Because of this wasted head, Pelton wheels are
usually employed for high heads, i.e. from 200 to 1 km. For lowetshéa

avoid bulky and slow running machines, turbines of the reatyjpes are

more suitable.

3.2 Reaction Turbine Operation:

The other main type of energy-producing hydroturbine & ihaction
turbine, which consists of fixed guide vanes called stay vatgsstable
guide vanes called wicket gates, and rotating blades callegminades
Fig. (3.1). Flow enters tangentially at high pressure, is turned toward the

runner by the stay vanes as it moves along the spiralgcasivolute, and

then passes through the wicket gates with a large taalgemtocity
component. Momentum is exchanged between the fluid anditimer as

the runner rotates, and there is a large pressure drop. Unlikeghése
turbine, the water completely fills the casing of a reactionrarld~or this
reason, a reaction turbine generally produces more power than an impulse
turbine of the same diameter, net head, and volume flow rate. Theeaing

the wicket gates is adjustable so as to control the volumeréite through

the runner.

(In most designs the wicket gates can close on each othergouittithe
flow of water into the runner.) At design conditions the flow leguvhe
wicket gates impinges parallel to the runner blade leadigg étom a
rotating frame of reference) to avoid shock losses. Note that mod g
design, the number of wicket gates does not share a commonidateom
with the number of runner blades. Otherwise there would bereseve
vibration caused by simultaneous impingement of two aemacket gate
wakes onto the leading edges of the runner blades.

For example, in Fig. (3.1) there are 17 runner blades and 20 wicket gates.
These are typical numbers for many large reaction hydroturbines, as shown
in the photographs in Figs. (3.2) and (3.3). The number ofvstags and
wicket gates is usually the same (there are 20 stay vanag. i(BH). this
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iIs not a problem since neither of them rotates, and unsteady wake
interaction is not an issue.

<

p. Top view

1

| £

1m-»>
Stay vanes

l Wicket
In

%

out>

F out

Side view

Figure 3. 1 Reaction turbine
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Figure 3. 2 The runner of a Francis radial-flow turbine used at the Round Butte
hydroelectric power station in Madras

Figure 3. 3 The runner of a Francis mixed-flow turbine used at the Smith
Mountain hydroelectric power station in Roanoke

Figure 3. 4 The five-bladed propeller of a Kaplan turbine used at the Warwick
hydroelectric power station in Cordele
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There are two main types of reaction turbiderancis and Kaplan. The
Francis turbine is somewhat similar in geometry to a centrifugal
turbine. The Francis turbine is named in honor of James B. Francis-(181
1892), who developed the design in the 1840s. In contrastKdplan
turbine is somewhat like an axial-flow fan running backwédirgou have
ever seen a window fan start spinning in the wrong directioanwvind
blows hard into the window, you can visualize the bagerating principle

of a Kaplan turbine. The Kaplan turbine is named in honor ofvsntor,
Viktor Kaplan (18761934). There are actually several subcategories of
baoth Francis and Kaplan turbines, and the terminology used en th
hydroturbine field is not always standard.

Recall that we classify dynamic pumps according to the angitiah the
flow exits the impeller blade-centrifugal (radial), mixed flow, or axialnl

a similar but reversed manner, we classify reaction turbines accdading
the angle that the flow enters the runner Fig.(3.5). If the Baters the
runner radially as in Fig. (3.5a), the turbine is called a Fsamadial-flow
turbine (see also Fig. (3.1)). If the flow enters the runnesoate angle
between radial and axial Fig. (3.5b), the turbine is callecaadis mixed-
flow turbine. The latter design is more common. Some hydroturbine
engineers use the term “Francis turbine” only when there is a band on the
runner as in Fig.(3.5b). Francis turbines are most suitedefaddhthat lie
between the high heads of Pelton wheel turbines and the lovg loéad
Kaplan turbines.

A typical large Francis turbine may have 16 or more runner bladiesaan
achieve a turbine efficiency of 90 to 95 percent. If the runner hasma,
and flow enters the runner partially turned, it is called gglter mixed-
flow turbine or simply a mixed-flow turbine Fig. (3.5c). Fiyalf the flow
is turned completely axially before entering the runney. £8.5d), the
turbine is called an axial-flow turbine. The runners of aaldlow turbine
typically have only three to eight blades, a lot fewer than Frandimes.
Of these there are two types: Kaplan turbines and propeller turbines.
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Crown Crown

Wicket
gate

Figure 3. 5The distinguishing characteristics of reaction turbines

(a) Francis radial flow. (c) Propeller mixed flow.
(b) Francis mixed flow. (d) Propeller axial flow.

Kaplan turbines are calledouble regulated because the flow rate is

controlled in two ways-by turning the wicket gates and by adjusting the

pitch on the runner blades. Propeller turbines are nearly idetatisaplan
turbines except that the blades are fixed (pitch isadgistable), and the
flow rate is regulated only by the wicket gatesingle regulated.
Compared to the Pelton and Francis turbines, Kaplan turbingzrapeller
turbines are most suited for low head, high volume flow rateitons.
Their efficiencies rival those of Francis turbines and may degisas 94
percent. Figure (3.2) is a photograph of the radial-flow runoherFrancis
radial flow turbine. The workers are shown to give you an wmfehow
large the runners are in a hydroelectric power plant. Figure {8.3)
photograph of the mixed-flow runner of a Francis turbine, agd(Bi4)is
a photograph of the axial-flow propeller of a Kaplan turbine. vibe is
from the inlet (top).

We sketch in Fig. (3.6) a typical hydroelectric dam that uslieeancis
reaction turbines to generate electricity. The overall or gross hgagdisd
defined as the elevation difference between the reservoir surfatteam
of the dam and the surface of the water exiting the dam,
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ngoss — 47 ZE
If there were no irreversible losses anywhere in the system, thenumax
amount of power that could be generated per turbine woulaf beurse,
there are irreversible losses throughout the system, so e patually
produced is lower than the ideal power given by the equation:

Ideal power production: Wideal = PEVH g5
A
Gross
head
Head gate EGL,, H
oross
(open) g
Power station Net
Generator head z
- I ;
v E
—_—
Draft tube D EGL,, E
Tailrace
Arbitrary datum plane (z = 0) R -y

Figure 3. 6 Typical setup and terminology for a hydroelectric plant

We follow the flow of water through the whole system of.H§.6)
defining terms and discussing losses along the way. We stpdirdt A
upstream of the dam where the water is still, at atmospheric pressure, and at
its highest elevation .z Water flows at volume flow rate through a large
tube through the dam called the penstock. Flow to the penséocke cut

off by closing a large gate valve called a head gate at theopknatet. If

we were to insert a Pitot probe at point B at the end of thequingist
before the turbine, as illustrated in Fig. (3.6), the water in the would
rise to a column height equal to the energy grade line;E&&lthe inlet of
the turbine. This column height is lower than the water lavpbint A, due

to irreversible losses in the penstock and its inlet. flilne then passes
through the turbine, which is connected by a shaft to the elggnerator.
Note that the electric generator itself has irreversible losses &rfhuid
mechanics perspective, however, we are interested only in thesloss
through the turbine and downstream of the turbine.
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After passing through the turbine runner, the exiting fluid @{Ginstill has
appreciable kinetic energy, and perhaps swirl. To recover sontiesof
kinetic energy (which would otherwise be wasted), the flow erdars
expanding area diffuser called a draft tube, which turns the flow
horizontally and slows down the flow speed, while increa$ie pressure
prior to discharge into the downstream water, called the tailrace. If we were
to imagine another Pitot probe at point D (the exit of thet dudie), the
water in the tube would rise to a column height equal teetteegy grade
line labeled EGLin Fig. (3.6) since, the draft tube is considered to be an
integral part of the turbine assembly, the net head acrostrthiee is
specified as the difference between E&GInd EGlg,,

Net head for a hydraulic turbine: H = EGL;, — EGL,

I n words,

The net head of a turbine is defined as the difference between the energy
grade line just upstream of the turbine and the energy grade line at the
exit of the draft tube.

3.3 Francis Turbine

This type of machine covers tremendous ranges of Power, Rates of Mass
Flow Rates and Rotational Speeds. Francis Turbines normally epetiat
heads in the range of 30-500 m producing hundreds of megawaés.
efficiency of large Francis turbines has gradually risen over the gedrs

now is about 95%.

Operation:

The Fluid enters a spiral casing, called a volute or scroll casehw
completely surrounds the runner. The cross-sectional area of hine vo
decreases along the fluid path in such a way as to keepuithesélocity
constant in magnitude. From the volute the fluid passes betstagonary
guide vanes mounted all around the periphery of the runnerfuilbgon

of these guide vanes is to direct the fluid on to the runnéneaangle
appropriate to the design and can be turned around pivote fht=s are
also termedwWicket Gates. In its passage through the runner, the runner
blades deflect the fluid so that its angular momentum is changed.

From the center of the runner the fluid is turned into the an@tttbn and

flows to the waste via the draft tube. The lower end of the traé must,
under all conditions of operation be submerged below the levie¢afater

in the Talil race, that is the channel which carries the used water away. Only
in this way it can be ensured that a hydraulic turbine iofuNater. Large
turbines may also have a “stay ring” or fixed vanes outside the ring of the
guide vanes. Their main function is to act as columns helpingpfmost the
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weight of the electrical generator above the turbine. They areapediso
as to conform to the streamlines of the flow approaching the guids.vane

3.3.1 Velocity triangles

Consider an inward flow Francis turbine represented diagrammatioally
Fig. (3.1). A section of the runner guide vane ring, showiggklades,
vanes and velocity triangles, is given in Fig. (3.7)

l Velocity Triangles
CD

C
\\\\\~‘-. ul U,

Uz Uy

Cu2
oy B
) Cr1=Cr2
W,

Figure 3. 7 velocity triangles

The total head available to the machine is H and the water velmtity
entering the guide vanes is.@he velocity leaving the guide vanes is C
and is related to £by the continuity equation:

CoAp =CiA,
But
C, =C, *Sin(a,) , so that

CoA, = A,C, *Sin(a,)

The direction of ¢is governed by the Guide vane angle It is chosen in
such a way that the relative velocity meet the runner bladgetdially, i.e.
it makes an anglB; with the tangent at blade inlet.
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3.3.1.1Types of velocity triangles

The condition of radial flow at inlet may be achieved by magkhreinlet
blade angleB; equal 90°, such that the absolute tangential vel
component ainlet C,; is equal the blade peripheral velocity & shown ir
Fig. (3.8) from theinlet velocity diagram. The Euler's head equal:
2
H. = U, _Uzcuz
E
g

l Radial flow at inlet
Co

\ U= Cyy

X By

Wi1:Cr1

c
— Uy Uy /
Cly B
=] Cr1=Cr2
W,

Figure 3. 8 radial flow at inlet
The energy transferredgHs given by Euler’s Equation, which for the
maximum energy transfer condition secured whgn=, takes the form

U]Cul
H, =
g
The condition of no whirl component at outlet may be aclidyemaking
the outlet blade anglf,, such that the absolute velocity at outleti€

radial as shown in Fig3(9) from the outlet velocity diagram.
Cl Radial flow at outlet

qy

Figure 3. 9 radial flow at outlet
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The condition of both radial flow at inlet and outlet as sihawFig. (3.10)
from the inlet and outlet velocity diagrams. The Euler's head equal:

U 2
H,= —-
fog
l Radial flow at inlet and outlet
CO
\ U=Cy
a Bs
Wi Cry
€
u, /
a; B,

W3

Figure 3. 10 radial flow at inlet and outlet
3.3.1.2Inlet velocity triangle

tang, = _Cu
U 17 Cul

U, =C,cotB +C,
Cy =G, cota,

Eliminating G, from the two equations:

U, =C,,(cotg, +cote,)
Therefore,

U
cotp, = —*—cota,
rl
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U
L =cotp, +cota,
rl

3.3.1.30utlet velocity triangle

cu2 u2< ul

U,=C,,cotp,+C,,

C,, =C,,cota,

Eliminating G;; from the two equations:

U, =C,,(cotp, +cota,)
Therefore,

U
cotp, = —* —cota,
r2

2

= cotf, +cota,
r2

3.3.2 Net head

The total energy at the inlet to the runner consists of theitse head

C,” /2g and pressure head,.Hn the runner, the fluid energy is decreased
by Hg, which is transferred to the runner. Water leaves the impeller with
kinetic energy{,’ /2g. Thus, the following energy equation holds:
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Stay vane

Wicket L
i Band

gate

(a)

Figure 3. 11 net head and Euler's head

At point (0): the total energy at the volute inlet

P C
net:_+ +ZO
4 g

At point (1): The total energy at the inlet to the runnemstsis of the
velocity head and pressure head H

H

C2
H,=-"+—2+2z+h
net y 29 Z LO—>1
3.3.3 Euler’s head

At point (2): at runner exit, the fluid energy is decredsgdg, which is
transferred to the runner. Water leaves the impeller with kinetic energy

C2
H,=Hg+ ;+£+ +h, .,

In which hg.; is the loss of head in the guide vane ring and Is the loss
in the whole turbine, including entry, guide vanes and runner.

The energy transferredgHs given by Euler’s Equation, which for the
maximum energy transfer condition secured, takes the form

U 1Cu1 -U ZCUZ
g

He =
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3.3.4 Work and Efficiency

Fluid HH * Runner Shaft G Electric To
power nVDl . power nm Power n power Grld

Figure 3.12 efficiency of Francis turbine

Hg

= = sh
" Hy et m YQactHE

Moo = Qact Quct = 2mrybikicq
LT Qe = 2mrybyk,cpp

P _
YOH ot Ny X Nyot X N

No turbine =

n = T X yr X T X1
o plant YQHnet H vol m G

b,=runner width (breadth) at inlet
b,=runner width (breadth) at outlet

| r

Cm1
o) Wi

Bz

Figure 3. 13 runner blade dimensions
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3.3.5 Losses in Francis Turbines
100

99 Draft tube

c;ms‘\\ng and stay Vahes

Hydraulic Efficiency [%]

93 Output Energy

90 T | T I T
0 100 200 300
Head [m]

Figure 3. 14 losses in Francis turbine

The relationship between the runner speed and the spouting \@éédr
the Francis turbines not so rigidly defined as for the Péhbreel. In
practice, the Speed ratig / ,/2gH is contained within the limits 0.6 to 0.9.

We have to mention that the simple expressions derived heretdpply
exactly to the flow considered as whole. This is due tq thahy machines
are so constructed that uniformity of conditions at inled aoutlet is
impossible to achieve. In mixed flow machines the fluid ésathe rotor at
various radii. Even Francis turbines nowadays usually have some “mixed
flow” at the outlet; more ever, the inlet and outlet edges of the blades are
not always parallel to the axis of rotation. Although the esgpoms involve
the assumption that the velocities at inlet and outkeuaiform around the
circumference; in practice this condition is not fulfilled e¥@na runner in
which all the flow is in the plane of rotation. Indivial particles of the
fluid may have different velocities. Since guide vanes and runner ladesles
both limited in number, the directions taken by individpatticles may
differ appreciably from that indicated by the velocity diagramerEthe
average direction of the relative velocity may differ from that of the blade it
is supposed to follow. Thus the velocity diagrams andetkgressions
based on them should be regarded only as a first approximationttotthe
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In spite of these defects, however the simple theory is usefudlication
how the performance of the machine varies with changes in theiogerat
conditions, and in what way the design of the machine shmukltered to
modify its characteristics.

3.3.6 Speed Regulation

The speed regulation of a turbine is an important and complipedetem.

The magnitude of the problem varies with size, type of machine and
installation, type of electrical load, and whether or not thetp$atied into

an electrical grid. Note that runaway or no-load speed can be higirer
design speed by factors as high as 2.6. This is an impadtsign
consideration for all rotating parts, including the generator.

The speed of a turbine has to be controlled to a value that mdtuhe
generator characteristics and the grid frequency:

n=120f /N p

wheren is turbine speed in rpnf,is the required grid frequency in Hz, and
Np is the number of poles in the generator. Typicadlly,is in multiples of
4. There is a tendency to select higher speed generators mizreinveight
and cost. However, consideration has to be given to speed regulation.

Regulation of speed is normally accomplished through flow control
Adequate control requires sufficient rotational inertia ofribtating parts.
When load is rejected, power is absorbed, accelerating the flyvdrekl;
when load is applied, some additional power is available fteoeleration

of the flywheel.

3.3.7 Governing Francis Turbine

An inward- flow turbine has the valuable feature of inherent stability, that
IS, it is to some extent self-governing. This is because @ifogal head
like that in a forced vortex is developed in the fluidtthotates with the
runner. The centrifugal head balances part of the supply head. Ihyor a
reason the rotational speed of the runner falls, the centrifugdl disa
falls, with the result that a higher rate of flow through thachine is
possible and the speed raises again, the converse action fesultan
increase in speed.

Considering the alternative form of Euler’s Equation for turbines,

W =1 [(C2=C2)+ (U2 -U2)— (W —w2)]
29

For a turbine, that is, a machine in which work is done by Itheé, fthis
expression must be positive. This is most easily achieveithdoynward
flow arrangement. Then (> U, and, since the flow passages decrease
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rather than increase in cross-sectional areausually exceeds wihe
contributions of the second and third brackets to the wonle dy the fluid
are thus positive. By appropriate design, however, an outwardditme
although seldom desirable, is possible.

Governing of the turbine means that to allow the speed ahtdahine to
be maintained even when the power demand on the shaft varieguitiee
blades of a Francis turbine are pivoted and connected by levklslanto

the regulating ring. The regulating ring is attached with twgolleging rods
connected to the regulating lever as shown in Fig (4.23,régulating
lever is connected with the regulating shaft, which is opetagehe piston
of servomotor.

3.3.7.1Load Decrease:

When load on the turbine decreases, speed tends to increasm\uasfly
balls of the actuator away and thus raises the sleeve. The maioheter
other side of the fulcrum pushes down the control valve noldopens the
port B. with the opening of the poB, oil under the pressure enters the
servomotor from left and pushes the piston to move towaedgght. The
previous oil at the right side of the servomotor is thus©i@ddack into the

oil sump through port A and upper part of the distriivalve. When the
piston of the servo-motor moves towards the right, regulating is
rotated to decrease the passage between the guide vanes byglgaiag
vane angles, thus the quantity of water reaching the runner blades i
reduced. Therefore gradually speeds come to normal and then actuator,
main lever and distribution valve attain their normal position.

3.3.7.2Load Increase:

Similarly when the load on the turbine increases exactly reverstah
takes place. Regulating ring is moved in the reversed directiorctease
the passage between the guide blades thus allowing moretavateet the
increased load demand

3.3.7.3Water Hammer Pre-Caution:

Sudden reduction in the passage between the guide blagesanse water
hammer, which can be prevented by providing a relief valve near the
turbine, which diverts the water directly to the tailrace. Thuarittions
similar to that of jet deflector as in Pelton wheel, thusbt®uegulation
(speed and pressure) is also performed in Francis turbine.
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REGULATING RING

Figure 3. 15 Governing of Francis turbine

73



CHAPTER 4

4.1  INTRODUCTION. .. cuiiiiiiiiieieeee e e e e e e e 75...
4.2  Criteria for Improvising Axial Turbines:...........ccccccceeeei il 75
4.3 ClasSifiCatiON:........iiiiiieiieeeee e Dl
4.4  Construction & Operation...........ccccceeeeeeeeeeeiiiiiieeeeeeeeiiiieneeeee e DL
4.5 Governing the Kaplan Turbings........ccccooeeiiiiiiiiiiiiiie e, 71.
4.6  VeloCity Triangles........ccoovviiiiiiii e 78...
4.7  Twisted blade........cccooovviiiiiiiiii e A D
4.8 Isolated Blade:..........cooevuiiiiiiiie e, 30....
4.9  Work and EffiCHENCY......cccoevveeeiiiee e 83..
4.10 Drafttube......ccee e 84....
4.10.1 Work produced without draft tube............cccccceeiiiiennnnnns 85
4.10.2 Work produced with draft tube..........ccccieiiiiiri 86
v R OF= 1Y/ | =11 0] o P 38....
4.11.1 Thoma’s cavitation factor ..........cccccceveiiiiiiiiiiiieiii e, Q0.
4.11.2 Net Positive Suction Head..........ccccoevvvieiiiieiiiiiiiieeee, 91.



CHAPTER 4

KAPLAN TURBINE

4.1 INTRODUCTION

The power developed by a turbine is proportional to a mtodiuthe total
head available and the flow rate. Therefore, the power required from a
turbine may (within limits) be obtained by a desired cormtiim of these

two quantities.

4.2 Criteria for Improvising Axial Turbines:

For a Pelton wheel, in order to achieve high jet velocities, fiteicessary
that the total head is large and, consequently, the flowsateually small.
However, the Pelton wheel becomes unsuitable if the head dsaitab
small, so that in order to achieve the desired power the guaas to be
greater. A Francis-type radial turbine is then used. Its propsrtiepend
upon the flow rate, which must be increased, the bladeagesdecome
shorter but wider, and a mixed flow typebine results. “If the process is
carried further, an axial flow turbine is obtained because the maximum
flow rate may be passed through when the flow is parallel to the axis”.

4.3 Classification:

Axial propeller turbines are generally either of fixed bladeKaplan
(adjustable blade) variety.

4.4 Construction & Operation:

(A) The Classical propeller Turbine: illustrated in Fig. (4.21), is a vertical
axis machine with a scroll case and a radial wicket gate coriiguithat
is very similar to the flow inlet for a Francis turbine. The flewters
radially inward and makes a right-angle turn before entering threerun
an axial direction the runner usually has four or six bladescirstly
resembles ship’s propeller. Apart from frictional effects, the flow
approaching the runner blades is that of a free vortex (whirl ¥gloci
inversely proportional to radius) whereas the velocity of thdds them
selves is directly proportional to radius. To cater for the differgdation
between the fluid velocity and the blade velocity as the radausase, the
blades are twisted, as shown in Fig. (4.22), where the antiighe axis
being greater at the tip than at the hub.

(B) The Kaplan Turbine: The blade angles may be fixed if the available
head and the load are both fairly constant, but where thesétiggamay

75




vary, a runner is used on which the blades may be turned tsiubwn
axes while the machine is running, Plate 6. When both guide aagle
and runner blade angle may thus be varied, a high efficiencybean
maintained over a wide range of operating conditions. Sudhnau is
known as a Kaplan turbine after its inventor, the AustriannegiViktor
Kaplan (1876-1934) Fig. (4.23) shows the efficiency curve of a iKapla
turbine with fixed blades plotted to the same scale on a basseefng
the output or gate opening both turbines having the same specific speed.

Strength IssueThe runner blades must be long in order to accommodate
the large flow rate and, consequently considerations of streeqggired to
transmit the tremendous torques involved impose the ngcéssilarge
blade chords, Thus pitch/chord ratios of about 1 to 1.5s®&é and, hence,
the number of blades is small, usually 4,5 or 6, Plate 8.

- "‘

1] —
&

b=

Figure 4. 1 Kaplan turbine configuration
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Figure 4. 2 Kaplan turbine

4.5 Governing the Kaplan Turbines

As explained in the previous paragraph that Kaplan tuttiéiseguide vanes
as well as runner vanes adjustments. Fig (4.24) gives viet® otinner
and guide blades fully open in the left hand view andptetaly closed in
the right hand side.

A governor is required to operate guide vanes as well as rwanes
simultaneously. Similarly to that of Francis turbine explaibetbre, this
governor employs a servomotor for the guide vanes, but isasprbvided
with another one for the rotor bladeBoth the servomotor distribution
valves actuate runner vanes and guide vanes simultaneoudly in such a way
that water pass through them without shock at all load conditions. The
mechanism operating runner vanes is located inside a hollowimgup
fitted between the turbine and generator shaft as shown in Fig (4.25).

The Servomotor consists of a cylinder with piston workinglennoil
pressure (supplied by distribution valve) on either side. pleson is
connected to an operating rod which moves up and downpasses
through the turbine shaft, which is made hollow for the psepdhe
operating rod actuates the crosshead which caries number of arms each
connected with runner blades through small cranks. These later ar
connected to the runner blades with pivots casted integvahythe blades

this mechanism is enclosed in the runner hub leaving blades outside.
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4.6 Velocity Triangles

Consider the velocity triangles of an axial flow turbineshewn in Figure
(4.3); the velocity of flow is axial at inlet and outlet andcolirse, remains
the same. The whirl velocity is tangential. The blade velatitinlet and

outlet is the same.

Cuz
U—) U2=Ul

Figure 4. 3 Kaplan turbinevelocity triangles

Euler’s equation will be

Consider the velocity triangles of an axial flow turbineseswn in Figure
(4.4),

1- The velocity of flow is axial at inlet and outlet andl,course, remains
the same.

2- The whirl velocity is tangential.
3- The blade velocity at inlet and outlet is the same.
4- The absolute velocity at outlet is axial
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U,. U,
B

Wy

C=Cy

Figure 4. 4 velocity triangles for absolute velocity at outlet is axial

Euler’s equation will be

In which:

U; - G = Gicotfsy

4.7 Twisted blade

Since H should be the same at the blade tip and at the hub, but U is greater
at the tip, it follows that ¢z must be reduced similarly, the velocity of flow

Ca should remain constant along the blade and thereforg3{rmhust be
increased towards the tip of the blade. Tiyshas to be reduced, and
consequently the blade must be twisted so that it makes a greater angle with
the axis at the tip than it does at the hub as shown in figure (4.5).

M e, b

H, (consz‘) =

e d=(u—c )M

ul
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(u —c,, ) ™= cot B ™M= B N
(8,)=(B,.)

N —

20

Figure 4. 5 twisted blade

However, this condition, known as the “Free Vortex “design, is not always
met. It is then necessary to apply Euler’s Equation to an element dr and
integrate from Rto R as follows andB, = f(r) must be known the
discharge

Q=AC=1Ci(R - RY).
4.8 Isolated Blade:

The major assumption underlying the considerations of rinaqus
section was that of an infinite number of blades in the runner.

In practice, of course, the number of blades is finite and theiingpac
depends on a particular inner design and therefore, may vary qahgyde
The distance between the adjacent bla8és known aitch, whereas the
ratio of blade chord to the pitch

0=C/S
where,

g 2z

—_
“

80



¢ =chord

o0 is calledblade solidity and is a measure of the closeness of blades. If the
blades are very far apart, they must be treated as bodies ireamaéXbw,
provided their mutual interference is negligible.

In this section we will consider the blades far apart so thab 8nd hence,
0 = 0. For such case, an approximate solution may be baskd molated
blade element theory.

The blade is divided into elements af width and is put an angle of
incidencea, with respect to the mean relative inflow velocity,\Whown in
Fig (46). The lift L experienced by the element is perpendicular tpavd
the drag D is parallel to W The resultant force R may be resolved into
two perpendicular forces:

Acu/? ACU/2I u

u Acu

- i
> >

Figure 4. 6 isolated blade velocity triangles
Axial Force

F, =Lcosf+Dsing
Tangential Force
F. =Lsinp—-Dcosp
if, by definition,

L= % pw?C, .C.AL

where C is the Aerofoil chord and & theLift Coefficient
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Figure 4. 7 forces applied on isolated blade
also

D= %pw;cD C.AL

Where QC is theDrag Coefficient
The forces become,

F, = %,O\N;[CL cosp + C, sinB].C.AL
and
F = %/J\Nri[CL sing —C, cosp].C.AL

Equating the axial forceFo the force produced by the fluid pressure, we
get

£ =2"T(p_p)AL
Z

where z is the number of the blades

P-P,= %pwni[CL cosB+C, sinﬁ].(%)
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Where,

S_ 2r.r
Z

Equating the tangential force to the force due to the change of momentum:
F = ZLZ'rAcha.ACU

Then,

er][CL Sinﬂ — CD COSﬂ]
2(S/C)C,

AC, =

from the velocity diagram

C

tang = é
U - (05)[Cy, + Gy,

and from Bernoulli equation
RL — I:)2 — ACU Ca
Y g tang
and we get by substitution that,
W 1 G
F 29 '(S/C) sing

+he

The blade element efficiency is defined as the ratio of the maigg
transferred to the turbine H to the total fluid energy changesadthe rotor

(H + he)

nB:H+hF

4.9 Work and Efficiiency

Fluid I']H ® Runner Shaft G Electric To
power r]V0| ° power nm Power n power Gl’ld

Figure 4. 8 work and efficiency of Kaplan turbine
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Hnet
_ Psh
T = VQactHE
_ Qua
NMvot = ch

(4
Qact = Z (dcz) - diz)Cak
4.10 Draft tube

An important element of a turbine installation is the dtabe, which is
used to recover as much of the velocity head as possibldesvets the
runner. The recovery of the velocity head is very important:

a- At high specific speeds the velocity head at exit filoenrunner may be
15% of the net head of the installation.

b- At low Specific Speeds the velocity head is of the oodéd to 4 % of
the net head.

Actually, an efficient recovery of velocity head at runner exit results in a
1- Decrease of the exit diameter D2 of the turbine
2- And thus has a direct bearing on the cost of the turbine.

3- Besides, the reduction of kinetic energy of the water exitirgurbine
runner, within limits a well - designed draft tube will permitallation of
the turbine above the tail water elevation without losing any head.

Different designs of a draft tube are common, ranging from straigitato
diffuser to configurations with bends and bifurcations. Stoypeal shapes
and relative dimensions are shown in figure, where the dimension
given in terms of the runner diameter.
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Figure 4. 9 typical draft tube dimensions

4.10.]Work produced without draft tube

Applying the energy equation between 1 and 2 which are runie¢rand
outlet respectively without using draft tube

Z2

Y

Figure 4. 10 work produced without draft tube
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P C? P C2
H, =—1 41 4z =-2n H.+h
et p.g+2.g+zl 7%+29+22+ +h gy
Where z is the height of the turbine to the tailragg,.his the friction

losses inside the turbine runner.
then
CZ
W, =Hg ,=Hu -2 _?;_hl_(l—z)
4.10.2Nork produced with draft tube

If using a draft tube, a similar relation can be obtained betwden of
runner 1 and exit of the draft tube 3.

Figure 4. 11 work produced with draft tube

L H.+h
" pg 29”1 jé 2@17“/+ LG

Where in this case z = 0 since the turbine discharge is fronralfietube
which is at the datum level.

net

Thus work produced is equal to

Cs

VV1—>3 =H = Hnet _2_9_ hL(l—S)

E1->3

The difference in the work produced in the two cases:

Tg (23

This represents the saved energy by using the draft tube.
Applying the energy equation between inlet and outlet of the ditadt t

AW =z +
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2 2
_2+&+ =h+&+zs+hu2—3)
p£g 29 pg 29
Height of the Draft Tube

z2=2,-2
L (vacuum) = —{z+ ©-C) hL(ZS)}
P9 2.9
This means that a large negative head is created at the inlet diameter.
The efficiency of the draft tube may be defined as:

(C;-C3)
_ 29 - _ C;-C; - (2gh, 2-3)
Tor = CZl2g B c?

C; must be smaller than,@ obtain a high efficiency.
So, pressure at runner exit in terms of draft tube efficiency:

P, A

Y (vacuum) = -z, UDTXZg
Small divergence angles require long diffusers to achieve the area
necessary to reduce the exit velocity. Long diffusers increase ctinstri
costs, therefore the angle in some cases may be increased upttd%ho
from the typical optimum value of 7°. In addition to the incrdakess
through a large angle diffuser, flow separation can lead to uadtaty.
Flow instability is to be avoided, as it has an adverse effedurdine
performance.

For some type of turbine installations, such as a vertical axisine, the
flow must be turned through a 90° after leaving the turbines Téi
accomplished by adding an elbow between the turbine andréifietube
performance and requires careful design, figure (4.12).
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Figure 4. 12 draft tube

4.11 Cavitation

For steady flow Bernoulli’s equation shows that if the velocity along a
streamline increases then the pressure must decrease. In a ligyuedeh

the pressure cannot fall below the vapor pressure at the temperatu
concerned. If at any point the vapor pressure is reached, thebigjlecand
small bubbles of vapor form in large number

These bubbles are carried along by the flow and on reachinigtanpeere
the pressure is higher they suddenly collapse as the vapdermses to
liquid again. A cavity results and the surrounding fluid rushese fill it.
The liquid moving from all directions collides at the centethe cavity
thus giving rise to very high pressures (up to 1 GPa).

Any solid surface in the vicinity is also subjected to those intense pressure
because even if the cavities are not actually at the solid surfaee, th
pressures are propagated from the cavities by pressure waves similar
those encountered in water hammer. This alternate formation anpseolla

of vapor bubbles may be repeated with a frequency of many thdsusan
times of a second. The intense pressures, even though acting for only a very
brief time over a tiny area, can cause severe damage to the surface.

The material ultimately fails by fatigue, aided perhaps by corrosiahs@n
the surface becomes badly scored and pitted, parts of the sudgceven
be torn away completely

Not only is cavitation destructive, it may also distune flow that the
efficiency of the machine is impaired. Everything possible therefureld
be done to eliminate cavitation in fluid machinery, that igrnsure that at
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every point the pressure of the fluid is above the vaporymesé/hen the
liquid has air in solution this is released as the presslie dnd so air
cavitation also occurs. Although air cavitation is lessatfing than vapor
cavitation to surfaces, it has a similar effect on the efficiencyhef t
machine.

Since cavitation begins when the pressure reaches to a low vaisie, it
likely to occur at points where the velocity or the el@mrats combined. In

a reaction turbine the point of minimum pressure is usually at the entlet
of a runner blade, on the leading side.

Due to the shape of pressure distribution around bladdeprimere is a
point on the rotor blade near to the exit where negative pressurghier
than that at exit of the rotor P2. Denoting this extra pressutbditerm
“dynamic depression Pd”,

R

P9 29
Where
A is the coefficient of local dynamic depression
W, is relative velocity at runner exit

Maximum negative pressure in the whole system

F)min I:)2 Pd
—mn _—__ ¢ 4 4
r9 P9 A9
where
P, c
£ - __ — X —4
5.9 Z, Mot 29

2
h(vacuum) = —{nm x2 474 ﬂﬁ}
p.g 2g 29

In order to avoid cavitation the maximum negative pressure peuksss
than Rm— Ry = R, (vacuum ) as shown in figure (4.13).
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Patm

Pmin Safe operation

Pd

Pvp where cavitation inception

P2
Unsafe operation

Pabs= 0

Figure 4. 13 minimum and vapor pressure for cavitation inception

4.11.1Thoma’s cavitation factor

Figure 4. 14 draft tube

h+C—22+22—7FZ+ +7Z +h
y 29 P9 /29 o

Where,
& — I:)atm — 0
4 Y
2
S = neglect
29



Hnet Hnet
WhenP, =P,
M 22 ( I:)atm ;PVP j _ 22
o, = Y — vacuum
H H

For safety against cavitation

.. »0O
Crsite’  catalouge

( Patm B Pvpast _ 22
}/ vacuum

O = O,

( I:)atm - I:)min J
'abs _ 22
4 vacuum

o site H catalouge — H

net net

4.11.2Net Positive Suction Head

P, —P
Zy ste = (%J_O}rm x Hnet

P —P
Zy site = [%j— NPSH

NPSH = o, xH

net
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P, —P
NPSH :[—a”“ V"absj— Zs ste
Y
For safety against cavitation the actual installation hgighimust be less
than the calculated critical height.(Z

Z

4.12 Other Propeller Turbines:

The classical design does not take full advantage of thenejdo

properties of an axial flow runner. The flow enters the scroll case
horizontal direction, issues radially inward from the guidse, where it
forms a vortex and discharges into the draft tube in a verticalidimasith

very little whirl component remaining. The flow must then admerturned
through 900 to discharge into the tail water in a horizontal directio

< Z

actual site Crsi te

From a design point of view, this is less than desirablenfomy reasons.
The flow field entering the runner is highly complex, and idifficult to
design the proper pitch distribution from hub to tip fommmal shock
losses. There are additional losses in the elbow, and the ®iftoaupath
required from the inlet to the outlet requires additional civil works.

More modern designs take full advantage of the axial-flomeunthese
include the tube, bulb, and ti@raflo types illustrated irFig. (4.27).The
flow enters and exits the turbine with minor changes in timecin tube
type, an externally mounted generator is driven by a shafghwhasses
through the flow passage either upstream or downstream of the runner.

Figure 4. 15 Straflo type axial-flow runner
In bulb turbine, generator is housed within the bulb, Plagn&ller units
are available in which an externally mounted generator is doyenright-
angle drive which is housed within the bulb.
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