PREFACE.

This book is based on the authors experience working with development,
research and production of hydraulic turbines and control systems at the turbine
manufacturer KVAERNER from 1959 until he was appointed professor at the
Norwegian University of Science and Technology in 1987.

During his time as professofrom 1987 to 2003he worked part time with

research for KVAERNER, especially in development ofurbine runners and
control systems.



1. INTRODUCTION

1.1. Historical review of the development of hydraulic machineryfor electricity production
in Norway.

The geogaphical location,climate and topography of Norwagre ideal for Hydro Power
development. The basis is the Golfstream sweeping moist air from the west along our 2000 km long
coast. This wind meets the mountainous country with peaks above 2000 anheghland in the

south west at 10001500 m. level. The result is an annual rainfall of 2000 mm with peaks up to
5000 mm in local places on the west side of the mountains. The south east and middle of our
country have a rainfall of 750800 mm. The rafall accumulated as snow during the winter fills

the lakes in the spring whenetlsnow smelts. These lakes formatural reservoirs for numerous
hydro power plants.

The river water is in genal clean because the soft rogkd gravel have been swept awnythe
glaciers 10 000 years agThe hard ground rock consistinginly of gneissfelt spatandquartzite

IS very resistant to abrasion and only little soil and gravel are observed even in flood times of the
rivers in the high land in the west. Howevar, reservoirs close to the glaciers, the reservoirs
cortain hard sediments which causemblems at low water level, since the last outgoing water is
sand laden.

The first knowledge of hydro power development recorded in Norwegian history is a small water
wheel driving a flour mill built by the Cistercienser monks in a small river where the capital Oslo is
located today. It has been documented that this mill existed in-111BID i.e. just after the Viking
period.

Later man power to drivesaw millsweresubstituted by water wheel driven saw miluring the
beginning of thel9th century a large number gdaper mills werealso built and driven by
hydropower as a result ofhe invention of water turbinesand eleat-hydraulic power
developement

The fird known hydroelectric power station in Norway was built at a farm in 1877 at Lisleby Brug
in southern Norway producing approximately 200 Watt. Later in 1890 the worlds most northerly
town, Hammerfest, at 7(horth in Northern Norway got electricity suppligr street lightening

driven by a hydro electric power plant. The street lightening was important because of 24 hours
nights with darkness in winter time.

Up to the 20th century the electricity production for industry and private consumption in Norway
increased to approximately 100 MW in total. The largest power plant inv@sldHammeremvith

an installed power of 1800V and Hafslund power plant south east of Oslo with 5200 kW.

It is also of interest to know that 4 vertical Francis turbinesnother plant built i1905 were still

in operationduring the flood seasaas late as the year 2Q0the power of each of the 4 turbines in

this power station was 600 kW.

However, the first boom in developing hydro power came in 21916 when the del@ment of
electrochemical and metallurgical industry started in Norway. The two Norwegians, Birkeland and
Eyde started the nitrogen fertilizer production in 1908 by an electro chemical process producing
25000 tons of "Norges saltpeter" containing 13% Nese men then planned to produce 300000
tons per year and the demand for hydro electric power was estimated to be 360 MW. With a total
installation of 200 MW in Norway at that timinis industrial demand was a great challenge.

To meet this challenge Vemork power plant was built and put into operation in 1910 and then
Saheim power plant was built and put into operation in 1916.
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In addition to the electrochemical industry the mechanical industry goeiey mneet the demand for
turbo machinery for hydropower production in general.

The Technical Universitpf Norway* was built in 1910 and e Water power laboratory at this

University was finished in 1917 starting its research work for the Norwegiastiralicompanies
Kveerner and Myren (Myren was later bought by Kveerner). In the first period of the hydropower
development the high headriines for Vemork and Rjukan wenmported. later the Norwegian

industryspecialized on development of high head ingb to meet the demand for such turbines in

Norway. The development of high head turbines in Norway may be illustratéoelbgllowing
table:(* Name changed tfi e Norwegian University of Science and Technofodgnuary 1. 1996)

Name of Net head Output Speed

plant m MW RPM
1930 Nygaard 225 8.5 750
1940 Skjerka 325 17 600
1946 Nedre Vinstra 420 50 500
1957 Hemsil 510 36 750
1982 Kvilldal 520 315 333
1984 Oevre Otta 610 154 500
1985 Svartisen 543 350 333

In 1955 the total capacity of the Norwegian Hydro Electric power production was 6000 MW. Up to
199Q the electro hydraulic power production increased to nearly 27000 MW and 105 TWh annual
energy production

I n t he

mi d

706s
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devel opment

of a

new
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Kveerner in order to meet the demand of large Pelton turbines for new projects at the west coast.

Thefollowing table gives an illustratioof this development:

Year of Name of Plant | Net head Out-put Speed * Type and

commission m MW RPM No. of jets
1965 Skjaak 638 31 500 H 2
1967 Uvdal | 540 50 500 V4
1968 Evanger 765 110 500 V 6
1970 Aurland | 840 245 375 V 6
1980 Lang Sima 1028/1136| 260/300 428 V5
1981 Sy Sima 885 315 300 V5

*V = vertical shaft, H = horizontal shaft

Il n the

started at Kveerner.
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Thefirst intalledBulb turbines were:

Year of Name of Net head Output Speed | No of units
commission plant m MW RPM
1972 Funnefoss 10,3 20 100 2
1973 Kongsvinger 9,16 19,1 93,75 2
1975 Bingsfoss 5,0 10,8 71,4 3

Themost importanReversible pump turbines buidyy Kvaernerand installed in Norway are

Year of Name of [ Net head (m) Power Speec No of units
commission| plant Turbine Pump MW (RPM)
1972 dljusjgen 220 230 50,5 428 1
1974 Duge 215 220 100 375 2
1975 Aurland 3 400 420 150 500 2
1981 Saurdal 390 440 160 428 2

Also Kaplan turbines have been installed in Norway. The largest were installed in the river Glomma
south east of Oslo. These turbines were produced in Svwmsdére Swedish compani®&OHAB

and KMW whichwasboughtby Kvaerner Energy a.sin the peroidrom 1970 t01980 (Kvaerner
Energy wagarlier named Kvaeer Brug a.s).

The most importariKaplan urbinesinstalled in Norwaybut produced in Sweedeame

Year of Name of Net head Output Speed No of units
commission | plant m MW
1970 Vamma 27,2 110 100 1
1974 Sarp 19,6 82,7 93,8 1
1980 Ranasfoss 12,3 44,8 75 1
1982 Solbergfoss 20 104,9 78,9 1

Only a few large low head Francis turbimeade by Kvaerndnave been installed in Norway.
The largest offtese turbines are installed ktylen power plant on the west coast of Norway. The
technicaldata for the two toines in this power plant are:

Year of Name of Net head Output Speed No of units
commission | plant m MW RPM
1976 Hylen 66 81,6 136 2




Following conclusion may be drawn of the historical development of water turbines in
Norway until the end of the 19" century:

High head turbines mustlregarded to be a speciality féorway.
However,as with all Scandinavian turbine industry joint in one company expemisew head
turbine technology waalso covered.

It should also bemphasizedhat the mosimportant development fdow head and medium head
turbineswas made in Norwayresulting inthe patentedX blade runners for thefor the Three
Gorges Power plant in China.

The runner was delaped in collaboration betweehedauthor asprofessor of Hydraulic machinery

at The Norwegian University of Science and Technology and the hydraulic engineers at Kvaerner
Energy in 1996.

The mainadvantage with the -Blade designs a flat efficiency curve with ery stable operation

over a wiole range d flow andwith a head variation from 61 m to 113 m.

A detailed description of this design will be given later in this book.

1.2. The research on hydraulic turbines and power plantiesign.

The goals in the development of an optimal water turbine with high efficiency in general may be
listed as follows:

- no rotation of the flow from the runner outlet at best efficiency point of operation

- an even distribution afnergy acrss theoutlet cross sectioat best efficiency point

- no areas with decelerating velocitiasd cross floweading toseparation inside the runner
duringoperation around the best efficiency

- a widest possilel range of operation without acceptable ciss flowand cavitation

The main task will be to calculate the flow field and pressure distribution through the rfuomgr.
time before computer programseere developed for this purpgsmalyticatgraphical methods for
both high head Francis runners d@welton runners were developabund 19181920 at the Water
Power Laboratory at Th&echnical University of Norway Later these methodes wensed in
practiceat Kvarner Brug in the design tfrbines listed in the tables in the previous chapter.
Theandytical equations usefbr a study of the influence from thlikesign parameterbke the blade
lean angles of reaction tines described in chapter ‘Add curvature ifPeltonbucketswere based
on these nmikods andwill be briefly describedater in ths book

For Francis turbines the analytical methodsstittused together with final CFD analysis in order
to obtain a more detailed optimisation when designing a new rufiherX-BLADE runner for
Three Gorges ®ver Plant was designed similadg decribed later in this book.

The reason for the early use of analytigedphical methods was that high head turbines of the
Francis type are very well suited for such methods because of the long blades. However, this
method is also very efficient duringe design study of the influence from blade angles in flow
direction and in particular from the blade lean angles. For Pelton turbines no other methods than the
analytical graphicamethodwereused by Kvaener before 1970. Tests in laboraéony efficieny
measurements at sib@ve proven a high standardtofbines developed by these methods.



The content on this book wilbe concentrated on the design of Francis and Pelton turaimks
turbine controlsystems based on experience fridorwegian productiomnd testingpf mechanical

equipment for Electro Hydraulic Power plants.

Examplesof turbine control systems and anak/sif governing stabilityfor some of the most
importanthigh head and low head power plants vtittbines built in Norwaywill be desdbed.

A speciality in hydro power plant design in Norway has been the development of cavern power
houses with high pressure tunnel systems. In order to obtain stable governing systems the air
cushion surge chambers have been introduced for these plants.

Typical plant conditions for turbine and contegjuipment delivery to Blorwegian
Power plant to day will be as follows:

Headrange 100- 1100 m
Type of plant: Undergroungpowerplantn rock
Water quality Normdly low content of solidsAcid water with ph-value

down to 4 in extreme casesay occurdn the South Wesbf
Norway due to acid rain falcaused by industry in western
Europe and no limestone rock to neutralize the acidity
Norwegian rock.

Long branched tunnel system connected to onenare reservoirs and several drainage shaft
connected to the tunnels wrder to collet water from smallstreams. Such systems leads to
complex governing problems because of the requirement for stable operation on isolated resistive
load from local electchemical industry. Sudiead conditions occur in casef breakdown of the
transmission power linesonnectedto the main grid systemahich mayhappenduring winter

storms.

In the following chapters the design, the erection work, maintenance andapefaurbines and
mechanical equipment for hydro power plant will be discussed. Also the governing problems will
be described.



2. DESCRIPTION OF TYPICAL POWER PLANTS

2.1 Lay-out of a high head plant

Fig. 2.1 showsthe main elements of the water conduit system of a traditional Norwegian high head
power plant for high head Francis turbines. Downstream from the upstream reservoir we find the
coarse trash rack, intake gate, inlet tunnel, surge, Saafd trap, fine trash rack, penstock isolating
valve with air inlet valve, pressure shaft, spherical valve turbine, draft tube, draft tube gate, outlet
surge shaft and outlet tunnel.

LAKE TAP

Fig. 2.1 The ketchis showing the water conduits in principlélpstream reservoir and intake gate

as well as the stone trap is illusrated in the deddijure. Further (1) Head race tunne(2) Surge

shaft, (3) Sand trap, (4) Fine trash rack, (5) Penstock isolating valve, (6) Air inlet valve to prevent
vacum whendraining the penstock, (7) R&tock, (8) Turbine inlet valvg9) Power house
(excavated in rock), (10) Turbine, (11) Draft tul§g2) Draft tube gate, (13) U@let surge shaft

(14) Outlet tunnel, (15)Downstream reservoir.



The function of each elementdgscribed as follows:

The Ston€Trap prevents larger objects such as stones and pieces oftooekgerthe inlet tunnel.

This is to prevent blocking of the closure of the intake gate and clogging of the fine track rack.
(A Coarse Trash Rack is moally installed if the intake setting is shallow in the reservoir allowing
gravel andloating wood to enter the intake.).

The Intake Gate

The intake gate shall allow water (often through a small by pass gate) to fill the inlet tunnel and
pressure shafflhe gate is also used to shut off the water during maintenance and inspections of the
inlet tunnel and the surge shatft.

The Head Rac&unnel

The head race tunnel serves as the water conduit from the intake to the pressure shaft and must be
dimensioned fooptimum economy (price of production loss caused by friction loss versus price of
pay down of invested capital). Further the Thoma stability criterion must be fulfilled (see chapter
12).

The Surge Shaft

The surge shaft reduces the water hammer presaugions in the water conduits in front of the
turbine by reducing the distance from the turbine to the nearest free water lewest Ibe large
enough to fulfilthe regulating stability criterion (Thoma criterion) and reduce the maximum surge
pressuréan the tunnel to an acceptable level. (For air cushion surge chambers the air ulsine

be large enough to fulfthe Thoma criterion).

The Sand Trap

The sand trap is, in principle, a part of the inlet tunnel, but with a widenedsgossn to allowfor

sand sedimentation. It is located at the downstream end of the tunnel. The sand trap is shaped as &
rectangular basin, immediately upstream of the fine trash rack and the penstock isolating valve. The
reduced water vetity in the sand trap, allowsaedimentation of sand that can kellected and
transported out ofhis basin via a transport tudr@rough the connecting gatds. this way the

coarse santhatis sedimented and the erosion of the mechanical components on valves and turbines
will be reduced. The basin should be emptefdcollected sediments at certain intepfécause a

sand filledup basin will cause bypassing of sand. The intervals are depending upon the sand content
in the water, and should be coordinated with the plant's opegattbmaintenance program.

The Fine Trash Rack

For high head plants, a fine trash rack is installed downstream of the sand trap in front of the steel
lined intake and the isolating valven the penstockThis trash rack prevents floating objects
exceeding aertain size to paghrough to the turbine. Rogkieces and metal objects are also of
primary concern if there is no sand trap or the sand trap is filled up. The fine trash rack bars have a
considerably smaller spacing than the bars in the coarse aicsat the inlet of the tunnel in cases
where such trash rack is installéethe bars should be dimensioned to withstand a completely
clogged trash rack. The natural frequency of the bars must be different from the Von Karmans
vortex frequency to avoid resance problems and fatigue fractures of the bars. (Strohals number
will be 0.190.20for such analysi.

The Penstock lIsolating Valve
The penstocksolating valve is normally of the butterfly type, and shall close automatically if the
water velocity exeeds a certain limit, normally approximately 1.25 times the water velocity at full
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power output of the plant. This is in order to reduce the damages in case of rupture of non
embedded parts of the penstocks or a turbine spiral casing. It should, howsevée aentioned

that in some cases gbresently built plantaith short tunnelsshutoff devices have not been
installed for embedded penstocks in solid rock. This depends on the length of the head race tunnel.
(Draining a long tunnel is inconvenient fioispection and maintenance pifessure shafining and

inlet valve.)

The pressure shatft

The presgre shatft is steel lined fromgdo bottom if the quality of rock is poor. In good rock the
main part may be unlined and only the lower part in a lengB® o200 m will be lined depending
on the pressure.

The turbine inlet valve

The turbine inlet valve is located in front of the turbine. For high pressure turbines spherical valves
are normally used. The valve seal must be drop tight for high pressbireetiin order to avoid

cavitation damage of the valve seal. On the upstream side a manually operated maintenance seal is
located. This seal is closed during inspection and repair of the main seal on the downstream side.

The turbine

For heads between 50 and 650 m (and up to 700 m) Francis turbines are normally used. Turbines
in underground powerhouses are normally of vertical type and also large units will be of vertical
typeeven for low head turbines in above ground power houses

The draft tube

The daft tube forms the downstream part of the turbine. The purpose of theubesft to convert

the high kinetic energy at the runner outlet to pressure energy at the draft tube outlet by a gradually
increased cross section towards the outlet.

The draft ube gate

The draft tube gate is used for isolating the draft tube and turbine for inspection. During operation
of the turbine the draft tubgate is normally locked ars®curedr storred outsidéhe gate opening

in order to prevent closure during opevatof the turbine.

The outlet surge shaft

If the power plant has an outlet tunnel a surge shaft is located downstream of the draft tube gate.
This arrangement reduces a low pressure wave to separate the water column underneath the runner
during shut dowrf the turbineThe draft tube surge shaft should also be dimensioned to avoid the
maximum surge level to flood the power house during shut down of the tyrolt®sed by start

at the worst point of time ragling the surge time of the outlet tunneltsys. If that requirement is

not fulfilled, restriction on the start sequences after a shut down must be set.

The outlet tunnel

The outlet tunnel is normally designed with the same criteria as for the head race tunnel. Economic
optimum and maximum and mmum allowable surges and also with fulfilment of the Thoma

stability criterion (see chapter 12.)




2.2  Lay out of a low pressure power plant
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Fig. 2.2Example of dow head power plant with Kaplan turbine in roekuinderfossen Kaplan
power plant neaktillehammer, Norway



Low pressurgower plants in Norway are often excavatechimtock on the river bed besithe

dam if the head is more than 20 m. Fig. 2.2 shows the power plant Hunderfossen as an example of
this design. The different componentdiué water conduit system are described below with

reference to fi@.2.(For low headsbelow 15 m Kaplan Bulb turbines are normally located in the
dam).

1.

Trash rack

The trash rack is of the firgrid type in order to prevent trash floating in the rirgaching the
turbine. The trash rack is designed to carry full water pressure in case it is clogged by wood,
timber or ice.

The intake gate
The intake gate is of the segment type supported by two trunion leeaniehgs operated by two
servomotors.

The pessure shaft
The pressure shaft is excavated and lined with concrete on the upper part and has a steel lining
in the lower part through the bend that is connected to the spiral casing of the turbine.

Turbine

The turbine is in this case a Kaplan turbinthva steel lined spiral casing connected to the
pressure shaft by welding. The head cover is bolted to the stay ring and supports the bearing.
The runner can be removed upwards after the generator is dismantled, but there is access to
repair the blades thugh the runner stainless steel chamber.

The draft tube
The draft tube is steel lined through the bend and has no pier in the middle of the outlet part.

The draft tube gate
The draft tube gate is of the sliding type and is operated only during theenaainé and
inspection of the turbine in order to dewater the wetted parts.
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3. ENERGY CONVERSION IN HYDRO POWER PLANTS

The energy conversion in Hydro Power Plastdlustrated in Fig. 3.1 and desceith below.

Upstream reservoir

water level L2 _____ 1

i
l
’) i -
H 0
Downstream :
o " i | J 078

Denotations:

00 Inlet from reservoir

0 Turbineinlet

1 Runner inle{not shown in fig.)

2 Runner outlet

3 Draft tube outlet

Fig. 3.1 Energy conversion in a Hydro Electric Power Plant.

Considering the available specific energy E = gH?[¢fh = (Joule/kg) where H is head in m
(W.C.)] between the upstream side of the turbine and downstream of the wairihezraft tube
outlet. Thisleads to the definition of the net ltkacross the turbine as deascribed in eq. (3.1)
according to the IEC41 de were the draft tube outlet loss is regarded to be a power plant loss and
not a turbine loss.

Note: @ = cn3 = Q/A 3 where Az is the cross section of draft tube outlet.«c= the mean
meridional velocity in eq. 3.1.

c?

?@ % Zog ‘%m +—3+928 (Joule/ig) (3.1)
¢ T ¢

The gross head Hs defined as the net head plus the head loss in the conduits from the intake to the
turbine and from the turbine draft tube outlet to the reservoir at thestieam side of the turbine
(Note infig. 3.1, there is no downstam tunnel and no head loss at downstream side excepe

draft tube outlet loss? /2g).

From fig. 3.1 we can establish the following equation:

c? (0% Cc

g =h + 2+ Z X, - +Z H+x, -2+ 2 3.2

% 05y (B *Zs)=Hrx o2 (3:2)
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Hereo denotes the turbine inlet, agdraft tule outlet. (Note that in chapter 4 the inlet and outlet of

the runner are denotednd: respectively).

2

(Note: that the Ios:xozﬂ from the intake to the turbine is a plant loss while the loss in the inlet
g

2
valve and spiral case and the losside the draft tube] = Xz% are parts of the turbine
g

2
losses (see fig. (3.1)). The draft tube outlet engﬁgys, as described earlier, not regarded to be
g

part of the turbine loss according to the IEC41 norm).

The nethead is the theoretical energy of which the majority will be utilized and transformed to
mechanical energy by the turbine. The rest of the energy will be converted to losses i.e. mainly
increased heat energy in the water and a very small negligible paat hesat flux to the
surroundings.

The available power for the turbines in a powerplant project depends on the availab@ fidis
and is defined by:

P=EQr |(Joule/kg)(m®/s)kg/ m?)= Joule/ s =W| (3.3)
r is the density of wat [approximately 19 (kg/nr)]

For a river with a flow Q = 100 (#s) and a net head H = 50, the following available power is
utilised by the turbineFor H =50 m and Q = 100 {f8) we get the turbine power as follows.

P =Hg Qr =50®.8140040° = 49.0540° W = 49,05 MW

The awailable energy stored in a reservoir is determined by multiplying the mass of water (i.e. the
stored volume of water multiplied by the density) with the net head.

The equation for stored energy of a volume V and head H i.e. E = gH yields:

W=V r&E [m3 (kg/ m*)(Joule/ kg) = Joulezwﬂ (3.4)
Note: Joule = Ws = {860040°) kWh.

For a reservoir with a volume & =50000° m*® and a head of H = 400 m the followjimvailable

storage of energy which can btlised by the turbingvhen ignoring head losses tunnels and the
losses in turbines and generators

W =1000Q0° A0* (100®.81/(3600Q0°) =10.9QC°kWh=1.09TWh

Note: 1 TWh = 1&#Wh = 10 kWh = 1¢ GWh.

In the Norwegian reservoirs the totaleayy storage is approximately 80TWh. In addition run of
the river power is adat to a tadl production of 124.4 TWh. (Data from 2Q1@s an exam@one
of the largest reservairBlasjghas a storage capacity 3105 n¥ and a mean production @f759
TWh.
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The power productiofior consumewill be smaller than the available storage energyabse of
losses in thevater conduit system, turbine and generator, transformers and power lines.

The total efficiency for a modern Francis turbine is-®6% depending on size and operational
head with best efficiency for large turbines operating atratdlO0 m net head. The generator
efficiency is 98 99% so the total net energy will be reduced to 95 * 98.5 = 93.5% of the available
energy at best operational point. At part load and overload the efficiency will drop.

The hydraulic efficiency of a tuibe excludes friction losses on the outside of the runner, leakage
loss of water that does not pass through the runner blades and mechanical friction losses. The
hydraulic efficiency of a weltlesigned turbine is 989% and can be developed as shown in the
following description.

The specific hydraulic energy utilized by the turbine runner can be described mathematically by the
well known Euler turbine equation expressing the hydraulic efficiency (see chapter 5). The
difference in specific hydraulic energyom inlet to outlet of the runner can be expressed by

E: - E>= E =gHas shown ineq. (3.5) where:

2

E= gh+% +gZ (See also fig. 3.1 for description of Z).

Note: In the Euler equatiahe runner inleis denoted byindex; andtheoutlet byindexo.

,,h:Ei-gElz- I :a-(Eé+JR) (3.5)

where k& and E are the specific energy upstream and downstream of the runner respectively and J
is the hydraulic loss of energy (Joule/kg) in the runner.

Then: Eq. (3.5) may also be written as falfo see fig. (3.1)

2 2
(gh1+%+g zl)-(gh2+%+922 +3g)

h
h gH

(3.6)

The hydraulic efficiency according to this equation is the ratio between the specific energy
transferred to the runner = £- E 2 - Jr and the difference in specific hydraulic energy from
upstream to adwnstream side of the turbine, gH. The energy transferred by the runner to the turbine
shaft will be & - E> minus the hydraulic energy loss in runnet)(Ihe mechanical loss, labyrinth
leakage loss and disk friction losses.

The hydraulic effic e n g=y(E1 dE2 - Jr) / (gH) may also be expressed by the following equation
recognised as the EULER turbine equation:

hh:(U1Cu1'UZCu2)/E (3-7)
This equation is the well known Euler turbine equation which will be developed and discussed in
eg. (5.7) and eq(5.54) in chapteb.
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4. CLASSIFICATION AND DESCRIPTION OF DIFFERENT TURBINE TYPES

4.1. Classification of turbine types

The turbine types can be divided in two main groups.

1. THE REACTION tpe where there is a pressure difference from inlet to outlet of the runner.

At the runner inlet of this type of turbine part the specific energy is pressure energy. The
specific energy converted to mechanical energy by the flow through the runnetlys par
converted from the drop in pressurthis is thereactionpart of the energy conversioifhe

other part is converted from the impulse forces from changes in the direction of the relative
velocity vectors. The reaction ratio may be denoted hyh{iH, where | ghi=p1 is the
hydraulic pressure at the runner inlet agthb=p- is the hydraulic pressure at the outlet.

Among the reaction turbines the Francis turbines and the Kaplan and Kaplan Bulb turbines
are themost commonly used turbinesdtiny. For low headslso Propeller turbines with fixed

guide vanes or runner blades are used for mini turbines and for best efficiency point operation
in plants with many units. Reversible Francis type pump turbines installed for energy
accumulation have been installed alsdNiorway where the electricity production is 99.8%
hydropower.(These unit operates for season pumping in the spring and power generating in
the winter and not for peak power operatiém the future more Reversible Pump Turbines
may also be installed in Moay for peak load operation only without a net prithn from a
catchment arep

2. THE IMPULSE types where there is no pressure difference between the inlet and the outlet of
the runner.

The specific energy is completely converted to kinetic enatgthe runner inlet of this
turbine type. Because of this the specific energy converted to mechanical energy comes only
from the impulse forces created by the changes of direction of the velocity vectors.

The most commonly used IMPULSE TURBINE today e tPELTON TURBINE. The
TURGO TURBINE, which is an axial type impulse turbine has only rarely been used for
small units and will not be described in this book. The CROSS FLOW TURBINEtwo
stage impulse turbinesed for small units only and a descriptiohthis type isalso not
described in this book. The efficiency of the cross flow turbine has beenasueed in
laboratory to be aroun80% while efficiency of the Turgo Turbine has been reported to be
close to 90%.

4.2. Description of the different types of turbines used for electricity production.
Pelton turbines

In this chapter some typical turbines installed in Norway are described as examples for a general
turbine design.

For the highest heads Pelton turbines will be the only choice. 8tlwhes havebeen designed for
heads up to 1886 at Biedron Power Plant in Switzerlanthe Pelton turbine is an impulse turbine
where all the energis converted to kinetic energy front of the runnerThere isthenno pressure
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drop from the inlet to the ot of the runner. In Norway the worlds most powerful Pelton turbines
at that time were installed at Sy Sima power plant in 1981 with two units of 315 MWorat{aad

and 350 MW maximum poweor a net head of 885t speed n = 330 rpmTwo more units wex
installed in the same power house coneédb two different reservoireg 1065 m and 1152 m net
head respectivelyrhe rated power of these turbines were P = 260 MW with speed n = 428.rpm. All
turbines in this powerhguse were 5 yettical Pelton turines.

" The 3 Pelton turbinesn the high head planBIEDRON in SWITZERLANDdesigred for 1886 m net head
were in operation again in 2010 after the rupture of the steel lined penstock inBEBDRIN is a power
plantin the GRANDE DIXENCE power systemThe output of the5 jet vertical turbines aré00 MW and

thus these unitdreak the world record in power per unit for Pelton turbines

However, the traditional Pelton turbine was the horizontal type and in fig. 4.1 a turbine of this type
installed in Skjalka power plant is shown.

/s

Fig. 4.1Horizontal Pelton turbine for Skjaak power plaPbdwer, net head and speed Rre31,47
MW, Hh,=638 m,n=500 rpm.

Even if he Skjaak turbingvas installed in 1964 still represents a modern version of the horizontal
type of Pelton turbine with a single monacast runner, two straight flow injectors and welded
bifurcation and inlet bends.

The regulating mechanismf Pelton turbines consists @kries coupled deflec®rand needle
system linked through thal hydraulicsystem.

Suchsystem is suitable for operation on isolated load because partiadriops can be controlled
by combinedthe fastdeflector movement and the slowereedle movement within aquable
frequency and voltage dewions.

A deflector system of & "onoff" type, which does not take active part in speed control at partial
shut down cannot be used fmperation onsolated load
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In fig. 4.2 one of the tweertical 350 MW turbines for Sy Sima Power Plant is shown.

T N

A TR T I R R S SSYESYSYSSSS
Fig. 4.2 One of th& jet vertical Pelton turbine for Sy Sima power plant. P=315 MW, H=885 m,
n=300 rpm.

The tubines for Sy Sima still represent timeodern vertical multhozzle Pelton turbines with
combined deflecteneedle control and straight flow injectors. For new turbike turbine
governors are based on Programmable Logic Systems (PLS) while the govetivered before
1985 normally vere of the analogue type.

The modern vertical units are also furnished with automatic selection of number of needles in
operation cotrolled by the output of the turbine in order to obtain the highest possible efficiency at
part load with a single jet or a reduced number of jets in operation. An efficiency curve for a turbine
with automatic selection of number of jets in operation mshin fig. 4.3. The turbines for Sy
Sima also have such system which have been successfully in operation since 1981.

s
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/

Fig. 4.3.Efficiency for a 6 jet Pelton turbine with automatetestion of number of nozzles
operation.
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Francis turbines

Francis tubines, which are the most commonly used turbine for head ranges between 50 and 650 m
(max head 750 m) as well as the Kaplan turbines, are of the reaction type where the specific energy
in front of the runner consists of partly pressure energy (gH) arly paretic energy (¢2). For

the high headrrancis turbineapproximately 50% of the energy is converted into kinetic enargy

the runnerinlet, and there is a pressure drop through the runner of approximately 50% of the total
energy [For a Kaplan turbiie the drop in presire energy from inlaif the runner is relatively larger

than for a Francis turbine (see chapter 6.4)]. In fig. 4.4 the design of a modern high head Francis
turbine for Svartisen Power Plant is shown.

Q

I_

=W,
A
i)

Fig. 4.4 Francis turbine for Sartisen Power Plant.

The technical data for the two Francis turbirfes Svartisen Power Plant is H=543 m,=(31.5
m3/sec. P=350 MW and n=333 rpriihe first turbine was put into operation in 1992. The turbine
for Svartisen is the largest Francis turbinstalled in Norway and represents one of the largest
Francis units in the world operating at net heads exceeding 500 m.

Fig. 4.4 indicates that the components in the turbine (except for the casted crown and band of the
runner) have been fabricated fronatgls with thickness up to 200 mm. A special plate quality with
Toughness Through Thickness (TTT) has been used where forces are transferred through the
thickness of the plates. Such parts must be used in the stay ring and head and bottoin digvers.

4.4 the outlet edge of the splitter blades is also shown indicating the special high head runner design
which has been used by Kvaerner since the 1930's.
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Fig. 4.5.Fabrication of a runner with splitter blades in the workshop at Kveerner Energiat&.
Only the full length blades are welded the picture of the runner(See also fig. 10 chapter 10
where all the splitter blageare alsovelded to the crown of the runnger.

Fig. 4.5 shows a high head runner in the workshop at Kveerner Energy A.&.Hrancis turbine
designed for high head as shown in fig. 4.4 traditional Teflon lubricated regulating ring driven by
two servemotors forms the main part of the regulating mechanism. All bearings on the guide vanes
are of the seHlubricated DU type. Té connection to the regulating ring is of the conventual
lever/link type. It should be noted that no shear pins or fracture linkage have been used in the guide
vane regulating ring mechanisms. For high head turbines with deep submerged intakes ing;eservoir
shear pins or other remedies will not be necessary to prevent destruction by hard objects stuck in
between the guide vanes. From the experiences in Norway it is possible to conclude that no
problems have occurred with this design. Accidents by "chaiotiom" caused by broken shear

pins have been avoided with this design. However, the guide vane levers have also been fixed by
frictional couplings of every second guide vane for turbines where a large amount of solids in the
water is expected. For veryrtge low head turbines one servomotor on each guide vane have also
been usedThe governor for the Svartisen turbines are of the PLS type furnished with a modern
pressure feed back algorithms in order to obtain stable governing on isolated load in aystenel

with no surge chamber.

Kaplan turbines

Kaplan turbines are normally used for heads below 50 m and in extreme cases up to 75 m head. In
Norway only a few large Kaplan turbines have been installed. These turbines are in operation in the

South Eastthe country where theigest rivers with low hegabwer plantsarelocated.

In fig. 4.6 the Kaplan turbine for Solbergfoss is shown. The turbine has been produced by Kvaerner

Turbin A.B. in Sweden anid has following technical specification.
P=104.9 MW Hn=20.0 m n=78.9 RPM
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Fig. 4.6. The Kaplaturbine for Solbergfoss Norwa
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For this turbine the runner blades are made of the 13% Cr 6% Ni type cast steel. The guide
vanes and the steel structure are fabricated of fine grade carbgulattesand castings.

The thrust bearing is located on the turbine cover and guide bearings are located on the
generator top and above the runner hub respectively.

The runner blade servomotor is located in the hub and the oil supglyfemd back
mechaimsms aretransferred via the top of theollow shaft to theturbine governor. The
governor is of the electronic type with parallel control of guide vanes and runner Qihdes.
guide vane are controlled bpne servomotoon each gule vane comected taa mechanical
control system. In such system no friction slip or shear pin system on the guide vane lever
system will be necessary because the regulating forcednarguide vane servomotor is too
small todamage the guide vane even if the guide vane gkétbby solids jammed in between

two guide vanes.

Kaplan Bulb turbines

Kaplan bulb turbines are normally used for heads below 15 m because of the increased price
of the bulb and structural supports for higher heads. In fig. 4.7 one of the three Kafidan B
turbines for Kongsvinger Power Plant is shown. The technical data for the turbines are: P=19.1
MW , H=9.16m, n=93.75RPM

0 5 10 15 20m
m

Fig. 4.7 The Kaplan Bulb turbine for Kongsvinger power plant.

The Kongsvinger Kaplan Bulb turbine is equipped with roller gapssream of the turbine for
shut down of the units. Therbineregulatingsystem consists of separately controlled guide
vane servomotors connected to tigpressure system

Further a manual separatepleoation of each guide vane servomotor will begilade in such
systems in ordeto open a single guide varfer flushing away possible solids jammed in
between two guide vaneBecause of the separageide vane servo system the maximum
force on a guide vane is limitted if solids are jammed betweergtwde vanes. This system
then prevents damage on the guide vanes erdge system.

20
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The runner blade servomotor is located on the down stream side of the blades in the hub
allowing for maintenance work of the sersgstem without dismantling of the shatiupling

and blades. The guideane/runneblade position system is compensated for variation in the
head.

Reversible Pump turbines

Reversible pump turbines have been installed in Norway for the purpose of pumping flooding
water from a downstream catobknt area up to the main reservoir in the spring. During the
winter themachines are running only farbine mode.

By means of the pumping operation, cheap summer electricity may be used for extending the
catchment area and increasing the electricity pecbdn during the winter when the price of
electricity is high.[In the future daily peak production may also be delivered for peak load
exchange of electricity between Norway and continental countries like Denmark and
Germany, where the electricity prodion is based on thermal energiich will increase the
pollution in peaking operatioh.

The main difference between a Francis turbine and a Reversible pump turbine can clearly been
seen in the larger diameter of the runner on the pressure side of ati®bmp due to the

higher kinetic energy needed in pumping mode.

In fig. 4.8 one of the reversible pump tumés for Saurdal Power plantseown. In this power

plant two reversible pump turbines and two ordinary Francis turbines are installed. The
techni@al data for the Reversible Pump Turbines, which were commissioned in 1983, are:

Turbine mode: P=160 MW Hn=390 mn=428 RPM
Pumping mode: Q=38 n¥/sec  Hn=440 mn=428 RPM

Fig. 4.8 Cross Section of a Reversible Piionpine for Saurdal Powdtlant.
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5 CHOICE OF TURBINE TYPES WITH DISCUSSION OF
PARAMETERS AND CALCULATION OF MAIN DIMENSIONS

5.1 Choice of turbine types

In chapter 4.1 the turbine types were divided into two main groups, namely REACTION TYPES (Kaplan
and Francis types) and IMPBE TYPES (among which the Pelton turbines is the dominating type in use
today).

I n addition to the net head the | imitation for re
which can be determined as a function of the speed of the outlettigeor rim speed of the runner band.

For physical reasons the rim speed must be limited to avoid noise, vibration and fatigue problems of the

runner even if it is possiblto avoid cavitation by a despbmergence.

For Francis turbines there will be arcreasing difference between the inlet diameter and outlet diameter
for increasig net headThis is because of a necessary increase of the inlet velocity and a limited outlet
velocity of the blades due to a practical limit of submergence of the rdrrenutlet/inlet diameter ratio
can be expressed by the low speed number, see eq. (9.4) and eq. (9.5), chapter 9.1 and 9.2.

For a Kaplan turbinean increasing length of the blades or decreasing distance between théthlades
increasing the number of lolag will be necessary for increasing operation head. This is because
increasing energy difference between inlet and outlet requires longer blades in order tooavgiu to
blade loading. (A higher number of blades for a given length gives the sinsilétrae longer blades for a
given number of blades). For movable blades of a Kaplan turbine the blade length is limited due to
geometry limitation for the spherical part orbrand runner chamber. Duelimited space for the
mechanism in the hyln incrase in number of blades is also limited. Maximum neindf blades will be
7 or 8. These restrictionimit the maximum head for Kaplan turbines to approximately 75 m.

For Pelton turbine the(runner diametébucket width) ratio must be increaded increasing head in order

to avoid cavitation pitting on the back side of the bucket inlets, i.e. the speed number must be decreased
for increasing head. The maximum head for a Pelton turbine is approximately 2000 m with the technology
of today.

The operatingange for the different types of turbines chosen for operation in Natyanesent timés
shown in fig. 5.1.

In the future the DC power lines from Norway to the Continent will lead to an exchiagergy with

peak load exportefiiom Norwegian hydropoar during the day timand thermbbase load imported back

to Norway from the continent during the night.

In countries where peak load operation and spinning reserve power production is needed and paid for by a
high price, the borderline for head betwd®sitorr and Frana turbines may be as low 880m even for

large unitsThis is beause of the low minimum flow @t Pelton turbine that have a watensome of

only 1% at no load operation and an efficiency of 90%0at 2% load foroperation with one jeof a6

jets unit. Even if a Franci turbine has around 3% higher peak efficiency compared to a Pelton turbine, a
Francis turbine drops normally below 90% efficiency ab8%6 load with a no load water consume of

around 810 %. This will be described irhis chapteB. (see also [Ref 4]).
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Fig. 5.1. Range of operation for different types of turbines. i

For the choice of turbine type following parameters are given:

Net head =H

Total flow in the power plant EQ
Expected load over time and expected efficiency over the range of output or flow.

Unit price

Water quality
For a given head the choice of turbine type will depend on the flow capacity of the unit as shown in fig.
5.1.

However, the expected load ovane may influence the size and number of units of the plant.

If the plant is operated as a peak power plant with load variation from e.g. 10% of the total flow and up, a
higher number of smaller units or units with "flat" efficiency curves will be anosgtead of a low

number of units with a higher efficiency caused by bigger size and somtimes higher spesific speed. Such
choice will be economic even if one or few large units have a higher peak efficiency. This is explained by

lower efficiency at partdad.

Turbines withflat efficiency curves are Pelton turbines for the high head range and a Kaplan turbines in
the low head range due to the movable runner blades.
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Fig. 5.2. Comparison of efficiency of different turbine types.

In fig. 5.3 a conparison is made for plant efficiency for an alternative with three units compared with one
large unit.

Even if the efficiency for one large unit is higher than the efficiency for three units with onénthsiz¢,
the smaller units givhigher efficierty for plant operation below 50% load.

The choice of number of units is then depending on the way of operation of the power plant, as well as
price and transport possibilities to the power house.

The higher efficiency of one unit is caused by lower fittiosses which gives a so called scale effect
with increasing efficiency when increasing the size from smaller to bigger units.

However, in some casehe operational conditions béad and flow will be in the domain where either
Pelton turbines or Fraigcturbines can be chosen outside the border lines given in fig. 5.1 [Ref. 4].

ONE UNIT (LARGE)

n TO UNITS THREE UNITS
" ONE UNIT —r

WITH FRICTION LOSSES IN
WATER CONDUIT SYSTEM

Fig. 5.3. Difference in efficiency of one big Francis turbine versus 3 smaller units with 1/3 of the output
of the big unit.

24
Endringsdato: juni 2000



The choiceof Pelton versus Francis turbinesisrmally based upon 3 factors.

O The pice of the unit. (must includeost of excavation and concrete works).

O The difference in efficiency (way of operation must be taken into consideration).

O The reliability and availability or risk for uplanned stops and time for repair
especially for operation in sand laden water.

The choice based upon the price of the unit may be illustrated as shown in fig. 5.4 where the unit price
NOK/KW or US$/kW is chosen as a relative price index.

Such diagram will be somewhat different farbines from different manufacturers and masstegarded
to be qualitativenformation only.

From the diagram Pelton turbines are found to be cheaper than Francis turbines for decreasing capacity
(flow) and increasing head. The practical limit for Hin conventional Francis turbines will be for a

head of 750 m. The reason for the head limit will be problems with guide vane clearance losses and blunt
very thick stay vanes which will decrease the efficienayse material and welding problems becadise

the increasing material thickness in the stay ring.

By studying fig.5.4 it is clear that Pelton turbines are the most economical turbines for high head and a
low capacity flow when looking dhe investment

— Pelton turbine
==== Francis turbine (one step)

1000
E-
©
'@ 800
£ . DR M [ .
600
\ ~
\ Lbwest
/i \\\\.\\:b_ice for Francis
P ~ __B"O.g-
LOO \\\ \.Nk}:::_\_
~ \\-bh-;:&"“e 0-
200 e T =t PeT125
=:..________-_E=-L5
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S0 &0

Turbine discharge M¥sec

Fig.5.4.P\rice index for Pelton and Frais turbines as fuction of head and discharfjew.

The diagrams in fig. 5.5 and 5.6, illustrate a comparison based on the loss in production due to the
variation in turbine efficiency versus output of the turbine (MW). In fig. 5.5 is shown a compafiad&

MW Francis turbine and a Pelton turbine designed for 470 m net head. At best efficiency point the Francis
turbine is the best choice as well as for operation from 50 % load up to full load. Hoiueveejton
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turbine will be the best choigka typical peaking operation is wanted with operation equally distributed
over the whole range of power including also very low load. The favour of Pelton turbines increases if an
automatic selection afumber ofneedes in operation is choselue toincreaseckfficiency at part load

with operation down to one jet operation

By integrating the loss of energy production due to loss in efficiency over the turbine tuspgtite
clear as illustrated at the bottom of fig. 5.5 that the Pelton turbine issheHmece if the time in operation
is equally distributed from zerodd to full load. However if operation is avoided below?d@oad the
Francis turbine will be the best choice for the example shown in fig.5.5.

By comparing different sizes of turbinew different headsa similar comparison as shown in fig. 5.5 may

be made. Then a boundary selection curve between Pelton and Francis turbine may be drawn for different
kind of operation as illustrated in fig. 5.6. The zig zag lines illustrates the diffenege of operation as

follows: Zig zag illustration for peaking operation from O to 100% load, at the bottom in fig. 5.6 illustrated
by "zig zag" curves for "amplitudes” from 0% to 100%. Further 2%%% load variation and 50%0%

load variation and fially best efficiency point operation plus minus 10% load variation are illustrated by
amplitudes from 25% to 100%, 50% to 100% and best point + 10% respectively.

In Norway; daily peaking operation has not been needed up to 1995 because the eleadaityigm has
been 98.8% hydropower, and the choice between Pelton and Francis turbines has been the alternative
curve in fig. 5.6 for no operation below 50% load (see also fig 5.1).

.
090
f
X P
on £
z§
o
_:: Pelton §
007 8
Q08
oSt Ergncis § Francis
Q0L 1 Alljets
003
Reduced number
:’?: jets in_servi §
OZSQSOJSLO,} 0 20 330 S0 6 720 8 90 100
Comparision of lesaesin a Francie turbine P{MwW)

and g Peiton turbine of S50 MW at (70m head.

Fig. 5.5 Efficiency and total loss of 50 MW  Fig. 5.6Boundary curvebetween

Pelton turbine compared with a a Francis turbine based on
Francis turbine both for 470 m loss analyses for different
net head kind of operation

The third criteria for the choice between Francis versus Pelton turbine isthdide for repair which is
normally related to sand erosion if cavitation and fatigue problems are solved. This is because a well
designed turbine will be in operation at least in 10 years without any repair if the water is clean. In sand

laden water turine repair may be necessary each year in order to avoid loss of production caused by
decreased efficiency.

Sand erosion

The most exposed areas with respect to sand erosion will be surfaces where the water velocity and/or the
acceleration is high.
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Such aeas are:

For Pelton turbines: - Nozzles
- Needles
- Runner buckets
For Francis turbines: - Guide vanes and guide vane facing plates

- Runner inlet and outlet
- Labyrinth seals

It should be mentioned that high head Francis runners with splitideshavea lower erosion in sand

laden water than ordinary runners without splitter blades. This is because the flow is more uniform and the
double number of blades is located at the low velocity region i.e. at the runner inlet. At the outlet of the
runner wiere the velocity is high, the number of blades is nhormally lower than in an ordinary runner
without splitter blades, but also in this place the velocity distribution is very uniform because of the

splitter blades.

Sincedismantling and assembly of sanddsd parts take considerably shorter time for Pelton than for
Francis turbines, Pelton turbines will normally be preferred where severe sand erosion is expected.
However, this is depending on the plant's operation schedule. If one or more turbinespat fstop

long period of e.g. one or two months per year, Francis turbines may be chosen even if the water has a
high sand content because there will be enough time for an annual repair.

The choice between Francis turbines and Kaplan turbines

The choicébetween Francis turbines and Kaplan turbines can be made in a similar way as for Francis and
Pelton turbines, but the parameters are somewhat different. In gémet@aplan turbines are chosen

below 40 m. Occasionally Kaplan turbines have been usewfdread andpito about 75 m due to a

wider efficiency curve compared tioe efficiency curve for a low head Francis turbine (see fig. 5.7).
However, the main advantage of a Kaplan turbine may be that the blades also can be adjusted for
variations in headn this way pressure pulsations and cavitation can be avoided over the total range of
variation in flow and head. For low head Francis turhipag load operation at higher head tliae

design head is a general problem which can be avoided by ugitanKarbines. (It should be noted that

the new X blade runner design has an improved part load operation at higRekadtieerner). Further

a larger capacity of a turbine with smaller dimensions and higher speed is an additional advantage for
Kaplan trbines. Especially for large machines where capacities 66@00¥/sec is wantedhe Kaplan

turbine is chosen because such capacity can be handled by one big high speed unit allowing for a cheaper
power house than for the alternative with more Fratueclsines or one big Francis turbine with a low

speed.

In fig. 5.8 typical efficiency curves for the two types of turbines around the borderline are drawn. It can be
seen that the efficiency curve of the Francis turbine has a more narrow shape with pdagtiean the

curve for the Kaplan turbin€he reason for the latter liecause the Kaplan turbine has adjustable runner
blades where the blade angles can be adjusted also for a large variation in head. As shown in the figure,
each position of the runnbtades gives a new efficiency curve, while the envelope curve gives the total
efficiency curve for the turbine. This implies that the Kaplan turbine is faworirable if the turbineuns

on part load and the efficiency is the deciding criteria

In fig. 5.8 the efficiency hill diagram from model turbine tests is illustrated qualitatively for use for a
prototype turbine with variation of guide vaneanglesand runner bl ade angl es
Q/&gH, speed rliegH and dimensionless ratios relative to best efficigtheydiagram can be used to
determine the best combination of U and G as il
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Fig. 5.7 Comparison of efficiency curvesifKaplan and Francis turbines.

The upper economic/practical limit of head for Kaplan turbines is in the range up to 70 m, but in extreme
caseKaplan turbines have been bulso for 7580 m head. The head limit is caused by mechanical strength
problemsin hub and blades.

Choice between vertical Kaplan turbines and Bulb turbines

Where the head is low, Bulb turbines will be an alternative to the Kaplan.

The advantage of Bulb turbines is clearly seen where the powerhouse is built inside the dam.

In fig. 5.94 it is illustrated that the space requifed Bulb turbines is much smaller than for the spiral

casings of Kaplan units. Furthéine necessary depth of the draft tube of a Kaplan turbine is a disadvantage

for this turbine type (see fig. 5.9b). ttever, if the powerhouse is excavated in rock on the riverbed besides

the dam, Kaplan turbines will have an advantage because the necessary width of the excavated powerhouse is
less than for a Bulb turbine powerhouse due to the vertical orientationsifafie

There will be an upper limit of head for a Bulb turbine because of the concentrated hydraulic load on the
concrete foundation through the stress carrying ribs connecting the bulb and the concrete. The net head will
normally be limited to 15 m fohts reason.
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speed of a Kaplan turbine based on model tests.
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5.2. Definition of parameters required for determining types and sizes of turbines

In order to determine the size and shape of a turhirseconwenient to use dimensiorde relative values.

The dimensionless so called reduced values of velocity, flow and speed navesbeen used in
Norwaysincel916in order to establish suitable parameters for turbine design. [The speed number is
dimensionlesand is proportional to the speed factor as defined by the new IEC code published in 1995.
(See also [Ref.5])]. The reduced velocity is the velocity in question (absolute or relative velocity) divided
by the absolute highepbssiblevelocity which is obtaed if the total net head is transferred to kinetic
energy.

The reduced valuegenoted by underlined letteeredefined in chapter 108nd in the following pge.
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The absolute velocity

c=c/,2gH (5.0

In the same way the relative velocity yields

w=w/,/2gH (5.1

and the circumferential speed

u=u/,2gH (5.1c)

Also the angular velocity may be treated in the same way, but this value will not be dimensionless
¥=n"/30 where: (n = rotational speed RPM).

w=wl \J2gH [1/m] (5.2)

For the turbine capacity of the unit the turbine flow may also be treated as a reduced, but not
dimensionless value i.e.

Q=Q/y2gH [ nr] (5.3)

The capaity has the dimension hand will then be proportional to the outlet cross section of the turbine.
In other wordSQ is a measure of the cross section of the turbine outlet.

If we combine the reduced angular velocity of the turbindiplied with a radiusve get the

dimensionless circumferential speed. Then it is convenient to use the square root of the Qayaicity

will be proportional to the outlet radius and to use this dimensionless circumferential speed as a speed
number.

Traditionally, the capél Greek letteq has been used for tipeed numbeand the equation yields: (see
chapter 6.1)

W=wfr = /Q/(2E)°" (5.4)

The advantage of using the speed number is that it is dimensionless. (In the IEC code [Ref. 5] a new
specific speedas een introdued which also is dimensionlesige = NQ:*YE®"*wheren = Cycles/sec

and Qis the discharge flow through the the high pressure reference section and E is the net head of the
turbine. This is also a dimensionless number, but the explanatiqrhas a better physical meaning and

in this bookq will be used.)

For dimensioning of turbines the flow, head and speed at best efficiency poiotraediy used denoted
by asterix i.e. *Q = flow ¥ = angular speed (rad/set)en the following expressicfor the CAPACITY
or size of the turbine is obtained from eq (5.3).
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‘Q="Q/\2gH =C_, D7 /4,/2gH (m°) where D = outlet diameter (5.5)

In addition, the speed number that shows the shape and type of turbine is given by:
WE 1A/ "QIREY " =p ut® Jtan(o - b, (5.6)

where E = gHW, = w/+/2E and b, is the blade outlet angle. See also chapt. 9.1 eq. (9.4).

The conventional scaled flow, speed and output

Traditionally the capacity has been expressethbunit flow i.e. the flow for a turbine with 1 m outlet
diameter operating at 1 m net head:

Further the value faunit speechas been the speed of a turbine with one m diameter operating at 1 m net
head. In the same way thait outputmay be defined.

Then the following expressions for unit flow, speed and output yields:

Unit flow Qu = Q/(DZHOY (5.7)
Unit speed M1 =n DyH® (5.8)
Unit output P11 = P/(D2H) (5.9)

These values are not dimensionless unless multiplied by D=1 m and H=1 m to compensaa@doir [
the three expressions above. Then, the best known traditionally used parametdesifonitg the shape
and size of a turbine or pump may be the specific speed.

The new version of specific speedthe IEC code referes as menied above to nominal flow and head
and will not be used in this book for dimensioning of turhiines

Noe = nQ1°-5/E°-75 (510)

This expression for the specific speed is proportional to the speed mwhdmesubstituting for E = g*H
and Q = nominal flow (ni/s). However, the formula lsano physical meening in the same way as the
speed number and als@:@nd n; and R:.

The old versionn the IEC formula fospecific speedvas not dimensionless and is not used in this book

but shown as a back ground for comparisivhen studying the litteratur€he equation for specific speed
yields:

ne= NP/ 12 (5.11)

(Where P FgQHd 10° kW and n = RPM)

The old version includes the efficiency and for this reason it will not be recommended.

In additionto the described parameters, the flow coefficient and pressure coefficient has been commonly
used especially for reversible pump turbines and pumps.

These parameters are:

The flow coefficient
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f=cnlu (5.12

where & is the inlet meridional velocity and u is the circumferential spgelde turbine runner inlet (or
outlet for a pump impeller).

The pressure coefficient
Y = HI(u*/9) (5.13)

Here H is the pressure head across the turbine or pump.

As described abové,should agairbe noted that in theew IEC code [Ref. 5] for hydraulic turbineghe
pressure water head has been substituted by the specific dfregtyand the units for spead(RPM)
has been substituted by revolutions ger (RPS)Thenthe Norwegian parametres will be mainly used
when studying turine design in this book.

5.3. Main dimensions and hydraulic design
General philosophy
The basic data for the hydraulic dimensions are:

- Nominal flow Q, (m¥sec) (or output P(kW)).

- Nominal head H (m) (also called net head).

- Proposed turbine getg Hs (m) [i.e. the distance from the turbine runner reference point
(according to the IEC code) to the tail water levelishhegative if the turbine center or
reference point is below the tail race level. For some turbine types the IEC referards poi
different from the turbine center)[Ref. 5]].

The hydraulic design of a water turbine normally starts with the suction side. The important geometrical
parameters here are the outlet angle of the blade at the maximum diameter and the circumpeezhtial s
i.e. the angular velocity multiplied by the outlet radius of the runner.

In order to avoid cavitation i.e. vapour bubble formation caused by low pressure which is depending on
the velocity of the flowthe local velocity must be linéd so the pressel stays bove vapour pressure.

Due tothis a limit has to be set on the circumferential speed of the runner as well as the meridional
velocity component of the flow. This limitation depends also on the outlet angle of the blades, the number
of blades andhe curvature of the blades and if rotation of the draft tube flow is accepted at best efficiency
flow (see chapter 10).

The inlet conditions of a runner for a reaction turbine will be based on how big fraction of the specific
energy should be convertattd kinetic energy (velocity head) at the inlet of the runner. By means of the
Euler's turbine equation the tangential component of the absolute velogitgan de found and then the
chosen meridional velocity at the blades inlet together witgigesthe inlet velocity (see chapter 8).

Example of design of a runner for a Francis turbine

The parameters used will be different for different manufacturers and in this chapter only a general
guideline will be given.
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Cavitation limits and choice of bladeangles

The cavitation limit is based on the absolute pressure at the runner outlet according to Bernoulli's equation
expressed in eq.(5.1#)cluding the draft tube friction loss and bend loss. (See also chapters 9.2 and 10.3).
Note that his theabsoluée pressure in m W.C. and thatitcludes the barometric pressuresrhm W.C

when calculating cavitation conditioasthe runner outle(Note that point 2 in fig 5.18hould refere to

the runner outlefior large turbine$

ho+ c3/(20)+ Z,= he+ c3/(20)+ J3+ Z5 (5.14)

In this equation the specific kinetic outlet energy headg) is normally less than 0.5 [mWC].

The following expressiois obtained by regarding fig® where Zwill be the vertical distance from the
draft tube outlet (point 3) to thefezence level. Normallyhie distance between the levetta runner
outlet(for large turbines® and the water level outside the draft tube is denoted as the suction hgad = H
as shown in fig. 5.10.

By studying fig. 5.10 and using absolatatletpressireincluding the barometric pressung we can be
substitutedor hgin eq.(5.14by hs = Z>- Z3 - Hs + hy in eq. 514 remembering thatdhas anegative

valueif point (2) is below the water level outside the draft tube.

Thenwe find following equatia:

h,=-Hs+ hb+_g+J3'_ (5.15)

J = e3¢3%/(29) is the draft tube friction loss and bend loss. This equation shows that if the outlet velocity ¢
is too high, the pressure imay be todar below atmospheric presre sd'boiling” or cavitation occurs.

Then the following equation for the actaiple absolute pressure zrhay be established by the

requirement thatdshall be higher than the vapour pressurg.= h

2

_C__‘]8 hva

ac?

h2:-HS+hb-§2ig
¢

Then after rearangirg theequationthefollowing requirements obtained in order to determine the value
of the turbine settingdsand definghe available NOMINAL POSITIVE SUCTION HEAD = NPSH

c: ¢
-H,+h - h,=NPSH, >-%2- 2.7 (5.16)

29 29

Here the right hand side, THE POSITNEEJCTION HEAD required $c,%/(29) - cs?/(29)-J] = NPSHk is
depending on the turbine parameters and is a requirement for the turbineattsigmoted as the
required NET POSIME SUCTION HEAD for the turbine. The left hand side is the availabttion
headNPSH, of the power planincluding the necessary submergence of the runHgrthe barometric
pressuréhy) and the vapour pressuredhwhich depends on the water tengdere.

The relatioshipbetween the velocity head below a runner and the tiavitperformance of a runner
denotes a complex problem tleain finally be determinedlfter the prototype has been put into operation.
However, by means of a cavitatitest of a model turbine thas homologous to the prototype the value
of NPSH where cavitation occurs (i.e. the critical value of NP3ét the prototype can be calculated
from the Thoma cavitation numbér~= NPSH/H measured on the model.

The autlet velocityand local low pressure zones in the runner have the main influence oritagara
behaviour Sincethe test head of the model normally ie/& than for the prototyp¢éhe NPSH; value of
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the protaype must be found indirectly calculated from the Thoma cavitation number as mentioned above
by running the model in a closed test loop and decreasing the pressure at the draft tube outlet until
cavitation occurs.

Thecritical valueof the net positive suction head iNPSH, found by model test must be less than the

required valueNPSHk described in the turbineontract where a safety mardiertween NPSKand
NPSH: must beincluded.

.|
C hb
2 Y
Za
‘ Ref

Fig. 5.10 The specific energy at runner taitand draft tube outlet

The definition of the Thoma cavitation number is as mentioned above:

(NPSH) 517
H

S =

The nominal positive suction head for the turbine may alsoudnedfas a turbine parameter érigally
determired from experience by the turbine manufacturer. The critical value of the cavitation is found by

means of the pressure where the efficiency due to cavitation, drops below the value for céngtation
operation.

For this valuai=( is expressed by the following equation. (See fig. 5.11)

(NPSH)_
o = T (518)
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Fig. 5.11 lllustration of the critical value ai=(i and example of cavitation for the choice
of 0 plant for a Francis turbine.

Further explan&n may be found in the IEC code [Ref. 5]. (Note: In the new code 995 NPSE is used
instead of NPSH i.e. E = gH = specific energy Joule/kg instead of m WC). From expetiaries
manufacturers normally have established formulas in order to find thealcvilue of the required
NPSH;for use in contract negotiations. Sucformula has been introduced in chapter 9, eq. 9.6 and in
chapter 10 eq. 10.16 which yields:

NPSH: = a 6:2%/(2g) + b u?/(2g) (5.9)

The constanta and b are giveand discusseih chapter 9, eq. (996andthe constant a and in particulary
b is depending on the specific speed and shape of the runner.

Example of a dimensioning procedufea high head Francis turbine runner

As an example, nominal data for flow and net head may be giveB86@¥/sec, H=400 m. Choice of
best efficiency point parameter mayds€l.2 (*denotes best efficiency point).

Q=1.2Q-for e=1.2

i.e."Q=30 ni/sec

Theoretical flow angle at maximum outlet diametemniay be chosen 0 -b,)=17.5 (Normal range 13
< ("-by < 19). The autlet flow angle is 12° larger than the blade anglepending on the shape and
number of blades.

Choosing max rim speed
uz = 41 m/sedor a moderate setting4@ m/sec < p< 45m/sec. for high head turbineg\Iso higher

values havédeen used, but the noice and vibrations increases with the speed-at/s is not
recommended.

The meridional velocity = 41Qan 17.8 at the outlet of runner at best efficiency with no rotation in
draft tube will get a normal value in this case. (See the outlet velocity vector diagram in fig. 5.12.)

If a higher value of yis chosenthe blade outlet angle should be reduced.
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Fig. 5.12 Outlet velocity diagram

Then the following meridional velocity will be obtained::
C., =U, tanp - b,)=41tan 17.5=12.93 m/sec

The outlet diameter may now be found by assumingacbe constant across the outlet area

D, =./4*Ql(pc,,) =1.719m

The speed of the turbine will then be according to the chosen valugaraffy
D(n" /60)=w

n=60w/(' D2) = 6041/( -1.719) = 455.5 RPM

This will not normally be a synchronous speed and an adjustment of the speed has to be made by adjusting
the circumferential speed and the diameter. The outlet anfjlemay also be adjustedut for a turbine
manufacturer the geometry must normally be homologous to an existing model turbine i.e. there are
restrictions on the outlet aleg of the blades if not a new or modified runner shall be made.

In order not to increase the necessary sugemee of the turbine, the speed shouldduiticedo nearest
synchronous speed. The synchronous speed is found by checking the formula

n=3000/Z (5.20)

where Z=number of pairs of poles in the generator for an electric grid with =50 Hz. Choosing &=7 give
n=428.6 RPM.

If the outlet angld, shall be unchanged as well as the best efficiency @whe velocity vector diagram
will be homologous and the following equations will be valid.

1. D2 cm2 = const. = 38.21
2. GnJU> = const.. = 0.315
3.k=n" D,/60

Now by eliminating g2 and u one finds B=f(n) i.e. D;*=38.21/(G/Uz) Uz
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land 2 D,?=38.21/0.315y= 121.3u, i.e. w=D,%121.3
1-2 and 3 121.3/3%= n" D,/60
D2 = (121.360/( 'n))*® and n=428.6 RPM

Then
D,=1.755m
and
U = 39.38 m/sc
Cm2 = 12.42

(Control"Q = gnz" D244 = 30.04 rifsec.)

The inlet dimensions may now be found by means of the Euler turbine equation which is identical to eq.
(8.55), see chapter 8.4)). This equation proves that the energy converted by the rubeer will

Er-Eo=wcu-Uc2=gHdh

The hydraulic efficiencyl, is as described earlier in this bothe ratio of the available energy which is
transferred to (and converted to mechanical energy) by the runner divided by the net energy drop from the
upstream to downstream side of the turbine = Mechanical loss dk friction loss and leakage loss is

not taken ito consideration in the hydraulic efficiency.)

That is:

U1Cu1~U2Cu2
h = —=—==< 5.21
h gH (5.21)

By using dimensionless reduced vel@stas explained in chapter 8 eq. (8.55) and chapter 10 eq. (10.2)
the following equation is obtained:

$1,= 2(u Cur~ Uz Cu2)
For the design of the turbine it has been assumed that we have the best efficiency where there is no

rotation in the draft tubeé. ¢2=0. Further an hydraulic efficiency of 96% is assumed and that
approximately 50% of the energy in front of the runner is converted to kinetic energy.

l.e. ¢?/(29)=0.5H or €&/(2gH)=0.5 orc,°0.7.
The inlet velocity vector diagram is drawmarder to try to obtain the stagnation point on the blade inlet

tip and the inlet angle so the relative velocity does not lead to separation and possible inlet cavitation
(especially for low head turbines) (see fig. 5.13).
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Fig. 5.13 The inlet velociy diagram

Besides the assumption theat 0.7 eq. (5.22) is also used when assuming the hydraulic efficilpn0y06
and assuming,e=0. Then following equation yields:

Ui cu1=0.48

The inlet velocity diagram clearly illustrates that the smallest variation of the inlet flow angle with
variation in the guide vane angle is obtained if the angle between the absolute and relative velocity in
close to 90 at best efficiency point of operation. The reduced dimensionless circumferential speed of the

blade inlet then from experience may be chosdh#d for a low specific speed runner and then
€.1=0.48/0.72=0.67.

The inlet diameter of the runner can now be found by the absolute value of u
u;=0.72/2gH = 0.72/299.817400= 63.78mkec

The inlet diameter of the runner will then be
D1= uy B0/(nO) = 63.7860/(428.6 ) = 2.842 m

The meridional velocity at the inlet may from experience be chosen approximately 10% lower than at the
outlet of the runner in order to obtain a slight acceleration of the meridional flow. (However, this choice
will be different for different manufacturers due to the philosophy of blade shape etc.)

Choosing: §:=0.90m2 = 0.992.42 = 11.18 m/sec

Then the height of the blade at the inlet=B, can now be found by means of the equation of continuity as
follows.

B1=*Q/(" Dicmi) = 30/( (2.842(11.18) =0.300 m
(Note: In this preliminary calculation the displacement of the blades thickness which may be)(approx
10%,has been neglected. By ta§ the blade thickness into consideration the blade angles must be

correded due to the increased relative velocity or meridional velog)ty ¢

A drawing of the meridional section of the runner, the guide vanes, stay ring and spiral case is shown in
fig. 5.14. The main dimensioning parameters are marked with arrows.
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Fig.5.14 Main dimensions of a high head Francis turbine.

The cross section area of the inlet of the spiral case may be chosen to be close to the cross section area of
the runner outlet.

However, different manufacturers will use a different cross sectidhe @piral casing inlet. A variation

of the inlet velocity versus the runner outlet velocity will also be a function of the specific speed of the
turbine.

The Kaplan turbines

The design of Kaplan turbines is based on the foil cascade theory déridignemsioning stage.
In this book &ample of the dimensioning of the runner will only be given in principle form.

An example such formula may be as follows:

Di=(0.85+0.3q)D> (5.23)

This leads to a somewhat smaller inlet diameter of the spiral case versus the outlet diameter for a high
head turbine (low specific speed) where the outlet energy from the runner is a small part of the total
energy.

Main dimensions d a Pelton runner

A Pelton turbine is an impulse turbine and not a reaction turbine and the total energy is converted totally
to kinetic energy at the runner inlet (see chapter 5).

The Euler equation eq. (5.22) then giveg:#0.96 andc,:=1.0 andc,>=0

UiCu1 = 0.48 andu, = 0.48
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Then the pitch diameter can easily be found. The bucket width may be determined as function of the jet
diameter as follows. [Note: smaller buckets than the formulas given below will be used by some turbine
manufacturers].

1-2 jet turbine B=3.04d-3.3d - where ¢=jet diameter
4-6 Jet turbine B=3.3d-3.44d

The shape of the buckets must be made so the relative flow angle of a particle on the jet surface and the
backside of the buckets inlet at the first touckhefjet in the middle does not excee@3or high head

turbines and 10for low head machines. This guide line is given in order to avoid cavitation or droplet
pitting. For further information see [Ref. 6] and [Ref. 7].

The diameter of the runner pihing for a vertical turbine may be roughly calculated by following
formula:

D, =Dr + KB (5.24)

Here Dk = runner pitch diameter, > diameter of pit liner, B = bucket width and the constant K will have
value 8<K<9 with increasing value for increasing number of jets. However, larger diametegive®

less problem with splaing and loss of performance. (It should also be noted that pit liners with

hexagonal shape for 6 jet turbines pentagonal shape for 5 jet turbines and quadratic shape for 4 jet turbines
have been used).

The height from the center line of the runner ® ¢kiling of the runner pit will be22.5 times the inside
bucket width B. For horizontal Pelton turbines the width of the turbine pit should be approximately 4

times the inside bucket width.In general the hydraulic forces on a Kaplan turbine bladefoandas lift

and drag vectorforce components on a single profile and corrected for the effect of the cascade according
to the traditional wing theory.

The lift (L) and drag (D) is normally calculated from the simple formulae along a length 1 at constant
radius=r with a width dr (see fig. 5.1)Hdensity of water)

L:ch%cildr

D=Cp r%cﬁldr

The constants CGand G may be found from tables or diagrams available from NACA or GOTTINGEN
foil profiles corrected for the cascade effect. The optimum angle of the relative inflow directema
parameter may be foundm G - Cp diagrams as indicated in fig. 5.17 by choosing the minimum ratio of
Co/CL which will be the tangent to the curve shown in fig. 5.17. In the diagram the consta0t&5 for

a GOTTINGEN profile for the optimum value o Uopt.
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/ C..  Relative inflow direction

from guide vanes

T Rotational direction

Resultant of hydraulic forces

Fig. 5.16 lllustration of lift = L and drag = D forces on a profile with length | in the
middle section of a Kaplan blade. Radial stretajr = 10% of the blade length
i.e. 510 various profiles with increasing thickness must be chosen for the
preliminary desig.

In fig. 5.16 the lift and drag forces for a profile are shown schematically. By studying the vectors
representing L and D, the very large axial forces component compared with the tangential forces
component is clearly illustrated especially for a smpéning of the runner blades.

For the first layout of a runner the middle section of the profile is normally chosen and the inflow angle
will increase towards the hub (and the profile will be thicker for structural reasons). On the contrary the
blade antes will decrease towards the tip of the blade due to higher circumferential speed.

l‘z -
4l
1.0 4- -
0.8 / &
0.5 04
0.4 'FZ
{
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0 0.0 0.02 0.08 J¢::'.:o
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Fig. 5.17 C_ as functions of gfor Gottingen 480 aerofoil profiles.
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A typical Kaplan blade is shown in fig. 5.18. The number of blades will be normally betwedrv4 an
However, also 3 blades have been used for extremely low and high heads and 8 blades have also been
used for very high heads exceeding 70m. The minimum speg#edsof a turbine will depend ¢ime

number of bldes. The maximum blades strésfoundin the fillet in the bolt connection to the pivot. The
hub is weakened by the high number of holes for the blade pivots for the lowest specific speeds and the
hub stresses limits the maximum number of blades to a maximum of 8.

As thebladesare movablehe inflow conditions on the runner blades will be adjusted for optimum lift
conditions based on the lift and drag components which gives the optimum torque on the turbine shaft and
maximum efficiency over a large range of flow and head in operation ashaan # fig. 5.8.

The hydraulic force on a Kaplan blade is found by integrating the values of the resultant vector of lift (L)
and drag (D) from the minimum diameter to the maximum diameter.

However, by studying the resultant force it is obvious &hidaplan runner gives a very large axial force
compared to the tangential force, which gives the torque and power of the turbine. Specially at low load
the ratio (axial force)/ (tangential force) is unfavourable. Because of the large axial the desigihiofsth
bearing is important and the increased bearing loss from the hydraulic load from the runner should be
subtracted from the turbine efficiency. The thrust bearing is also often a part of the turbine contract and
the bearing is located on the heagteroof the turbine to avoid transfer of large forces through the
generator structure.

Fig. 5.18 Hydraulic Forces on Kaplan bl
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6. TURBINE DESIGN WITH ERECTION AND DISMANTLING PROCEDURES
FOR MAINTENANCE WORK
6.1. Introduction

Development of hydulic turbines during the last 30 years has been concentrated in the
following main area:

* Increasing size of the machines, which are designed for higher heads with improved
efficiency for a given specific speed.

* With the environmentaliss protection of rivers by avoiding big dams in industrialised
countries, a new trend in the turbine design has also occurred:

* The development of mini turbines with simplified designs and low cost without
sacrificing reliability and with acceptable efficignevhen operating off the design
point.

The reason for building the largest possible units is to lower the kW price or weight/kW ratio
and increase the efficiency and thus produce electricity in the cheapest possible way.

The mini turbines are for smalivers and creeks where the environmental requirements
demand a minimum of dams and tunnels.

The development of mini turbines is theoretically based upon the hydraulic knowledge from
the development of large units and the developing work has been maitie groduction

side by simplifying the design with a certain loss in efficiency. It should also be emphasised
that experience is needed to carry out a simplification of the structural design.

Inexperienced work shops will have difficulties in producismall hydro turbines with
success without having access to laboratories and experts in hydraulic design, structural design
and production of hydro turbines. Design of mini turbines is not described in books because
the theory and design criteria are basadhe knowledge from development of large turbines

for which design criteria and production methods are described.

The efficiency of hydro turbines has been constantly improved. Today more than 92 per cent
efficiency for low specific speed Pelton turbshand 96 per cent for large Francis turbines has
been obtained for prototype turbines made by skilled manufacturers.

6.2. Pelton turbines
General description

The introduction of the vertical multiozzle turbines has increased the output of Pelton
turbines.(Ref. 21), (Ref22).

The most powerfuPelton turbinesn operationin Norway are the two 5 nozz$315 MW
turbines operating at 885 m net head and a speed of 300 RPM in Sima Powpuipiarto
opreration in 1976With today's technology it wilbe possible to build reliable Pelton turbines
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with a unit output of 700 MW for T® m net had and with outputs exceedingQDOMW per
unit for heads up to 2000 m if the water is clean. (Low sand or silt content.)

The development of Pelton turbines hasinlyabeen based upon model tests. However,
theoretical analyses of the flow in Pelton buckets have also been carried out. By combining
theoretical analysis with higépeed video techniques the knowledge of-siationary flow

over Pelton buckets has incsed resulting in an improved efficiency.

Measurement of the velocity distribution in the jets' cross section, which is highly affected by
the inlet conditions in bifurcatienand nozzlesgives also valuable information for the
designer. The shape of thacket's entrance must be optimised to fit the velocity distribution
across the jet. An increase in efficiency depends on an improved solution to this complex
problem.

The problem of fatigue in Pelton runners has been under continuous study. Todag reliabl
runners with a lifetime 19 cycles, or more than 50 years, of operation may be built if the
alternating peafo-peak stress amplitudes in the buckets is limited to approximately 45 MPa
and the runner is a high quality casting or build with a combinegeédwelded methodt

sould however be noted that when passinf t@cles an infinite life time is expcted if no
welding and grinding on the buckets are made. This is because such maintenance work
introduces local high stresses that may lead to fatigaeking if defects above critical sizes
occurs.

Parts showed in fig.:
Pelton runner, Turbine housing, Deflectoechanisminlet bend Wheel hatch
cover,Governor cabinetinlet bend, Ispection platformith man doorBifurcafion,
Air outlet valve, Bifucation, Drainage valve, Brake jet pipe.
Fig. 6.1a Horizontal Pelton turbine delivered by Kveerner for Skjaak Power Plant in
Norway, P=31.5 MW H=638m n=500 RPM.

The relatively modern design of a horizor2getsPelton turbine is shown in fig. 6.1.

.The power plant where this turbine has been installed is Skjaak Power Plant in Norway. The
year of commissioning was 1965, but the design represents still a modern turbine with straight
flow injectors and fabricated structure.
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Fig 6.1 b, Horizontaone jet small Pelton turbine operating at around 300 m net head.

The turbine liustrated in fig 61 b, is a pycal small hydro which isonectedo the main grid,
For operation onisolated load a fly wheel is normally required if thuebine is connectkto a
long penstock.

However, the most commonly used Pelton turbines today are thenuozdie vertical units

and in fig. 6.2, the 5 jet 288 MW units operating at 1130 m net head for Jostedal Power Plant
in Norway is shown.
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Fig. 6.2 Pelton Turbinor JOSTEDAL POWER PLANT
P=288 MW Hn=1130m n#428.6 RPM
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Due to the combination of large dimensions and high pressure the plate thickness will be a
critical dimension for such units. High tensile strength fine grain steel materials have been
used. In fg. 6.2 the general design of a vertical Pelton turbine is shown. The advantage of a
vertical multijet Pelton turbine compared with a Francis turbine is the easy access for

inspection and maintenance and the simple way of exchanging damaged or eroded
compaents.

o

SHAFT

== ]
SE=0
@ﬁﬁ
RUNNER -

Fig. 6.3 The rotating part of a vertical Pelton turbine (courtesy Kveerner)

The design consists of the rotating parts shown in fig. 6.3 i.e. the turbine shaft, the rotating
lower oil reservoir for the radial turbine bearing and the Peltonau

The rotating energy of the oil in the lower reservoir is utilized to lift the oil up to the upper oil
reservoir. A scoop pipe anchored in the bottom of the upper stationary reservoir and reaching
down to the outer wall of the rotating reservoir aéb the rotational energy of the oil and thus
"pumps" the oil up to the upper reservoir "through a cooler if necessary". (see fig. 6.4)

To oil cooler

!
01l level during

operation

|

0il level ac
standscill

|
|

Fig. 6.4 Details of the self lubricated aiooled bearingof a vertical Pelton turbine
made by Kveerner.
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The upperpart and the bearing pad cylinder are split in two halves for erection and
dismantling. From the upper reservoir the oil flows through the four rigid, but specially
machined bearing pads and down to the lower reservoir again. By locating the scoop close to
the wall near the top of the rotating slightly conically shaped reservoir a thin oil film is
obtained. (see fig. 6.4) For cooling purposes, cooled air from the tailrace tunnel is flushing the
outside of the rotational reservoir. The cooled air is subiloed the tail race tunnel by the low
pressure in the centre of the runner pit. There is no need for shaft seal in a vertical Pelton
turbine unless the turbine is working with back pressure.

In fig. 6.5 the vertical Pelton unit for Tafjord 5 Power PlanNmrway is shown. This turbine
is working with up to 12 m back pressure with maximum tail race water level.
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Fig. 6.5 The four jet Pelton turbine for Tafjord Power Plant
P=80MW H=660m to H=810m and n= 500 RPM

Surging of the water level of the surgeaatber of the tail race tunnel outside the turbine will
also be reduced underneath the runner by a factor of approximately 1:10 due to compression of
the trapped air in the runner pit inside the concrete baffle as shown in fig. 6.5-tducbimg

labyrinth type shaft seal (locked with 20-pressure water) has been used to prevent air
leakage from the runner pit.

The turbine bearing for the Tafjord turbine is not located near the flange as shown in fig. 6.4,
but above the seal and it is not primary air edas for the case shown in fig. 6.4. The Tafjord
bearing type is normally used for Francis turbines designed by KVAERNER. The advantage
with the labyrinth shaft seal is that it is running dry without water when the unit is not
submerged and the compresdor depressing the water level is not running. It is also
important to note that the air leakage through a dry seal is so small that the turbine can operate
also without pressure water in the seal. However, energy will be lost by increased air supply
from the compressors. As illustrated in fig. 6.5 a baffle located approximately 10 runner
diameters downstream of the turbine pit forms an air lock at high tail race level. A long
distance from the runner centre to the baffle reduces the amount of air bobddespe from
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the runner pit. This reduces the compressor capacity which may be designed for approximately
3% air/water flow (Nm¥s)/(nm¥/s) to compensate for possible leakages in the concrete.

For the vertical Pelton turbines the design of the straighw finjectors with internal
servosystem and balancing of the hydraulic forces on the needle is the most complicated part
of the turbine besides the Pelton runner and the manifold.

In fig. 6.6 an injector made by Kvaerner is shown. For this injector thextlyclibalancing is
obtained by a combination of a hydraulic seal between the needle base and the guidance
cylinder (pos. 11) together with a disk spring column. (Note the injector is shown in closed
position in the lower half below the centre line in BJH)

The different parts of the injector are as lisie fig. 6.6. Because competitigimplified

versions of injectors have been mateorder to reduce production co$he injector shown

in fig. 6.6 however, have been produced in a number close @oagd the first one of this

design has been in operation since 1965 with no maintenance work at all. Except for minor
production errors no maintenance has been necessary for these injectors except for exchange
of the balancing gasket and needle/nozzlesuhite to sand erosiolm a few cases fractures of

disk springs has occurred if the preloading to introduce compression at the inner diameter of
the disks.

All parts exposed to abrasion or wear are made of stainless 13% Cr 4% Ni or 16% Cr 5%Ni
coated withhard wear resistant material. For clean water the needle tip and nozzle are
normally hardened to 300 HB with no hard surface coating.
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Fig. 6.6 Straight flow injector of Kvaeerner design (197995)

3,14 Injector nozzle sectiomain body with inner guidance straighteners welded to
servomotor cylinder body.

1,2,5,9,10,20 Levers, Links, guidance and shaft for mechanical feed back system.
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8,15,18,21,22Disk spring column, needle rod, servomotor piston, and lining in castanoh,
disk spring support rings.

11,12 Needle guidance cylinder with hydraulic balancing seals, upstream end
cover.

4,6,13,16 Servomotor inlet flow bulk head, streamlined flow guidance cylinder,
needle tip base and needle tip.

17,7,19 Nozzle ring, ddector and nozzle splash baffle.

[Note, the chambefor the leverage system is filled with oil for rust protection. The bored
conduit from the closed chamber behind the needle base (pos. 13) serves as leakage conduit
for observing eventual oil or watexdkage caused by e.g. sand in the seals.]

Fig. 6.6 For operation in sand laden water hard surface coating on ceramic basis or other
types have been developed for protection of needle and nozzles. Also turbine runners may be
coated, but not only with sucsgebecause a minor loss in efficiency.

For a further description of the design of vertical Pelton turbines it is convenient to follow the
erection procedure step by step describing the different parts.

Erection procedure

In fig. 6.6 a, b, c, d, e, f therection procedure is illustrated part by part, step by step. For a
study of design, erection and concrete foundation procedure of the different turbine parts it is
convenient to look also on the figs. 6.2 and 6.3 where completed vertical turbinkevane s
(Courtesy of Kvaerner)

Erection of a vertical Pelton turbine in cavern power houses starts on concrete foundations
integrated in the concreted lower part of the runner pit and outlet channel leading to the tail
race tunnel.

The first part to be eréad is the combined inspection and working platform with rails for the
dismantling cart for the Pelton runner. (see fig. 6.6a)
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Fig. 6.6 a  Concrete foundations for a vertical Pelton turbine

The next stage in the erection is to install the lower datieorunner pit liner (86 mm plate
thickness depending on turbine size). The liner is reinforced by outside ribs and furnished with
anchoring bars to avoid buckling during concreting, and avoid loosing contact to the concrete
during operation.

Then themanifold sections are placed in position on the steel plate anchors on top of the
concrete foundations shown in fig. 6.6b. The manifold sections will then be welded together,
heat treated, and pressure tested after examination of the welds. An accsitairipgp and
anchoring of the manifold is made. The manifold is then ready for embedment in concrete
after the turbine housing top cover including the upper part of the runner pit liner is mounted.
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Fig. 6.6b Erection of runner pit liningrad manifold

The top section of the turbine housing with cover are welded together and then welded to the
lower part of the liner and joined to horizontal plate cylinders connecting the outlet flanges of
the manifold and the turbine housing. (see fig. @6 fig. 9.6c). It is important to contribie

correct level and secure anchorage of the top sediomsy embedment in concrete.

Finally the central cone with the machined turbine bearing support flage is welded to the
turbine cover with a special gredure to keep the bearing support flange in level within an
accuracy of 4/100 mm per m. (fig. 6.6c). (The flange for the turbine bearing must be
continously controlled during the welding if the accuracy of 4/100 mm pr m shall be obtained
by welding on tvo sides at the same time with controlled heat input.)

The final erection before concreting of the embedded parts is shown in fig. 6.6c. [Note the
water jet braking pipe shown in fig. 6.6¢ and the reinforcement bars]
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Fig. 6.6¢ Final eredbn before concreting of turbine

In fig. 6.6d the completed concreted turbine is shown with the continued concreting of the
generator foundation shown to the left. The turbine erection work will continue with
positioning of the turbine shaft, installinget governor equipment and inlet valve including
connection of piping systems.[Note: the oil sump and governor foundation as well as the
foundation for the inlet value is concentrated together with the turbine].
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Fig. 6.6d Concrete work finished. Tume ready for final erection work.

The turbine installation before starting the erection of the generator is shown in fig.6.6e after
the deflector mechanism the governor system and inlet valves have been installed. The turbine
shaft is positioned in a a@ct centred vertical position approximately 20 mm below the final
level ready for connection to the generator shaft flange (fig. 6.6e to the right).
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Fig. 6.6e Final erection of turbine before coupling to the generator

54
Endringsdato: juni 2000



[Note that before governor lmets and the oil hydraulic components are installed the

concrete surfaces should be cleaned and coated with paint to avoid dust pollution of the oil
hydraulic parts].

Before the last stage of turbine erection can be made, the erection of the getemataosor
and thrust bearing must be finished.

The first stage in the last part of the turbine erection is to connect the generator and turbine
shaft.

After the flange bolts in the turbine generator coupling have been prestressed the complete
turbine generator shaft will be rotated with the lower generator bearing and the turbine bearing
dismantled. This is for control of tretraightness byurning the the shaft and amdading the

radial positions for each 9@egree atachguide bearing position andbove and below the
flange couplindor possible eccentricity
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Fig. 6.6f Control of the straightnéss of the generatoaft andurbine shaft at site by rotating
theshaft and reading the positions everydé@ree.
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The procedure is illustrated in fig.8% showing the readings i(l/100 mm. For each 90
turning of the shaft in positions-4. If any bend of the shaft in the coupling is observed a
straightening may benade by tightening the bolts further on convex side of the bend in the
coupling.

The example of the control procedure shown in fig. 6.6f is valid for both a Pelton turbine and
a Francis turbine, where also the runout of the lower runner labyrinth is included. For a Pelton
turbine the procedure is made without the runner, but with a possibtsol of the runout of

the male flange which will be coupled to the runner.

The last and final part of the turbine erection is mantling of the Pelton runner, nohyally
meansof ahydraulic lifting cylinder and the runner cart on which the runnerasght in
position below the shaft flange. The procedure is illustrated in fig. 6.6g.

Parts shown in the fig. are.
1. Cylinder, 2. Lifting fixture, 3. Cart, 4. Hydraulic cylinder and flexible oil supply pipes.
5. Shaft flange6. Friction bolts. 7Runner. 8 Safety bars (threaded with nut.)

Fig. 6.69 Erection of Pelton runner

The straight flow injectors and deflectors are normally erected by lifting pulleys attached to
eyebolts fixed in threaded holes in the turbine housing cover located inngamvplaces in

the sealing above the injectors. The dismantling procedure for the turbine runner is just the
opposite way of the erection procedure.

Exchange of needles and nozzles or complete injectors is also made with convenient lifting
tools with acess from the dismantling and inspection platform. Minor repair work such as
grinding of the runner due to minor erosion damages may be dtmeuvdismantling of the
runner

The access to the governor and inlet valve is from the outside and will ber $ortiteat for
Francis turbines. The Pelton turbine bearing shown earlier in this book in fig. 6.4 is split in
two halves and may be dismantled in the opposite way as shown in the erection procedure.
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6.3. Francis turbines
General comments with descriptionof some special high head turbine design

Francis turbines are the most commonly used turbines today. These turbines cover a wide
range of heads from 280 m up to 700 m and even higher in special cases.

Exept for small hydro Francis turbines are of theival shaft type .

In fig. 6.7a a horizontal small hydro Francis turbine is shauich normally can be used up

to 300m Qeagu

e}

Brepert
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Fig. 6.7a A typical small hydro Francis unit with horizontal shaft.

Of the large Francis turbines installed in Norway bef@ar 2000 the turbines for Svartisen
power plant should be mentioned.

Thefirst turbinefor Svartisen Power Plamtas commissioneth 1993and was at that time the

most powerful turbine operating at head above 5@6 the author’s knowledge

The output bthis turbines iS850 MW operating at a net head 543 m and with a speed of 333.3
RPM. The worlds largest Francis turbine inclirdy the whole range of heads was at that time

the turbines for ITAIPU at the border between Brazil and Paragliag output of hese
machines are 740 MW operating at a net head 118.4 m with a speed of 90.9 RPM and 92.3
RPM, for 50 and 60 Hz production respectively.

At present time the turbines for Three Gorges Powerplant in China are the most powerful
turbineswith design head 0f57 MW at a net head of 80.6 (Ref.29).

However, in China even more powerful turbirggerating at higher headjll be installed in

the future.

In this chapter the design and erection of typical high head units will be described.

However, the desigphilosophy and the research work for development of Francis turbines
will in general be valid for all types of units. Also the erection procedorehigh head
turbineswill be similar unless the fact that the very large H@md medium head units must

hawe a larger portion of the fabrication at site, and in some cases also the runners must be
fabricated at site or even bolted together at site because of transport limitations.

The development of Francis turbines has been based on an extensive use destiodel
internationally. However, for high head machines with long blades gaphiethods of flow
analysis havéeen used as early as in the late twenties.

In Norway Professor Sundby at the Norwegian Institute of Technology started an extended use
of grgphical flow analysiof runnersduring world war 1. Later Chief eng. Christie and Chief
eng. Semming at KVARNER developed this method further for practical use in industry, and
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after World war Il remarkable high efficiency was obtained for high head aghithout use

of model tests. Thermodynamic efficiency teatssite on these machines today proaed
efficiency on the same level which can be achieved with modern numerical programs and
laboratory test facilitieat present timéor high head turbines

In the Appendix is presented a further development of the theoretical background for the
graphical met hod f ocus edwhzhmis impodant ol lavd leeadl e a n
turbines The philosophy ofite blade lean influence was usetien shaping the lowna

medium runners at Kvaerner which started late in 1995. In this development the blade shaping
was followed by a fine tuning of inlet and outlet by CFD analysis.

Theoretical flow analysis of incomprelska steady state flow for higiead Francis turbines i

far advanced and commonly based on Euler's equations computed by CFD programmes. For
the final analysis including part load and overload operation the Baldwirak and partly the

K, U model for viscid turbulent flow have no
is of a nonsteady nature due to the wakes trailing behind the guide vanes.

In the future advanced mathematical turbulence models fosteady flow analysis may be
developedand commonly used for study of the nstationary turbulent flow in the runners.

The disturbance from vortex cores formed by leakage in the guide vanes clearance gaps are
studied at the Norwegian Institute of Technology awill hopefully also give a valuable
contribution to the solution of this problem.

Detailed measurements of pressure on the runner blades are necessary to fix the boundary
conditions for the theoretical analysis. Then an improved understanding ofnérédog of

the runner flow can be achieved. Advanced velocity measurements using high speed video and
laser Doppler techniques and further advanced computer studies of unsteady flow including
turbulence and boundary layeveill help improve the efficiencyand cavitation performance

of the turbines.

Another special area of study is operation of the turbine away from the design point. Off
design operation of Francis turbines will be very important for peak load production from
hydro power plants. Of impomae is the recently started research work on balancing the blade
lean angle of the blade with a twisted blade design recognised as X blade runners in order to
decrease the cross flow swirl in the blade channels. Model tests have so far proven an
exceptionhstable operation at part load for these pressure balanced X blade runners.

On the structural side the increased size of machines has in the same way as for Pelton
turbines led to an extended use of high tensile strength steel. The expression LEAKAGE
BEFORE RUPTURE, which limits the allowable stress level of big machines, will be an
important design criterion for large machines.

Another important design criterion is to make compromises between the optimum hydraulic
design and the structural requiremeptavoid stress peaks and blade cracking in runners. The
dynamic load from blade passing frequencies and pressure pulsation in the draft albe are
important in the study of blade cracking problems.

In fig. 6.7b a 3D drawingof a low specific speed &ncis turbine is shown. A description of
the different partss listed in the fig. 6.D. The function and desigof the different parts will

be describedh theerection procedure and the dismantling procedure for maintenance work.
The turbine design peesents he KVARNER design. Other different designs of Francis
turbines made by other manufacturers are not described in this book.
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The erection procedure for Francis turbines follows a similar procedure as shown in the
previous chapter for Pelton turles with pressure testing at site after the final welding of the
spiral casing for large turbines with split spiral cases. For smaller units with the spiral casing
in one piece the pressure testing is normally made in the work shop, but a repeated bbest may
made at site if required to seek if any leakage occurs in the seals between stay ring and the
covers. [Not necessarily with full test pressure, but with max operational pressure].

A Francis turbine may be divided in following main sub structures:
1. The rotating parts
2. The head and bottom cover included the guide vane system
3. The bearing and shaft seals
4. The spiral casing with stay ring
5. The draft tube

1 Guide vanes 12. Lower rotating reservoir

2 Runner 13. Qii scoop pipe for oil circulation
3. Guide vane liver 14. Bearing pad supporting cylinder
4 Regulating ring 15. Head cover

5. Guide vane link 16. Spiral casing

6. Servomotor rod 17. Stay vaas

7,8,9 Guide vane bushings 18. Draft tube cone

10. Bottom cover

11. Bearing hodsing with upper oil reservoir

Fig. 6.7b 3 D view of a high head Francis turbine (Courtesy of KVAERNER)
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In this chapter a description of the maiarts including some items of a special design, made
by the Norwegian turbine manufacturer KVARNER is presented.

In fig. 6.8 the assembled rotating parts of a Francis turbine is shown. The rotating assembly
includes the turbine shaft with the lower ratgtoil reservoir for the turbine bearing and the
runner connected to the turbine shaft by a pure frictional connection. The bolts are prestressed
up to 560 MPa by heating by means of a hydraulic prestressing tool.

]
i !
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i Turbine shaft
t
]
3 Oil Reservoir (rotating)
: Betoutovintiiniintn ,
= : Runner
Pump ring pomm——

Fig. 6.8 Rotating parts. Includolower rotating oil reservoir of turbine bearing.

In fig. 6.9 the radial bearing for a Francis turbine is shown. Thepgealping system
consisting of a scoop in the lower rotating oil reservoir is shown at the bottom of the reservoir.
The reason for théocation of the scoop different from that in a Pelton turbine bearing is
because no aicooling is used which excludes the necessity of a thin oil film along the wall of
the rotating oil reservoir. Otherwise the oil circulation system of the bearingptus same

as for the Pelton turbine bearing shown in chapter 6.2. Of special design is the split lower

rotating oil reservoir consisting of two halves joint by a special oil tight bolt connection. [Not
shown in fig. 6.9].
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Fig. 6.9 Francis turbine guide bearing.

In fig. 6.10 the nostouching labyrinth type shaft seal is shown. The seal stef a 3 stage
labyrinth system made of babit metal melted in a supporting stationary cylinder. The
stationary babitlined labyrinth seal rings have a narrow clearance to a stainless sleeve on the
shaft. The clearance is a little bit (1/10 mm) biggerhm $ame as the bearing clearance.
However, after a few hours of operation the sharp noses of the soft babit metal labyrinths are
flattened to a nontouching seal. The shaft seal is running dry during operation because the
pumping plate system on top ofetihunner crown inside the runner seal ring keeps the water

away from the shaft flange at normal rotating speed. This system will be described later (see
fig. 6.11).
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Fig. 6.10 Labyrinth shaft seal with inflatable rubber seal for stand still of turbine. The
rubber seal is used for turbines with deep submergence.

When the turbine is stopped the shaft seal is exposed to the draft tube pressure and is no longer
dry. For stand still of theurbine an inflatable rubber seal is installed at the bottom of the
labyrinth if the submergence of the turbine is deep (More than 20 m). The rubber seal is
activated by air pressure when the turbine is stopped. For normal and low submergence no
rubber sehis installed and the labyrinth seal is drained by siphoned pipes from the last two
stages down to the pump sump of the powerhouse. The reliability of this type of seal is very
good and it is suitable for turbines operation in siadén water, becauseis running in air

during normal operation and is not affected by the sand transport through the turbine. No
leakage has been observed from the top of the seal during stand still even without a rubber seal
when the siphon system is running. In case ofgilog of the siphoned pipes for some reason

an automatically controlled drainage pump system is located on the head cover outside of the
seal to take care of possible leakage during stand still.
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The pumping plate system on the runner is shiomiig. 6.11b.
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Fig. 6.11 The pumping plate arrangement

The pumping plate system is invented by KVAERNER and the leakage fraatethe upper
labyrinth seal is normally used for cooling water purposes. The system is illustrated in fig
6.11. The necessary cooling water pressure aait pA in fig. 6.11 will then be the
dimensioning parameter for the pumping plate system.

The systenconsists of a smooth stainless plate fixed with ribs on top of the runner crown
inside the labyrinth seal. A similar smooth stainless plate is attached to the head cover ending
in an axial cylinder forming a narrow vertical clearance on the inside otithpipg plate.

On the upper side of the rotating pumping plate the rotational speed of the water will be
approximately 50% of the circumferential speed of the pumping plate while the water will
have full rotation equal to the speed of the runner crownroedth the plate due to the radial

ribs.

The pressure, equal to the cooling water pressure in the open space at the outer rim of the
pumping plate will be the same above and underneath the plate. The pressure drops more
towards the inner diameter underrretite plate with full rotation of the water than above the
plate with lower rotational speed of the water. The pressure underneath the plate will drop
enough to reach atmospheric pressure outside the inside diameter of the plate.

On the upper side of thmumping plate, however, there will be a certain water pressure at the
inside diameter driving the water through the narrow clearance between the edge of the plate
and the static cylinder inside the plate down to the atmospheric air pressure below. The
rotding ribs on the lower side of the plate forces the air mixed water flow outwards to reach
the parabolic surface of the water in between the rotating ribs underneath the plate.

The pressure drop on the topside of the pumping plate can be calculatedfolothieg
simplified formula
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Her e K 0.5 and ¥ = angular velocity of the
Ra and Ry is shown in fig. 9.11 andalF cooling water pressure.

[The real pressure distribution is more complex than shown in the equation above and 0.5
Then a larger pressure drgives a higher rattion tharby using K obtained above giwen in

the equation. The rotation is depending of the flow velocity from outer to inner diameter and
the rotation of the water at the rim of the runner crdwn.

The power needed for the circulation of water canfdund theoretically as shown in
following equation:

P= 1} g/agkWh

where g = the leakage flowandh t he cool i ng=anassemed gificiens sfur e,
~ 50%.

However, the energy saved by obtaining that the coupling bolts are running in air saves more
energy than used by the pumping plate sysbmmause the flow (=q s) is very small
because of a narrow clearance on the inside of the pumping plate.

Erection procedure with a description of the main parts of a high head Francis turbine.

Before the erecting procedure is described it is convetodgake a look at fig. 6.12 showing a
schematic drawing of a modern Francis turbine included inlet valve draft tube, draft tube gate
and necessary drainage piping.

The erection procedure of a vertical Francis turbine produced by KVARNER can be described
as shown in Fig. 6.13 a, b, c, d, e, f and g together with a brief description of the foundation
works and the design of the different parts included the dismantling procedure for maintenance
work (see following pages).

The erection procedure starts withe draft tube, which must be positioned and securely
anchored against buoyancy in liquefied concrete. In addition it must be reinforced by
removable stiffeners from the inside to avoid buckling during embedment in concrete. In fig.
6.13a the draft tube shown after concreting with the concrete supports for the spiral casing
which will be the next part for erection. Fig. 6.13b shows the spiral casing with stay ring (2),
head and bottom covers (5), guide vanes (6), the pressure testing cylinder locatethside

of the guide vanes (7) ready for pressure testing. In fig. 6.13c the spiral casing with the draft
tube cone (3) and the bulk head (4) are shown erected and securely anchored by welding to the
anchoring plates on top of the concrete foundations.
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Fig. 6.12 Schematic drawing of a Francis turbine complete with inlet valve and draft tube

Before pressure testing of a not assembled spiral casing the parts must be assembled and
welded by joining two or four sections if a split spiral casing desigmséd. Another and
preferred solution for high head turbines of moderate dimensions is to cut off sections of the
plates on the outer parts of the spiral casing for transport reason. Later these parts are welded
back in place at site. The field weldingssess relieved by heat treatment for plates thicker

than 40 mm depending on the carbon equivalent of the plates. Thinner plates are welded with
preheating, but without thermal stress relieving. For a split design post weltldaeig will

be requiredfithe plates are thick. However, for the low carbon fine grain steel, which is used

to day welding on split spiral cases has been done without post weld heat treatment.

Fig. 6.13a  Draft tube embedded in concrete
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The concreting of the tbhime up to the turbine floor is in Norway normally made without
pressure in the spiral casing and no soft material is used between the steel plates and the
concrete for high head machines. The experience is good with this method. The gap between
the concree and the steel plates in a depressurised spiral case caused by the shrinkage of the
concrete will be reduced. This is an advantage concerning possible humidity and rust later
during operation.

The finished concreting work continues from the turbine rflap to the generator floor
including the generator support structure before the turbine erection work is continued. The
draft tube cone is not embedded in concrete in Norwegian power plants, allowing for
dismantling of the bottom cover, the guide vanes thie runner down and out underneath the
spiral casing as shown in fig. 6.14a and 6.14 b later in this chapter.

In fig. 6.13d the runner and turbine shaft is erected and positioned for the generator erection
supported on the draft tube cone. Before theegstor erection is started the head cover, the
regulating ring and regulating mechanisms are mounted as shown in fig. 6.13e.

Fig. 6.13f shows the complete turbine shaft and runner after the turbine shaft is connected to
the generator shaft. In this pasit the complete shaft andrunner is turned and measured in

5 positions along the shaft after each 90 turning to control the straightness as described for
Pelton turbines (see fig. 6.6f). The runout of the lower runner labyrinth will also be controlled
in this case. In case the shaft is not completely straight the straightness may be corrected
within certain limits by an increased prestressing of the coupling bolts as described for Pelton
turbines referring to fig 6.6 f. Such correction is acceptabléawe been successfully carried

out on many turbingenerator shafts also of large size machines.

The completion of the erection of the turbine and generator will be to mount the lower
stationary labyrinth housing. This is made by locking the shaft iRcioposition concentric to

the upper runner labyrinth ring of the runner and concentric to the upper generator bearing,
and finally mount the lower generat@nd turbine guide bearing and the labyrinth shaft seal
and lower stationary runner labyrinth centric to the shaft.

The last turbine part to be erected is the draft tube cone which will normally have a fixed rigid
-flange connection to the lower turbine cover and a looser telescope connection to the draft
tube top. (see fig. 6.139).

The labyrinthseal and the turbine bearing, the guide vane lever system, the regulating ring
connection to the servomotors as well as the installation of the spherical valve and connecting
pipe between the valve and the spiral casing, will be the last heavy parterected in the

main turbine system. In addition all piping for draining the penstock cooling and oil piping
will normally be part of the turbine systesnection.

The height between the draft tube floor and the lower side of the bottom cover is chosen
arond 2.1 m to allow for working and walking with free overhead space for inspection and
dismantling work.
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Fig. 6.13 b  Francis turbine parts erected for concreting (5 heads and bottom cover, 6
guidevane, 7 pressutesting cylinder)

——
L
T Y

v 9’ DM—T-—-‘

. s .
—f-——ﬁ—.’_,—,—,ﬁ."—r""v

Fig. 6.13c  Eredion of spiral casing ready for concreting
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Fig. 6.13d  Positioning of turbine shaft for generator erection.
Note the runner support on top of draft tube cone
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Fig. 6.13e  Turbine erected ready for start of generator erection
Governor mechanisms amsounted during generator erection periods
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Fig. 6.13f

Fig. 6.13¢g

Fixed after shaft control of lower labyrinth
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Turbine shaft is connected to generator flange for control of turbine generator
shaft straightness by rotating the shaft fixed in position by wedges in the lower
labyrinth seal. The fixed straityshaft is used for positioning the radial bearing
and the labyrinth shaft seal (see description in the text).
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Turbine erection completed
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The dismantling procedure of the not embedded parts which are exposed to wear and thus
needs maimnance work are normally the stationary seal rings and the guide vanes in addition
to the guide vanes facing plates on bottom cover and upper cover for plants with sand erosion
problems.

Except for the upper cover all the turbine main parts can be dig@own and out which is

an advantage due to less work compared with a dismantling procedure up and out for a turbine
designed with an intermediate shaft between the turbine and generator flange. (If the head
cover is furnished with a bolted facing m@athis plate may also be dismantled down,
depending on the way the plate is attached to the head cover).

In figures. 6.14a, b, c, d, e, f and g. the dismantling pioce for repair of the turbines
illustrated. It should be noted that the draft tubeecmust be divided in a lower and upper
part in order to move the cone out of the draft tube pit underneath the spiral casing. This is
illustrated in fig. 6.14a and 6.14b.

In fig. 6.14c and 6.14d the bottom cover with the labyrinth are lowered down hysméa
hydraulic jacks fastened in 4 threaded bolt holes in the stay ring. In fig. 6.14e, 6.14f and 6.149g
the removal of the guide vanes and runner is illustrated showing lowering of the turbine shaft
by hydraulic jacks with guidance bars fastened in timeggor coupling boltholes.

All parts are moved out of the draft tube pit by a cart on rails on the floor in the draft tube pit.
The shown procedure is a quick and labour saving dismantling process. For small units the
dismantled parts may be slid out i floor on rails by a jack pulley.

The mantling process will be the same procedure but in opposite order.

Fig. 6.14a Removal of lower draft tube cone section
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Fig. 6.14b  Removal of upper draft tube cone
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Fig. 6.14c  Dismantling of bottom aver
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Fig. 6.14d  Bottom cover ready for transport out of the draft tube pit on the transport cart.

Fig. 6.14e  Dismantling of guide vanes and guide vane levers.
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Lowering of shaft and runner

Fig 6.14f
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Fig. 6.14g Moving the runner out of the draft tube pit
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6.4 Kaplan turbines

The development of Kaplan turbines has been towards larger units and also for increased head.
For average size rivers which is the case in Norway the choice between arfevwolarge

Kaplan units, or a higher number of smaller Francis turbines has favoured Kaplan units for
heads up to 50 m due to poor off design performance of Francis turbines. However, it should
be emphasised on the tip blade clearance problem of thearKaphner blades, which
increases with size and with head. This represents a current area of research. (The competition
between Kaplan and Francis turbine has also in some cases lead to the installation of one small
and another twice as big Francis unitievhallows for a widened operation of the turbines at

high efficiency by an optimal operation of the two units. The best efficiency is then obtained at
1/3-2/3 and 3/3 of best efficiency point load of the two turbines together.)

The design of the contraelystem with an individual servomotor for each guide vane has been
successfully in operation for several large Kaplan units in southern Norway including 11 Bulb
turbines.

Fig. 6.15 Solbergfoss Kaplan turbine P=100 MW H=20 m n=79 RPM (courtesy
Kveerne)

In fig. 6.15 is shown the excavated powerhouse for Solbergfoss which has a big Kaplan
turbine delivered by KVAERNER. The turbine, which was described in fig. 4.6, has individual
servomotors for the guide vanes. The unit has the thrust bearing locatkd turbine head

cover which reduces the relative vertical movement between runner and runner chamber. The
max flow capacity is Q=500 {isec.

In fig. 6.16 is shown the cross section of a traditional Kaplan turbine design with regulating
ring and two omore servomotors connected to the ring from the inside. For smaller units the
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regulating ring may be designed in the same way as for Francis turbines with the servomotors
connected from the outside of the ring.

The advantage in the efficiency for Kaplawrtines is obtained by the double regulating
system, which adjusts the runner blades in optimal position to the guide vanes position.

However, the double regulating system gives a complicated and expensive design.

On the other hand a higher specific sbeéa Kaplan turbine compared with a Francis turbine

is obtained without the disadvantage of a very narrow peak of high efficiency. This is because
the efficiency of the double regulating on cam envelopes all peak efficiencies resulting in a
wide range ohigh efficiency. This has earlier been illustrated in fig. 5.7 a in chapter 5.1 and
the system allows for the possibility of having a higher specific speed than for a Francis
turbine. Then the speed of the Kaplan turbine alternative will be higher than Foancis
turbine and the generator will be cheaper.

The runner blade guide vane combination is also governed by variation in the head leading to
a two dimensional combination controlled by both flow and head (see fig 5.7 b chapter 5.1).

1. Runner 7. Spiral casing 13. Turbine bearing
2. Guide vanes 8. Guide vane levers 14. Shaft seal

3. Outer top cover 9. Guide vane links 15. Trust bearing

4. Bottom cover 10. Regulating ring 16. Draft tube cone

5. Runner chamber 11. Center top cover 17. Drainage pump

6. Stay ring 12. Turbine shaft 18. Intermediate shaft

19. Servomotors
Fig. 6.16 A general view of a traditional Kaplan turbine with regulating ring
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Because of the large dimensions and the low pressure the main design aoitethe f
stationary parts of a Kaplan turbine will be deflections and clearances.

However, the most complicated part in a Kaplan turbine is the hub with the mechanism and
servosystem for the runner blade control.

It is important to reduce the size of th&bine and get a high efficiency which may be
obtained by making the hub as small as possible. The design criteria for the hub will be
stresses besides acceptable deformation. The normal load will be the hydraulic forces during
normal operation. Howevethe most extreme forces will occur during shut down and at
maximum runaway speed with small runner blade openings and fully opened guide vanes with
no load on the generator.

Such runawayshall never occur without serious failure in the guide vane/runtegteb
combination system and the (safety) margins for eac hi ng tohienogmaleg!l d st
small both for turbine and generator.

For normal shut down of the generator load with runaway speed the runner blades shall close
slowly from open position while the guide vanes shall close fast in order i lavge guide

vane opening combined with small runner blade opening. During fast opening at the guide
vanes to gain load the runner blades should also open fast with the same speed as the guide
vanes in order to follow the guide vanes in optimum effigjgmasition. Then a combination

of large guide vane openings and small runner blade openings should be avoided if a sudden
rejection of the generator load occurs.

One of the most difficult structural requirements to fulfil is to obtain a smallest pogsible
between the runner blade tips and the runner chamber, due to deflections and roundness
deviations of the large flexible runner chamber. Touching between blade tips and the runner
chamber must be avoided, but large gaps decreases the efficiency. Aaheaaof clearance

of 3-4 mm for a 5 m diameter should be obtained as a normal standard.

The different parts of a Kaplan turbine are illustrated in fig. 6.16.

In fig. 6.17 a traditional general lay out of a complete low load Kaplan turbine located in a
dam with upstream and downstream gates is shown. The spiral casing is in this case an unlined
concrete spiral because the turbine is designed for a very low head.

The most important assembly in a Kaplan turbine is as in a Francis turbine the rotating parts
consisting of runner and shaft as shown in fig. 6.16. Note that the turbine guide bearing in fig.
6.16 is of the conventional type with a forged collar on the shaft and a non rotating lower oil

reservoir. The oil circulation may be obtained by skewedvg®dn front of the bearing pads

or by means of an electric driven circulation pump.

The shaft seal may be of the carbon ring type or Teflon ring type because the seal is exposed
to the pressure upstream of the runner and a pumping plate system wityrilstHabeal
running dry in air cannot be used.
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The hub may be of the same type as shown in detail for the Kaplan Bulb type turbine in fig.
6.21.

The erection of a Kaplan turbine starts as for a Francis turbine with concreting the draft tube
lining (normdly through the bend only) and making the foundation and anchoring plates for
erection of the stay ring and spiral casing.

/I
Ni;
h
2
A
J

Fig. 6.17 A complete Kaplan turbine with gates for a low head power house in a dam

The first step in the erection of the stay ripgs 6 and 7 in fig. 6.16 will be concrete
embedment of the long anchoring bolts for transfer of the hydraulic forces to the concrete.
[For low head turbines the concrete and the weight of the generator help balancing the
hydraulic forces. This is not pabke for high head Francis turbines because the weight of
generator and possible stress forces in the concrete cannot carry the very large hydraulic forces
of a high head turbine.]

The concreting of the spiral casing and the runner chamber of a Kaptametis normally
continued to also include the generator foundations.

The next step after the concreting is to mount the guide vanes and the outer cover. The last
erection work of the heavy main parts is to lower the complete set of shaft, runner @ald cen
top cover and position the runner in center ready for the generator shaft to be coupled after the
generator stator is completed.

In the case as illustrated in fig. 6.16 in this chapter the thrust bearing is part of the turbine
delivery and control ofthe straightness of the turbine generator shaft and the center
positioning and run out of the rotating parts will be part of the turbine erection work.

For some turbines the runner blades may be removed through openings in the runner chamber
while for other turbines the blades can only be removed from the hub after the runner is
removed from the turbine.

Minor weld repair work on the runner blades may, however, be done without any dismantling.
A modern Kaplan turbine is normally regarded to be a reliaiokene. The guide vane/runner
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blade combination is not established by means of a mechanical cam transmission in a modern
Kaplan turbine, but a double set of programmable logic control system feeding signals to
hydraulic control valves for an individuabtrol of guide vanes and runner blades after a
programmed combination. Back up systems is in this case a necessary and important part of
the system. Reliable systems of this type have been in operation for years and mechanical cam
control is no more delered for modern Kaplan turbines.

6.5 Kaplan Bulb turbines

The Kaplan Bulb turbines are as described in chapter 4.2, the horizontal version of the Kaplan
turbines.

The design of these turbines is characterised by having both essential turbine pants and t
generator inside a bulb, which have given the name of this turbine type. Further a horizontal
shaft is characteristic for a Bulb turbine as well as a conical arrangement of the guide vanes
and the straight horizontal draft tube.

By the locating of theyenerator in the bulb upstream of the turbine this part is forming the
inlet conduit together with the outer steel liming of the concrete. The upstream bulb including
the generator is normally delivered by the generator manufacturer.

In fig. 6.18 the degin of a complete Kaplan Bulb unit is shown including generator, draft tube
and inlet gate. The name of the power plant is Bingsfoss, which is located in Norway. The
turbines are delivered by KVAERNER.

For this plant there are no draft tube gate. Insteacktis a stop log system for dewatering of

the turbine if a main repair should be made. The reason for this is the individual servomotor
system of the guide vanes with a back up pressure system. A speciality used in this case is that
it is possible to operach one of the guide vanes individually by means of the individually
controlled servomotors (one for each guide vanes). With this system it is possible to flush out
pieces of wood or other objects which might be jammed in between the guide vanes without
any disturbance of the power production. The generator brakes are also dimensioned for
stopping the aggregates with two fully opened guide vanes.

The data for the turbines for Bingfoss power plant are P=10.8MW, H=5.0m and n=71.4RPM.
The runner diameter &05m.
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Fig. 6.18 The Kaplan Bulb turbine for Bingsfoss Power Plant

The main parts in a Kaplan Bulb turbine downstream of the generator, shown in fig. 6.19,
includes the stress carrying parts transferring the -aaamal radial forces from the downstnea
conical parts of the bulb (5) to the outer conical plate structure (6) through the struts (7)
including the access to the turbine pit inside the bulb.

In fig. 6.20 the rotating parts including the generator shaft (3), the oil inlet box and the
mechanichblade position indicator on the upstream side of the generator bearing is shown (9).

The runner hub is the most complicated part for a Kaplan or a Kaplan Bulb turbine and in fig.
6.21 a drawing of a modern design of a runner hub is shown. The maibibeyhub (1) is
normally casted, as shown in fig. 6.21, but this complicated part has also been fabricated from
slabs (thick plates) in order to avoid casting defects. The stresses and deformations in such
hubs must be carefully analysed by Finite Elendethod (FEM) especially for high head
Kaplan turbines where the number of blades may be as high as 8.

In Kaplan Bulb turbines the maximum head is normally below 15 m and the number of blades
are normally limited to 4 due to the high specific speed.

Beddes the main body of the hub (1) the blades pivots (2) with its support, the blades (4) with
blade pivot connections and water seal for the blades are the most critical components. Also
the runner blade levers with hubs (3) and connecting links (5) teettvemotor (6) are parts

which are vital for the reliability of the turbine. Note that the servomotor cylinder is the
movable part of the servomotor and the piston attached to the piston rod, is the stationary part
in this case.
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1. Runner 5. Inner come 8,9,10. Guide vane with servomotc
2. Turbine shaft 6. Outer cone anchored in the and pressure oil supply

pipes
3. Turbine bearing conrete 11. Runner chamber
4. Shaft seal (Teflone type 7. Struts connecting (5) and (6) fo 12. Draft tube cone
transferring axial and radial
forces

Fig. 6.19 Details of the Kaplan Bulb turbine for Bingsfoss (courtesy KVARNER)

3
&
" 1 Runner 6 Oil leakage stop ring
2 Turbine shaft 7 Blade servomotor
3 Generator shaft 8 Oil inlet box .
4 Bearing oil circulation ring 9 Mech. blade servo feed back transmitter AN

5 Bearing oil stopping ring

Fig. 6.20 Rotating parts for a Kaplan Bulb turbine
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4 Runner blade (center pipe operates also as a feedback rod from servomotor)

Fig. 6.21 Runner hub for a Kaplan Bulb turle or a Kaplan turbine (courtesy
KVZARNER)

In fig. 6.22 the arrangement of a servomotor system with individual servomotor is shown.

Because of the guide vanes location on a cone the individual servomotors will transmit the
forces in a plane normal to thetating axis of each guide vane. This is not possible with a
regulating ring and link lever connection, because the regulating ring is rotating around the
axis of the turbine shatft.

In addition, as mentioned earlier it is possible to arrange for openageparate guide vane

with sufficient controllable force by means of the individual servo system. The two technical
descriptions have shown the main advantages for the individual servomotor system besides the
fact that no sliding friction or breakagehi system of the guide vane connections is necessary.
This because the closing force on one guide vane is limited to the force from one of the
individual servomotors which cannot destroy the guide vane.

The different parts of the servo system are destiiég. 6.22.
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2. Guide vane lever 4 . Mechanical forward signab servo valve

Fig. 6.22 Arrangement of the individual guide vane servomotor system.

The limitation of head for using Kaplan Bulb turbgwill be the axial forces from runner
blades, guide vanes and bulb which must be transferred to the surrounding concrete via the
struts (7) shown in fig. 6.19.

Another limitation is the safety of buckling for the generator bulb and the limitation of
diameter which limits the available rotating inertia mass of the generator rotor which in turn
increases the difficulty of obtaining stable speed control on isolated load.

In order to explain the design further it will be convenient to study the erecticedune
which gives a good description of the design requirements as illustrated in figs. 6.23a, b, c, d
and e.

The main structural part for embedment in concrete will be the outer cone connected to the
inner down stream cone of the bulb by the strutsir{7fig. 6.18. These parts are welded
together and positioned as shown in fig. 6.23a, where the first stage concrete work has been
finished before turbine erection starts. (See pos. 1, 2, 3, 4, in fig. 6.23b)
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Fig. 6.23a  Stress carrying parts embedded

Before the second stage of concreting shown in fig. 6.23b, the draft tube cone (5) and the
access hatch for generator erection (with hatch cover for stiffening purpose) (6) is erected
ready for embedment in concrete. Also the concrete foundations witloramg plates for the
generator bulb support are concreted together with the access hatch in the second stage.
However, by regarding fig. 4.23c, showing the second stage concrete work finished we will
find that the draft tube cone has not been embeddesl.is because it is convenient to have

the possibility of a final alignment in a later stage if the buoyancy of liquidized concrete has
changed the position of the stress carrying parts and of the downstream bulb cone (7).

Fig. 6.23b  Turbine and genator erection after the first stage of concreting before turbine
erection

In fig. 6.23c the major erection work of the non embedded parts is illustrated. The inner cone
(7) is bolted to the inner cone of the embedded site welded structsistony of pos. 1, 2, 3
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and 4 in fig. 6.23b. Then the horizontally split outer cone pos. (8) and the guide vanes are
erected with bolt connection to the embedded outer cone [(2) in fig. 6.23b]

Finally fig. 6.23c shows the stainless steel runner chanifgregrected in order to line the
draft tube cone (5) in correct position to pos. (7) before being welded to the steel lining of the
downstream part of the draft tube.

Now the turbine is ready for the final concreting including the draft tube cone (Shand
connection to the draft tube lining. (The concreting of the draft tube gate, which is done
separately in connection to the draft tube concreting is not shown in this description).

The final turbine erection, before the beginning of the generatori@restarts with the
turbine bearing (11) and a preliminary support at the upstream end of the shaft (see fig. 6.23d).
Then the shaft is positioned and lined to fit the centerline of the draft tube and the bottom
section of the runner chamber, which isefilin its final position after the last concrete work.
This is a very important part of the erection work. It should be noted that the buoyancy of the
runner must be taken into consideration when adjusting for the theoretical tip clearances of the
runner tades during the alignment of the turbine shatft.
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Fig. 6.23c  Second stage of concreting

The last parts of the turbine to be erected is the runner and the shaft seal (14) and (13)
respectively and finally the upper part of the runner chamber which kasr&moved during

the

runner erection (see fig. 6.23d). The governor and the guide vane servo system and the
generator erection work can now be started.

The mounting of servomotor system and other light weight part in the turbine and governor
system whee the heavy power house crane capacity is not needed may continue by means of
light weight cranes during the erection work of the heavy generator parts. The joint between
the turbine parts and the generator as well as the cover plates to form the Stupgioite and
access tubes to the turbine pit is also normally made by the turbine manufacturer in
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collaboration with the generator manufacturer. These parts are shown in fig. 6.23e (15) where
the completed Kaplan Bulb unit with generator is shown.

- - - > -

Fig. 6.23e  Kaplan Bulb unit with generator bulb
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6.6. Reversible Pump Turbines

The design and erection of reversible pump turbines will, except for the bearing, be similar to
an ordinary Francis tbime and will not be repeated in this chapter (see chapter 6.3). It should
also be noted that the bearings for a reversible pump turbine must be designed for rotation in
both directions.

The most commonly used reversible pump turbine is the FrancisHgpeever, the runner or
impeller/runner is in shape closer to a pump impeller than an ordinary Francis runner.

Also reversible pump turbines of Kaplan Bulb, Kaplan or Deriaz turbines are used for high
specific speed pump turbines with low head operatidmesé& types of reversible pump
turbines have so far not been installed in Norway and are not described in this book.

For the design of high head Francis type reversible pump turbines, special caution should be
taken concerning design for reliable operaton long lifetime.

1.

To avoid too low specific speed the maximum speed of the blades on the suction side
of the runner may be as high as 55 m/sec* i.e. approximately 20% higher than for a
Francis turbine. This requires deeper submergence and the desigsebe more
careful with shaft seal design. In addition the high back pressure gives a high cooling
water pressure and possible leakage problems on the suction side requires high
drainage pump energy consumption.

A practical problem for reversibleump turbines is the need for trash rack also on the
suction side, and for extreme low setting (large submergence) the draft tube gate must
be substituted by a valve in some cases.

*Higher blade velocities on the suction side increase the danger of aypeshlems.
Another problem is cavitation and pressure pulsation problems which will be more
serious than for a Francis turbine due to the higher relative kinetic energy on both
suction side and pressure side of the runner.

However, the most seriousgign problems the engineer will find on the pressure side

of the turbine, because of the very high circumferential speed of the runner and the
high relative velocities due to the back swept runner blades caused by the need for
pumping against the same armally higher pressure than for turbine operation.

Because of the back swiped blades (similar to a low specific speed pump impeller) the
number of blades are normally between 6 and 11 i.e. lower than for a Francis turbine.
Together with high specific engy the lower number of blades compared with Francis
runners creates high stresses in the joints between the blades and crown and shroud.

In off design operation in turbine mode and especially during starting of the pump, the
pressure fluctuations are ntuhigher than for a Francis turbine and both the hydraulic
designer and the structural designer must be very careful with both the runner design
and the design of the guide vane system. Fatigue problems have been reported by many
manufacturers.
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Dynamichydraulically induced radial forces require a careful design of the blades and
of the labyrinth rings. Especially the lower labyrinth on the shroud must be made with
care. These problems are also well known by pump manufacturers.

A general advice may bie make the last labyrinth or last part of the labyrinth on the

shroud with the smallest clearance. This is because it gives a stabilising tendency by
increased pressure on the side of the runner which are moving towards the stationary
seal ring. This presire increase will push the runner back and thus stabilise the
system. (However, t he explained Aspringc
resonance frequency close to the running speed or other natural frequencies in the
structures of the runner, but cku effect has not been observed to the authors
experience).

The bearing of a reversible pump turbine must as mentioned earlier have bearing pads
suitable for running in both directions. For rigid pads (not tilting) the bearing surface
will be limited, but according to experiences from the Norwegian manufacturer
KVZRNER reversible pump turbines are operating satisfactory with this bearing with

a design described in the chapter 6.2 of Francis turbines but with wider bearing pads
skewed for oil entrance frotvoth sides.

The erection procedure and dismantling procedure with a free draft tube cone and
dismantling of runner and lower cover down and out has been made for all reversible
pump turbines delivered by KVAERNER in Norway. No problems has been reported
caused by this design for pump turbines operating at heads up to 450 m.

For the erection and dismantling procedure see chapter 6.3 of Francis turbines, because
the procedure will be identical to the procedure for high head Francis turbines.
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7. DRAFT TUBE DESIGN AND SURGE PROBLEMS
GENERAL COMMENTS

The purpose of the draft tube is to convert the specific kinetic energy at the runner outlet to
specific pressure energy by an increasing cross section of the draft tube towards the outlet.

Because the specific kinetic energy in off best point operation includes rotational energy,
surging problems may occur in the draft tube which may lead to severe problems for the
performance of the turbine.

7.1 The design of draft tubes
Except for Kaphn Bulb turbines the draft tubes are normally shaped with a bend.

The flow is decelerating through the draft tube in general, but in a bend decelerating flow may
cause problems because of danger of separation and cavitation.

To reduce this problem theaft tube is normally shaped as a straight cone in the first section
after the runner outlet in order to decrease the velocity in front of the bend as much as
practical possible.

Through the bend the flow is normally slightly accelerated toward the aittee bend in
order to avoid separation.

After the bend towards the outlet the cross sections is normally converted to a rectangular
shape in front of the draft tube gate frame and the concrete structure which starts where the
steel lining ends. Unlinedoncrete may be used up to a flow velocity of 6 [m/sec]. (Special
concrete may allow for higher velocities without erosion damage).

In order to decrease the cost of excavation, the depth of the draft tube bend should be reduced
as much as possible espdlgidor low head machines with large dimensions. This is important
especially for Kaplan turbines where the runner centre is located far below the centre of the
spiral case. However, from chapter 8.4 and 8.5 we learned that the efficiency loss in the draft
tube is a large portion of the total loss because the value of the kinetic ef#{@yH) is

large compared with the total available energy gH for a low head Francis turbine and a
Kaplan turbine. It is also important that as much as possible of &uffisfkinetic energy
downstream of the runner is converted to pressure energy in the draft tube in low head turbine.

On the contrary the energy loss which occurs by removing the draft tube and loosing all
specific kinetic energy of a high head Francibitte may be less than 1% compared with the
equivalent specific energy loss in a Kaplan Bulb turbine which may be more than 50% of the
total specific energy for very low head.

For years intensive studies of draft tube losses have been made for Kapilaestarid low

head Francis turbines to improve the draft tube efficiency. Through this research work an
optimal shape of the draft tube has been found by increasing the width of the tube through the
bend and thus the height has been decreased accordingly.
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It has also been obtained very good results of the kinetic energy conversion without
acceleration through the bend, but acceleration through the bend is in general preferable in
order to prevent separation at the bendbs ou

The difference in the turbe power caused by the draft tube loss for an even velocity profile
and an uneven velocity profile can be illustrated by the equation shown below.

Note that the outlet loss with an even velocity profile i.es5=Q/A=const over the cross

section is not regyded to be a turbine loss, buplant loss according to IEC code. However,

the increase in power | oss ®@P from variation
flow loss is regarded to be a turbine loss.

The equation for the turbénloss from variations in the meridional outlet velocity yields:
2

C 2
m3 g A- Fﬁ%(%) I(2g)dA

A

DP: Ff]:m3
A

3 3
DP= A" dA- A D) /(20)dA
A 20 A A

Here 63 (m/s) is the meridional local velocity at draft tube outlet and A) (1the cross
section area of the draft tube outlet and &gjris flow.

In addition to this loss swirl floirom the runner will also be lost. However, a slight swirl

flow may lead to a reduction of the meridional outlet loss because the meridional velocity
distribution may be more even over the cross section. The reason for this is that separation at
the outletof the bend may be avoided by a slight swirl flow.

In fig. 7.1 and fig. 7.2 the cross sections through the draft tube bends of a high head Francis
turbine and a Kaplan turbine respectively are shown.

A
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Fig. 7.1 Shape of draft tube bend of a Francibine P=36.7 MW, H=236 m, n= 428.7 RPM
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Fig. 7.2 Shape of a draft tube with inlet diametey=D1.0 m for a Kaplan turbine

(From Raabe)
7.2 Surge problems

The flow in the draft tube is complex because the turbine shall operate also outside best
efficiency point. The first and best known surging problem is caused by the part load cork
screw spiral which causes pressure surges at a load around 50% to 70% of best efficiency
point for Francis turbines.

[For Kaplan turbines there are no stationary opemabff cam, i.e. outside best efficiency
point and part load surging problems similar to those of a Francis turbine does not normally
occur]

The part load surging is recognised as thealed Rheinganz frequency, which will have a
frequency approximatellike 1/3 of the rotational speed of the machine. However, the
frequency and pressure amplitudes will depend of the geometry of the runner. So far no
computer programs has been able to handle this phenomena properly.

In a model turbine the Rheinganzwit core i s visible at | ow
void rotating in direction of the runner speed with frequency, as mentioned above, of
approximately 1/3 of the shaft speed (see fig. 7.3). (A double corkscrew vortex core has also
been observed, batfully developed theory of the phenomena does not exist so far).

In addition to the unsteady behaviour at part load there has also been observed unsteady
behaviour at operation above best efficiency at nominal full load and over load.
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This surge phenoena at full load and above seems to have its root in a rotating symmetrical

void stretching down from the centre of the hub as shown in fig. 7.3. If the air inlet in the

centre of the bulb in a runner is blocked, unsteady behaviour may occur because of poo
cushioning of the pressure surges without air in the voids at full load.

This symmetric full load centre core is rotating, towards the rotation of the runner and creates
no rotating pressure pulsation on the draft tube wall similar to the cork scmex \core

which rotates in the same direction as the runner at part load. However, if pressure surges
occur at full load pressure pulsation will be observed symmetrically around the draft tube cone
without rotation. In fig. 10.3 the cork screw vortex atimé full load void is illustrated
schematically as a function of the load.

| D %
i N

'l

Y
N

N

D | A

Fig. 7.3 Part load draft tube swirl and full load draft tube swirl in a Francis turbine

Analysis of the unsteady behaviour

The part load frequency has normally, as describadiee a rotational frequency of
approximately 1/3 of the rotating speed of the turbine. Also the axis symmetrical void at full
load and overload may cause pressure pulsation if the air and vapour cushion and the draft
tube water column has a natural fregay in resonance with any driving frequencies in the
system.

For example if this frequency is in resonance with the natural generator rotor frequency in the
magnetic field of the stator or with the natural frequency of the hydraulic conduits, non
accepable operational problems may occur.

The natural frequency of the generator rotor will be between 1 and 2 Hz depending on the load
conditions and the voltage governor. For full load or overload condition a power and pressure
oscillation with a natural figuency of draft tube surges may occur. By regarding the dynamic
problem as a mass oscillation of the water in the draft tube against the elasticity of the air and
vapour filled void below the runner hub, a simplified surge frequency formula may be
establi®ed. The problem is illustrated in fig. 7.4.
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Sui*ge shaft Accumulator similarity model

i As Ay Vo.Ho.K
A _v_ = = A =V= = =
L L
Fig. 7.4 lllustration for simplified calculation of possible resonance

For a similarity model shown in fig. 7.4, we can put up the natural frequency by the following
well-known formula for a tunnel with sge shaft or air accumulator

f = [gA/(LA9]°®/(2")= [gA/(LA)]*Y(2) [HZz] (7.1)
Chapter 12.1 eq. 12.4c shows thag AVd ( ¢, A = mean cross section of draft tube.
Where \6 = volume of the air and vapour in the void below the runnéy, (s = the pressure
in the void (mWC) and from experiences with air accumulator with vapour saturated air

assuming the polytrophENPSEHxRonent o = 1. 3.

Then the natural frequency of the draft tube surging can be found by followmgléor

fo= PENIW (27) [ Hz ] (7.2)
In the draft tubdurbinegeneratopenstock system shown in fig. 7.4 also has the natural
frequency of the penstock (1. harmonic, 3. harmonic, 5.harmonic ........ etc.)

fo= a/4L, 3a/4L, 5a/4L ........ [HZ] (7.3)

In addition to these frequencies we know that the natural frequency of the generator rotor
speed will be between 1 and 2 [Hz]. (Normally this frequency is around 1.5 [Hz] depending on
the connection to other machines in the power house and the digictrias well as the of the
voltage governor design). Let us assume the generator frequency to be

1.2<§{<1.7Hz
[Formulas for calculating this frequency exists, but is not included in this book].
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An example from Kvilldal power plant may be usediflustration of the problem.

In this power house 4 machines with power P = 315[MW] net head H = 520 [m] and speed n =
333.3 [RPM] are installed. By running simultaneously the two machines with the shortest
penstocks with the two other machines stoppedvitidal, power surges and pressure surges
occurred at full load. Power oscillations of 60[MW)] was recorded. However, by switching off
the voltage governor during testing the power swing and pressure oscillations stopped, but
when the voltage governor wawitched on again, the oscillations came back.

The frequency of the oscillations was between 1.4 [Hz] and 1.5 [Hz] in that case.
By using the data for the draft tube in this example we have:

Vo assumed to be ~ 0.5 fiby studying the void from the molkairbine tests.
Ho 5[m w.c.] abs. pressure

A =5 [n7)
L =30 [m]
9 = 1.3 polytrophic exponent for water satur

From equation (7.2) we gdt= 1.46 Hzwhich is very close to the measured frequency.

In addition the natural higher order frequencies for the penstock was close to the oscillating
frequency.

The reason for the strong impact on the oscillations from the variation in the speed of the
generator can be found in the turbine characteristics for such low specific speed machines.

Because of the negative slope of the constant guide vane characteristites turbine
characteristic diagram the flow will decrease for an increase in speed during the speed
variations of the generator caused by the rotor oscillations the magnetic field of the stator. The
decreased flow will cause pressure surges which will gipesitive feeeback by increasing

the turbine speed, which in turn will increase the speed further if the pressure and speed
oscillations have the same natural frequencies and are close in natural frequency.

This causes an unstable behaviour with inengasmplitudes which are limited only by
frictional losses in the water conduits and turbine as well as from damping in the electrical
system and the generator.

The natural mass oscillation illustrated in this chapter is depending on the submergegrce of th
turbine, which will normally vary from time to time depending on the tailrace level, which will
change the parameters &d H in eq. (7.2).

The given example shows that surging problems are very complex, and may be amplified if
the natural frequencied generator, penstock and draft tube are close.

High frequency pulsation in the draft tube from cavitation or hydraulic instability in the runner
etc. may also cause problems. However, pressure variations in the draft tube should not cause
serious radil forces on the runner by using a careful design of the labyrinth seal rings with the
smallest clearance in the last labyrinth nearest to the suction side of the shroud. This is because
when the last labyrinth clearance is dominating the throttling aiegrforce is established
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because an increased pressure will build up a force on the runner shroud directing the runner
back to a concentric position if the runner is moved out of its centre.

7.3  Basic theory of swirl flow in a draft tube cone

The powerof the swirl flow leaving the runner is lost unless stationary guide vanes are
transforming a torque to the stationary draft tube. However, it is of interest to make a
theoretical analysis of the development of the swirl flow energy flux through a stcaig@

for nonviscous liquid in order to get a better physical understanding of the problem.

A physical understanding of the swirl flow in the draft tube cone may be obtained by an
idealised swirl flow model as described in this chapter. The main pugbdke draft tube is
to convert kinetic energy to pressure energy in the most efficient way.

In order to study these phenomena theoretically certain simplified boundary conditions must
be made. The most important simplification is an assumption of aacwmseridional velocity

over the cross section both at inlet and outlet. (In a real flow the low pressure in the centre of
the inlet may lead to a reversed meridional flow in the centre from outlet towards the inlet. In

any case the assumption of constaetidional velocity g is doubtful.)

However, even if this assumption is incorrect a theoretical simplified study gives a basis for
judging the result of CFD computations of these phenomena.

Cm1 'ﬂ'ﬁr

|
|
|
|

Cm2

T Ry W

Fig.7.5Simplified flow in a draft tube cone

The seconaimplification is that a swirl flow formation with a rigidlody motion or constant
vorticity circulation core with @/r1 = constant and a vortdree circulation with 1ty = const
from a given radius Rto the wall of the cone is established at thetiofedhe draft tube cone.

The third assumption is that a similar swirl formation as at the inlet exist through the cone and
at the outlet with (@/r2) = const from the centre to a radiug.R
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It is also assumed that the equation of continuity yieldshi®meridian velocity through the
cone and that the flow is incompressible.

The boundary conditions are illustrated in fig 7.5.
For the analysis of the problem the friction losses are ignored (i.e. the flow is inviscid).
Because there are no lossesiarpower conversion through the cone the power or the energy

flux at the inlet and outlet of the draft tube must be the same=WY = W. The equation for
the energy flux for the described vortex yields:

W= ﬁp(p C“ G dr + f?p(p Cu+E+—)r (7.4)
Because ofhe smallness of the cone angle the radial velocity componesit be ignored in

the following equations.

The pressure p will be a function of the radius and the rotational component of the flow
velocity = G.

Further g is a function of the radius we¢h is different for (O<r<R and (R<r<R).

For the inlet of the cone

o

Area A: u (H, R
cl r = caGm8Ra1 = ¥
Area B: U R

rce= ReiCuc1= RiCu1 i.e. @ =cuRy/r and Ge= cu1R1/Re1

On the border between area A and B (see fig. ie5for r= Ry the following expression for
the angular velocity of the swirl flow is obtained:

YA = Cuict/Re1 and ge1= GiiR1/Re1

Then the expression for the angular velocity of the swirl in section A yields

¥a = cRI/Rei? = alfr or G =r cuRI/RA (7.5)
In the outer section B, r >R rc, = const
Then

Cu = RiCun/r (7.6)

The equation for the pressure in area A
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An equation for the pressure in section A can be established by regarding the equilibrium of
forces in radhl direction.

2
dp= Edr: r&dr
r r

After integration:

ndp et dr— r ré—”l g rdr = C‘;CRl)

Po1 1

After rearrangement
the equation for the pressure m are A yields:

CulRl )

p= p01+_ ( Rc (7_7)

1

Then the pressure in area A [o<rgRcan be found if the pressune the centre pand the
tangential velocity =g at radius = Ris given and finally the radiuscRmust be given for the
border between the core swirl and the vortex free swirl in area B i.e.const.

The equation for the pressure in area B

In area B i.e. for R<r<R:the equation (7.6) for the tangential velocity yields:

— CuiR1
r

Then the pressure can be found by integrating the equation for the equilibrium of forces in the
same way as for area A by substituting for c

(CulRl) dr
I‘

ndp r n@dr— .

Pe1 Rc1 Re1

After rearrangement we find:
- 1 2 2
p= pc1+§r(Cu1R1) (1 Ra-1/r?) (7.8)

substituting for r = R in eq. (7.7) the following expression fay1 s obtained
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U 1 (]
C1R1)2RCl= p01+5,.(c lRl)Z

1 1

1
= + -7
pcl pol 2 (

Finally after substitution forqgin eq. (7.8xhe following equation for the pressure p in area B,
is obtained after some rearrangement

Cu1 2 1 Cu1 2
CuRiy 2, GuR 7.9
( 1 ) > ( 2 ) (7.9)

p: p01+ r

Now substitute for p in area A and area B in eq. (7.4) when neglecting the small f2in (c

For area A thesquation for the energy flux yields after substituting for p, rearranging and
substituting forge= Q/)& ~ R

W_ng[ :1:[ p01+(Cu1R1)2 24 = ( ))]rdr

o T Rei”
S 1 (7.10)
+ n[ &_4_ ( C 1R1 2 - ; 2
Re1 r ch‘

For the outlet of the draft tube a similar equation can be established in the same way including
theinner area o<r<R and an outer areaciRr<R.. The equation for the energy flux =)\t
the outlet then
Re2 yields:
~ po Cu
e P L

2 o 2

[ p02+ l(CUZRZ) (Cu2R2) +£ _)Z]rdr]

I 2 Re r? 2 PR (7.11)

Re2

Finally it is assumed that there is no loss or transfer of power between inlet and outlet and then
the anergy flux at inlet and outlet must be identical i.e.

W1 =W, (7.12)

The swirl flow velocity G2 can be found if the swirl flow at the inlet is given by assuming
Ricu1 = RoCuz by calculating R when R1and Rcys is given.

On the other hahassuming a value forcffRc1 and then calculate the valueck®. In this case
R2Cu2 RiCu1.
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A further calculation is not given in this chapter, but the reader of this book may find it
interesting to study different variations of the development of $iad though a conical tube.

It should, however, be emphasised that the pressuiE@apnot be below 100% vacuum. In a
real case reversed flow will also occur in the centre of the cone for increasing rotational
energy.

The meaning of including this study as mentioned at the beginning to give the reader an
analytical tool for judgement of computed results.

To the authors knowledge we have so far in 1997 no CFD code that is able to handle this
phenomena correctly. However, an interesting Dr.ing. stualye hbeen made including
interesting experimental results at the Norwegian University of Science and Technology in
19961997.

The best results of theoretical analyses have been obtained by using measured values as
boundary conditions for swirl analyses.

Conclusion

The dynamic behaviour of the flow in a real draft tube with bend and rectangular outlet is not
fully understood to day. Work is going on and even fractal theory with chaos has been used in
order to try to solve the ndimear problem of the amplex draft tube flow. However, a
practical engineer may use simplified empirical analysis such as presented in this chapter, for
the analysis of problems with pressure surges in hydraulic turbines.

In fig. 4.8, chapter 4.2, a cross section of the SaulRkversible Pump Turbine in
western Norway is shown.
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8. BASIC FLOW ANALYSIS AND ENERGY CONVERSION THROUGH
DIFFERENT TYPES OF TURBINES.

8.1. The Euler turbine equation

In chapter 4 the hydraulic turbines was divided into two mainugsp REACTION
TURBINES and IMPULSE TURBINES.

In general, the total specific energy consists of partly pressure energy and partly kinetic energy
formed by a swirl flow at the runner inlet for reaction turbines. For impulse turbines the total
specific energ is converted to kinetic energy consisting of a flow with velocity in tangential
direction at the runner inlet side.

The most important equation in the study of the basic turbine theory is the Euler turbine
equation which is valid for both reaction turbs and impulse turbines. In this chapter a study
of the Euler turbine equation is given. (A brief presentation of this equation was given in
chapter 3).

The velocity vectors may now be analysed in thitmeensional coordinates with a meridional
direction(m), and a rotational or tangential direction, (x) with a velocity u = dx/dt and finally a
radial direction (r). This is illustrated in fig. 8.1 where a radial type and an axial type of
reaction turbines are illustrated schematically.

ANV AN

Fig. 8.1 Principles of blades and vector diagrams of radiald axial turbines.

The Euler turbine equation for reaction turbines with radial inlets

The volume flow Q can be expressed as follows:
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Q=cn2orn B (8.1)

where B = the height of the runnenlet, n = the radius of the runner inlet anglic the
meridional velocity at the runner inlet.

The magnitude of the relative velocity in the direction along the stream lines on the blades
equals w. The magnitude of the circumferential velocity isu@&y t he magnitude
tangential or circumferential component of the absolute velocity ¢, iand the meridional
component of ¢ isnec= wm. (Note: & will be in radial direction at the inlet and in axial

direction at the outlet in a mixed flow turbihike a high head Francis turbine).

The swirl flow between radial type guide vanes and a radial runner inlet in a reaction turbine is
recognized by the following equation if friction loss is ignored:

rq¢=r, 16 = const (8.2)
Here1 denotes the rurer blade inlet edge.

The equation for the force on a volume element dV in the runner yields:

‘Uc

c rdv
t

d
dF =

)

The momentum force for the control volume consisting of the blade channel from inlet to
outlet yields: (see fig. 8.2)

d u
F= mﬁW”g‘t‘ rdv

The equation for the torque can be expressed as follows

M =R B'%(%‘c’) rav (8.3)

The expressioD(rxc)/Dt can be derived as follows:

D%(Fxé): “3(6 +(E:‘|TE)) (FXE)
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Fig. 8.2 Runner blades forming the control volume and velocityorsct

For hydraulic turbines the flow is incompressible and for a reaction turbine the flow is

basically regarded to be a steady state flow i.e. following therms are zero:

p1d=0and M=
Lt

Then following equation can be established after some matleainmanipulations [Ref 24]

2 FH=o1E9R)

and then

M = D 1(C (X0 rdv

By means of Gauss theorem we find:
ARPD 11 (rxQ)dV = AR(TXC) THAA
\% A

wheren is the unit normal vector.

Then:

M = fife ] (rxc) TnqdA = fif(rxc) T ngdA
A A

10z
Endringsdato: juni 2000

(8.4)



/ & Cr
7?/3!1& hand rbfaff.wn

Absolute flow path .."
with runner -—\

—
——

Left hand rotation

|

s : ’
\\ Absolute flow path without runner

Fig. 8.3 lllustration of coordinates and vector directions.

Regarding a radial turbine or mixed flow (=radial/axial flow) turbine with r, u and z
coordinates,z is in direction of the rotational axis and is the tangetial vector andr' the
radial vector i.e. (Note: in this case for a radial turbineilt be identical to the meridional
velocity G, used later for a so called "mixed flow" or radial inlet/axial outlet Francis turbine).

U
r=1[r oo]
Then c=lcreuc]
g a g
e e €9
dd € u
rXC=ér o oy
é u
éCr CU CZQ
and
u u

u 9]
xC=-g,Mrc,+e,Irc,
We now arrive at

uo ag ~-d a.a
M= nngu‘ﬂr c, fienrdA+ Afe frg, cnrdA

A A z
Here the first term of the torque will try to bend the runner disk and thus this term will give no
contribution to the shaft torque

Then the equation of trehaft EJrque yields:
M = fr ¢, 10T RrdA (8.4)
A

By studying the control volume and knowing that the flow through the blades is zero, the
surface of the control volume consists of the area from blade to blade at the inlet and the
outlet.
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The total mas flow in and out of all blade channels of a runner will be:

|& Mol=| & thoud=] & CTNrdAI= 7Q

Then the torque can be expressed by the following equation

M = &0y )y o A Co oo

or

M = rQ(ricu-, i) (8.5)

where 1 denotes the inlet, and 2 the outléhefrunner.

The transfer of power and hydraulic efficiency expressed by the Euler turbine equation

The power transferred to the runner is easily found multiplying the torque by the angular speed
= Y.

u

a
P.= wiM

orwhensubstitutingfdﬁby eq. (5.5) and Il etting ¥r =
Pi= 7Q(u1Cu1- U2Cuz) (8.6)

The total available power is:
Pav= rQgH

Then the hydraulic efficiency, can be expressed by the well known Euler turbine equation
asthe ratio between the power transferred to the runner and the available power.

h. = Pt _ UiCui-Uz2Cu2 (8.7)
Pav gH

104
Endringsdato: juni 2000



Forces on the Pelton bucket and the development of the Euler equation based on the

absolute impulse force

The equation for the turbine pewR can also be established directly for impulse turbines by
regarding the torque of the momentdrom the inlet velocity vector and outlet velocity
vectors multiplied by the angul ar speed

rQ.

A simplified study of the forces on one Pelton bucket and on a Pelton runner is presented he

Fig. 8.4 Schematic illustration of nozzle and bucket in a Pelton turbine.
Relative force on one bucket ®.(Gee fig. 8.4)

Fr= 7 Qz(Wi-wpCOSbH,) (8.8)
For frictionless flow
W2C0SH,= Wy © we and w,= ¢ -u and w, = -y

If the cross section area of the jet is deddig then

Qr = Aj (G- )
Therefore Fr= 7 Aj(ci-u)((c-un)+(ci-u))
and
Fr=7 Aj2(ci-wn )2 (8.9)
10t

Endringsdato: juni 2000

¥

t



The absolute force on the Pelton buckets on a Pelton runner is
Fa= fQA(Cul - Cuz)
FA =rA Cul(cul - (2U - Cul))

J

and whenw,cosb, ® w, and u,= u;= U:

Cuz — U2~ Wy © Up-w2= uz'(Cul-u1)=2U-cu1

The absolute jet flow is:

QA: Ai Q1
Therefore

Fa=rA 2c,(c, - u,) (8.10)
The turbine power will be:

P=F, u, = rA,2c,(c,u, - u?) (8.11)

P max occurs theoretically 1:01E =0ie cy-2u=0 Or u=5cu
w —

At theoretical optimalspeed the relative reaction force £ 1/2 R is given by following
equations:

Fr="7 AsCI/2 F,=r Ajcl (8.12)

This can be explained by the fact that three or more buckets are loaded by water from the jet
which gives a higér absolute force on the runner than the force on a single bucket.

(In a real Pelton turbine the optimal value for u will be between@.48.490:, because the
bucket velocity is larger than the jet tangent radius at the maximum diameter and simaller a
the minimum diameter of the outlet rim of the buckets and because of inlet losses and friction
losses.

It should also be noted that a small runnemtiter versus bucket size wik unfavourable,
and the tangential velocity (u) will be in the lower ganto avoid loss of water by the jet
passing through the inlet cut out of the bucket.
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The hydraulihc efficiency d

The general equation for the absolute force on a Pelton runner according to eq. 8.10 can be
written in following form:

Fa= 7 Qx(cu-cu2)

The equation of the torque then yields:
Ma= 7 Q.(ricu-racu2)

Then the turbine powewill be

P=rQ,mMricu-r2Cu2)= 7 Qx(uiCu-u2Cy,)

The hydraulic efficiency will then be:

h = P — rQA(UlCul_UZCUZ)
" rQuoH rQ,gH
or
U1Cu1~ U2Cy2
h = Lout 2Rz 8.13
e (8.13

This equation is recognized as the general EULER turbine equation developed in the classical
way.

8.2. Relative and absolute acceleration in a rotating systenexplained by aphysical
vector visualization

(Note: In this chapter R is the distance from thdiga to the centre of rotation and r the
radius of curvature of the runner vane)

In order to obtain a good understanding of the flow a physical explanation of the equations has
been used instead of more abstract mathematical development. (Vector skhmi@lseen
used).(Ref. 23)

Consider a particle moving with a relative velocityarced to follow a line formed by a vane

on a rotating disk. At time point zero the particle is located at a point A with radius vector=R.
The relative velocity = w. Relatvdisplacement = S, and absolute displacement is shown by
capital letters AG in fig. 5.5. The relative acceleration is denotedaad the absolute
acceleration as
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Fig. 8.5. Relative movement on a rotating disk.

The folowing relation between a particle displacement x, velocity C and acceleration may be
established if terms of higher order smallness are neglected for decreasing dt.

1
cl= —a
| dXacl > dt
1
| dx|= cdt+ Eadt2= dx.* dxa
(8.14)

Further the travelled distance on the rotating digk@ssed by the relative velocity yields:
(see fig. 5.5) (Note vector notations have been used in the following).

| AD|=| CE|=| CF |=| dX |=| Wdt| relative movemer  (8.15)

A§= d§: Vcll/x Fuzldt tangential movemer (8.16)

Because of the rotation, the tangential displacement of the starting poins ApndC
instead of B which would be the end point with a linear movement of the starting point. Then
the CENTRIPETAL ACCELERATION @caused by the rotation may be found as follows:

d d d
BC= Egcdtzz E dfxd(sj: E I/(ljdt)((l/(lj/)(Rdt): 1 V%(( V('j/XR)dtz
2 2 2 2
(8.17)
10€&
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Further the relative velocity vector frothe starting poirA-, which, after the time dt, has
moved to point C ends up in F instead of E due to the rotation which changes the direction of
the velocity vector.

The change of direction of the absolute velocity caused by a movement along d stagyh
forcing the particle to follow a straight line on a rotating disk, can only occur if an absolute
acceleration normal to the relative velocity vector occurs. This acceleration which is named
CORI OLI 6 S ACCEan#& Ray belfaond by reference ig. 8.5 as follows.

d d
O - o ol e 019

In addition a relative acceleration will be created by a curved vane causing an acceleration
normal to the velocity vector and eventual changes in the cross section of the channel formed
by the vanes whichreates a relative acceleration component in direction of the velocity
vector. This relative acceleration DW/Dt moves the particle from F to G and the equation for
the relative movement yields:

d
FG= %D—Wd (FG= 0if W= const. (8.19)

Further the equation for alagive acceleration yields:
DW_ W, {100
Dt

For stationary relative flowpw/put = 0

i.e. DFY[V— (W‘HE))W (8.20)

The total absolute acceleration can be found by studying the particle moving on a rotational
disk guided along a straight vaAeF or a curved vane & with a relative velocity w , and a
relative acceleration Dw/Dt. Then the absolute acceleratiogstan be found by adding the
relative acceleration, the Coriolis's acceleration and the centripetal acceleration.

The equation tbn yields:

1,d d  DW, , 1d
— + + — =
2(ac Acor Dt )dt 2a.abs dt
or
DW
gabs gc gcor+ (821)

Dt

By substituting for aand ao.r by eq. (8.17) and eq. (8.18) respectively and the relative
acceleration by eq. (5.20), the following equation for the absolute acceleration is obtained:
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u d
d - %: SRR+ 205+ (Fp W (8.22)

aabs= centripetal + Coriolis- + relativeaccelerations
The direction of the centripetal acceleration will be towards to the centre of rotation and the

direction of Coriolis acceleration will be normal to tiedative velocity direction found by the
right hand rule as shown in fig. 8.6.

Fig. 8.6 Right hand rule for Coriolids accelera

It should be emphasized that eq (8.22) is also valid for flow on a conical stream surface or for

a mixed flow runner wit radial inlet and axial outlet, i.e. partly axial partly radial direction.

Then the vector component of the relative velocity w in radial direction will bew & os U
where 0 is the angle out of the otaiahs$aelnotdi r ec
used the velocity component in radial direction for the Coriolis acceleration must then be
corrected to wc o s In e next chapter vector notations are not used and the Coriolis term

must then be corrected if the turbine or pump isamot pur e r adi al machi ne.
where a detailed complete study is made).

8.3. Flow analysis in a rotating blade channel of a turbine runner or a pumpmpeller

For stationary flow in a rotating conduit in a plane normal to the axis of rotation the absolute
acceleration (irs-direction) along a stream line may be found based on eq. (8.22). If vector
notations are not used i(&f )W- wuw/us and one diransional stationary relative flow

with velocity = w along the stream line is assumed, tiveipt = O i.e. stationary flow.

Then by studying fig. 8.7, the following equation for the acceleration along a stream line in a
rotating channel can be set up aofes: (As mentioned above vector symbols are not used in
this chapter).

11C
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a.= W+ y? Reosf (8.23)
s

Fig. 8.7 Particle movement along a stream line in a rotating channel with height =
b=const.

In the same way the equation for the absolute aca@bn in the n direction normal to the
stream lines yields:

an=-E-MfRsinf+2Ww (8.24)
;

(NotewM—N= E with thedirection of axesasshowrin fig.5.7and fig. 5.8)

pN r
Equilibrium of forces along the stream line:

Pressure force (Note it is assumed that the height of the channel = b = constant and along a
streamline

ps = ds):
_ _Hp — heinht= |
F.=-—ds.dnb (b= height= const.
KIS
Newton's second law:
HP -
-—dsdnb=r dndsb g (8.25)

S
Substituting for afrom eq. (8.23)
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W r(w'““—N+ w? Rcosf )
bs s

From fi g.ds8-dR7ie.dsc=d &R/ 6 os 0.

Then by substituting for ds after multiplyilgy ( d s/ } ) :

1dp+ wdw- 1 RdR=0
;

Then by integration along a stream line without friction the following equation foelatve
specific stagnation energwhich is denoted as ROTHALPY, is obtained.

g-mz const

Py
P
Substituting for YR = u

2
£+ﬁ_%: const (8.26)

r 2

This equation is a very useful and important equation for the preliminary design of runner
blades. In this chapter it has been given a physical explanation which proves that the relative
specific stagnation energy is congtafong a stream line in a rotating runner. It should be
emphasized that friction loss is neglected, but this error is negligible in the preliminary design

stage when the basic blade design is made.

Equilibrium of forces normal to the stream line

The pessure forces are: (Note that the height is denoted prendin for analyses normal to a

stream
line):

dfF, =- ®dnds b (8.25)

vy

Newton's second law:

- —dndsb=r dndsba, (8.28)

KN
112
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Substituting for afrom eq. (8.24) in eq. (8.28)

o 2 ~
W _ r@_w +w? Rsinf - 2WW§ (8.29)
l_,ln (; r -

By differentiating the specific relative stagnation energy equation (ROTHALPY) (Eq. (8.26))
from stream line to stream line in (n) direction the following equation can be established if the
relative specific hydraulic energy isrtsiant over the cross section at the runner inlet (see fig.
8.7):

rearranging

By substituting for
pn=+pR/sinf and u= R (w= const.

then

= MR”(—MR) sinf = W/ Rsinf
HN MR

and
P r(+mfRsinf-Wu\—N) (8.30)
KN KN

By substituting forup/un from eq. (8.29), the following equation is obtained:

W o= W (8.31)

r Ty

Then the equation for the velocity variation normal to the stream lines in the rotating channel
as illustrated in fig. 8.7 yields:

aw_ W, ow (8.32)

an r

Fig. 8.7 may be regarded to be an illustration of a rauiatp impeller and eqgs. (8.26) and
(8.32) will be valid for a radial centrifugal pump or a reversible pump turbine in pumping
mode (normally¥2 ¥. >>Ya/rvs for a pump). If both the rotational dction and flow

11z
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direction are changed, fig. 8.7 may illustrate a reversible pump turbine operating in turbine
mode and eq. (8.31) is wvalid for this case
8.8) Then eq. (8.32) will also be valid if it igmived from eq (8.31) with changed w andto
negative values.

90<$ <180  0<®<90 0<$<90
- Npos. W ‘ - rt‘

.
)
R
[ (8] .
ST TN
PUMP TURBINE FRANCIS TURBINE
IN TURBINE MODE
v __w dw__w dv _ W
T +2w i --T+2w ?ﬁ,__?_zw
a b o

Fig. 8.8 lllustration of a pump (a), a pump turbine in turbine mode (b) and a Francis turbine

()

For a normal Francis turbine the curvature of the stream lin@allyr will change so the
centre of the curvature radius will be located on the outside and the positive direction of n will
be as shown in fig. 5.8. Then the last term in the right hand side of eq. (8.32) will be negative.
The equation for a normal Frang¢igbine then will be as shown in eq. (8.33), if the positive n
direction is chosen to be away from the centre of the radius of the curvature of the blade as
shown in fig. 8.8.

The equation for a Francis turbine with geometry as shown in fig. 8.8c yield:

aw_ W o, (8.33)

Equation (8.33) is very useful for a study of the velocity distribution from blade to blade in a
radial turbine. However, eq. (8.31) can also be used for a combined radial/axial turbine (also
called a mixed flow turbine)le a Francis turbine by multiplying the meridional component

of the relative velocity w by cos U in the

(U is the angle between the radial pl ane no

in meridional directf i n t he rotati onal symmetric surf
114
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physical analytical theory of the flow in a runner is explained. See also the theory used for the
analysis of Pelton turbines).

8.4. Energy conversion in a turbine runner channel

In this analysis of flow, vectorial denotations have been used in the traditional way.

Equation of momentum (Newtons second law):
d u
dm a,,= dF (8.34)
m = mass (kg), a = acceleration (A6 = force (N).

Further:
dm = ;3 dV

} = den3,Vt=yolufn(oly m

Substituting for

dm= rdV and for dF= dF. - rdV B(gz)
rdv {8, dF. - rdv B (g2) (8.35)

He r e Dfga) ¥ the gravity force in vertical direction on the fluid inside the volume dV and

dFs is the sum of external forces actimgn the surface of the volume, g is the gravity
acceleration and z is the distance measured upward from a reference plane. (z is parallel to g,
but opposite in direction).

Rearranging eq. (8.35)
d _d ES 1 -D(gz) (8.36)
Babs av r '

Dividing Fsin pressure fares normal to the surface and friction forces (parallel to the surface)
expressed in force per volume unit.

(o] u
dF,_dF¢

D 8.37
v _ av P (8.37)

Then the equation for the acceleration yields:
dans™ o7, B02) (8.38)

Further the friction forces expresd by classical theory for incompressible stationary flow by
Navier Stoke's equation yields: [Ref. C. Hirch. Vol 2 pp.-658. Wiley & Sons 1990].

11¢
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[For practical computation of viscous turbulent incompressible flow the Baldenmax

model is normally uskfor flow analysis of runners. Alshe KU mo d e | has been
correcting process because of Coriollis influence. Both methods are described in C. Hirch,
Numerical Computation of Internal and External Flow. Vol 2. pp-608. J. Wiley & Sons

1990 [Ref. 16] ].

dE d
LAF_ pd s (8.39)
r dv

( & 2= Laplacian operator)

Here ¢ = <coefficient of dynam=z &flhscowheyeo
density (kg/m). Then the final equation can be established by combining egs. (8.38) and
(8.39):

d
4 =Pt (8.40)
I

It is necessary to express the acceleration by differentiation of the velocities in order to
analyze the flow in a turbine runner or pump impeller. The general equation for the absolute
acceleration yields

db—“C 8.41
aps = o (‘HFPC (8.41)

or when substituting for eq. (8.41) in eq. (8.40):

é%'abs +(drpl= -—-D( 2 f (8.42)

Here ¢ = absolute velocity (m/sec).

It is possible to prove that:
2
(81 9E=(%)-Eoxd)
By substituting for(C D )C in eq (8.42), and assuming stedldyv i.e. pc/pt = 0 :
2 d
&oxd=p(P+ %+ gz)- f (8.43)
r

Note that the first term on the right hand side may be derEedvhere E is the absolute
specific stagnation energy which is different at the inlet and outlet of the turbmgHh and
E>= gHo respectively, H = head (m). (See also Chapter 3).

11€
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2
E=P+C gz (8.44)
r 2

Then the differentiated energy equation can be written:
x(BxO) = PE- f (8.45)

Equation (8.45) is expressed by absolute velocity vectors, but for analysis of fleeebehe

blades in a rotating pump impeller or in a turbine runner it is more convenient to express the
equation in pressure and relative velocities. It is convenient to work out this theory stepwise as
follows:

In the same way as was proven for the Alisoacceleration in eq. (8.43) the relative
acceleration may
be expressed as follows:

w’

5)-&(9@) (8.46)

an= (WD )= B

Then the absolute acceleration according to eq. (8.22), eq. (8.46) and eq. (8.42) may be
established as follows:

w, d dd d

Aabs— E)(?)- vvx(vac\|/)+ 20W+ 1X( v%(%: -? -D(gz)+ 1g (8.47)

Now it is possible to modify equation (8.47) in order to explairréhative specific stagnation
energy (ROTHALPY) in a runner compared with #iEsolutespecific energy by introducing:

WX(DXW) - 20IW= WX(DXC)
Which is proven by the following de@ation:

WX(DXC) = WX(DXW+ 1ixr)) = WX(Dxw) + Wx(Bxuxr)
where the following connection can be proven: (see Appendix)

DX(vixr) = 2w

Then

WX(DXC) = Wx(Dxw)+ Wx2w
and thus following equation is now proven:
WX(DXC) = WX(DXW) - 211 (8.48)
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When substituting forx(Dxc) by eq. (8.48) in eq. (8.47) and remembering that
I}IJ/X(l}lJ/XI%: B(u/r?/2) the following convenient equation can be found.

vvx(Dxc% +D( W2 M;r
r
or when substituting fop/r?= y?:
d
Sx(p%0)= D(Bﬁ -“_+ 99)- f (8.49)

Here the term in bracketn the right hand side is recognized in eq. (8.26) as the relative
specific stagnation energy or ROTHALPY.

=P u, 9z (8.50)
r

The last term (gz) in eq. (8.50) is normally ignored for flow analysis of runners because of its
smallness.

As was shown earlier in eq. (8.26) we proved by a physical study that the ROTHALPY is
constant along a stream line in a runner if the friction loss is neglectéd=i. (It should

also be noted that eq. (8.49) is valid for incompressible finig. However, by adding the
term TS on the right hand side eq. (8.49) will also be valid for compressible flow.

The ROTHALPY is in fact the fraction of the total specific energy which is not transferred to
the runner (i.e. the specific energy he trunner outlet) if the tangential absolute velocity
component at the outletc= 0 i.e. best efficiency point. This can be proved by studying eq.
(8.49) and by proving that

=cm2+u3 if c,, =0 (see the velocity vector diagn)
Then by substituting faxs= c..,* + u3 in eq. (8.50)

W u pz 2

P,
_+____ e

r22r2

11€
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By studying the difference between the absolute specific stagnation en&rgyand the
relative specific stagnation energy - the Euler turbine equation cée found. This can be
done by means of the velocity vector diagram shown in fig. 8.9.

/4 |
L \ CU1 Ul

Fig. 8.9 Velocity vector diagram

By simply using the cosine law on the geometry of the velocity vector diagram we find:
w=u’+c?-2uc cosa=y*+ CZ-|21(JJ‘Ha

Rearranged

Then by combining eq (8.44) and eq. (8.50)

2
E- I:E-—+——|u‘ﬂa (8.51)

Further by not using vector symbols Writilh(.éﬂa= uc, Where ¢ is the tangential component
of ¢, we obtain a useful expression for friction free flow:

| = E-ug, (8.52)

Then equation (8.51) can be used to develop the well known Euler equation if the energy in
front of the runner is denoted lbynd at the runner outlet denotedzby

(E1-11)-(E2-12)= U1Cu1~ U2Cuz (8.53)
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It has been proven dir that the ROTHALPY is constant along a stream line through a
runner if friction is ignored i.e.1l1= I>, and then the following important equation can be
established.

Ei- E2= UiCui-uz2Cu2 (8.54)

Equation (8.54) shows that (E E») is the energytransferred to the runner. Thus it is
convenient to present the conversion of energy in a water turbine by the diagram illustrated in
fig. 8.10 and fig. 8.11. In these figures the friction loss is neglécted.

However, it should be emphasised that theilalvle net specific energy drop from inlet to
outlet of a turbine is larger than the specific energy converted to specific mechanical energy by
the runner. The equation for the total energy drop through the turbine yields: (see Chapter 3)

co c§
gH=E=E,- E; :(gh_)+5)-(gl‘5+cmz) *%

The ratio between the specific energy transferred by the runner and the total net specific
energy from outlet to inlet of a turbine is denoted as hydraulic efficiency of the turbine. Note
that in fig. 8.10 and fig. 8.11 the friction losses ia thrbine are ignored.

The equation which describes the energy conversion through a turbine runner normally is
named the EULER TURBINE EQUATION. As shown earlier in eq. (8.7) the EULER turbine
equation was also proved by studying the reaction forceseomitimer blades.

This equation yields:

gH, =E, =ucC, - u,C,

or
0h = (U1Cu1 - U2cCu2)/(gH)| (8.55)

The energy conversion through the turbine may be illustrated as shown in fig. 8.11 (next
chapter) for a non rotating outlet flow i.ex2 & O with full line and an excample with,c, O
with dotted lines.

* Notations to be remembered whéeudying fig. 8.10 (and Fig. 8.11 next chapter) 0 turbine inlet, 1 runner inlet,
2 runner outlet, 3 draft tube outlet.
** Note: According to the IEC norms the draft tube outlet I(aa$§ /2) is not legarded to be a turbine lossitb

a plantloss if Gns = QAa. In this chapter((:ma2 /2) is regarded as a turbine loss in order to get a physical
understanding of the energy conversion through the turbine.
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Cma (% Note: for simplification it is assumed that
| 2\ / 2 z, =2, =z = constant

4
}

N L!‘nn
-
>

gh3 -~ L{;/ + . «_Quide vanes > Stay vanes R
’ g h ghxgh forc,>0
p Y L Abs. pressure = Oy
3 2 1 o 0
0 turbine inlet 2 runner outlet
1 runner inlet 3 draft tube outlet

Fig. 8.10 Energy conversion in a reaction turbine with frictionless flow at best efficiency
(full lines) and flow below besfficiency (dotted lines).

8.5. Energy conversion through a Francis turbine.

Fig. 8.10, Section 8.4, showed the total absolute specific energy difference from the pressure
side to the suction side of a turbine = E = gH. The friction losses are igior#te right hand

sidethe available specific hydraulic energy at the inlet of the turbine is shown. The lower part

of the diagram shows the pressure energy pl}
c22 = G212 + cw?/2. (cu = the tangential component and=<the neridional component).

On the right hand side of fig. 8.10 the specific energy at the turbine inlet consists of
approximately 95% pressure energy for Francis turbines with an increase of the kinetic energy
towards the guide vane inlets where the swire flodominating.

Through the guide vane cascade the rotational energy increases to match the circumferential
speed of the runner blades. Also the meridional velocity increases because the water is flowing
towards a decreasing diameter. As a result thespresenergy decreases to approximately
50% of the total energy at the runner inlet.

From the runner inlet the energy is gradually converted to mechanical energy by the runner as
shown by the term ££ = wcui-uc in an arbitrarily chosen place on a strelam through the

runner. Towards the outlet of the runner the absolute pressure decreases below the pressure
outside the draft tube and the rotational kinetic energy decreases to zero at best efficiency
theoretically. From the inlet to the outlet of themer the specific energy has decreasediby E
-E2= i cui- w2 Cu.
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At the runner outlet the pressure has normally decreased to a value below atmospherical
pressure. However, the kinetic energy decreases from the runner outlet to the draft tube outlet
where the pressure has increased to atmospheric pressure plus the pressure of the water level
above the reference level.

The hydraulic energy loss will then be the kinetic outlet energy.s¥@ from the draft tube
for an ideal frictionless flow througtie turbine. (The kinetic outlet energy is not regarded to
be a turbine loss but a head loss of the power plant according to the IEC norms).

lllustrating the specific energy conversion by the total absolute specific energy and the relative
specific energ ROTHALPY as shown in fig. 8.11, makes an interesting study of the physical
meaning of the ROTHALPY which will be described by the following equations.

E-1,=E-E
cl, ¢ l J I ErE E=E-E E =E
Eimgh+ S Sl g By ERE
s
Cuz.
2
T u.‘cu:'
\ N Iz—-lz 2
' m2 . . 2 * ¢ 3
L=E =gh+—"+gn=E, Iz=E2—uzcn=Iz+£;‘;l—uzc,,z E,=gh+ 2m +8z
AV4 - \/ Z
— *2 — 2 — 1_

Fig. 8.11 Absolute specific energy and relative specific energy (ROTHALPY) when
friction losses ee ignored.

The equation for the specific energy at the runner inlet whidicates the inlet condition at
best efficiency with no swirl flow at the runner outlet i.e. fas s "¢ y2= 0 yields

. c "¢
= ie. gh+==9g ht+—
E:= E gh 5= 9 it —
and for friction free flow:
N N . N *cz . o« .
1= Ei- ur c,=9 h1+71' Ui Cu= |2
Using eq. (8.52) for the outlet condition ofarunnergrid = p/ } gi ves:
2
|2:%+%'U20u2: E2-uzcCu2 (8.56)

For a frictionless flow in a runner it has already been shown that# &  const.

For cz2=0 (8.55) gives (Note * indicates best efficiency ie = cu2 = 0)
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1.=" :_*p2+_*cm22: * +*Cm22: * +*Cm32
I2 E- p 5 g h; 5 g hs 5

= "E;

This shows tht in a friction free flow the ROTHALPY is equal to the specific hydraulic
energy at the draft tube outlet iz& O (see fig. 8.11).

A simpler and more direct way to this conclusion is given by regarding the Euler turbine
equation (eq. (8.53)) and lettj g2 = 0.

(E1-11) - (E2-12) = wCu1 - U2 Cu2

and for ¢g2=0:

then:
*C 2 *C 2
M2 =g "hgt 2’“3 = "E; (8.57)

E:= 1= 1Lh=9 hyt

However, if any rotational energy exist at the runner outlet then

C.., 0andE, , 1, , *E,

It is then concluded that the ROTHRY will be identical to the energy at the runner outlet if
the rotational outlet velocity component is zero and there is frictionless flow when neglecting
leakage flow and chock friction losses.

In this chapter a general theoretical evaluation of acedes and energy conversion of the
flow through the turbines has been made on a general basis.
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Analysis of the energy conversion through a reaction turbine when changing outlet
angles of the runner blades

mmmeemee- = k<A
v G . I B> St
: C S ) Car’
’N 7 5 i i e
) woigom g ok S e v o T ey I
R - |m=" s
T ] Cd | .-z
N S P
~ ~~a P
~ S~ / Prad 1 2
~. ‘;w ¥ pd Cu
N, > ’ /' . E”=9h‘
UiCu—-UCy -~ ) kg
2 s, ¢ s .
UrCur-UsCun = U1 G~ U'Gn AN s
7’ o \ vz
’// _/'
1 '/ ghl
7’/
L gh
. ‘\‘l\ 2 .
ghy q'h 7
v - = C——— — —_— ero abs. pressure
= = = =

0

1\
Sy

3

Fig. 8.12 Energy convesion through a Francis turbine with the effect of variation in the
outlet angleb, . (For simplification it has been assumed that z=23=0)

Assuming that the meridional inteind outlet velocities are equal i.ex & cm2 = constat and

defining the difference of the runner inlet energy and the draft tube outlet energy is given by
eqg (8.58) (Both a decreased and increased meridional velocity through a runner have been
used by different turbine manufacturers, but for simplificationstant meridional velocity is

used in this explanation).

2
CmS

£~ £, =ggh + 5§ Ggn, + (8.59)
G = C

N
N
|-O0O0O

Here, & is the outlet energy which cannot be utilized by the turbine and is equal to the
Rothalpy at best efficiency.

Increased outlet angles of a runner openaf at best efficiency point wherex= *cm2 leads

to an absolute tangential positive outlet velocity component. = ©9. (By decreasing the
outlet angle the tangential component of the outlet velocity will be negativeJi=.0c (By
decreasing theutlet angle the tangential component of the outlet velocity will be negative i.e.
cu2 < 0 and the absolute inlet velocity sdecreases at constant guide vane position).

It is now appropriate to study how the inlet conditions changes by increasingtlisteamgle
and obtaining @ > 0 assuming that ghg*h, where g *h is the pressure energy at best
efficiency point before the change.

Then the outlet ROTHALPY before and after the change is differenti.e*Ib, but
I1 = I after the changed outlet angle and=1*1, = *E> before the change where
*Cu2 =0.
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The following equation is obtaim=2*dneads=u mi

*Uy:

Substituting for

and
— 2 2 —
w2 =*u2 +*c2, (for*c, =0)

Then, because it has been assumed that‘hz, *cm2 = cn2 and *w = W = constant:

c? c?
|2' *Iz :ghz' u,C,, +22. g*hz :-UZCu2+L2
2 2
or
¢
|, =*1,- uzcu2+72 (8.59)

Assuming that E=*E1 and substituting for:lby eq (8.59),

2
Cu2
Ez = |2 +UZCu2 :*Iz - UGy +%+U2Cu2

2 2
: C C
ie EZ:*I2+%2:*E2+ ;2

(8.60)

Because it was assumed thatBEs,” I, =*I, and |, =1,

Then
U,Cy :*ul*cul +*|1 - |1

Substituting for *L 7 11 = *1>71 |2 by increasing eq (8.59 because=I*l> and b = I2:

WC, =*U*C,y + UGy - (8.61)

N |‘§)OI\)

Assuming that no change in the inlet radius is made,ii®*u:. Then the following equation
yields:

12¢
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au, ¢,0
C,=*C.+C gg2- ¥z 8.62
ul ul uzéﬁz 2U1+ ( )

For normal operatiov‘tu2|< |=;|2‘ and for the majority of runners (medium and high head)
u,¢u.
Then the inlet velocity diagram will be changed as shown qualitatively in fig. 8.13.

Loss in efficiency by rotation at outlet by increased outlet angles and assuming that
h2 = *ha.

3 Ch *Cml & iz, *ch.Q & * ci, @
grh o+ n+ ng-ggrh e g BE -CE - 8
h:*El-Ezzg 2 2 +Q 2 2 —:Q 2_
h E E E
or by using eq. (8.53) and stibsting for w cu1 by eq. (8.61):

c? c?

*u,* - vz | * ) * _ Cu2

UGy UGy _ U * €y +UzCyp = o7 = UsCip s Ca™

h E E E

Then by substituting for E = fufcuy/* dh at best efficiency where §g= 0:

N

C
*U. *c. - u2 )
h 1 ul C

b - 2 7.2 Ce (8.63)
*hh *ul*cul 2*ul*cul

Calculation of necessary change of blade inlet angle if the outlet angle is increased in
order to obtain increased flow at best efficiency

(Denotations to be remembered:

Blade inletl, blade outlet 2, draft tube outlet 3, tangential absolute velocity companent ¢
absolute meridional velocity componegt celative velocity w and circumferential blade
velocity u.)

Assumptions:

Inlet specific energy = const. i.e. E=*E1 = const
Circumferential speed = const. i.e. y= *ur and @ = *uz
Non rotating outlet flow Ci2=*Cu2=0

Friction ignored li=l=*l2=E2=*E2=Es="*E3
Draft tube outlet

pressure constant =hs=*h3
* Denotes initial best efficiency paibefore change of outlet angle
12€
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Fig. 8.13 Velocity diagrams at inlet and outlet of two blades wiix@ with different
outlet angels and constant specific energy and circumferential speed at the inlet

The following equation can now be establilifeno rotation is assumed at the outlet and the
available specific energy at the inlet is unchanged. (In this case the specific energy and
velocities for the initial blade angles are denotet by asterix, but letteisuivttie asterix are
also denotindpest efficiency with increased non rotating outlet floavthe blade to the left in
Fig. 8.13)).

Then it is possible to write:

2 * A2
E="FE ie 9h+% =g~ h+701
The further following equation is obtained for frictionless flow with-motating outlet flow
from therunner: (see eq. (5.57))

E1:uZLCUl+I1:u1Cu1+I2:uZLCUl+E3

Further, by introducing the runner outlet area hyaAd the draft tube outlet area by. A

2 2
c’ aA d c? anae ., , auig
E;=gh+ 7% =gh +&28 > =gh+&>§ tar b,§&>§
2 ¢h= 2 P = g2
127
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Then

aA o Q
El =uC, + gha +£i8 tan b2§2 8
¢hs = ¢2=

Remembering the assumption thatE'E; and hk = *hz and rearranging the equation:

When changing outlet angle frand, to b, we get Wcuy/(*ur*cu1) = q/*cu1 because 1= *us.
Then following equation may be established: (notes tu>)

Cu _ *Ei_. (AZ/A3)2(*u22/2)tanzb2|1 (8.64)
"o *E-|oh +(AIAFE U 2tar* b

(Note: normally (A/As) ¢ 0.2 and theng ° *cuz, but always @ < *cu1 for cmi>*Cm1
and vice versa).

Further it is assumed that the meridional velocity component will increase atahe inl
proportion to the meridional velocity at the outlet.

Then the following ratio normally yields:

Cu _ Cme _ UYptand, (8.65)
*c¢, *C., *u,tan*h,

The following relation is now obtained in order to determine the inlet blade angle as function
of change in outlet anglemembering thatanb, = cml/(u1 - cul) and substituting forg/*cm1
by eq. (8.65) wherear *u2:

tanp, = tan* b, M =tan* b, tarlbz (*ul_ Gy (8.66)
(ul Cul) tan bz ( U - Cul)
Then by substituting foru¢ expressed by*e by means of eq (8.64)anb, , can be found by

eq. (8.66)(Note: based on eq (8.64) it may be assumed that ¢ i far small variations of
the outlet angle and then @*ucy1) (W& T cu1) as shown in eq (8.67).

The inlet diagram with changes of the guide vane angle is illustrated in fig. 8.14.

12¢&
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Fig. 8.14 Inlet diagram illustrating the variation ini@nd . and the inlet flow angle
b,, at increased guide vane anglg>*a, at constant blade outlet angtg

Example:
When lettingA, /A, =0.2and* b, =1817°i.e tarf 17 =0.0093

then (A, /A,)? tar’* b, = 0.2 .093= 0.00372

By letting b, =180 - 19°then taR (19) = 0.119 and
(A,/A,) tarf b, =0.2% .119=0.00476
*(Note: 18F- b,=19 is a large angle used for demonstration in this case).

Assuming as an example & *hs =5 m W.C. i.e. g*h® 50 (Joule/kg) and *= 40 m/sec i.e.
*u?/2 © 800 Joule/kg)

Then
g*hs+ (A/A3z)? *uz2 tan* b 2= 50 + 0.00372 - 800 = 50 + 2.9853.0
andg*hz +(A2/A3)%*u2%/2 tanb, = 50 + 0.00476 - 800 = 50 + 3.8053.8
Then

cu/*cu1 © 1 according to eq. (8.64) because®g*hsz and normally g*s >>
(A2/A3)? - *uz?/2 tanb

and thus:

Simplifying eq (8.66) gives:

tanp, @an* bl*c—"‘l =tan* b tanb, (8.67)

Coy 'tan* b,
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8.6. Energy conversation through a Pelton turbine

o S ’
|

¢ a —
2 2 E |
(ulcul _u‘lcul) Vv, E=El _E’
5 , A Nozzle | Manifold '
A N ~
‘ (ulcul —wu) gh
z - N cent{*“'} 't
E=g~
3 2 1 0 '

Fig. 8.15 Energy conversion diagram for a Pelton turbine (Impulse turbine)

In an impulse turbine thtotal specific inlet energy:ks converted to specific kinetic energy =
(c12/2). The flow through the runner is converted to mechanical power by the impulse forces
created by changes in the direction of the high velocity flow as explained by theutbilee t
equation. No reaction forces from pressure reduction through the blade channels is converted
and no increase in the velocity occurs in the buckets of an impulse turbine and the spaces
between the buckets are not filled with water. (For this reasémpulse turbine is also called

a partial turbine.)

The flow is a non stationary free surface flow which is very difficult to analyse by CFD
methods. However, research work is going on to solve this problem (by Dr ing work. (Ref.
Paper by Dr.Ing.Stud. Mana, IAHR Singapore 1998) . A graphical method has been
successfully used in Norway in order to study the flow. The method is based upon the fact that
the acceleration vector of a water particle on the surface of the flow must be normal to the
surface. Adescription is given later in the APPENDIX of this book.

Change in efficiency by change of outlet angles of an impulse turbine.

For an impulse turbine the absolute and relative inlet velocity will not be changed if the outlet
angles of the buckets arbanged.

Then following assumptions can be made for a simplified physical model where friction is
ignored:

hi=*h1=h=*h,=const., w=w2 =*W2, s = and L = *l1= I, = *|,.

The outlet velocity diagram shows thagt = w,5 +wnm5 = const, becaus

WS (S ]) *
= + =--—== .
.= gh, > 2 I,
13C
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— * * 0.5_ —
Then Wﬁz t W2 = W't Wma® and (wy® Fwme®) = ci- iy = const

Assumingt hat t he o@ius |l a&n amtgil mal* bangl e and change
the following equation is obtained:

Wm2 /Wu2 = tanbz

The following assumptions can be made when regarding the pitch diameter of a Pelton runner
for simplification: (see also APPENK where a complete analysis of the flow on a Pelton
bucket is shown).

Because:

"w,C0s” b,° "w, and w, €0sbh,° w,andsinb,° b,
then:

CZO *Wzsinbzo *W2b2 and *Czo *W2$in*b20 *Wz*bz
and

- = Twa(b5- T by)

N ot eisexprdssed in radians:

The change in specific outlet energy will then be: (note=*h, = 0)
’ c , "o Woggz v 2
Bz~ E2= (et 2))-(9 "ot —7)° — 2 (05 " b7) (8.68)

Then the change i n effi ci esmacheexprgssed loydotlomiags i n g
equations when substituting fos By eq. (5.68) in the efficiency equation:

*

2
(b5 " b3)

h_*El'EZ_( E:- E)- >
= -
E E
when substituting for %: “h,

and according to eq. (3.1) chapter 3, where z; according to the IEC norms where the outlet
reference level is defined to be the jet centre for vertical units and E = gH and remembering
that *h1 = *h> = Owe get following equation for friction free flow:
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2 * ~2
g*h+2=grh+—=E+g*h,=0  (for*h:=0)

* 2 *
or E=g hyt—2-g h=—2&
g9 ho 5 g h 5

2

(for *h1 =0 and *h = 0)

The following expression is therefore obtained for the change in efficignchdnging the
out | et a atgd: bypsdbstimtmg férfy by the equations shown above:

dh= *- @w2%*c1?) ( *2%H b?) (8.69)

In a real turbine ya n & ar® not constant along the outleige becausezus increasing
proportional | y.mutsbvaryth @btain dedrangesof tlee mwtlet water to the next
bucket. The loss in efficiency is then highly influenced by the portion of the outlet flow which
leaves the buckets at the inerd outer part of the outlet edge whete *uzandb2, * b

The flow in a Pelton bucket can be analysed by an analyggbhical method agescribed in
the following.

Analysis ofthe flow the bucket ofan Impulse turbine.

This is only a short chagr describing thewailable tools for analysis of the flow Relton
turbines, but the procedure is also valid for other impulse turbines such as Turgo turbines and
Cross flow turbines.

In the authors opinion it is a sharthat too little effort has been made to analyze and optimize
the Turgo turbines. The Turgo turbine should be used as vertical multi nozzle versions with a
larger runner/jetliameter ratio and a higher efficiency than the marketed units to day.

For the Coss flow turbines thevater around and inside the runner will reduce

the efficiency to a level that is of little interest for theoreticalrhytic research. The status for
Pelton turbines is that an efficiency between 92 % and 93% has been obtained by model testing
and careful analysis now also by CGMDF (Volume of fluid) methods.

However, the CFEVOF analysis of the bucket flow does not giaere information than was
achieved by Graphical methods 40 years ago.

The reason for not using graphical methods is the work load of 3 months for one analysis. The
main increase of thefefiency is found by a combination of theoretical analysis combined

with model studyof the turbine and the velocity distribution in jetombined with pressure
measurements in the buckets during model testing.

The week point in the CFD analyses is that the modelling of the velocity distribution in the jet
is incorrectand thus the flow in the bucket is also incorrect.

The othemostimportant study is the model testing of the outlet flow from the buckets in the
runner pit.

I't is also surprising to note that some cust
model and prototype, while the main problem is the difference in the Weber number causing a
quite different formation of water droplets air mixture in the prototgrapared with the

model.
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This isleading to a quite different water circulation and windagse especially in high head
prototypescompared with a model operating at 100 m head

I n now way the water will fall down accordin
way in model and prototype. Of interest might be to let the model amatypetoperate at the

same head and with the distance to the walls much larger than foacgdracbnomic limits.

This will give an opportunity to study the ef

PSS

Fig.8.16 Top: lllustrationthe result of a graphical analysis basedtlb@ governing equations
presented in this chapttr flow in a Pelton bucketBottom: High speed camera photo of the
flow in the bucket for control of the graphical analysistéNtheedge flo the flow in the bucket
for control of the graphical analysis.

The basis for the GRAPHICAL METHODE is that the resulting accelleration on a particle on
the surface in the bucket must be normal to the surface of the moving water.

The anaysis is based on a study of the path of a particle on the jet surface before the influence
of the bucket occure arilenfollowing the particle path on the surface through the bucket
where following equations are valiuch analysis requis€ months of wrk of a trained

enginner, but the result is an excellent basis for the improveshém bucket shape.
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The acceleration in x, y and z direction will be as follows:
_dx? o e .
a, =—— +w R@osf +2QvAV,
dt

_dy2 o .
a —F+W2CR(§|nf+2®vCWX a,=——

y

To solve this task the assumed shape of the water in the bucket with the pathicieust be
drawn and thealculation ofax, ay anda; must be made.

If the resulting direction of the acceleration is not cortbet shape of the water surface and/or
the particle path must be adjusted to fulfill the requirement that the acceleraist be
normal (perpendicular) to theréace.

The methode is suitable for a combination wititraboscopic picturécom model tests and the
graphical analysis.

With the graphical analysi month workis neededbut the ingenier will get an excellen
understanding of how to improve the bucket shape.

In the future there is a hope that the GRBOF methods will be able to give results that can be
verified in model turbineand prototypeHowever, athe timebeing in 2012we still to the
authofs qoinion, have to study the modei$ Pelton turbinesind interpret the results to be

valid for prototypes

Analysis of the CFEVOF method has been presented some years ago in wétkDy
Morten Hana at NTNU in Norwayin 1999.

Furtheran otherpromisng PhDwork at NTNU in Norwaywas made byodtfred Berntsen

in 20030n the free surface jet flgyroving the complicity of the velocity distribution in the

jet depending on the distanve from the nozklis CFD analysie wasonfirmed by

measurements in00 m head model. Such result is difficult to obtain in a prototype operating
at 1000 m net head
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9. CHARACTERISTIC PARAMETER

9.1 The speed number

The choice of turbine type is based upon the speed number or specific speed of the turbine.
Theorigin of thespeed numberwhich is described in chapterl5is defined to be based on

the best efficiency point (BEP) obtained at
denotes BEP).

W= " Q/(2g* H)¥* (9.1)

Thecapacity or size of a turbine can be expressed by the flow Q divided by the nmaximu
theoretical velocity =

2gH
The equation for the capacity yields:

Q=Q/\2gH (n?) 9.2)

ne=nyJQ./ H**

The relation between the defined speed number and the specific speed will be when
introducing K = (rated 8w)/(BEP flow) = Q/*Q.

ns = * MAK (29)**30/p (9.3)

Because *q is a dimensionless parameter the
speed number may also be expressed as follows referring to the circumferential speed at the
outl et di amet er -6 istheoatletiblade angleorreatdddor stip (geé fig.

3.1), anduz is the reduced circumferential blade speed
3/4

* W=p u)?Jtan(p —\/_( h, —2 Ty Jtan(p- b,)
* Cu1
or
5ha au, 8 4D, 8
*W:\/Egez—g -8 %8 tarlp - b, (9.4)
T Gtu~+ C+1+
where:

= u,/+/2gH and2gH= 317%
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This equation shows that within the same speed number an increds¢diameter and

outlet circumferential speed may be compensated by a decreased outlet blade angle within a
limited range of angles. Further an increased inlet diameter will decrease the speed number for
a given outlet diameter. Then the blade angle testcreased because the ratifzyd will

also be increased.

9.2  Cavitation and net positive suction head NPSH

The required setting of a Francis turbine in order to avoid cavitation can be defined by means

of the Net Positive Suction Head (NPSHXoh e Thoma cavitation numbe
following formula may be established to find the required NPSH for a runner by expressing

the reduced (dimensionless) circumferential runner outlet speed explicit by means of eq. (6.4):

u, =*W?'? (ptar(p - b,))"° (9.5)

Then an empirical equation for NP&HBIf a certain runner may be established as follows for
Francis turbines:

2
NPSH.= H u2[a K> tarf(p - b,)+b] = ;‘—;[ aK’tarf(p- b,)+b] (9.6)

Here 1 <a< 1.2 and 0.05 < b <0.11 depending on the speed number and the blade geometry
and number of bladdsee also eq. (9.10) chapt 9.3).

ForaFrani s turbine (and also for a Kaplan turbi
outlet velocity u of the runner will then be limited due to the danger of cavitation for a given
submergence of the turbine.

The necessary submergence must satisfy thue e NPSht according to eq. (9.6) which is

based on the circumferential velocity of the runners outlet rim and the blades outlet angles. On
the contrary, f othereas adimitofthe absdlute detocitp of thd oatletmim
determined byhe limited value of NPSK Here NPSH is the available value of the power

plant in question, see chapt. 5.3.

9.3 The speed number covering KaplarFrancis- and Peltonturbines.
The cavitation value of NPSHis based on the pressure at the runneebadlculated on the

basis of the pressure at the draft tube outlet according to Bernoulli's equation. (see fig. 5.10,
chapt. 5.3)

ho+ c3/(29)+ Z.= he+ 3 /(29)+ I+ Z5 (9.7)
He r e 3%@g) s the draft tube loss.

From this equation the available NPSHr a turbine can be found as explained in chapt. 5.3 by
substituting for B= Z> -Z3 -Hsthy (see fig. 5.12, chapt. 5.3)
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2 2
L G _

=-HA+h-h.>

NPSHA H S hb hva zg 29
The definition of the Thomaawitations number is the ratio between NRSIHd the net head
for the turbine H.

NPSH
s = NPSH), (9.8)
H
The nominal positive suction head for the turbine may now be found as a turbine pararmeter
determined from model tests with a di@anet head than for the prototype. The critical value
of the cavitation is the value where the efficiency drops below the value for cavitaton

operation due to cawitation. For this value
NPSH
cr:% (99)

Further explan@&@n may be found in the IEC code. (Note: In the new code 1991 NPSE is used
instead of NPSH i.e. E = gH = specific energy Joule instead of m WC). From experiences the
turbine manufacturers normally have established empirical formulas in order to find the
critical value of the NPSk. Such formula may be of the type as shown in eq. 9.6 or by using
the meridian velocity & and the circumferential speed of the bapthe equation may be as
follows (see also eg (5.19) chapt. 5.3):

NPSHuwm = a 6:2%/(2g) + bux?/(2g) <NPSH (9.10.)
where the values of a and b are the same values as given for eq. (9.6).
Because a safety margin is required NBSHNPSHk for a given turbine.

The speed number = *q for a Franciixmatedlyur bi nes
1.2 referred to best efficiency overlapped by Kaplan turbines in the upper range.

This means that the Francis turbines may be used from very low head up to 750 m net head,

and Kaplan turbines from the lowest head up to a head-605%0, and in eixeme cases 780

m with a speed number range from 1.0 and up only limited by the minimum economical net

head which has been regarded to be approximately 4 m. For environmental reasons even lower
heads may be utilized in the future.

The circumferential sged of an impulse turbine must fulfil the requiremertwu¢ 0.5 which

satisfies the requirement of zero reaction ratio (described later in this chapter). Further the inlet
and outlet diameter for a Pelton turbine will be approximately the same aradith@unner
diameter)/(jet diameter) = D/t normally limited to D/g? 10 at rated output.

Then the maximum speed number referred to rated output for a Pelton turbine with one jet
may be derived as follows when the expression for the theoretical¢eity yields:

Cu1 = \/ng

Then
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U, = u/ cu=w/+20H=0.5

The equation connecting the jet diameter to the flow yields:
Q. = (pd?/4)2¢H ie.Q, = d} pi4

Further the connections between the angular velocity and the runner diameter yields:
w=2/D =/2gH/ID i.e.w=w/\[2gH =1/D

then the maximum speed number for a Pelton turbine with one jet referred to nominal load and
the assumed maximum ratio P#AI10 will be ifu=0.5Cy1=0.5.

_ _dyjp. 1 |p_
=, Q=9 1P ¢= P -009
e Y P RETA

(The assumed minimum valve of D¥dp is related to problems in 6 jets units)

For a 6 jet Pelton turbine the maximum speed number will then be:

W, = /6 0.09= 0.22

The speed number is then limited by the;B/d 1 0 r & 0.22@ven for low heads if a
reliable operation of a 6fj¢urbine is wanted. For horizontal turbines and vertical turbines
with less than 6 jets the D/dj ratio may be as low as 9.

On the other hand a Pelton turbine may be used up net head of approximately 2000 m, but
with decreased speed number in order tachkigh stresses and fatigue problems and
cavitation damage caused by too small runner diameter/jet diameter ratiq)=%Bé&l

Appendix.

9.4 The reaction ratio.

Besides the specific spetite reaction ratigs a very important parameter for the blade

loading and cavitation performance of a reaction turbine. The reaction ratio is describing the
pressure drop from runner inlet to outlet divided by the total available net head at best
efficiency flow for ¢2=0.

By introducing the dimensionless exm®@s for pressure h = h/lthe reaction ratio yields:
h,-h,= 12 (9.11))
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The relative specific stagnation energy is constant along a streamline through the runner if
friction is ignored i.e.d= I>. The following equation can be abtished by combining the

Euler turbine equation, the absolute specific energy equation (E) and the relative specific
stagnation energy equation (ROTHALPY) (see eg. (5.26)):

gH A, = wiCus ~U2Cup = (Er- 11)-(E2-12)= E1- Ez (9.12.)

2 2
gH /= Ei- E2= (gh+ 2)-(ghy+ 2 (9.13.)

then:
note: < c/\/2gH, and 92:_5+9§1

Here the difference in geodetic height from inlet to outlet is ignored. Introducing reduced
variables , remembering thake 0 at best efficiency point (BEP) and assungig= Cmzi.e.
constant meridional cross sectidmdugh the runner.

Then by combining eq. (9.12) and eq. (9.13)fert 0, r emembuwayi ng gH d
the following equation can be established in order to find the reaction ratio:

2 2 2

Cu . C c
(9h1+”71+m71)'(9h2+ m22 ) = UiCus

Remembering the assumption thati € cm2
Then:
h,-h,=2u,c,, -C,° (9.14.)
Note that Gi=ui+wui=ur+tcmy/ t aanrbd 1k a O b1H>80r. Db
Studying eq. (9.14) shows that an increasing pressure difference from inlet to outlet is obtained

for increasing ucuir a t in@ucu/(§H)=Quicui=const. An illustration is given in fig. 9.1 of the
influence on the reaction ratio for different blade shapes.

" decreased Reaclion ralio (hih, ) 3 increoéed“
t
t [ % N A
4] ] e g y [
Ra—~r &__ ol A
Ca=1.00 < 3 0.67 / C.i=0.64 ;L
u=0.42 v 0.72 / U=0.33 s
1 / 4/
’ i PLd
W %7 &4_-~ U~ -
L& <&/ <
Fig. 9.1 Blade cascades and velocity vector diagrams for different reaction ratios for

c>= 0, r=nndy/(gH) = const.
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Twoexamplesilustrate differences in reactionr rati

0.98 and @ = 0:
For a high head turbine with splitter blades it may be assumed,thdt.69 andu; = 0.72:

Then:
h,-h,=0.518

For a low head turbine it ngdbe assumed thati1 = 0.6 andu; = 0.83:

Then:
h,-h,=0.636

By studying fig. 6.1, and going to the blade shape to the left the decreasing reaction ratio is
approaching the Pelton turbine when,u/c0.5 and Ki1-h2) - 0. By going to the righ

direction the blade shape is approaching a high specific speed Kaplan turbine with a small
di fference between i namred)ardthu albightvaluedfthéd| ade
reaction ratio is obtained.

The reaction ratio is a very important paedar to be used in the design of reaction turbines
when studying the blade loading in order to avoid cavitation at the inlet of the blades of low
head turbines.

maoximum
decreased reaction ratio (hi-h, ) decreased
U
U C'n . Ca . ] Ca U
5 : 1 Bi=90 g
\Nc"/l |‘ C.x{"‘ \Jcl.\c"\'l‘ hl
v ) /
! u 4

i ———————— h)
/
7/ B

Y .7

G Wy

Axa

Fig. 9.2 Influence from blade inlet angle if & const. and® = 0.

By studying eq. (44), letting W = const. and@ = 0 it can be shown that the maximum
reaction ratio i.e. (khy) o0 ¢ ¢ w+ 9. Thus @ lodal increase of the inlet pressure can be
obtained by bending the blade toward$ f@d a constant value ofiu Such local bending of

the blade inlet at the shroud is often used. However, this often results in an unflevbladd
lean angle which reduces the pressure at the shroud as explained later in chapt. 10.
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10 ANALYSIS FOR IMPROVEMENT OF HYDRAULIC DESIGN OF TURBINES
TO AVOID CAVITATION

Introduction

The development of hydraulic turbines is aimed towardsgwads- to improve the efficiency

and avoid cavitation damage with the highest possible circumferential speed and meridional
velocity in the runner for the given submergence of the turbine. Because the problems will be
different for turbines with regulatednner blades i.e. Kaplan turbines and impulse turbines

this chapter will deal only with Francis turbines which are reaction turbines with fixed runner
blades.

The challenge in modern design of hydraulic turbines in general is the demand for higher
outpu and a design for higher heads with increasing specific speed which leads to a fast
destruction of the machines if cavitation occurs.

In this chapter the design work on cavitation problems is described with a brief discussion of
the influence from the mostationary flow in the runner caused by the wakes behind the guide
vanes. Examples are also given of hydraulic design criteria and influence from parameters
such as blade lean, blade angles and curvature as well as outlet and inlet diameters and speed.
Special design to avoid separation and reversed flow at the inlet at best efficiency load will be
described.

10.1. General design philosophy

The primary design of a runner in a Francis turbine is normally based upon following
assumption

1. The absolw stagnation energy = E and relative stagnation energy ROTHALPY = | and the
Euler turbine equation are valid for incompressible flow.

2. Uniform rotational symmetric flow field at inlet. (This is not correct because of the wakes
behind the guide vanes, ttfor the shaping of the blades good results can be obtained by
regarded the inlet flow to be uniform. Research work on the influence from the guide vanes
valves is going on at The Norwegian Institute of Science and Technology in a special
research programe.)

3. The influence of boundary layers and turbulence is ignored. Minor adjustment of blade
shape are normally also made according to experiences.

During the initial stage of work the choice of inlet and outlet angels and blade lean and
curvature arefogreat importance as well as the meridional cross section of the runner i.e.
crown and shroud shape.
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Fig. 10.1 Different shapes of high head Francis runners for the same specific speed i.e.
same speed, output and head.

The blades outlet anglesrfexample may have a variation from 162 167 and the inlet

angle may have a variation 106 125 for a high head turbine. (Note definition of blade

angle in fig. 8.13. Thus the shape of the meridional cross section may have a variation in shape
as siown schematically in fig. 10.1.

For high head runners the cavitations problems occurs at the outlet section of the blades while
also inlet cavitations often occurs on low head runners.

In order to study the cavitations a careful study of the bladenigadust be done. For such
study the curvature of shroud and crown as well as curvature of the blades, the blade angles
and the blade leaning are important parameters.

10. 2 Influence from blade curvature along a stream line

When increasing the curvatufi.e. decreasing the radius of the curvature) of the runner blades
in the portion where two blades are forming a duct the suction side of the blade will have
increased velocity and decreased pressure which may lead to separation followed by
cavitations o the outlet portion of the blade.

If the curvature is decreased in the duct portion of the blade and increased on the open suction
side the separation point and cavitations will be moved downstream and for a successful
runner. The bubble collapse of ttavitations may then occur in the water downstream of the
blades. Cavitations damage of the blade may then be avoided. A comparison of the described
curvatures is illustrated in fig. 10.2.
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Fig. 10.2 Influence of blade curvature along a streamline

In the struggle of designing turbines for operation at increasing heads without sacrificing
efficiency and increase the cost, the highest possible specific speed is chosen for Francis
turbines. Because the specific speed is proportional to the maximuumérential speed of

the runneoutlet in power of 1.5 divided by the net head in power of 0.75, the submergence of
the turbines will increase with the circumferential speed for a given blade outlet angle.

10.3 Cavitation and balance of pressure enerngand kinetic energy by means of
the choice of inlet and outlet angles

Severe cavitation may also occur at limited locations on a blade with high speed if small
variations from the theoretical correct shape is found because of the high relative gelocitie
and low pressure towards the outlet.

In order to obtain smaller submergence and/or obtain larger margin on cavitation pitting the
relative outlet velocity should be reduced on the outer portion of the blades outlet close to the
shroud.

The relative odét velocity may be reduced in two ways i.e. by reducing the outlet diameter or
allowing for a an absolute positive rotation of the outlet flow (rotation in the same direction as
the blades). However, as shown below, a reduction of the diameter will sketiheaambient
pressure below the runner.

In order to illustrate the problem Bernoul I i
meridional velocity g must be used and then we find the following relation: (see chapter 9.2
and 5.3).
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Cavitation ocurs if the pressure at the runner outlet is below the vapour pressuseitga b
vapour pressure in (m W.C.) and then following dissimilarity can be established if cavitation
shall be avoided. [This equation is developed and discussed in chapt. 5.3]

2

“hooh S (S
h=ho-h 22 R Jyon,

29
c? ¢’
2 - (224 34 )= NPSHr ¢ hy - hs- hva (10.1)
29 29

Here the ambientisolute pressure at the draft tube outlet referred to the runner level (point 2)
= (hy - h) i.e. barometric pressure minus suction head referred to the location of the runner
outlet. (The suction head is the distance from the runner level (2) dowrhiewater level

outside the draft tube (3) i.esiB negative if the water level is above runner level (2)).

This equation shows that an increased outlet diameter and a large outlet angle of the runner
blades (as defined in fig. 10.2) combined with a éased relative velocity, will be the right

way to decrease the danger of cavitation on the blades near the shroud. However, this
combination leads to positive rotation of the flow downstream of the runner.

By this design there is a danger of decreagiegoressure towards the centre of the runner
outlet and also a danger of decreasing the pressure towards the inlet of the blades along the
shroud as explained in the following.

When regarding the Euler turbine equation and the energy equation and f@itsiromitting
friction losses and shock losses, the well known pressure energy conversion along a stream
line through a turbine can be established.

The so called reduced dimensionless velocities are introduced as explained earlier:
c=c/(2gH)* =c/(2E)** andh=h/H
The Eulers equation yields as illustrated in fig. 8.10 with friction loss ignoregHlg. |

(Ei-1)-(E2-12) _E-E 10.2)
E E |

hh = 2(919;1 'nguz) =

Here B= ghi+c,%/2 (= total specific energy above tail race level at the runner inlet). If losses in
the draft tube rad differences in geodetic height between runner outlet (2) and draft tube outlet

are ignored (3) thel = (gh, +c’/,) - (gh, +cm?/,) = the specific energy at runner outlet
where @%2 is the kinetic energy at the draft tube outlet.

When ignoring losses in drdftbe and substituting for in eq (10.2) and introducing
dimensionless variables. [Note: According to the IEC codes the kinetic energy loss at the draft
tube outlet is regarded not to be a part of the turbine loss, but part of the plant loss]
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Then:

2

c? ¢f C 2
Ef, = Ei- E.=( ght %+ %1)_( ghy % % (10.3)

Further we assume that
2 2

C
Cm1 = Cm2 and gh + mz_gh t— 2

2

§ =p, - Qzé =+p, - &, (10.4)

Ci

|- OOOz

This shows that for an ideal runner with friction loss ignored from runner inteatotube

outlet, the only turbine loss from runner inlet to draft tube outlet is the rotational energy at the
runner outlet. Thenifwe havenad | et r ot ati on t R=&.0ihfiycdon aul i c
flow losses are ignored also in spiral casing, stay vanes and guide vanes.

The energy conversion and the losses are illustrated in fig. 8.10, chapter 8. Fig. 8.10 also
shows that the loss in effency by the rotation will be moderate in a high head turbioe #
0.05. This will be discussed in detail in the following chapter.

10.4. Influence of the blade geometry both in stream line direction and normal to the
stream lines in Francis runnes in order to prevent cavitation.

Change of inlet and outlet blade angles for adjustment of the inlet pressure.

Referring to fig. 10.2, looking at the blade shape and the velocity vector diagrams at outlet and
inlet of a runner blade the hydraulic eféoicy, is given by means of the Euler equatianJ#
0 as follows:

Ay =20,C, (10.5)

As an exampl e=0.96ssdwnr®e72,thbnatfi=0.67ds the values for non
rotating outlet flow.

Assuming a maximum reduced circumferential outlet blade spaed@60 i.e. 4=40 m/sec
for H=230 m. and deciding to redesign the turbine rurorepdsitive rotation of the

outlet flow wherec,2=0.1 (10.4) shows the decrease in hydraulic efficiency e 0.7 =
0.01 or 1%.

However, by doing this the pressure at the runner outlet is increased towards the shroud and
decreased towards thentee. The pressure at the outlet of the blade channel can be found by
the ROTHALPY equation (8.26) because» is decreased and by assuming that the

meridional velocity and the outlet diameter angbw cn2 are assumed to be unchanged.

In the following e@ations the unchanged values equal to the vaue®n rotating outlet
flow and best efficiency are denoted by asfefix d = 0 . 9 6,2 =vDhaadrue*u.)* Rurther
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assuming that the outlet angles are decreased (see fig.10.2patwhe=*W m>=wm2 and
Cur>0.

Then following equation for friction free flow yields: [note: differences in geodetic heights are
ignored in all energy equations in this chapter]

*u2

2= ghz"'%'?z: gh,+

* ng Wy % U2
+ -
e 2 (10.6)

By studying the velocity vector diagram, and substituting f@rFus-cu2 and Wn2=Cmz at
following equation for the outlet ROTHALPY is obtained when remembering d&=I1 and
assuming that the absolute energy at the runner ipd¢EE=constant.

2 2
C
— — 2 2 — — —
Es-UsCup= |2= gh2+—g + ; “U2Cu2= 1= E1-uiCui= *E1-*ui* cu

The increase of the pressure at the outlet of the blagdethéh can be obtained
Substituting for
% 2

gl and * |, =*E, =%l

2
Ei= ghl+C_;:*El: g%t

Then:

* A2 CZ * A2 C2

|2:gh2+7m2+ ;2'U20u2:|1:gh1+ Zm"'?M'UlCul
and
* 2 * 2

1= EL= g*h2+%mzz*|1: g*hl"'%'*ul*Cul

Then
*022 sz *022
(IZ'*|2):(gh2+7m+7u'UZCu2)_(g*h2+Tm):(*El'U1Cu1)-(E1_ *U, * Cu)

After rearrangement remembering that<‘cm2 and u=*uiand E=*E;

* oy * _ 2
hz-*hzz U1 Cul_(u10u1 UZCUZ)_C_UZ: H*hh_(hh_i_giz) (107)
g g 29

Then from eq (@.4) and eq (10.7) the following surprising result is obtained if all flow losses
are ignored,;

h.- "h,=0
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Examples of calculated values of the inlet pressure

By means of the Euler equation it can be shown that the inlet angle of the mustexiso be
corrected to obtain the efficiency which in this case will be 1% lower than the efficiency
without rotation at the runner outlet because of the tesff(2gH) = 0.01.
That is if *d = 0.96 eq (10.4) gives:
h,=*h,-0.01= 0.96-0.01= 0.95 (10.8)
Then the difference in outlet pressure for H = 230 m as stated above yields
ho-*h> = 230 [(0.960.95)0.01] =

Assuming that,>=0.1 for a decrease in efficiency of 1%.

Then
h,= 2(u,c,, -u,C,, )
2u,c,, = 0.95+ 2®.6®.1= 1.07

with no change to the inlet diametan=0.72=*u;. Thenc,1=0.535/0.72=0.743.
now assuming thami1=cm>=0.25.

Thenci=(0.743+0.25)°°=0.78. The hydraulic pressure at the inlet will, in this case, drop and
the kinetic energy will increase compared with tasecwhere 1¢,2=0.

For comparison foc,z=0 andci=(0.67+0.250°=0.715

Then
2
l+ G :i+cf=1 (10.9)
Hl 2ng Hl -
i =0.489
H —

1

For comparison with the case where=0.1

i + _012 =1
H, 2gH
(10.10)
ﬁ =0.385
H
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Here it is shown that the reduced irpe¢ssure energy drops from 0.489 to 0.385 or roughly
20 %. By doi ng timussbe detreased as defirted i fig.g8112in chapt. 8.

From original values:

* p, =180- cot *((u, - ¢,,)/c,,)=1013 (10.11)
foru, =0.72,c, =0.67andc,, =0.25

to

b,=84.75 (10.12)
for u,=0.72¢,=0.743and ¢, =0.25

However, if the circumferential velocity is increased by increasing the inlet diameter and
keeping 61 unchanged the following values are obtained:

cu1=0.67 c2= 0.1 annra96t0E=,0.99

From the Euler equation, fop=0.6: 2ucu = 0.95 + 20.6 (3.1 = 1.07

2uiCu1 = 1.07
i.e.

u; =0.799
Then the inletll78ngle will be b
Conclusion:

The decrease of the inlet angle, as defined in fig. 8.13, is-Bd175=16.55if the inlet blade
velocity is unchanged: = 0.72 which éads to an increased curvature of the inlet side of the
blades.

The increased inlet angle, as defined in fig. 8.13ufer 0.799 leads to a reduction of the
curvature on the inlet side of the blades and reduced danger of cavitation and separation.

However, an increase of the inlet diameter of a mixed flow Francis runner of approximately
10% will increase the frictional disk losses of the crown and shroud and thus the total
efficiency will be reduced (see also fig. 10.1).

The conclusion will be that byecreasing the danger of outlet cavitation by a slight positive
outlet swirl we must sacrifice efficiency. In order to limit a further efficiency drop we must
decrease the inlet angles of the blades and decrease the inlet pressure or increase the inlet
diameter. (Note again definition of blade angles as shown in fig. 8.13).

For high specific speed machines the decrease in inlet pressure may also lead to inlet
cavitation especially near the shroud. Inlet cavitation is normally formed by local separation
close to the fillet along the shroud on the suction side of the blades.
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Further the flow onto the runner contains wakes with vortices and pressure pulsations
especially caused by the end gap leakage flow from the guide vane cascade. [Ref. 1] This will
normaly increase cavitation problems.

The most commonly used and efficient way to increase the pressure at the runner outlet will
normally be to increase the outlet diameter of the runner and increase the outlet angles of the
blades and thus increase the ambmessure below the runner.

However, by doing this the relative velocity between the blades increases and the influence
from waviness of the blade curvature increases the danger of local cavitation on the suction
side of the blades. The danger of puesgpulsations and vibration will also increase with an
increasd outlet velocity of the blades.

A combination of increased outlet diameter and increased blade angles on the outlet with a
slight positive rotation by letting,2 > 0 may, however, be a usefnd often used solution of
outlet cavitation problems.

Care must be taken because by doing this inlet cavitation may occur if the positive outlet
rotation is too high leading to a decrease of the pressure on the blade inlet to an unacceptable
low level (The explanation of this can be found by the Euler equation eq. (10.2) and the
discussion followed after eq (10.10) and eq (10.11)).

Anothermpor t ant parameter to be used in the desi]
strong influence on the pressure distribution between crown and shroud.

Further the number of blades has a strong influence on the velmityressure distribution

from blade to blade. Specially for low specific turbines with large inlet diameters the distances
between the blades may be large on the inlet and separation or back flow on the pressure side
may occur.

To avoid this problem the blade curvature must be moglerathe inlet side of the runner.
This leads to a higher blade loading towards the outlet.

The introduction of splitter blades on the inlet side has given a great contribution to solve this
problem. A stronger curvature on the inlet section and a nmii@rion flow towards the outlet
is obtained and the danger of local low pressure zones with cavitation decreases.

In the following examples of the influence from both the blade lean and splitter blades will be
discussed.

The influence from blade lean angg U .

The bl ade |l ean is defined as the angle d whi
illustrated in fig. 7.4 and the pressure gradient in a stream surface may be calculated as shown
by eq. (7.13) expressed by the reduced dimensionlessiomatigdelocitycm=cm/(2gH)*>. (A

detail development of this theory is given in chapter 16).
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3 2
dh_ 20 [( 1 cosdcos /.7) Cn _ Cm(MCH/HM) Jucosde, ] tang
dy R r sin® b tanb -
(10.13)
sind 1., sind .
+=)c + (2w .+ wrsind
rtart b r)‘m (_tanb)C - ]

The relative reduced pressuré=h/H and the other parameters are defined in fig. 10.4.

Equation (10.13) is based upon the equilibrium ofds and is valid for a runner with infinite
number of blades (i.e. potential theory). The theory is 2 dimensional only, but is still useful in
order to design a preliminary blade shape followed by a full 3D CFD analysis for fine tuning
of the blade outkeand inlet.

In addition to equation (10.13) the Eukmmergy equation and the equation of continuity are
also established as shown in eq. (14) and (15). (See chapter 16).

Fig. 10.4 Definition of blade lean and the blade geometry

= wr?-clsint b+ (1-2u,c,)- J (10.14)

where J is the estimated losses along a stream line from inlet to the regarded point along the
stream line. (See chapter 16).
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Further the equation of continuity yields

Q/N
c.=——— 10.15
- 2prDYf ( )
where 0 = the decrease in cross section caus
and N=number of blades and @Y distance bet we

An example of a CFD analysis of a low head runner, illustrated in fig. 1@®®jrsg the

velocity distribution on the pressure side and suction side of the blade (fig. 10.5a) and pressure
distribution between the blades (fig. 10.5b). In this example a strong curvature of the shroud
together with a strong blade leaning angle tow#rdsshroud leads to an unacceptable low

inlet pressure on the suction side of the blades. This example is taken from the GAMM
workshop runner where measurement has proved the computation.

For the GAMM workshop runner it can be proven that cavitationoggur near the inlet of

the blades because of the unfavourable curvature and blade lean. In the case of a low head
runner it is also not recommended to design for positive rotation at the outlet along the shroud
because the pressure at the inlet will dase. It should, however, be emphasized that during

the design stage the pressure gradient dh/dy could be tuned by means of the blade lean angle in
order to solve the inlet cavitation problem (see chapter 16). For high head runners with low
specific speed slight positive rotation along the shroud may also be used successfully in

order to avoid outlet cavitation.
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Fig. 10.5a  Velocity vector plots.Suction side (left) and pressure side (right).
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Fig. 10.5c  Computed isobars for a modern X blade runner with balanced blade lean angles
(right) compared with traditional well designed runner (left)
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In fig. 10.5c an illustration is given of the computed isoloarsuction side of the runner

blades with balanced blade lean angles (right) compared with a traditional runner (left). A
three dimensional picture of the two runners is shown at the top of the figure illustrating the so
called X blade shape. A so calledb¥ade runner with fully balanced blade lean angles from

inlet to outlet combined with skewed blade outlets was for the first time designed and tested in
Norway during a collaboration between the author and Kvaerner Energy irfl2985or the

Three Gorgegroject.

Examples of increasing the outlet cavitation performance by decreasing the blade outlet
angles

As mentioned earlier in this chapter the cavitation performance will be improved by increasing
the outlet diameter of the runner and increase thaeldatlet angles of Francis turbines.
Definition of blade angle is shown in Fig. 10.4 and Fig. 8.13

The disadvantage for an increased outlet diameter is that this often leads to deceleration of the
meridional flow velocity through the runner and problemith off design operation may
occur.

However, the danger of outlet cavitation will decrease with increased outlet diameter.

As an example the value of NP SH80d7E16Rand unner
an al t er n=48013w167 and crbasdul outlet diameter is shown for comparison.

The value of NPSH may be calculated as a functiomséid 1w depending on the curvature

and number of blades at the outlet. A formula taking into consideration hathccu is

shown in chapter 9 ed®.6) and chapter 5.3

eg. (5.19).

This formula may be written as follows:

NPSH, =ac’, /(2g) +b u’/(29) (10.16)
Here a and b are constants found empirically by model tests with range of values given in
chapter 9 eq. (9.6). The constants a and b are deygeon the runner design and will be

different for different manufactorers and with change in design by the same manufacturer.

By using a formula as shown in eq (10.16) the following result has been calculated as an
example.

Technical data of turbine

Raed output P =143 MW
Net head H=230m
Assumed full load efficiency ¢ = 0. 93 (conservative)
Speed n =300 RPM
Outlet flow angle alternatives 163 167 [i.e. (u,_-b2) 17 -13]
Calculated NPSH (m WC) 15.8 13.0
Outlet diameter B (m) 2.470 2.710
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This brief calculation shows ththe Nominal Positive Suction Head (NPgHas a difference

of 2.80 m by changing the blade outlet angle by increasing the diameter by 9.7%. (The
given values may be a bit extreme, but illustrates the influence @frDd). b

In this case thelet angles of the runner must also be adjusted as shown earlier in chapter 8.5,
eq. 8.66, in order to optimize the efficiency in the best possible way.

However, it should be emphasized that for the smallest outlet angles thaaabitditble
collapse may occur behind the blades outlet whildatigger outlet angles often leéml

cavitation closer to the blades or on the blades if care is not taken due to increased relative
velocity and less overlapping of the blade outlets andidessmall waviness on the surface.
(Note definition of outlet angles (see fig. 10.2))

It should be noted that if reversed flow or separation with strong vortices are formed,
cavitation may occur also in the higher pressure region. Also the earliebdéegaressure
pulsations caused by the wakes behind the guide vanes may lead to cavitation caused by the
minimum values of the pressure waves and vortices travelling through the runner. A thorough
study of the guide vane flow is described in [Ref 2].

Themicro bubble collapse caused by the travelling high pressure wave following after the
low pressure wave may also lead to severe damage especially if the collapse occurs in the high
specific energy region of the runner. (The cavitation damage will be npiced to the
velocity in a power higher than 3 which means that high energy cavitation is very dangerous).

S
T

0.01s¢ecc

Fig. 10.6 Typical measured mechanical stress amplitudes of a blade outlet indicating
pressure pulsations in a high head Francis turbine witdspgs RPM and 24
guide vanes.

In fig.10.6 measurement of stress amplitudes caused by pressure shocks from the guide vane
wakes on the outlet of a high head Francis runner is shown. The stress amplitudes indicate
pressure amplitudes of the same magniagithe hydraulic mean pressure.

Because of this it is important to establish a uniform flow with a balanced uniform pressure
based on the steady state flow analyses over a widest possible range of operation for the
turbine.
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The introduction of splitter blades

In order to reduce the danger of destructive cavitation pitting on the blades in the outlet region
the blade should be reduced. Then the blade loading must be increased in the inlet region.

However, for a traditional low specific speed runnahwait splitter blades the blade curvature

at the inlet must be limited in order to avoid cavitation and reversed flow and separation at part
load. Non uniform flow towards the outlet in general may be the result of incorrect blade
loading at the inlet. TBimay cause vibrations and cavitation.

Because non uniform flow often leads to severe cavitation damage at off design operation, an
improved design with splitter blades was introduced in Norway as early as before World War
II. This design has been improvadd has shown excellent performance both for cavitation

and also for minimizing sand erosion. (Even in cases of severe damage of the guide vanes and
facing plates, and labyrinths sealsdand erosion, only negligibtepair of the runner has

been necessawhere splitter blades have been used).

The reason for this may be explained as follows:

1. Very uniform flow with low specific blade loading and no reversed flow in the inlet
region over a wide range of operation.

2. Uniform flow combined with a reducedimber of blades towards the outlet where the
highest relative velocities occur.

Fig. 10.7 A splitter blade runner in fabrication. (Courtesy Kvaerner)

In fig. 7.7 is shown a high head runner with splitter blades during fabrication in work shop of
KVARNER Norway.
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10.5 Conclusion of the influence of design parameters on Cavitation performance

In this chapter concluding remarks of main chapter 10 and in particular subchapters 10.3 and
10.4 which deals with a discussion of design parameters in ordeoithor decrease
cavitation in Francis turbine runners.

The examples in chapter 10, only gives a brief guide line of a possible strategy for design.
However, cavitation is a very complex phenomena often combined with sand erosion. Sand
laden water formwvaviness on the surface and the water may contain a high number of nuclei
in such water quality because of the high number of particles. This leads to the need for a
thorough study from the influence of the quality of the water on cavitation. The dealeoéf
cavitation from model test to prototype should include the influence from the nuclei content
and air content in the water, but the scale effect is very complex and an IEC norm does not
exist.

Therefore it is advisable fohe reader to study aper presented by prof. Henry and his
colleagues form Switzerland in the IAHR Symposium Belgrade 1990. Ref. [3]

(The author wants to thank his former employer KVAERNER ENERGY AS for allowing to
publish the runner design with splitter blades which has bsed so successfully by this
company since before World War Il for high head Francis runners. The first runner with
splitter blades was installed in a Francis turbine for the Norwegian power plant
Nygaardsanlegget. This turbine was put in operation in 488zad an output of 8456 KW
operating at a net head of 225m with a speed of 750 RPM)
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11. CHOICE OF MATERIALS, TESTING AND INSPECTION

11.1. The choice of materials for different applications in turbine design.
The choice of raterials for machine design is generally based upon criteria and requirements.

For hydraulic machinery such requirements and criteria may be as listed in the following table:

REQUIREMENTS TO CRITERIA FOR THE CHOICE OF

BE FULFILLED MATERIALS

1. OPERATONAL CONDITION: STATICAL LOAD, DYNAMICAL LOAD,
TEMPERATURE, CORROSION, ABRASIVE
WEAR ETC.

2. OPERATIONAL REQUIREMENTS: RELIABILITY, AVAILABILITY (REPAIR
TIME AND COST), LIFE TIME

3. PRODUCTION ®SSIBILITY: WELDABILITY, ACCESS POSSIBILITY,
MACHINING POSSBILITY

4. PRICE AND DELIVERY TIME: MATERIAL COST / LABOUR COST
(INTEREST) DIFFERENT QUALITY,
DIFFERENT DELIVERY TIME

During the development of water turbines the material development has allowed for higher
stresses, improved cavitation resistanoa fatigue resistance for the most important rotating
parts and parts exposed to high flow velocity. The improved material qualities have allowed
for higher specific speed and increased size turbines with less weight per MW.

Sixty years ago cast iron wasmmonly used in water turbines. Later the cast iron was
replaced by cast steel and riveted plates due to higher strength and toughness. Impact test was
introduced as a requirement.

The cast steel has gradually been replaced by fabricated steel plateetrdaring the last 40
years when the weldability of plates improved and the fine grain steel quality was developed.
FRANCIS TURBINES

In fig. 4.4 chapter 4.2, a sectional view of a modern Francis turbine is shown and in fig. 6.7,
chapter 6.3, 3 dimeimal view of a Francis turbine with casted main parts is shown.

The pressurised static parts of a Francis turbine may be divided in the stress carrying parts
consisting of the spiral casing, covers on the pressure side and the draft tube on the suction
side.

Then moveable parts are the control parts represented by the guide vane system, and finally
the rotating parts consisting of the shaft with the rotating oil reservoir and the runner with
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labyrinth seal system against head and bottom covers. The lgeadimg and the regulating
ring and leverages represent the parts, which are not in contact with water.

For high head turbines the stress carrying parts are made of fine grain high tensile strength
carbon steel (micro alloy stelin order to increaseéne stresses without increased danger of
fracture. The maximum stress and number of cycles of pressurising will be the base for the
dimensioning criteria for these parts. In order to allow for acceptable material and weld defects
within realistic valuesfopr oduct i on, mat er iofabose 480iMPaisnoi el d
recommended. (This will be explained later.)

The head and bottom covers are dimensioned for minimum deflections in order to minimise
the clearance between the guide vane facings andothexs. The covers and the draft tube
cone are made of low tensile stress fine grain steel with low carbon content in order to obtain a
"problem free" welding.

Examples of choice of materials for a Norwegian built high Francis turbine:

The guide vanesna the runner with the rotating labyrinth seal rings exposed to high flow
velocities with danger of cavitation or turbulence corrosion are made of stainless steel 13% Cr
4% Ni and 16% Cr 5% Ni respectively. The 16% Cr 5% Ni is normally used in fabriagted h
head runners due to good weldability without preheating. The upper part of the draft tube cone
is also made of stainless steel 16% Cr 5% Ni in order to avoid corrosion and cavitation. The
facing of the covers against the guide vane end faces are llyooiaalded by welded
stainless steel of 16% Cr 5% Ni with a hardness of about 300 HB or 17% Cr 1% Ni with 350
400 HB. This is made so in order to obtain a difference in hardness between the guide vanes
and the facing of the covers of 70 HB which in turavents galling of the surface when the
guide vanes are moved.

The static labyrinth seals are made ofMlbronze, which is different from the hardness of the
rotating stainless steel ring surface in the 16% Cr 5% Ni material. FA&Nonze has also a
good resistance against turbulence erosion, cavitation and corrosion.

PELTON TURBINES

In fig. 4.2 chapter 4.2 is shown a vertical 5 jet vertical Pelton turbine under erection at site (see
also fig. 6.2, chapter 6.2). The stress carrying parts, formatdebmanifold for this type of
turbines, may be exposed to pressure up to 2000 m. and fine grain high tensile strength steel
plates are always used in the stress carrying fabricated parts in order to reduce the plate
thickness.

In this case it should alsbe emphasised that the maximum Von Mieses stresses are limited to
about 200 MPaah t hhemmayld be | i mited to 40¢6f2.8MBrahewi t h
nominal stress. The stress limitation is established in order to avoid unstable fracture before a
growing crack by cyclic pressurising during stopping and starting has penetejgdtéhand

*There are three basic qualities of fine grain steel. (1)Micro alloy steelewtherchemical composition alone

leads to the fine grain quality. (2) Quenched and Tempered (QT) steel where the heat treatment leads to a fine
grain quality with less micro alloy additives.(3) Thermic Mechanic Controlled Process (TMCP) where a
temperatureontrolled rolling during the cooling process is made in order to obtain a fine grain quality.
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caused leakage. The reason for this is that a leakage will always be detected. This design
criterion is denoted LEAKAGE BEFORE RUPTURE. (Also the allowable size of acceptable
defects (that must be big enough to be detected in welds in a n@mejyputs a limit to the
maximum stress in order to avoid dangerous fatigue propagation towards critical size during a
lifetime of 50 years. This will be explained later.)

The turbine housing serves as a formwork for embedding the turbine in concréte atekel
lining of the wheel pit is formed as a rigid structure designed to withstand buckling during
embedding.

The material used in the turbine housing is low carbon mild steel of fine grain quality to allow
for welding at site without heat treatmdrgcause rigidity and not maximum stress will be the
dimensioning criteria here.

The inlet pipes of the injectors are made of fine grain cast steel of medium strength because
both rigidity and stress will be the design criteria in this case. (See figh@ydter 6.2)

The parts exposed to high flow velocity such as needle tips and nozzles are made of hardened
stainless steel of 13% Cr 4% Ni or 16% Cr 5% Ni steel. If severe sand erosion is expected a

ceramic coating on the needle tip and the nozzle risgblean used successfully. However,

this coating must be made in workshop with a special equipment and the needle tips and

nozzles must be shipped to the work shop for repair in cases of severe sand erosion.

In the needle servomotor system stainless steel hard chromium surface should be
recommended for the needle stems and surfaces exposed to sliding seal rings against water
pressure. (Hard chromium surfaces contain often micro cracks and corrosion problems may
occur if the base material is not staisleSherefore all surface coating with chromium should

have stainless steel base materials).

The Pelton runner is today normally made of integrally cast 13% Cr 4% Ni steel. For high
cycle fatigue reason heat treatment aiming for a lawewalue should be recommended even

if a harder surface has better resistance against sand erosion. [Ceramic coating of Pelton
runners is under development, but so far a 100% successful process is not found].

Also welded Pelton runners have been madediyg a forged disk and building the buckets
by welded parts or building the buckets by a so called micro cast procedure on a forged disk
with premachined buckets roots. (REULZER ENERGY).

For the base material it is important to keep the quantisylphur (S) and nitrogen (N to a
lowest possible value in order to minimise micro defects in the materials. (If possible S
0.008% and B< 0.02%). The most dangerous defects are the flaws of MnS which may be
reduced if the content ob & very low.

11.2. Material development and weldability
Before 1965 the high head Francis turbines were made mainly from cast steel. However, the

cost of production of steel plates was reduced and fabrication of welded structure became
more efficient compared witlhe more laborious casting procedure in foundries.
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Fig. 11.1 A cast steel 1955 design compared with a fabricated 1992 design of a Francis
turbine

In fig.11.1 a cast steel high head Francis turbine produced between 1950 and 1960 is
compared with a wdkd modern Francis turbine produced in :2992.

The pesented content in this paeals with tle most commonly used materials for turbines at
present time. In the future other new materials and composites may be available based on new
knowledge on ficture mechanics, corrosion and theory about cavitation.

New joining methods such as diffusiamarrow gap and electric beam welding may change

the design in a way similar to the change from the cast steel design which was replaced by the
welded plate degne.

For the designing ingeneer it is important to adjust the design in accordance to available
materials and welding methods.

The main development has mainly taken place the last 100 years.

During the last years development of new materials imprivecktiiatance against cavitation

and an increase in ductility. A higher stress level can be tolerated in pressure loaded parts due
to improved fracture mechanic properties.

For materials used in rotating parts and pressure loaded parts exposed to higlcyretyaes
variations the stress level must be reduced due to fatigue.

About 85 years ago cast iron was normally used. Later after the Second World War cast iron
was substituted by cast steel and riveted plate structures.

Brittleness tested by impact testas introduced and required for the choice of materials in
Norway before World War 2. This requirement was earlier than in other countries in Europe.
Cast steel has gradually been graduallt been substituted by welded structures of steel plate
structuresnainly because a lower price increase of plates compared with the cost of labour.

The development is illustrated in fig. 11.2 showing the weight reduction per MW of spiral
casings for high head Francis turbines produced from 1955 to 1990. The weighioreduc
caused by increased stresses in the high tensile strength plate materials with increasing
strength during the time period of 25 years.

16C
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Fig. 11.2Weight reduction of high head Francis turbine spiral casings

In addition to the development of neaals a rationalization in mechanical welding process

has been done. The new welding prcesses required less work houres, making the spiral casing
cheaper. Further the higher ultimate stresses in plates leads to a ligigarageillustrated in

Fig. 11.2

The development of materials and design.

In 1945 the higthead Francis turbinegere mainly made by cast steBly a comparison

between the cost of materials and labour we will find that it was economical to use expansive
materials in order to saveblaur cost.

Cast steel required a large amount of labour and at the same time the parts were produced in a
low number. Production of steel plates required less labour and the improved welding
technique has later reduced the the labour time in welding.

Thes factores has gradually transferred the turbine production towards a fully welded design.
The evaluation is clearly illustrated in the weight reduction of spiral cases presented in
fig.11.2.

In turbine and pump production is the plate thickness is anrtarggarameter for carrying

the hydraulic forces and the weight reduction of the plate design has pushed the production
towards the light weight steel plate production.

The light weight plate design is based on fine grain steel plates which also ceareaké

forces in the thickness direction. At present time thicker plates which are also able to take care
of forces in the thickness direction normallt defined as TTT plates i.e. Toughness Through
Thickness Plates. (In some countries these plates antedeas Z steel where Z defines the
direction through the thickness of the plate)

The TTT quality has been obtained by getting a very low content of sulphure which is
obtained by a ver low content of Suophure and by adding kalium in the melted steel which
prevents layer of MnS in the plate during rolling.

Compared to bthe casted design the thickness and weight is reduced compared to the casted
design.and further the design has an improved homogeneity.

For welding at site a low carbone content is requaredl in addition the content of V, Nb and

S are reduced in order to avoid the so called Hydrogen brittleness.
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In addition dried electrodes must be used as well as ciorrect preheating and correct
temperature in the melted weld composite.
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Fig. 11.3 Hmax as function of Rm observed by ItoBessyo

For welding at site a low carbone content is required and in addition the content of V, Nb and
S are reduced in order to avoid the so called Hydrogen brittleness.

In addition dried electrodes must be used as agetliorrect preheating and correct

temperature in the melted weld composite.

It should also nbe noted that too high addition of elements for fine grain creation may lead to
a narrow brittle zone near the melted zone in the HAZ in the weld.

It is importart to be aware of these effect for field welding at site.

The spiral casings for low pressure Francis turbines are normally welded ay site.

Low carbone steel is used due to good weldability whichis normally tested in forhand for
safety.

The required valuefaC and Mn for a bfield welding must fullfihe requirement

C + Mn/6< 0.35.

Finally it should be mentioned that the choise of welding spiral casings at site has lead to a
simplified design of the stay ring without any increase in lin& fosses.

Based on the development of high stress steel, large Pelton turbines for heads of 800m to 1300

m net head has been built and in Switzerland Pelton turbines for heads close to 2000 m net

head has also been built.in one power plant.

By using thew e | | known criterion ALEAKAGE BEFORE RU
200 MPa have been used.for all material qualities used in spiral casings and distributors.
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An other requirement is that the maximum stress must be limiti#@Ptoof o.2.

The conclusonis that safety against yielding in addition to the requirement from the fracture
mechanic theory are valid for materials with: 0460 MPawhen the stresses have a
maximum value of 40% afo.2or less.

The most important requirement however is toidweld defects and brittleness in the heat
affected zone.

In order to fulfill this requirement following rule of the thumb may be used: C<0.12%,
S<0.010% and V< 0.1. In addition the carbone equivalaent (CE) or tha value of Pcm as
presented in the diagraim Fig.18.6.
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Fig.11.4A presentation of a critical concentration of Hc as function ofPcm set up

according to a Japanese test

In Japarsome formulas for the carbone equivalnt CE a@dhve been expressed as a

function of Rm. Both values have beengsentated in the empirical diagram illustrated in fig
11.4 in order to find the hardness near the weld after welding with limitation of the content of
hydrogen (H) in the weld. (See fig. 11.4)

It is important to keep both CE aneldas low as possible.

The chemical formula oPcm in digram 11.4yields:

Pcm = C+Si/30 + Mn/20 + Cu/20+ Cr/20 +Ni/60+ M® + V/10 + V/10+ 5B

And the formula of CE yields:

CE =C+Mn/6 + Cu/15 + Ni/15 + Cr/5 + Mo/5 +V/5

Pcm is valid for C<0.18 in plate materialc before welding w@iteis valid forC > 0.18.

See Maruyoskhi Suzuki.

In fig.(11.3 Hmax is plotted againg®cm and in fig(11.4) the critical valueHc is plotted against
Pem.
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High stress steel with yield putilio.2 =460 MPa or higher must normally bezgheated
around 6e80° C. in order to avoid diffusion ofH2.

Structural parts with large ticknesses must be stress relived-8897C.wz<<<<<<<
.Special cases be made without post heating if the thicknkskig around 40mm.

In a welded stay ring forces from the stay vanes are transferred through the thickness of the
stay ring plates. A special fine grain steel with guaranteed Toughness Through the Thickness
and good weldability must be used in these BI4TEIT steel). (The Toughness Through
Thickness is obtained by a low content of sulphuj é8d calcium treatment of the liquefied

steel which prevents forming of laminated mangasizehides in the plates).

The reduced thickness in a shell made of h@fsile strength plates compared with a cast
design should beated as illustrated in fig. 11.2

In some cases parts of the shell may be welded at site in order to transport the stay ring with
the main part of the plated shell in one piece and saveoti@texpansive flange connection.
Highly weldable highg n s i | e st =e46d MP& ant low aarbon content allowing for
welding without heat treatment of thickness up to 50 mm, has been used for such parts welded
at site. It is for such steel important to keep the carbon content on a lowest possibéngalue
limit V and Nb and % low. In addition very dry electrodes and preheating to 800IC is
recommended in order to prevent hydrogen induced cracking.
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Fig. 11.5Transport of spiral casing with a one piece stay ring. Note the thin plate transport
structue, which will be removed from the spiral casing shelf.

In fig. 11.5a photo of the transport of a spiral casing on which the thinnest part of the shell
will be welded at site without stress relieving by heat treatment.

The shell on the spiral casing ofAd head Francis turbines are normally completely welded at
site of low carbon steel with weldability proven by implant tests. (Requirement:/6+M
0.35 for material quality witliio » = 355 MPa)

For large vertical Pelton turbines the development of high tensile steel has allowed for
increasing size of turbines for high heads in range of-g&W m). Based upon fracture
mechanics it is important to design a turbine in order til thie requirement that unstable
fracture from a growing crack shall not occur until the crack has penetrated the plate i.e.
LEAKAGE BEFORE RUPTURE.
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The reason for this is that a crack through the thickness will be easy to detect by the leakage
and unstale rupture will be prevented. This requirement will limit the maximum size of the
turbine depending on the development of materials with increased toughness i.e. improved
Crack Tip Opening Displacemef@TOD) values

As described in the following the maxum principal stress must be limited to about 200 MPa
(N/mm?) for any materiatjuality developed to daground 2010

Another requirement is that the safety against yielding will be a nominal maximum "Von
Mi eses" strgess of 40% of @

Aconclusiontobelr awn from t his i so.tA68MPamaybe utilisedl s o f
with the required safety against yielding and at the same time fulfilling the requirement
"LEAKAGE BEFORE RUPTURE" based upon fracture mechanics. Note: (Materials with
higher stregth will not give higher safety against unstable fracture unless the CTOD value is
increased and such material will normally be more difficult to weld and the danger of brittle
heat affected zone HAZ close to the weld is high).

The most important requireant for the production of turbine parts is the weldability in order

to avoid defects and brittleness in the heat affected zones of the material. In order to fulfil this
requirement limitation in the chemical composition is made. We may put up the following
requirement weldability of carbon steel:

C<0,13 S$<0.010% V<0,09%

In addition a carbon equivalent is also containing other components of the chemical elements,
but the total weighted sum of the composition must not exceed a given maximuen Bxlu
using Quenced and Tempered (QT) or Thermo Mechanical Control Process (TMP) steel
quality the chemical requirement is easy to fulfil, but for such materiel the requirement of a
good welding procedure is important.

An example of a recommended formida the carbon equivalent for a micro alloy steel plate
Wi toh<4B0 MPa is the & together with the absolute content of C. From the value®f P
and C it is possible to calculate the hardness in the HAZ and the limii cbrifent in the
weld where hbittleness and hydrogen induced cracking may occur.

It is always important to keep thesPRralue as low as possible. The formula for thgiB very
well known in the literature to day. (Ref. paper: CARBON EQUIVALENT AND MAXIMUM
HARDNESS, by Maruyoshi Suky IIW Doc 1X-1279383). [Ref. 20]
The formula for nyields:

Pem = C + Si/30+(Mn+Cu+©/20+Ni/60+Mo/15+V/10+5B
Pemis valid for steel with C < 0,18%
High tensile strength steel of quality 460 MPa or higher must normally be dvetaker slight
prehating 6680 °C to prevent hydrogen diffusion. Structures with large thickness baus

stress relieved at 578B0°C. Welding without stress relieving may be done in special cases
with thickness less than 50 mm.
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In fig. 6.6b chapter 6.2, a site welded maltdf for a Pelton turbine is shown before
embedment in concrete

11.3Welding defects, acceptance criteria based on fracture mechanics

Defects will always occur in a weld. Cracks and lack of fusion are the most serious defects
because they are tadimensimal and normally they are not detected by X ray examination.

Threedimensional defects such as slag and gas blows are not so dangerous except if sharp
edges of slag are connected to a lack of fusion or a crack. Gas blow pinholes may also indicate
hydrogen which is very dangerous due to micro cracks. (Dry electrodes and preheating should
prevent hydrogen problems and porosity of this kind).

Suitable tests for weldability of electrodes and materials will be "TEKEN TEST" and/or
"IMPLANT TEST". The last onés a special test for finding the hydrogen cracking in the heat
affected zone (HAZ) in the base material, while the first test is a general test of hardening and
hydrogen including both weld material and heat effected zone in base material (see fig. 11.4).
As there always will be a number of defects in a weld, it is important to establish acceptance
criteria for the sizes of different the defects which will not be dangerous for the operation
during the calculated life time of the turbine with a welded sirec

The most dangerous defect is a propagating crack with a very sharp edge denoted as a two
dimensional defect or a flaw.

Crack propagation.

As described above defects always occur in a weld or in the base materials. It is therefore
important to definghe acceptance criteria for defects, which will naivg and lead to a total
rupture  under the  operational comidn of the regarded  structure.

v !

stregs for elastic materials
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Fig. 11.4 Energy concentration in front of a crack tip and illustration of a "TEKEN TEST"
and an "IMPLANT TEST".Note the stress peak a crackior elastic materials beforgelding
denoted as the stress for elastic materials in the figlrek/a(2" r) (K = stress intensity
factor and

r = distance to crack tipNote: Y = direction of the stresslr andX = distance from the
crack tip.)
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By means of this theory waill find that the stress at the crack tip will reachiafinite value

which indicates that the crack should propagate évenr | ow average stress
material surrounding the ack for any small crack with depth = a in a complete elastic
material with no ductility.

There will alwg/s be weld defects where cracks like inclusionslad and lack of fusion..

Among these defects lack of fusion is the most serious and common defects.

S Base material Heat affected zone Weld deposit
Hot tearing
HAZ cracks Lack of fusion

Root cracks

Slag, irregular shape
Fig. 11.7lllustration of different kinds of weld defects

Three dimensional defectach as slag inclusion is lessious than cracks and lack of fusion
unless the edges are sharp that may lead to crack propagation.

Voids causedby gass may be an indicationtofdrogen H which is extremely dangerous in
connection to micro cracks. (This problem is reduced if dried electrodes and preheating have
been used)

As a conclusion we find the most critical defastan increasing defect with sharp edge i.e. a
two dimensional defect.

In fig.11.6the different types of weld defects are illustrated

Further a description of the definitions of stress concentration in fraetack is illustrated

in fig.11.6

The u® of tests of weldability of different materials &mend inthe CTOC (Crack Tip

Opening Displacement) testing.

The testing of the weldability have as described been TEKEN and/or IMPLANT testing. The
test is also made for finding possible cracks causddblaynd hardness (Hb) in both welds and
basic plate material.

Since we allways have defects in a weld wetrhase a proper methode to set the standard for
welding procedure Examples of such testings are also given in the pamphlets from
International Istitute of Welding 11W.

Crack growth based on Fracture Mechanic Theory
Theaccept criterion is bases on the present strésard the material defeand the stress

intensy factor = Kn a in an elastic material as shown earljer distance to crack tip.) See
Fig 11.6
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