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ABSTRACT

Energy is a critical factor in developing countries for economic growth as well
as for social development and human welfare. Hydropower is a renewable source of
energy, which is economical, non-polluting and environmentally benign among all
renewable sources of energy. For efficient operation of hydropower plants, in order to
meet the electricity demand, the hydro energy is stored either in reservoirs for dam
based schemes or settling basins for run-of-river schemes. These reservoirs or settling
basins are filled with sediments over a period of time. This problem must be taken
care of by sediment settling systems in power plants. However, lot of unsettled
sediment pass through the turbines every year and turbine parts are exposed to severe
erosion. The erosion of hydro turbine components is a major problem for the efficient
operation of hydropower plants. These problems are more prominent in power
stations which are of run-of-river types. The problem is aggravated if the silt contains

higher percentage of quartz, which is extremely hard.

Silt erosion is a result of mechanical wear of components due to dynamic
action of silt flowing along with water. However the mechanism of erosion is
complex due to interaction of several factors viz. particles size, shape, hardness,
concentration, velocity, impingement angle and properties of material. The silt laden
water passing through the turbine is the root cause of silt erosion of turbine
components which consequently leads to a loss in efficiency thereby output, abetting
of cavitation , pressure pulsations , vibrations , mechanical failures and frequent shut
downs. Since silt erosion damage is on account of dynamic action of silt with the
component, properties of silt, mechanical properties of the component in contact with
the flow and conditions of flow are therefore, jointly responsible for the intensity and
quantum of silt erosion. The hydraulic machines, working under medium and high
heads are normally exposed to erosion. High head Francis and impulse.turbines are
highly affected by sand erosion. Even low head Kaplan turbine and propeller turbines
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are also found eroded in rivers with high sediment contents. The erosion damages are
to some extent different for Francis and impulse turbines. The most common type of
impulse turbine is Pelton turbine, which operates under high head. The available
potential energy of water is converted to kinetic energy at the nozzle, which
furthermore depend on the mass of water and available head. The energy available in
the water is converted into mechanical energy in the form of turbine rotation at the
cost of reaction to the turbine components. During this process, the sediment present
in the water exerts force on the turbine components; as a result the turbine
components get deformed. The dimensional change of the components leads to
efficiency loss and eventually the system failure. In case of Pelton turbines needle,

seal rings in the nozzles and runner buckets, splitter are most exposed to sand erosion.

It is generally considered that erosive wear is the gradual removal of material
caused by repeated deformation and cutting actions. Most common expression for the
erosive wear was based on experimental experiences quantified by means of erosive
wear rate and generally expressed as a function of properties of eroding particles,

properties of substrates and operating conditions.

Theoretical studies were made to discuss the main causes of damage of water
turbines viz. cavitation problems, sand erosion, material defects and fatigue. Based on
the available studies it was found that the best efficiency point of turbine decreased in
direct proportion to the increase in silt concentration. Many investigators reported
their experimental results on erosive wear conducted with different base materials and
different types of erodent. Based on the case studies it was reported that in run-of-
river power plants in steep sediment loaded rivers caused damages to runners due to

severe erosion.

Further, it is revealed from the literature survey that a number of investigators

have studied the process of silt erosion in Pelton turbines, the effect of different
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parameters and the remedial measures to be undertaken. Based on their studies
correlations were developed. These correlations are mostly based on experiments on
small specimens, which do not match actual turbine components. The flow conditions
created in the test rigs used in such experiments did not represent the real flow
conditions in turbines. The models based test results obtained during such
experimental studies in laboratories may not be able to predict the éilt erosion of
turbines actually in practice. It is therefore, more theoretical and experimental studies
are required to incorporate the actual flow conditions inside the turbines. It becomes
necessary to investigate the effect of different parameters, i.e., silt concentration, size
of silt and jet velocity under different operating conditions on erosion of turbine

components in order to predict silt erosion more accurately.

Silt erosion has impact on both performance and reliability of a Pelton runner.
Bucket is the most affected part of the Pelton runner. The change of bucket profile
alters the flow pattern causing loss of efficiency. Similarly loss of material weakens
highly stressed parts increasing probability of fracture. The maintenance of buckets
after erosion is costly in comparison of other components as the maintenance of the
eroded turbine mainly depends upon dismantling time of the runner. The present

investigation was carried out for erosive wear on Pelton turbine buckets.

Keeping this in view, the present study is carried out with respect to the

following objectives;

(1) To design and fabricate the experimental setup for the actual flow condition in
the Pelton turbine.
(ii) To predict the pattern of erosive wear and the wear mechanism in the different

locations of the Pelton turbine buckets.
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(i) To investigate the effect of various silt parameters (concentration and size of
silt particles) and operating parameters (jet velocity and operating hour) on
erosive wear of Pelton turbines.

(iv)  To develop correlations for erosive wear as a function of silt related
parameters.

(v) To investigate the Pelton turbine performance and develop correlations for

turbine efficiency parameters as a function of silt related parameters.

An experimental set up was designed and fabricated to investigate the effect of
the silt and operating parameters on erosive wear. It consisted of a Pelton turbine with
spear valve, water tank, service pump-motor, connecting pipes, stirrer, pressure

transducer, open channel, weir, generator, control valves and other accessories.

An extensive experimental study has been carried out to collect the
experimental data in order to discuss the wear mechanism and to develop the
correlation for normalized erosive wear as a function of particle size, concentration,
jet velocity and time of operation of Pelton turbine. Experimental data have been
generated taking into account all the parameters contributing their effect on erosion of
Pelton turbine bucket. The silt samples were collected from the river Bhagirathi basin
(India), where a severely silt affected powerhouse is situated. The range of parameters

considered under the present experimental study is as given in Table].

Table 1 Range of parameters

No. Parameter Range

I, Concentration 5000 to 10000 ppm
2. Silt size Upto 355 micron

3. Jet velocity 26.62 to 29.75m/s

4. Operating time 8 hrs run for each set
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The experimental investigation was carried out in two stages viz. i)
Identification of hot spots and analyzing the wear mechanism - Pelton turbine buckets
were coated with easily erodible material and wear hot spots were identified after
operating the turbine over a short period of time and ii) Determination of quantum of

erosive wear and analyzing the efficiency loss of Pelton turbine due to erosive wear.

In order to study the mechanism of erosive wear, small pieces of soft material
were glued at the hot spots, identified under the first part of the experimental study.
The pattern of erosive wear has been examined by taking photographs of buckets.
Scanning Electron Microscope (SEM) micrographs placed at wear hot spot were

obtained.

Based on the observations it is predicted that coarser particles travelling at
higher velocity relative to the velocity of water jet created pits and craters along the
depth of the bucket at higher value of impact angle. However, the particles traveling
at higher velocity in the vicinity of the splitter cause the erosion. This may be due to
the shearing action of the surface of the silt particles. Smaller particles flow along the
water jet causing abrasive type of erosion along the depth and at the outlet of the
bucket. These particles seem to be embedded into the surface at inlet of the bucket

due to lower kinetic energy and are flown out from the surface by the incoming jet.

The micrographs of splitter tip and along the depth of the Pelton bucket after
erosive wear were obtained. The splitter tip has been found to be eroded by plastic
deformation and indentation, overlapping craters are found on the splitter tip while
along the depth of the bucket erosion takes place by plastic deformation as well as

plowing.

The quantum of erosive wear was determined by measuring the mass of
individual bucket before and after the experimentation at proposed time intervals. Silt

concentration is found to be the strong parameter for mass loss of the Pelton bucket.



The normalized wear varies with silt concentration. Mass loss increases linearly with
operating hour and other parameters viz. silt size, silt concentration and jet velocity.
On the basis of experimental investigation, it has been found that the normalized
erosive wear increases with an increase in the value of silt concentration for all the
value of silt size. However, for a given value of silt concentration, the erosive wear
rate has been found to be higher for larger size particles as larger particles have higher

impact energy.

The bucket erosion has been found to be varied with the jet velocity and it
implies that the jet velocity is the strongest parameter in bucket erosion. As jet
velocity is the function of head, the high head turbines are more vulnerable to silt
erosion. It has been observed that the power output of the turbine decreased in a rapid
rate at initial stage and after some time period of operation, the power out put
decrease rate achieved asymptote. The inlet or splitter, depth of the bucket and the
outlet edges are found to be the prominent parts of bucket erosion. Based on the
qualitative study it was found that the sharp edge of the splitter became blunt and the

depth of the bucket increased due to silt erosion.

Based on the experimental data collected, a correlation has been developed for
normalized erosive wear of Pelton turbine bucket as a function of the silt parameters
and operating conditions. Correlation for percentage of efficiency loss has also been
developed as a function of silt parameters and operating condition. Based on the
experimental data obtained under different conditions following correlation were

developed;

(i) Correlation for normalize mass loss

W =7.91x10"() " (8) *(C) ' (v) * 7 1)
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(ii) Correlation for percentage efficiency loss

A comparison between actual value of mass loss and the value predicted from

the correlations are made and the results are found to be in good agreement.

Summarizing, on the basis of experimental investigation it has been concluded
that the normalized erosive wear increases with an increase in the silt concentration,
silt size and jet velocity. The developed correlations may be useful for turbine
manufacturing industries in order to predict the quantum of erosion in Pelton turbine

bucket at manufacturing stage.
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CHAPTER-1

INTRODUCTION

m

1.1 GENERAL

Energy is a critical factor in developing countries for economic growth as well
as for social development and human welfare. It has a vital contribution in all
developmental activity. The economic development of many countries is hindered
due to paucity of energy. Over two billion people in the world are still deprived of
electrical energy. The conventional sources of energy are not enough to provide
energy to developing world, as energy usage has doubled owing to rising populations,
expanding economies, energy intensive industries, urbanization, a quest for
modernization and improved quality of life. At the same time the world energy
scenario depicts a grim picture. The adverse effects on environment caused by the
production and consumption of energy have also resulted in severe environmental
impacts across the globe. The green house gases have exacerbated global warming.
According to data collected by, Frances Moore of Earth Policy Institute, emissions of
green house gases grew 3.1% from 2000 to 2006 [1]. The five largest emitter of
energy related CO, are China, United States, European Union, India and Russia, and
they together account for almost two thirds of global CO, emissions. Without clean
energy solutions to reduce the world’s carbon footprint, carbon dioxide emissions
could increase two-fold between 2000 and 2030. At this rate, it would be impossible
to avoid an increase in temperature of 3 degrees Celsius above pre-industrial era. Less

than 2-degree Celsius increase of temperature would cause dangerous climate change

2].

The major sources of energy in the world are oil, coal, natural gas, hydro
energy, nuclear energy, renewable combustible wastes and other energy sources.

Combustible wastes include animal products, biomass and industrial wastes. In 1999,



the total supply of primary energy in the world was 9,744.48 Million Tonnes of Oil
Equivalent (MTOE). According to estimates of 1999, the total consumption of energy
in the world in 2010 is projected to be 11,500 MTOE and that in 2020 it is expected to

be 13,700 MTOE. Table 1.1 shows the world energy consumption using fuel [3].

Table 1.1 World energy consumption by fuel [3]

Million Tonnes of Oil Equivalent
Region g Natural Nuclear | Hydro-
O Gas Coal Energy | electricity Total
North America 1132.6 | 697.1 613.9 209.2 148.6 2801.3
South & Central
IA3%3 111.7 2elm | 3V 131.7 501.4
America
Europe & Eurasia 963.3 1009.7 | 537.5 286.3 187.2 2984.0
Middle East 2713 225.9 9.0 - 3.9 510.2
Africa 129.3 64.1 100.3 2.9 19.9 316.5
Asia Pacific 1116.9 | 366.2 | 1648.1 125.0 167.4 3423.7
Total 3836.8 | 2474.7 | 2929.8 | 627.2 668.7 10537.1

India is the 7™ largest country in the world and the second most populated,
with 1.08B (July 2005 estimation) people living in the area of 3.3 million km? [4].
Nearly 73% of India’s population lives in more than 550 thousand villages. Only one

third of electric supply is consumed in the rural areas despite three fourths of Indian

population living in rural areas.

Indian per capita consumption of electricity continues to be extremely low
around 350 kWh per annum. While 86% of the villages have access to electricity
only, about 30% of the rural households are able to use electric power. Severe power

shortage is one of the greatest obstacles in India’s development. Table 1.2 shows the

India’s total electricity generation capacity.



Table 1.2 Total electricity generation capacity in India[5]

Source Capacity (MW)
Total Installed Capacity 132110
Thermal Power Plants
1) Coal Based 70682
1) Gas Based 13691
i) Oil Based 1320
Hydro Power Plants 34654
Nuclear Power Plants 4120
Renewable Power 6761

In rural areas energy for cooking, lighting, water pumping, agro and rural
industry and other productive activities can be effectively provided through locally
available renewable energy sources. In remote areas, where transmission of grid
power is totally uneconomical, off grid electrification can be undertaken through
renewable energy systems viz. small and medium hydro schemes. The other sources

of renewable energy are: biomass, wind, solar and geothermal.

Hydropower is recognized as a renewable source of energy, which is
economical, non-polluting and environmentally benign among all renewable sources
of energy. Hydropower represents use of water resources towards inflation free
energy, due to absence of fuel cost. It has further become possible due to mature
technology characterized by highest prime moving efficiency and remarkable
operational flexibility. Hydropower produces essentially no carbon dioxide or other
harmful emissions, unlike fossil fuels. Therefore, it is not a significant contributor to

global warming through CO,.

Niagara Fall, was the first of the American hydroelectric power project and is

still a source of electric power. Hydroelectric plant design became fairly well



standardized after World War 1. Worldwide hydropower potential of different

countries are given in Table 1.3

Table 1.3 Worldwide hydropower potential [6]

Gross Theoretical | Technically or Economically Feasible

Continent

1000 GWh 1000 GWh GW
Africa 2936 1522 261
Latin America 9306 3938 643
North America 1406 1161 310
Asia 19902 4225 875
Common Wealth of

3942 603 150

Independent States
Europe 3125 760 190
Oceania 592 78 18
World 41305 11754 2447

In India out of the total power generation installed capacity of 134,942 MW,
hydro power contributes about 25% i.e. 33,711 MW. India's gross theoretical
hydropower potential (2 638 TWh/yr) and technically feasible potential (660 TWh/yr)

arc amongst the highest in the world [7].

Large hydro projects are having certain disadvantages and it earned so much
social opposition due to requirement of huge land posing demographic issues. Tehri
and Sardar Sarovar in India are the example of non-acceptability of large hydro
amongst common people, though these plants have been commissioned. Following
are some other drawbacks and reasons that go against consideration of large hydro as

renewable energy source.

1) Large hydro does not have the poverty reduction benefits as realized with

decentralized renewable energy usage.




vi)

vii)

viii)

Large hydro in renewable initiatives would large out of the availability of
funds for new renewable.

Promoters of large hydro regularly underestimate costs and exaggerate
benefits.

Large hydro will increase vulnerability to climate change due to deforestation
involved.

Large hydro projects have major social and ecological impacts.

Efforts to mitigate the impacts of large hydro are generally short of
expectation.

Large hydro is slow, lumpy, and inflexible and gets more expensive ones the
project gestation period.

Large hydro reservoirs are often rendered non-renewable due to

sedimentation.

On the other hand Small Hydro Power (SHP) contributes numerous economic

benefits. It has served to enhance economic development and living standards

especially in remote areas with limited or no electricity. In addition the obvious

benefits can also be listed as follows:

1

vi)

vii)

[t is the only clean and renewable source of energy available round the clock.
It is reliable, ecofriendly, mature and proven technology.

It is more suitable for the sensitive mountain ecology.

It can be exploited wherever sufficient water flows, along small streams and
medium to small rivers.

It does not involve setting up of large dams or problems of deforestation,
submergence or rehabilitation.

It requires small capital investment, short gestation period and low payback
period.

[t is having the minimal transmission losses.



viii) It offers the benefits of electrification to isolated or rural communities, with

very low load densities.

Among all renewable energy resources small hydro power is considered the
most promising source. It is an increasingly important means of generating primary
electricity using the water resources of small rivers and canals. SHP technology was
introduced in India shortly after the commissioning of the world's first hydroelectric
installation at Appleton, USA in 1882. The first hydropower station in India was a
SHP station of 130 kW commissioned in 1897 at Sidrapong near Darjeeling in West

Bengal. Subsequently, many small hydro power stations were set up.

The globally accepted classification for small hydro power plants is in terms of
power output, but the norms vary from country to country. Different countries are
following different norms keeping the upper limit of small hydro power ranging from
5 to 50 MW. In India hydro power projects up to 25 MW capacities have been
categorized as small hydro power projects. Worldwide definitions for small hydro

power are given in Table 1.4.

Table 1.4 Worldwide definitions for small hydropower [4]

Country Capacity
UK <SMW
UNIDO <IOMW
India <25SMW
Sweden <ISMW
Australia <20MW
China <25MW
New Zealand <S50MW




1.2 SCENARIO OF SMALL HYDROPOWER IN INDIA

India has one of the world’s largest irrigation canal networks with thousands
of dams and barrages. It has monsoon fed, double monsoon fed as well as snow fed
rivers and streams with perennial flows. Still about 80,000 villages remain yet to be
electrified in spite of the highest priority given to rural electrification in India. Most of
these villages are located in remote areas, with very low load densities requiring
heavy investment in electrifying these villages. In these remote areas, transmission of
grid power is totally uneconomical. In these conditions small hydro power is
emerging as appropriate answer of energy need. In India, the Central Electricity

Authority further classifies small hydro schemes based on the capacity as given in

Table 1.5 [8].

Table 1.5 Classification of SHP scheme based on capacity [8]

Size Unit size Installation
Micro up to 100 kW 100 kW
Mini 101-1,000 kW 2,000 kW
Small 1001-5,000 kW 25, 000 kW

Presently in India total identified potential is around 14294,24 MW, out of
which 2045,61 MW at 611 sites have been harnessed, so far. Further, 225 projects are

under construction having capacity of 668.86 MW. Target capacity addition by 2012

is 1400MW as given in Tablel.6 [4].

Table 1.6 Status of SHP in India [4]

Identified potential 14294.24 MW (5403 sites)

Installed capacity (as on 31/06/2007) 2045.61 MW (611 projects)

Under construction (as on 31/06/2007) 668.86 MW (225 projects)

Target capacity addition — 11™ Plan 1400 MW
(2007-2012)




1.3 TYPE OF SHP SCHEME IN INDIA
Based on the topographical conditions, small hydropower projects in India can

be broadly categorized in two categories as;

1) Small hydropower projects in the hills, where small streams are available and
are mostly of medium/high head utilizing small discharges. These projects

may be categorized further as run-of-river schemes and dam based schemes.

i) Small hydropower projects in the plains, which utilize water regulated in
canals and small dams constructed for other purposes like irrigation/drinking
water. These projects are usually of low head utilizing large discharges and

may be categorized, further, as canal based schemes and dam- toe scheme.

1.3.1 Run-of-River Scheme

Run-of-river schemes are those, in which water is diverted from a stream
without creating any storage in the river. Water is taken from the main flowing river
and with the available head and discharge the power is extracted. The output of a run-
of-river plant is subject to the instantaneous flow of the stream. Fig.1.1 shows

schematic of a run-of- river scheme.

1.3.2 Canal Based Scheme

The existing canal network has many fall structures; though the head available
is very low, the discharge is more. Canal based small hydro power schemes are
planned to generate power by utilizing the fall and flow in the canal. These schemes
may be planned in the canal itself or in the bypass channel. With slight change in the
existing structure, power can be extracted. A schematic of canal based scheme is

shown in Fig.1.2.



Fig.1.2 Canal based small hydro power scheme



1.3.3 Dam Toe Scheme
Dam toe based schemes are those, in which water is stored in the reservoir by
constructing a dam across the river for the purpose of irrigation and supply of

drinking water whenever water is required. Fig.1.3 shows a schematic of a dam toe

SHP scheme.

1.4 BASIC COMPONENTS OF SMALL HYDRO POWER PLANT

The various components of a typical SHP scheme are shown in Fig.1.4, which
are categorized into two main categories as follows:
1) Civil works

i) Electro-mechanical equipment

1.4.1 Civil Works

The purpose of components under civil works is to divert the water from
stream and convey towards powerhouse. In selecting the layout and types of civil

components, due consideration should be given to the requirement for the reliability.

1.4.1.1 Diversion weir

It is a structure built across a natural stream to divert the water towards the
power house for power generation. It may be in the form of barrage or weir, may be
gated or non-gated, and may be temporary or permanent. The design should be based

on the following considerations:

1) It should have a narrow and well defined structure.

i) Location should be such that discharge intensity is high.

1) The desired amount of water should be diverted most of the time.

1v) The sediment in the water should not be allowed to enter the water intake, as
far as possible.

V) Accumulated objects should be easily flushed downstream.

Vi) The flow velocity should be controlled to protect the structure from erosion.

10



Fig.1.4 Various components of a typical SHP scheme
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1.4.1.2 Feeder channel and power or head race channel

The channel provided between intake and desilting tank is called feeder
channel and channel provided between desilting tank and forebay tank is called power
channel or head race channel. The primary requirement for a power channel is to have
a slope as mild as possible with proper conveyance of the discharge. It implies that
there should be no resistance of channel to flow and therefore power channels should
be invariably lined. The alignment of the channel usually follows the contours and
cross drainage works should be avoided as far as possible as they result in head loss.

Further the length of channel should be as short as possible.

1.4.1.3 Desilting tank (Settling basin)

The desilting tank or settling basin is provided between the feeder channel and
power channel. The water drawn from the river/stream is fed to the turbine, which
usually carries suspended particles. These sediments are composed of hard abrasive
materials such as sand, which causes extensive damage and rapid wear to the turbine
components. To remove the suspended particles from the water, flow must be slowed
down in the settling basin so that the silt particles get settled on the floor of the basin.

Then, these settled particles are flushed away periodically.

1.4.1.4 Forebay tank

The forebay tank is provided at the junction of power channel and the
penstock, particularly in case of run-of river scheme. It acts as a transition between
open flow in a power channel and the pressurized flow in a penstock. The forebay

serves the following purposes.

1) It provides immediate water demand for starting the generation unit.
i1) It serves as a final settling basin where any water borne, which either passed
through the intake or was swept into the channel can be removed before the

water passes into the turbine.

4



1ii) It provides some storage in case of sudden failure of the system.

1v) It spills the water in case of sudden shut down or extra water coming to
forebay during rain etc.

V) It houses the trash rack and penstock entrance.

vi) It facilitates entry of water in the penstock.

The location of the forebay is governed by topographical and geological
conditions of the site. However, the site of the forebay and power house should be so

selected that the penstock has the minimum length.

1.4.1.5 Spillway

The main function of spillway is to dispose of surplus water from the forebay
tank. Design of spillway has a significant effect on the project layout and costs. Its
design and capacity depend on capacity of forebay tank, frequency of inflow

discharge and geological and other site conditions.

1.4.1.6 Penstock

The penstock is the pipe, which conveys water under pressure from the
forebay tank to the turbine inlet. The penstock often constitutes a major expense in the
total budget and it is therefore worthwhile optimizing the design. The trade-off is
between head loss and capital cost. Head loss due to friction decreases with increasing
pipe diameter. Conversely pipe costs increase steeply with increase in diameter.

Therefore a compromise between cost and performance is required.

1.4.1.7 Surge tank

Surge tank or surge shaft is a reservoir which furnishes space, immediately
available for the acceptance or delivery of water to meet the requirements load
changes. It also serves to relieve the water hammer pressure within the penstock, in

case of sudden load rejection and sudden load demand. It should always be located as

13



close as possible to the power house in order to reduce the length of penstock to a

minimum and preferably on high ground, to reduce the height of surge tank.

1.4.1.8 Power house

Power house building for small hydropower stations essentially requires a big
hall to accommodate machines (turbines, generators and other accessories) with
sufficient height to accommodate crane operations, and sufficient space for
maintenance and control operations. It can be constructed as a steel structure
consisting of columns, beams, trusses etc. or it can be reinforced concrete framed
structure with gable frames to accommodate roof (purlins and sheeting). For remote
hilly sites prefab buildings can also be used which are easy to transport and quick to

install.

1.4.1.9 Tail race channel
From draft tube, water enters into the tailrace channel. Incase of run-of-river
plant water is again supplied back to the stream via tail race channel and similarly, in

case of canal based plant water is directed towards the main stream.

1.4.2 Electro-Mechanical Equipments
Electromechanical equipment are categorized into two categories; (i) Hydro
turbines and gates and valves (ii) Electric generating machines and controls. These

components are discussed in brief as follows;

1.4.2.1 Hydro turbines

A hydro turbine is a prime mover that converts potential energy of moving
Water into mechanical energy in the form of rotation of shaft. The shaft may directly
be coupled with electric generator, which converts mechanical energy into electrical
energy. The hydro turbines are classified into two categories according to the action

of water on the moving blades viz. impulse turbine and reaction turbine.

14



1.4.2.1.1 Impulse turbine

A turbine that is driven by high velocity jets of water from a nozzle directed
on to buckets attached to a wheel. Before reaching the turbine the pressure head of
flowing water is converted to velocity head by accelerating the water through the
nozzle. The water coming out of the nozzle is in the form of a free jet, which strikes
with a series of bucket mounted on the periphery of the runner at atmospheric
pressure. The resulting impulse spins the turbine using kinetic energy of the flowing
water. The casing in case of impulse turbine do not have any hydraulic function to
perform but it is necessary only to prevent splashing and to lead the water to the tail
race, and also act as a safe guard against accidents. Examples of impulse turbine are

Pelton turbine, Turgo-impulse turbine and Crossflow turbine.

(i) Pelton turbine

A Pelton turbine consists of a set of specially shaped buckets mounted on the
periphery of a circular disc as shown in Fig.1.5. The shape of the buckets as shown in
Fig.1.6 is decisive for the efficiency of the turbines. Pelton turbine runner spins about
it axis by jets of water, discharged from one or more nozzles and strike the buckets.
The buckets are split into two halves as shown in Fig.1.7, so that the central area does
not act as a dead spot incapable of deflecting water away from the incoming jet. The
cutaway on the lower lip allows the following bucket to move further before cutting
off the jet propelling the bucket ahead of it and also permits a smoother entrance of

the bucket into the jet.

Pelton turbines are normally considered for heads above 150 m, a higher
running speed however for micro-hydro applications Pelton turbines can be used

effectively at heads about 20 m.

15



Fig.1.6 Pelton turbine bucket shape

Jet
bucket .

L

Fig.1.7 Water jet coming out of nozzle strikes bucket
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(i) Turgo Turbine

The Turgo turbine is an impulse turbine similar to a Pelton turbine and has
higher specific speed. In this case the jet strikes the plane of the runner on one side
and exists on the other. Fig.1.8(a) shows the Turgo runner blades and water jet. A
Turgo turbine can have a smaller diameter runner than a Pelton for an equivalent
power. With smaller and faster spinning runners, Turgo turbines directly connected to
the generator rather than having speed-increasing transmission. A Turgo runner as
shown in Fig.1.8(b) is more difficult to make than a Pelton and the vanes of the runner

are more fragile than Pelton buckets.

(iii)  Cross Flow Turbine

Cross flow turbine is also called a Michell-Banki turbine. A Cross flow
turbine has a drum-shaped runner consisting of two parallel discs connected together
near their rims by a series of curved blades. Fig.1.9 shows the main parts and the

runner of cross flow turbine.

A Cross flow turbine always has its runner shaft horizontal. A rectangular
nozzle directs the jet onto the full length of the runner. The water strikes the blades
and imparts most of its kinetic energy. Water then passes through the runner and
strikes the blades again on exit, impacting a smaller amount of energy before leaving
the turbine. Although strictly classed as an impulse turbine, hydrodynamic pressure
forces are also involved and a mixed flow definition would be more accurate. At part
load, the water can be channeled through either two-third or one third of the runner,

thereby sustaining relatively high turbine efficiency.

17



(@) Position of jet with respect to runner blades (b) Runner

Fig.1.8 Turgo-impulse turbine
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Fig. 1.9 Cross-flow turbine
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1.4.2.1.2 Reaction Turbine

The water pressure applies a force on the face of the runner blades, which
decreases as it proceeds through the runner. The pressure of the fluid changes as it
passes through the turbine rotor blades. It operates with its runner submerged in
water. The water before entering the turbine has pressure as well as kinetic energy.
All pressure energy is not transformed into kinetic energy as in case of impulse
turbine. The moment on the runner is produced by both kinetic energy and pressure
energy. The reaction turbines can be further classified into two main categories based
on the direction of flow of water in the runner as; (i) Mixed flow turbine and (ii) Axial

flow turbine.

In case of mixed flow turbine water enters from outer periphery of the runner,
moves inwards in radial direction and comes out from centre in axial direction.

Example of mixed flow turbine is Francis turbine.

(i) Francis turbine

A Francis turbine is a volute-cased machine. The spiral casing is tapered to
maintain uniform pressure around the entire perimeter of the runner and the guide
vanes feed the water into the runner at the correct angle. The runner blades are
profiled in a complex manner and direct the water so that it exits axially from center
of the runner. In doing so the water imparts most of its pressure energy to the runner
before leaving the turbine via a draft tube. Fig.1.10 shows main parts and runner of

Francis turbine.

The Francis turbine is generally fitted with adjustable guide vanes. These
regulate the water flow as it enters the runner and are usually linked to a governing

system. When the flow is reduced the efficiency of the turbine falls away.
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Fig. 1.10 Francis turbine
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In case of axial flow turbine water enters from the wicket gates to the runner in
the axial direction, moves along the axial direction and comes out in axial direction.
Axial flow turbines utilize low head where large volume of water is available. These
turbines provide large flow area and run at very low speeds. Axial flow turbines are
classified based on operating condition as; Propeller turbine, semi Kaplan and Kaplan
turbine. The axial turbines are also classified depending upon construction and layout

as; tubular turbine, Bulb turbine and Straflow turbine.

(ii) Propeller turbine

Propeller turbine consists of an axial flow runner with four to six or at the
most ten blades of airfoil shape. These are generally vertical shaft runners, the blades
resembling the propeller of a ship. The spiral casing and guide blades are similar to
those in Francis turbine. A propeller turbine is suitable when the load on the turbine

remains constant. At part load its efficiency is very low; since the blades are fixed.

(iii)  Kaplan turbine

Kaplan turbine is also known as a variable pitch propeller turbine. Varying the
pitch of the propeller blades together with wicket gate adjustment, reasonable
efficiency can be maintained under part flow conditions. It has 4 to 6 blades having no
outside rim. Kaplan turbine behaves like a propeller turbine at full-load condition.

Fig.1.11 shows various parts of a Kaplan turbine.

(iv) Tubular turbine

Tubular turbines are axial flow propeller type turbines. It has compact
structure having turbine and generator with bearings and seals in one unit. The turbine
is encased inside a tube, which is a water passage whereas the generator is outside the
tube. To permit the installation of generator and speed increase outside the water

passage, a bevel is provided in the tube in case of S type and L type turbine.
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Fig.1.11 Kaplan turbine

22



The penstock bends just before or after the runner, allowing a straight-line
connection to the generator. Installation angle for the unit may vary from vertical to
horizontal. It works under heads from 5 to 30 meters. Fig.1.12 and Fig.1.13 show the
horizontal axis S-type propeller turbine and vertical axis L type propeller turbine

respectively.

v) Bulb turbine

The Bulb turbine as shown in Fig.1.14 is a reaction turbine of Kaplan type
which is used for the lowest heads. It is characterized by having the essential turbine
components as well as the generator inside a bulb. A main difference from the Kaplan
turbine is moreover that the water flows with a mixed axial-radial direction into the
guide vane cascade and not through a scroll casing. The guide vane spindles are
inclined (normally 60°) in relation to the turbine shaft. Contrary to other turbine types
this results in a conical guide vane cascade. The Bulb turbine runner is of the same
design as for the Kaplan turbine, and it may also have different numbers of blades

depending on the head and water flow.

(vi) Straflow turbine
In case of Straflow type turbine as shown in Fig.1.15, the turbine and
generator form a single unit i.e. the rotor of the generator is mounted on the periphery

of the runner.

1.4.2.2 Generator
Generator transforms mechanical energy into electrical energy. In normal
practice 3-phase A.C. (alternate current) generators are used. There are basically two

types of generators.
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Fig. 1.13 ‘L’ type propeller turbine

24



HYDRAULIC POSR (NTT

GUIDE VANES
¥ . :
. ORAFT TUBE
" . LT 41% :
. ‘:v . te '
& i ‘ .
CENERATOR e e <
HAT : |
— — |
i
2 M : o3 G -"'.".‘
(¥ JaPe X AR | T A Ty O AT e
i 4‘ oy B : N _RUNHER \
I *
| sALL *
| N o

Fig.1.14 Bulb turbine

_——Stator wi

Flow
L Rotor w!
/Al

:Turbine

Fig.1.15 Straflow turbine

25



1.4.2.2.1 Synchronous generator

The synchronous generator is a rotating machine, generating single or three
phase alternating current (A.C.) with a frequency proportional to its rotational speed.
It consists of a stationary member called stator comprising winding and a rotating
member called rotor, containing magnetic field. The rotor may be permanent magnet
or more conveniently an electro magnet whose coils and windings are fed by a D.C.
source called excitator. The rotating magnetic field created by the rotor induces
voltage and current in the stationary windings. The generator voltage at constant

frequency, the speed of the rotor is kept at synchronous speed.

1.4.2.2.2 Induction generator

The induction generator is also called as asynchronous generator as it operates
at super synchronous speed. Induction generator basically consists of a stationary
winding called stator, enclosed by a machine frame and rotor with a short circuited
winding. Rotating magnetic field is created by placing a three phase A.C., on the
terminal of the 3-phase stator winding in a machine. The machine rotates at a speed,
called synchronous speed n, depending on the supply frequency and the number of
poles. The rotating field flux cuts the short circuited rotor winding where it induces
voltage and current, which in turn produce torque on the rotor. The rotor must always

rotate below or above the synchronous speed i.e. at a slip.

1.5  TURBINE SELECTION CRITERIA
Hydro turbines are generally selected based on their specific speeds, but in the

range of micro hydro power following criterion are suggested to be considered:

(1) Net Head
(11) Specific Speed
(ii1))  Load Characteristics

(iv)  Equipment Cost
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1.5.1 Net Head

The first criterion to take into account in the turbine selection is the net head.
Within the micro hydropower range, the turbines can be classified as high, medium or
low head machines as shown in Table 1.7. The operating principle also divides the

turbines into two groups.

Table 1.7 Groups of impulse and reaction turbines on the basis of head [9]

Turbine runner High head Medium head Low head
Impulse Pelton ,Turgo Cross-flow, Turgo | Cross-flow
Multi-jet Pelton Multi-jet Pelton
Reaction Francis Propeller
Pump-as-turbine Kaplan

1.5.2 Specific Speed

The scientific method for selection of turbine is based on specific speed. The
specific speed constitutes a reliable criterion for the selection of turbine. It has been
found out that there is a range of specific speed at which each type of turbine is
suitable. The specific speed may be defined as the speed of turbine to produce 1 kW
of power output when operating under a net head of a meter. Mathematically, specific

speed is expressed by the following expression:

H" (1.1)

N; is specific sped of turbine
N is speed of the turbine
P, is power output in kW

H is head in m

Once the specific speed is calculated for a particular site, the turbine is

selected from the Table 1.8.
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Table 1.8 Specific speed for various types of turbines [9]

Specific speed (Ny) Type of turbine
10 -35 Pelton (Single jet)
15-70 Turgo Impulse
15-80 Cross — flow

70 — 400 Francis

340 - 1000 Axial — flow

1.5.3 Load Characteristics

The load characteristics also have some bearing on the type of turbine to be
selected. Fig.1.16 shows the typical efficiency characteristics of different turbines. It
indicates that the impulse turbine like Pelton, Turgo and Cross-flow have a flat
efficiency curve over a wide range of flow which proves the fact that the Impulse

turbines are particularly more suited to part-load conditions.

In hilly-based micro hydropower schemes where discharge varies drastically
with the different seasons, these characteristics become all more important while
selecting the type of turbine. However, when double regulation of speed is done as in
case of Kaplan turbine, part-load efficiency is nearly as good as that of Pelton wheel.
But, this improvement in part-load efficiency is obviously costly. Fig.1.17 shows

selection chart of turbines on the basis of discharge, head and power output.

1.6 PERFORMANCE OF HYDRO POWER TURBINES

The turbines are generally designed to work at particular values of H, O, P, N
and 7, that are known as the designed conditions. But often the turbines are required
to work at condition different from those for which they have been designed.
Therefore, it is essential to determine the exact behaviors of the turbine under the
varying conditions by carrying tests either on the actual turbines or on their small

scale models and the results plotted are known as characteristic curves.
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The followings are some of the characteristic curves of turbines. The
characteristic curves for different turbines are shown in Fig.1.18, Fig.1.19 and
Fig.1.20, Fig.1.21 shows percentage of full load versus overall efficiency curves for
hydraulic turbines and Fig.1.22 shows percentage of full load versus overall

efficiency curves for hydraulic turbines.

1.7 FACTORS AFFECTING THE EFFICIENCY OF HYDROTURBINES
The factors affecting efficiency of hydro turbines is due to several reasons viz.
leakage of the water without doing useful work, secondary flow within the flow field
or friction loss due to roughness of the surface, erosion of turbine components due to
several reasons. The highest efficiency loss in case Pelton turbine occurs at Best
Efficiency Point. The loss of efficiency in eroded turbine is due to combined effect of

following reasons:

(1) Loss of water through eroded entrance lips.
(i1) Change of flow direction due to erosion at outlet edge of bucket blades and

braking effect by back hitting.

Damages concerned to water turbines are caused mainly due to sand erosion,
cavitation problems, material defects and fatigue. Erosion occurs primarily in turbines

for higher heads than about 250 m.

These problems are consequences essentially of high pressures, pressure
variations and high water velocities that to some extent depend on the ever-prevailing
search for a minimizing of the costs of the investments. To cope with these problems,
studies and research of the phenomena as well as the properties of materials were

carried out and are going on.
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1.7.1 Cavitation

The phenomenon of cavitation is concerned with the formation, grow:th and
collapse of small cavities or voids in a liquid flowing of high velocity. The bubbles
are formed due to local pressure, resulting in boiling of some liquid particles at the
surrounding temperature. When the pressure in any part of the flow passage reaches
the vapor pressure of the flowing liquid, it starts vaporizing and small bubbles of
vapor form in large numbers. The bubbles are carried along by the flow, and on
reaching the high pressure zones these bubbles suddenly collapse as the vapor
condenses to liquid again. Due to sudden collapsing of the bubbles or cavities the
surrounding liquid rushes in to fill them. The liquid moving from all directions
collides at the centre of the cavity, thus giving rise to very high local pressure. The
alternate formation and collapse of vapor bubbles may cause severe damage to the
surface, which ultimately fails by fatigue and the surface becomes badly pitted. The
turbine parts exposed to cavitation are runners and draft tube in case of Francis,
Kaplan and bulb turbines and the needles, nozzles and the runner buckets in case of

Pelton turbines.

1.7.2 Material Defects

For high head turbines the stress carrying parts are made of fine grain high
tensile strength carbon steel. The design criteria of these parts are based on the
maximum stress and the number of pressure pulsations cycles. Based on fracture
mechanics, design of turbine should fulfill the requirement that unstable fracture from
a crack shall not occur until the crack has penetrated the whole plate thickness. This
condition is designated as Leakage Before Rupture (LBR). As long as a crack has not
penetrated the whole plate thickness, an unstable rupture will be prevented. This
requirement limits the maximum size of the turbine depending on the toughness of

thick materials.
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1.7.3 Welding Defects

Defects always occur in a weld due to cracks and lack of fusion of weld
material in two dimensions. Three-dimensional defects such as sharp edges of slag
and gas cavities may cause micro cracks. The defect becomes dangerous when weld

crack propagates and final fracture occurs.

1.7.4  Crack Propagation Based on Fracture Mechanics
Defects may occur in weld or in heat affected zones in the base material,
which will grow to rupture under the operational conditions. Based on the theory of

fracture mechanics the stress in front of a crack tip in a complete elastic material is

expressed by;
K
o= 1.2)
2rcr (

where, o is the mean stress which cause the crack to propagate, K is the stress

intensity factor and r is the distance from crack tip.

This theory gives at the crack tip that the stress is infinity. This indicates that
the crack may propagate even for low average stress value of 6 in the surrounding of
any small crack with crack-width ‘a’ for an elastic material. However, all materials
suitable for structural design will undergo a plastic deformation at a certain stress
level which limits the stress peak value. If the load or stress level and crack depth are
within that limit, crack will not propagate beyond the plastic zone. The material will
have a certain crack arresting ability depending on the ratio between the elastic energy
and the plastic energy stored in front of the crack tip. A crack will propagate only if
the loss of elastic energy is equal or greater than the energy needed to initiate a new

crack.
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1.7.5 Fatigue

Defects of critical size rarely occur in a new turbine. Smaller defects in a new
turbine may however, grow to critical size due to fatigue caused by a certain number
of load cycles. A turbine during operation however, may be stopped and started, i.c.,
loaded and unloaded three times or more a day. For a life time of 50 years that leads
totally about 50000 cycles. This may come under low cycle fatigue domain. In
addition minor stress amplitudes caused by pressure oscillations from the turbine
regulation may be superimposed. Based on these conditions the maximum stress must
be limited to avoid small-fabricated cracks and other material defects to grow to

critical size.

1.7.6  Silt Erosion

Generally, hill streams carry appreciable quantity of silt during rainy season.
These are more harmful due to fact that development of such streams is generally, for
high heads and abrasion efforts becomes more pronounced with increasing head. To
trap pebbles and other suspended sediments desilting tank is generally provided in the

initial reaches of water conductor [10].

Sediments are made of fragmentation of rock due to chemical and mechanical
weathering. The sediments in river are mixtures of different particle size. Basically it
is a sand fraction of the sediment which causes turbine erosion. The sand fraction can
be further classified into fine (0.06-0.2 mm), medium (0.2-0.6 mm) and coarse (0.6-2

mm).

Special headwork, sediment settling basins and sediment-flushing system are
designed to remove sediment particles and isolate mechanical and structural
components from impact by sediments. Sediment settling basins increase the cost of
the hydropower projects significantly. Hence they are designed to remove only

coarser sediment particles and smaller particles are allowed to pass through the
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turbine. Settling of particles smaller than 0.2 mm is costly. However, even with the
particles less than 0.2 mm severe erosion of turbine components are observed in high

head turbines.

Silt erosion is a result of mechanical wear of components due to dynamic
action of silt flowing along with water. However the mechanism of erosion is
complex due to interaction of several factors viz. particles size, shape, hardness,
concentration, velocity, impingement angle, properties of material and so on. The silt
laden water passing through the turbine is the root cause of silt erosion of turbine
components which consequently leads to a loss in efficiency thereby output, abetting
of cavitation , pressure pulsations , vibrations , mechanical failures and frequent shut
downs. Since silt erosion damage is on account of dynamic action of silt with the
component, properties of silt, mechanical properties of the component in contact with
the flow and conditions of flow are therefore jointly responsible for the intensity and
quantum of silt erosion The erosion damages are to some extent different for Pelton
and Francis turbines. In case of Pelton turbines, needle, seal rings in the nozzles and
runner buckets, splitter is most exposed to sand erosion. In case of Francis turbines

runner vane, guide vane cascade and the labyrinth rings are exposed to wear.

1.8  FACTORS AFFECTING EROSION IN HYDRO TURBINES
1.8.1 Operating Conditions

Velocity and impingement angle are the important factors associated with
operating conditions and applicable to all type of components where erosion occurs.

These terms also appear in almost all models of erosion.

1.8.1.1 Velocity of erosive particle
Most often quoted expression for relation between erosion and velocity of

particle is as given below ;

36



Erosiono« Velocity” (1.3)

where, the values of exponent ‘»’ vary depending on material and other operating
conditions. Considering the impaét of particles due to kinetic energy as cause of
material removal, theoretically value of ‘n’ is 3. However, the view and finding of
different researchers on the value of this exponent ‘n’ is not alike and it varies from

investigator to investigator.

1.8.1.2 Impingement angle

Normally, the jet angle is considered as impingement angle of particles for
practical purpose, but that is not the true impact angle. The impingement angle is
defined as the angle between the eroded surface and the trajectory of the particle just

before the impact.. Impingement angle can range from 0° to 90°.

1.8.2 Eroding Particles

The rate of erosion as well as mechanism of erosion depends upon
characteristics of the particles. The knowledge of particle characteristics is very
important for estimation, reduction and prevention of erosion. Some of the particle

characteristics and their effects are discussed below.

1.8.2.1 Concentration

Concentration is defined as mass (or volume) of particle present in the unit
mass (or volume) of fluid. It can also be represented in terms of percentage of
particles in a given fluid mass (or volume). Especially for river sedimentation,
concentration is presented in term of ppm (parts per million), which is equivalent to
mg/liter or kilogram of particles in 1000 m® of water (1000 ppm is equivalent to

0.1%). Mostly erosion rate is considered linearly proportional to concentration.
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1.8.2.2 Particle size

Particle size can be characterized mainly in two basic dimensions; mass and
diameter. For a given velocity, kinetic energy of particle is directly proportional to
mass and mass of spherical particle is proportional to cube of diameter or in other
words erosion rate o diameter’. The erosion rate ranking depends on hardness in
case of erosion due to small particles, whereas in case of large particles, it is

dependent on toughness of material.

1.8.2.3 Particle shape

The shape of the particles is one of the important factors which control erosion
rate. Beside erosion rate, the shapes of eroding particles are of interest because of its
influence in shear strength, density, permeability, compressibility and capacity of
sediment transport [12-16]. Generally, particle shapes are described qualitatively such

as round, angular and semi-round based on visual observation.

1.8.4 Base Material Properties

The base material for turbine components exposed to high velocity should
have material property such as higher yield stresses, improved fatigue life, cavitation
and corrosion resistance. The turbine material should have less weight per generation
capacity. Erosion is normally not considered for material selection for turbines such

as for cavitation and fracture.

However, material selection process should be dominated by erosion
resistance of materials where, turbine erosion is a major problem. Basically steels are
used for high head turbines, except few low head small turbines are made up of cast

iron and bronze.
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1.9 MECHANISM OF EROSIVE WEAR
1.9.1 Cutting (abrasive) Erosion

When particles strike the surface at low impingement angle as shown in
Fig.1.23 and remove the material by cutting, the erosion mechanism is called abrasive
erosion. The abrasive grits roll or slide when they strike on the surface and cause
erosion by abrasion or cutting mechanism. The material is removed by scouring or
scrapping by sharp edges of the particles forming short track-length scars. Two basic
types of cutting mechanisms were suggested [17, 18] while testing on pin on disc
wear test rig as: (1). a cutting mechanism called micro cutting and (ii). A wedge build
up mechanism with flake like debris called ploughing. Ploughing is found to be less
efficient mode of material removal. Beneath the surface of the abraded surface,
considerable plastic deformation occurs [19, 20].The material loss is faster if the wear

mechanism involves both cutting and fatigue.

1.9.2 Surface Fatigue

This mechanism of erosion is similar to wear due to surface fatigue on rolling
surfaces. When the particles strike the surface with large impact angle but at low
speed as shown in Fig.1.24, the surface can not be plastically deformed. Instead the
surface becomes weak due to fatigue action and cracks are initiated in surface after

repeated hitting. The particles will be detached from the surface after several strikes.

1.9.3 Plastic Deformation

Plastic deformation of the surface takes place due to formation of the flakes
around the striking point when the particles strike the elastic surface with medium
speed and large impingement angle as shown in Fig.1.25. With repeated strike on the

flakes, the material will detach as debris.
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1.9.4 Brittle Fracture

When particles strike the brittle surface with large impingement angle in
medium velocity, erosion takes place by brittle fracture as shown in Fig.1.26. If the
particles are sharp, then brittle fragmentation is more likely and the particles detach

from the material by subsurface cracking.

1.10 COMPONENTS OF PELTON TURBINE AFFECTED BY SILT
EROSION

The Pelton turbine components affected by silt erosion can be classified as (1)

inlet system (ii) nozzle and needle (iii) runner and buckets and (iv) wheel pit.

1.10.1 Inlet System

The velocity at inlet system such as manifold and valve is normally,
maintained low. The water is slightly accelerated before it enters the valve and
velocity is maintained slightly higher in the valve to reduce the size because of cost

and weight.

1.10.2 Nozzle and Needle

The water is accelerated in the nozzle and comes as a high velocity jet of
magnitude close to/2gH . Pelton turbine installed with the head of 1200 m can have

jet velocity up to 150 m/s. Such extremely high velocity damages both nozzle and
needle. High velocity creates strong turbulence in the boundary layer close to needle
tip. The fine particles bombarding due to turbulence, strikes the needle surface several
times and severe erosion can be seen in short time. The cavitation can follow in short
duration and severe damage of needle can take place. Figs.1.27-1.31 show Pelton

needle and nozzle ring after severe erosion damage as typical cases.
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Fig.1.27 Eroded needle of Pelton Fig.1.28 Eroded stainless steel

turbine of Mel power plant, nozzle of Pelton turbine

Norway (P=52 MW, H=810 without coating of Bhabha

m) [21] Hydro Power station after
one monsoon.; P=8.4MW;
H=540m.[22]

(a) Boronised (b) HVOF coated

Fig.1.29 Eroded stainless steel nozzle of Pelton turbine with coating of Bhabha
hydro power station after one monsoon|22]
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KHIMTI POWER PLANT, NEPAL

Fig.1.30 Damaged needle [23]

Fig.1.31 Damaged Pelton nozzle ring [24]
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1.10.3 Runners and Buckets

Sand erosion has impact on both performance and reliability of the Pelton
runner. Bucket is the most affected part of the Pelton runner. The change of bucket
profile alters the flow pattern causing loss of efficiency. Similarly loss of material
weakens highly stressed parts increasing probability of fracture. Figs.1.32-1.35 show
the damage of Pelton turbine components due to acceleration of large particles and
turbulence of fine particles. Such a high acceleration separates the particles from
streamline. The curvature of the Pelton bucket is very important because of very high
acceleration. The nature of damage of Pelton turbine erosion with fine or coarse sand
1s different. With coarse particles, most of the damages are in the area where the jet
directly hits at the bucket inlet. Surface damage is not of the nature of cutting action

by sharp edge, but is more like hammering [21].

1.10.4 Other Parts

The jet directly hits the deflector, but because of short exposure time the
erosion of deflector is not serious. Moreover it can be replaced easily; hence deflector
erosion is not crucial. Similarly turbine pit liners can also be eroded with the deflected
water. This can be considered minor because impact energy on liner is not very high.
Normally there is no problem of sand erosion in runner disc, because water and

particle does not strike.
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Fig.1.32 Pelton bucket surface Fig. 1.33 A Pelton runner destroyed
erosion (P=32MW, H=360m) (P=10MW, H=410m) [24].
[24].

(a) Skagen (b) Khimti

Fig.1.34 Eroded Pelton buckets [23]

Q(‘g

. -
RANGJUNG POWER PLANT , BHUTAN

(a) Rangjung power plant, Bhutan [24] (b) Alfalfa power station Chile [25].
Fig.1.35 Badly eroded Pelton bucket
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CHAPTER-2

LITERATURE REVIEW

2.1 GENERAL

Most of the hydropower plants in the Himalayan Rivers are run-of-river type
and affected by excessive silt due to Himalayas’ immature geology and tropical
climate [26-30]. Under a study, Naidu [30] reported that about 22 large hydropower
stations in India are facing silting problem. These power stations have been classified
into three categories based on quantum of damage as; (i) category A — indicates
intensive damage and needs renovation every year, (ii) category B — indicates
substantially high damage and needs renovation in every 3 years and (iii) category C —
indicates considerable damage and needs special efforts and resources after 15-20
years. In another study, Naidu [30] stated that Baira Siul project (3 x 66 MW) in
Himachal Pradesh in India, handles nearly 10,000 tons of silt per day, per machine
during critical monsoon days and more than 90% of the silt passing through these

machines is quartz.

Nepal is also facing severe silting problem in hydropower plants with specific
sediment yield of about 4240 tonnes/km’/year. Marshyangdi river is one of the
sediment-laden rivers in Nepal. The sedimentlogical study performed in 1981 has
revealed an average annual load of 26.7 million tonnes and bed load of 2.9 million
tonnes. Out of this total load, 90% of the sediments are transported in the river during
the monsoon season from May to October. Similar conditions also prevail in rest of

the rivers [31].

Erosive wear of hydro turbine components become a complex problem as
there are so many variables involved in the erosive wear. This depends upon type of
erodent, base material and flow conditions. In most of the cases, problems of erosive
wear can be minimized by controlling these parameters. But during monsoon season,
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it becomes impossible to control these parameters, which cause erosion. Complete
elimination of erosion of the turbine components is not possible, but the study of
material characteristics and failure mechanisms help in understanding the cause of
material failure which helps to minimize the damage of the material. It therefore,
becomes essential to investigate their effects. Under this Chapter-2 an extensive
literatures related to silt erosion in various components of hydro turbines are

discussed.

2.2  THEORETICAL INVESTIGATIONS

Silt erosion was designated as abrasive wear and this type of wear will brake
down the oxide layer on the flow guiding surfaces and partly make the surfaces
uneven which may be the origin for cavitation erosion. Wear or erosion is defined as
the damage to a solid surface, generally involving progressive loss of material, due to
relative motion between the surface and a contacting substance or substances [32].
However, Bhushan [33] emphasized that the material displacement on a given body
with no net change in weight or volume should be considered as wear. Sand erosion
may be both, a releasing and contributing cause for damages which are observed in
power plants with a large transport of wearing contaminants in the water flow.
Erosion models are useful for design of turbine components, sediment settling basin
and optimization of hydropower plant operation in sand-laden river. The actual
mechanism of erosive wear was not fully understood. Therefore a simple, reliable and
generalized quantitative model for erosion could not be developed. Most common
expression for the erosive wear was based on experimental experiences. The hydro-
abrasive wear was commonly quantified by means of wear rate W, which is defined
by the loss of mass per unit time and generally, it is expressed by the following

equations;
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properties of particles,
W = f < properties of substrate, (2.1)

operating condition

Truscott[34] surveyed literature of 20 years on abrasive wear of hydraulic
machinery and reported the relationship between material erosion and velocity can be

expressed as;
Erosion o (velocity)" (2.2)

Different models developed based on theoretical investigation are discussed as

follows;

2.2.1 General Erosion Model
2.2.1.1 Finnie’s model

Finnie [35] derived expressions for ductile materials by assuming the target
material as plastic, eroding particles as rigid with sharp edges and ideal case of hitting
by single particle. The developed expressions were further extended to the equations
for impacts by several free moving particles of total mass, M considering only 50% of
the total impinging particles. The expressions for total volume removed by cutting

wear are expressed as follows;

2

0= MI; (Sin2a —3sin’ a) (2.3)
if @ <18.5°

and

0= 1\24;/; (Cos’a) (2.4)
ifa >18.5°

where V is velocity of particles, a is impingement angle and P is plastic flow stress.
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For impact angles lower than 18.5°, he assumed that the particles will leave
the surface while they are still in the cutting action, whereas for higher angles the
horizontal motion of particles cease. The ratio of the vertical to horizontal force
component in particle face was assumed to be as 2 with the experience of grinding.
The ratio of length to depth of the scratch was also assumed to be as 2 from the

analogy of metal cutting experiment.

.. The equations had angular dependence and were agreed well with the

experimental results at low angle. However, these equations had limitation of

* . underestimating the erosion above the impact angles of 45°. At normal impact the

e.quation showed no erosion, which is contradictory to the real life experience. This
deviation could be due to deflection of impinging particles to smaller angles because
of rebounding particles or irregularities of surfaces at micro-level. Similarly, impacts
at high impingement angle may cause fracture of work hardened surface and hence
may have brittle failure. The erosion of brittle materials cannot be estimated by this
cquation, since material failure mechanism is different than the one assumed by

Finnie,

2.2.1.2 Bitter’s models

Bitter[36] stated that basically two types of erosive wear are involved, viz. (i)
Deformation wear (Wp)- due to repeated impact of particles normal to target and (i1)
Cutting wear (Wc)- due to cutting action by free-moving particles striking surface on

acute angle. These two types of erosive wear are discussed as;

(i) Deformation wear (Wp)
Deformation wear is caused by repeated deformation during collisions,
eventually resulting in infringement of a piece of material, later caused by the cutting

action of the free-moving particles. Cutting wear component was considered as
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negligible in erosion of brittle materials whereas deformation wear component was

considered as negligible in ductile materials.

The plastic deformation of material takes place when collision exceeds elastic
limit due to repeated hitting, elastic limit increases because of hardening of plastically
deformed surface. Once the surface becomes relatively hard and brittle, it cannot be

deformed plastically anymore with increasing load and surface layer will be destro ed

QNTRAL Lig N
2)

by detachment of fragments. The deformation wear was expressed as;

M[VSina - K, 1’
s

1
2
W/) =

where ¢ is deformation wear factor, which is the ratio of energy absorbed by the
surface layer during collision and amount of energy needed to remove one unit
volume of material. Equation 2.5 is valid if V Sin o > K7, where K7 represents the

maximum particle velocity at which collision is still purely elastic.

(ii) Cutting wear

When particles strike the horizontal surface in acute angle, the material is
subjected to shear stress and indent through surface. When this stress exceeds material
shear strength, material is removed by scratching, which is known as cutting wear.
The magnitude of scratching depends upon velocity and impingement angle of
particles. The velocity of impinging particles can be resolved in two components;
normal to the surface (Wp) and parallel to surface (We). The energy possessed by
particle is exhausted during deformation and scratching, resulting decrease in both
horizontal and vertical component of particle velocity. Bitter [36,37] suggested two
possibilities of particle velocity after scratching the surface and corresponding
erosion; (a) Wc; in which horizontal velocity component is still present when particle
leaves the body surface and (b) Wc, in which particle horizontal velocity component

vanished during the collision. These are expressed by the following expressions as;
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where,

¢ is the cutting wear factor, K and K; are expression constants and K7 is threshold
velocity, which are dependent on material properties.

The total wear at any instant is given as;

Wt=Wp+ Wej (2.8)
or
Wi =Wy + Weh (2.9)

Fig.2.1 shows the curves for total wear for soft and ductile material, hard and

brittle material based on Bitter’s model.

2.2.1.3 Neilson and Gilchrist model

Neilson and Gilehrist [38] compared their experimental results with the
analyses of Finnie[35] and Bitter[36] and recommended that the following factors to
be accounted for any erosion damage viz. (i) The normal component of kinetic energy
of the impacted particles is absorbed in the specimen surface and accounts for
deformation wear, (ii) When hard materials subjected to deformation wear, no erosion
takes place below a critical velocity and limiting value of velocity is dependent on
particle shape, (iii) The velocity component parallel to the surface is associated with
cutting wear and (iv) For cutting wear at large angles of attack the particles come to
rest in the surface and the total parallel component of kinetic energy contributes to

cutting wear.
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For small angles of attack, however, the particles may sweep into the surface

and finally leave again with a residual amount of parallel kinetic energy.

By assuming a simplified ductile erosion model, they simplified Bitter’s
combined model. Based on their model [38], the erosive wear produced is expressed

by the following expression as;

MV? cos’(a) ) MV sin(a)-V,,]

- f (2.10)
26 2¢ ]
. 7 ) o - !
MV? cos (a)Sln(na)+M[V51n(a)_I/e’] a<a,
2¢C 28h

where, W is the erosion produced by mass of particles M, a is angle of attack, V' is
particle velocity, K is the velocity component normal to the surface below which no
erosion takes place in certain hard materials, v, is the residual parallel component of
particle velocity at small angles of attack, a, is the angle of attack at which v, is zero.
However, the simplification made still did not provide any mean of eliminating or

reducing the experimental work required to determine the erosion constants.

2.2.1.4 Hutchings model

Hutchings model [39] employed a criterion of critical plastic strain to
determine the material removed from target material surface by spherical erodent. The
values of velocity exponents as 3 for erosion and -2 for the mass of spherical particles
were obtained. The failure strain may be predicted either assuming low cycle fatigue
and using the Coffin-Manson equation[40], or using random walk theory to give the

expected value of strain at a point. The failure criterion is expressed as;

%=£. 2.11)
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where, & is the critical strain, the mean number of plastic strain cycles needed to

remove a wear fragment, N, is number of spherical projectiles distributed at random
over the surface, each traveling at the same velocity and causing the same pattern of

plastic deformation in the target on impact and A&‘p is plastic strain increment.

Based on the assumption that all the kinetic energy of the particle is expended
as work done in creating the indentation, an expression for the erosion rate E (mass

loss of target per unit mass of impinging particles) is expressed as;

E = 0.03328F (2.12)
o

C

where, p and o are the density of target material and particle respectively, V' is the

velocity of particles and P is the dynamic hardness of the target material.

2.2.1.5 Hashish’s model
Hashish [31] modified Finnie model for erosion to include the effect of the
particle shape and the velocity exponent predicted by Finnie [36]. The final form of

the model, which is more suitable for shallow angles of impact, is expressed as

follows;
7 M (VYT

W=—— %] sin(2a)+/sin a (2.13)
T pp Ck

where, Ci can be computed as;

C, =.|—L— (2.14)

Where, Ry is the particle roundness factor.
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One of the main advantages of this model is that it does not require any
experimental constants. In addition, it is the only model that accounts for the shape of
particles. However, the author did not perform any validation or experimental
investigation to investigate the accuracy of the model and its boundaries. This model
is based on the ductile behavior of material only and is suitable for shallow impact

angles for ductile materials.

Meng and Ludema [42] reported a number of fundamental studies of erosion

behaviors carried out by prominent researchers [36-39, 43-68].

Bardal [69] described a general formula as a function of velocity, material

hardness, particle size and concentration for pure erosion which is expressed as;

w=K_K CV'f(x) (2.15)

mat eny

where, W is erosion rate (material loss) in mm/year, K, is material constant and K.,
is constant depending on environment, C is concentration of particles, f(a) is function

of impingement angle a. V' is the velocity of particle and » is the exponent of velocity.

2.2.2 Erosion Models for Hydraulic Machines
The erosion models are basically developed for specific purpose or condition.
Some researchers have presented models specifically for hydraulic machinery. These

erosion models are discussed as follows.

Bergeron [70] presented the predictive equation for the erosion rate of pump
with simplified assumptions such as pure sliding of spherical particles over the

surface. The erosion equation was expressed by the following expression as;

V3
erosion o« _D_('D” - p)ci3pK (2.16)
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where, V' is the characteristic velocity of liquid, D is the characteristic dimension of

the machine, p, is density of particle, d is diameter of particle, p is number of

partiéles per unit surface area, p is density of liquid, K is experimental coefficient

depending upon nature of abrasive particles. This equation is proportional to

experimental coefficient, which is dependent on abrasive nature of particles.

Schneider and Kichele [71] proposed that wear rate is a function of a

multitude of parameters as expressed by the following algebraic relationship as;
W ~cqf (dg, v" (2.17)

where, W (kg/hr) is wear rate, ¢ (kg/m’) is sand concentration, q (kg/kg) is hard
particle contents, ds) (m) is median particle size, v (m/sec) is flow velocity. By
conducting a number of experiments, the authors suggested the value of n, varied
considerably from about 2.1 to more than 3. This range of values was reported to
reflect the limitations of the algebraic relation given above, which considered neither

material parameters of the eroded body nor the flow and silt parameters.

Bain et al. [72] developed a correlation for the estimation of erosion rate based
on extensive data collected in a bench scale test rig. The ‘general form of the

correlation can be represented as;
W =KvPdrc’ (2.18)

where, W is erosion rate, V is velocity of particle, d is particle size, C is solid
concentration, K, f3, y and ¢ are constants whose values depend on the properties of
the erodent as well as the target material. For different erodent, the effect of particle
size has been normally considered as a parameter affecting the wear and the exponent

value y was found to lie between 0.3 and 1.6.
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Naidu [73] suggested the following expression for predicting the silt erosion

rate as;

W =S,S,5,8,M,V* (2.19)

where, S; is coefficient of silt concentration, S; is coefficient of silt hardness, S; is
coefficient of silt particle size, Sy is coefficient of silt particle shape, M, is coefficient
of wear resistance of base material, V is relative velocity of water. Based on
experience, the authors have suggested the following values for the exponent x as 3
for Francis runner, 2.5 for guide vanes and pivot ring liner, 2.5 for Pelton nozzle and

1.5 for Pelton runner buckets.

Krause and Grein [74] reported that the abrasion rate on conventional steel

Pelton runner made of X5CrNi 13/4 was as given below;

0= pqcv3‘4f(dp50) (2.20)

where, J is abrasion rate (um/h), p is a constant, g is quartz content, ¢ is mean silt
concentration, v is relative jet velocity, f (dpso) is function defining particle size. Since
the above equation was proposed for X5 CrNi 13/4, it may be applicable to turbine

components made of this material.

The hydraulic performance tests on a Francis turbine model with sediment
laden flow were conducted in Japan and reported by Okamura and Sato [75]. It was
concluded that the turbine best efficiency decreased in direct proportion to the

increase in solids concentration as expressed below;
n. =(1-0.085C )n, (2.21)

where, 7, is turbine peak efficiency with sediment laden flow, 7, is turbine peak

efficiency with clean water, C,, is fraction of solid by weight.
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The turbine abrasion was expressed by Asthana [76] as;
TAzf(PE,v") (2.22)

where, PE is modified suspended sediment content, v is relative velocity between
flowing water and turbine parts when abrasion is severe, z is exponent for relative

velocity.
The modified sediment content (PE) is expressed by the following equation;

PE = P*a’k k,k, (2.23)

where, P'is the average annual suspended sediment content in gm/l. It is based on the
long term measurements in the river; x is exponent of ‘P’ representing correction
factor for suspended sediment concentration. It is taken as 1 for concentration up to 5
g/l, a is average grain size coefficient of suspended sediment with a base of 0.05 mm,
/3 is exponent of ‘a’ representing correction factor for average particle size, which was
taken as 1 for particle up to 0.6mm and curved flow, k;, ko, ks, represent the
coefficient to account for shape, hardness and abrasion resistance of base metal,
respectively. &, is taken as 0.75, 1.0 and 1.25 depending on irregularities ranging from
few to severe, k, was taken as 1 for hardness greater than 3 (on Moh’s scale) and 0.5

for less than 3 and k; was taken as 1 for 13Cr4Ni steel.

Mack et al. [77] suggested a numerical model to predict the erosion on guide
vanes and in labyrinth seals in hydraulic turbines. The prediction of erosion was based
on the Lagrangian calculation of particle paths in a viscous flow. It was described for
two components of a Francis turbine for which results of field tests were available. It
was shown that the erosion level was strongly dependent on the particle size. A fully
3D flow and erosion calculation around the guide vanes of the same Francis turbine
was presented. There was a good agreement between the numerically obtained erosion

pattern and the field test measurements.
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Date at el.[78] explored the performance characteristics of a simple reaction
hydro turbine for power generation for an ideal case of no frictional losses using

principles of conservation of mass, momentum and energy, the governing equations.

Doujak[79] made an effort to obtain Practical experiences in preaparing a
feasibility study for refurbishing a small hydro power station in Austria. Doujak et

al.[80] applied PIV for the Design of Pelton Runners for RO-systems.

Chaishomphob et al. [81] undertook a preliminary feasibility study on run-of-

river type hydropower project in Maehongson province, Thailand.

Keck et al. [82] presented a study of the utilization of CFD method to predict
the erosion pattern in a hydraulic turbine and results were compared with field
measurements of the erosion. Sand erosion was modeled by applying the LaGrange
method i.e. tracking a large number of individual particles in the flow field. The
motion of the particles was described by the Basset-Boussinesq-Oseen equation [83].
The experimental study based correlations were used for the drag and the influence of
turbulent motion. During the Lagrangian tracking the number of particles impinging
on a surface was recorded. Out of these data the removal of the wall was calculated.
Calculations were performed for different particle sizes. The result showed a good
correlation for the erosion pattern with the field observation. However, the authors
concluded that CFD simulation did not provide accurate absolute erosion, though it
could be used to obtain relative erosion intensities and to evaluate different designs

relative to each other.

Majumdar [84] carried out dynamic stability analysis of a remote small
hydropower station connected to infinite bus through transmission line. Varun et al.
[85] evaluated life cycle green house gas (GHG) emission from the run-of-river SHP
plants from India. Mehta et al. [86] developed a methodology using unsteady flow

conditions behind axial and mixed flow turbine runner for performance of turbines.
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2.3  EXPERIMENTAL INVESTIGATIONS
Many investigators reported their experimental results on erosive wear
conducted with different base materials and different type of erodent. These

experimental studies carried out by various researchers are discussed below:

Chattopadhyay [87] conducted experiments to determine the slurry erosion
characteristics of AISI 316L, 15wt. % Cr-15wt% Mn stainless steel and Stellite
powder alloy applied as an overlay to cast ferritic stainless steel of CAGNM type,

which is used as a normal turbine runner material.

The tests were conducted on specially designed test rig as shown in Fig.2.2.
The different wear rates of the alloys were explained in terms of the microstructure,
hardness and work hardening rate. The samples were rectangular in section and
having size of 65mm x 14mm x 20mm. Thick sand slurry was taken as the erodent.
The author concluded that 15wt% Cr- 15wt% Mn stainless steel and Stellite powder
alloy applied as an overlay showed better erosion resistance properties as compared to

the base material CA6NM steel.

Krause and Grein [74] conducted model tests under varying parameters forX5
CrNi 13/4 steel which is normally used in hydro plants. The test rig was designed to
simulate the flow conditions in a turbine. A natural sand/water mixture taken from a
power plant reservoir and sand containing 99 percent quartz in various grain sizes
were used for the tests. They concluded that the abrasion rate was found to be a
function of velocity, sand content, proportion of hard components and size of the sand

particles. The maximum abrasion occurred within an approximate particle size range

0f 40 to 70pm.
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Roman et al. [88] reported the development of a new erosion resistant coating
NEYRCO—a composite coating with ceramic and organic matter base, designed to
combine hardness and ductility. In order to find the effectiveness of the coating
against erosion, they carried out a series of model tests in a specially designed test rig
as shown in Fig.2.3. Four values of water velocities were used as 20m/s, 25m/s,
36m/s, 48m/s. The water flow rate was 2.51/s. The abrasive material was high silica

content having the following chemical composition,

Si0, ; >99.5%
Al;,O : >.2%

Fe, 03 : >.2%

CaCOs3 : >.04%

Size - 200 to 400pum
Hardness : 7Moh
Concentration : 20gm/1

They observed that the coated samples gave better performance as compared
to the uncoated when both the samples subjected to same erosive condition samples.
Fig.2.4 shows the surface condition of, uncoated stainless steel sample and stain steel

sample coated with Neyrco.

Mann [89] carried out an experimental study. Schematic of the test rig used by
them is as shown in Fig.2.5 They studied the erosion resistance characteristics of
different hard coatings such as hard chrome plating, plasma nitriding, D-gun spraying,
boronising with commonly used steel in hydro turbines. The wear test facility was
designed considering the low and high impact wear of hydro turbine components. The
samples used were cylindrical shapes to simulate the angle of impingement from 0° to
90°, which occurred in hydro turbine blades and vanes. Sand was used as the erodent,
the concentration varied from 1500 to 10,000 ppm. Performance of borided T410 steel

was found to be much better than others.
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Mann and Arya [90] studied the silt erosion characteristics of plasma nitriding
and HVOF coatings along with commonly used steel in hydro turbines. The abrasive
wear characterization was carried out as per ASTM G-65. Angle of incidence,
velocity and Reynolds numbers were maintained similar to those that commonly
occur in hydro turbines. Simulation was made for low as well as high-energy

impingement wear. The test parameters adopted under the study were as given below;

(1) 1 kg mineral sand of hardness: 1100 HV

(i1) Size of erodent ;180250 pm
(ii1))  Erodent flow rate : 5.5¢g/s
(iv)  Sample size : 75mm x 25mm x 6mm

HVOF coating showed superior performance than Plasma nitrided steel, but
the demerits of HVOF coating was that it showed micro cracking, debonding and
digging out of WC particles.. There was ductile mode of erosion for plasma nitrided

steels.

Engelhardt and Oechsle [91] examined different materials and coatings to
evaluate their resistance to the hydraulic turbine surface. A hard, HVOF-applied
TC/CoCr coating named Diaturb 532 and a soft PU-based coating called Softurb 80

were taken for testing.

The samples were tested on a test rig. Later the San Men Xia hydro power
plant in China’s Henan province was selected for full scale testing of the
improvements found during the laboratory research programmes. The project included
a monitoring phase of two years, during which the turbine parts were inspected
several times. Except for some mechanical damage to the protection systems, wear
rates on the HVOF-coated runner blades were determined to be within the accuracy of
the thickness measurement gauge (<40pum). The wear rate on the PU-coated surface

of the runner blades and the guide vanes was determined to be around 0.15mm per
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year. The unit was in operation during the two-year monitoring phase and also during

the flooding season with an average sand concentration of 20-30kg/m”.

Thappa and Brekke [23] carried out experimental studies for erosion on
curved specimens. The effect of particle size was investigated by simulating the flow
condition of Pelton bucket in a high velocity test rig as shown in Fig.2.6. Aluminum
specimens with different curvature as shown in Fig.2.7 were used for the experiment.
Baskarp-15 foundry sand with 66% free quartz (fine sand) of size 174um and
artificial silica sand (coarse sand) of size 256um were used as the erosive particles.
The results were presented in the form of erosion rate for different profiles and
surface roughness at different locations of curved specimens. By visual observation of
eroded particles the authors concluded that most of the coarse grains strike close to
the splitter, where as the fine grains were observed far away from splitter. The erosion
rate in terms of weight loss per unit striking particle found smaller with fine particles.
This was due to low particle impact energy of smaller particles and might be because
of escaped gliding without striking the surface by some of the fine particles. Further
they observed that erosion rate (mg/kg) was increased with the increase in curve

radius.

Wear characteristics of a ductile material, namely brass was investigated by
Desale et. al.[92]. Experimentation was carried out by orienting the flat specimens at
different orientations relative to the velocity direction in a pot tester containing a
solid-liquid suspension. The erosion behavior was studied at various orientation
angles, defined as the angle between the tangent to the plane surface and its velocity.
Results at different orientation angles showed that the wear at any orientation angle
increases with increase in velocity and particle size but decreases with increase in
solid concentration. It was also considered that the wear at various operating
conditions increases with increase in the orientation angle till 30° attaining the
maximum value and then decreased up to 90°. It was further observed that the
maximum wear was around 3-4.5 times higher than the surface wear measured at 90°

orientation angle.
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Several mechanisms proposed for the removal of material from a metal
surface by solid particle impact. Finnie [35] suggested a process involving cutting or
displacing material. Tilly et al. [93-96] considered erosion to be a two stage process:
the initial stage being the formation of raised lips, and the second stage the removal of
these by a radial flow of fragments resulting from the combination of other particles
impacting nearby. Sheldon and Kanhere [49] observed that the metal removed had
flowed around the sides of the impacting particle until it was strained sufficiently to

break off.

Spherical and angular particles have shown different material removal rate due
to change in wear mechanism [12, 38, 55, 61, 97-99].Winter and Hutchings [99]
observed ploughing or smearing type of impact crater with large rake angles and a
cutting mechanism at small rake angles. The term rake angle is defined as the angle
between the front face of the particle to the normal to the target surface and is
dependent on the particle shape. For a spherical particle, the rake angle is always large
and negative. Angular particles are generally found to cause a greater proportion of
cutting type of material removal. If the angle between the sﬁrface and the leading
edge of the particle is larger, a micromachining action occurs. However, rather than
scooping out material as a chip, the cutting edge of the particle tends to bury itself
deeply into the specimen. Material can be removed as a result of a particle breaking
up during its cutting action. Here, a lip raised during the early stages of the impact is
subsequently cut off by fragments of the particle. They predicted particle rotation
takes place during impact and that when this happened the particle’s effectiveness in

removing material is diminished.

Hutchings and Winter [55] observed oblique impact by an individual spherical
particle formed a lip from surface material sheared in the direction of motion of the

particle and that above a critical velocity this lip can become detached.
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Stachowiak and Batchelor [100] discussed seven different possible
mechanisms for solid particle erosion as abrasive erosion, surface fatigue, brittle
fracture, ductile deformation, surface melting, macroscopic erosion and atomic
erosion. But among all these, from the point of view of erosion of hydraulic
machinery, only first four (abrasive erosion, fatigue, plastic deformation and brittle

fracture) are applicable.

Sharma et al. [101] conducted wear experiments for Al-Pb alloys on a pin-on-
disc machine and the worn-out test pin surface topography, sub-surface damage and
debris were studied by SEM. They found that a number of wear processes, such as
delamination, adhesion and abrasion, take part in removal of metal as debris, and no
single wear process is responsible for metal removal from sliding surfaces. The

presence of lead in base alloys is found to reduce wear and friction.

Roy Chowdhury et al. [102] presented the wear equations for polymer in two
groups, one representing primarily abrasive wear and the other the fatigue
mechanism, since the two mechanisms operate in distinct roughness ranges, and
validated the proposed model experimentally. Roy Chowdhury et al. [103] studied
mechanical and tribological properties of UHMWPE and HDPE composites with

improved biocompatibility.

2.4 CASE STUDIES

Darling [104] studied the refurbishment of the Svartisen hydroelectric plant
(Norway). Hydro turbine at this project experienced more erosion than other Francis
units in Norway due to the unusually high levels of silt in the water. From the
commissioning of the plant in 1993 until 2003, the efficiency of the turbine was
dropped by 2-2.5%. Tungsten-carbide thermal spray coating was applied on surface as

an effort to increase the time for refurbishments and to increase the lifetime.
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Thapa et al. [105] investigated the effect of suspended sediments in
hydropower projects based on a case study of 60MW Khimti hydropower plant. Due
to presence of high amounts of sediments, the hydropower plant was designed with
settling basins to screen 85% of all particles with a diameter of 0.13 mm and 95% of
all particles with a diameter of 0.20 mm. The plant was commissioned in July 2000
and the damage to the turbine components was investigated in July 2003. The
investigators observed that a significant amount of erosion had appeared in the turbine
bucket and needles. Even though the settling basins were performing satisfactorily,
particles smaller than the design size passed through the turbines and caused the
damage. The bucket thickness was reduced by about 1 mm towards the root of the
bucket, which was critical from the point of view of strength and hence the reliability
of the component. Similarly the splitter of the bucket was eroded to saw tooth form
from the original straight edge. The sharp edge of the splitter had blunted and the
width became approximately 4 mm due to which the efficiency of the turbine had
decreased. To minimize the effect of erosion hard ceramic coatings were applied on
the bucket and needle surface at the cost of around US$ 25000 per runner, but the

performance had not been obtained at promising end.

Pradhan [106] conducted case studies and observed during his studies that in
run of river power plants in steep sediment loaded rivers the conventional design
criteria to trap 0.2 mm size sediment particles did not seem to function satisfactorily.
In general, projects were having damages to runners due to severe erosion caused by
silt. In case of Jhimruk Project (Nepal), the wear on runner was so high that it
required repair after every monsoon. Case studies were carried out for Jhimruk Hydro
Plant (Nepal), a 12 MW run-of-river type project built and commissioned in 1994.

The settling basin was designed to trap 90% of 0.2 mm size particles.

Singh [107] reported the case study of the Tiloth hydro power station (3 x 30

MW) on river Bhagirathi (India). The three units were commissioned in the last
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quarter of 1984. The turbines were found to be seriously damaged after about
2600hours of operation. They were repaired, but again within 3000 to 5000hours of
operation, extensive damage was observed. The sedimentation chamber was designed
to arrest silt particles larger than 0.3mm. Based on petrographic studies carried out,
the presence of highly abrasive quartz having hardness of 7 on Mohr’s scale was
revealed. The concentration of the silt particles during rainy season was found
maximum which was reached up to 4000ppm. Initially there was a proposal to
provide another sedimentation chamber to arrest particles up to 0.15mm. But due to
very high cost and as the settling chambers could not completely remove the silt
particles, the proposal was not implemented. The investigators, rather, suggested
improving the metallurgy of the turbine blades. The new runner was manufactured
with stainless steel (13 Cr 4 Ni), which was supposed to give a better performance
regarding erosion. However, it was observed that there was no appreciable reduction

in the erosion compared to the older runners.

Yan [108] studied the effect of silt abrasion in different hydropower plants of

China and had drawn the following conclusions.

1. The abrasion remained moderate for all particles smaller than 0.05mm and
rises sharply for larger sizes.

1. The product of ‘operating head,H and content of harmful sediment, S,
(d>0.05mm) must be less than 7, so that the abrasive erosion in the turbine

would be minimum.

Wood [109] reported a field study carried out by China North West Electric
Power by mounting coated specimens in different places in Kaplan and Francis
turbines and left during the flood season. Coated region had reduced the worn out
thickness between Sum to 43um, whereas, the surrounding uncoated metal had been

worn out within 1mm and 10 mm. The research programme concluded that minimum
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loss of efficiency can only be reached by combination of design optimization based

on erosion prediction and protection of surfaces with wear reducing coatings.

Saini et al. [110-130] carried out analytical, experimental and case studies for
the development and improvement of small, mini and micro hydro power plants in

Himalayan range of India and Nepal.

Duan and Karelin [131] tried to expound the fundamental theory, research
situation, and achievements from laboratory and practice engineering of the abrasive

erosion and corrosion of hydraulic machinery.

Bajracharya et al. [132-137] undertook experimental study and case studies of
19 hydropower plants in Nepal with generating capacity of 2MW and more. Mostly
these projects are run-of-river (ROR) except Kulekhani hydropower plant and are
affected by sand erosion. From the collected field data they predicted the relationships
between the erosion rate of spear and the particle size at different quartz content levels

as expressed below;

Erosion rate o« a(size)b (2.24)
where,
a=351.35,6=1.4976 for quartz content of 38%,
a=1199.8,b=1.8025 for quartz content of 60%,
a=1482.1, b =1.8125. for quartz content of 80%.

Erosion rate with particle size was obtained as shown in Fig.2.8. They
observed severe erosion both in the spur needle and the buckets in Kulekhani-I, a

reservoir type hydropower plant, during maintenance period as shown in Fig.2.9.
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(a) Severely eroded surface (b) Uniformly eroded surface [132]

Fig.2.9 Erosion profiles of needle
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The dotted line in the figure shows the actual profile of the spur needle, while
the profile in the continuous line shows the eroded surface. Further, a groove along

the radialy opposite part of the conical spur needle was observed.

A relation between the erosion rate of spear and the reduction of efficiency
from the field data was predicted [132] as shown in Fig.2.10. The prediction was

expressed by the following expression;
Efficiency reduction o« ax (Erosion rate)” (2.25)

where,

a=0.1522 and b = 1.6946

Erosion rate of spear needle of Chilime Hydro Electric Project, Nepal was
observed as 3.4mm per year which predicted from the Eq.2.24 that the reduction in
the efficiency of the turbine was 1.2% for the first year of operation and around 4% in

the next year for the continuous operation and without maintenance of the plant.

Brekke [138] undertook a case study on Driva Power Plant and observed that
abrasive erosion of facing plates on head cover and lower cover of a Francis turbine
leads to an increased leakage between the guide vane facing and covers. The
increased loss in efficiency caused by abrasive erosion of 2 mm in a high head turbine

at 540 m net head resulted about 10 % relative efficiency loss as shown in Fig.2.11.

74



= Erosion Rate Vs Efficiency Reduction
= 10 4 S
&
3 8
Q
X~ 6
> X
o S
b4 4
(] ¥
la 2
£
w 0 T T T T . T 2l
2 3 4 5 6 o 8 9
Erosion Rate (mm/yr)
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Fig.2.11 Efficiency loss due to erosion (Francis turbine, P=71.5 MW,
H=540m,N=600 rpm)[138]
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Brekke [139] suggested a thumb rule to estimate the drop in efficiency by
measuring the thickness of splitter. The height of splitter gradually decreases due to
erosion which is proportional to the erosion depth in the bucket. This thumb rule was
stated as “When the thickness of the splitter increases to 1% of the bucket width, the
drop in relative efficiency at full load is 1%”. This condition was observed when
needle was not damaged. In case of Pelton turbine, the highest loss is at best

efficiency point which is shown schematically in Fig.2.12.

Pradhan et al. [106] under a case study in Jhimruk river, observed that average
values for suspended sediment concentration in Jhimruk river during the peak
monsoon ranges from about 2,000 to 6,000 ppm with upper values ranging from about
20,000 to as high as 60,000 ppm, whi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>