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Plan View of Bucket Side View of Bucket Analysis Model of Blade

Figure 4.11: Pelton’s Patent Application and Analysis Model
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Figure 4.12: Three Dimensional Views of a Francis Turbine
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Figure 4.13: Three Dimensional Views of a Kaplan Turbine

This 1s know as a Repeating Stage where the velocity at inlet 1s equal to the velocity at exit.

Often we design for axial leaving velocity from a turbomachine. Since for a given V; the exit
velocity V3 1s given by V3 = \,f’\',’.—’ + Vi3, the mimmum exit kinetic energy at exit occurs when

Vo3 = 0 or the flow 1s entirely in the axial direction. Clearly this condition occurs at g = () so an
axial leaving condition specifies the shape of the exit velocity triangle for the stator or rotor row.

These three commonly used design conditions are design choices, although there are many sue-
cessful turbomachines in use that do use these design choices there are some that do not.
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[ cond tions largely determined by the amount of thrust requir

ps the exit conditions are set by the flow rate required and pressure loss in M iced |
the piping system to which the pump 1s connected fo. In the case of moving the fluid from o
location to another the pump also has to supply a pressure equivalent to the change in height
between the two locations as well as any losses in the system. .

. For pt |

e Forwind turbines the inlet conditions are set by the location of the wind turbine and the variabil-
ity of the weather. Of all turbomachines wind turbines have the most variable inlet conditions
and ensuring that the design performs over a wind range of inlet conditions 1s key to producing
a successful turbine. |

e For hydro-electric power systems the available pressure or head s determined by the heigh
difference between the reservoir and the river into which the fluid 1s discharged. (See anum“
4.9) The flow-rate is determined by the rainfall for the region in which the hydro system is
located and the capacity of the reservoir. A common strategy 1s o use the reservoir
energy storage system and run the turbines when electrical demand 1s high, turn them

eriods of low demand and allow the reservoir level to rise.
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Figume 6 1 En{lﬂpy-Entropy Diagram for a Turbine

. change i entropy 1s zero for an reversible process.

One of the reasons there are hundreds of definitions of efficiency 1s that there are various ways
of accounting for the kinetic of the flow at inlet and outlet. Recall that for each location in a fluid
machine there 15 a static condmon and a corr espondmg stagnatlon condition. The stagnatlon condmw
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M length
acceleration  ™Mass X TG mass

i ea " length? = eSS Iength

| ﬁfnﬂhrly be expressed:

it . mass length? mass
||| density X velocity = g _

length® time2  time? x length

| | ThErefore the equation is said to be dimensionally correct. Using this principle one can constmcf
'a number of dimensionless parameters or dimensionless coefficients. For example reaction 1s a di-

" mensionless coefficient as the units on the top of the expression cancel the units on the bottom of the

expression.

Dimensionless parameters provide a number of advantages:

1. With an appropriate choice of dimensionless parameters the performance of machines can be
characterised using only a few key Lariables.

2. Given data on one size of machine performance can be predicted at different sizes.

3. Given data on one set of operating conditions behaviour at different operating conditions can
be predicted

4. Enable designers to pick a particular machine shape of maximum efficiency.
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Figure 7.1: Velocity triangles for exit and inlet combined

In general the designer of turbomachinery blading does not have complete freedom to determine
the dimensionless coefficients that the design will operate at. For example the mean blade speed 1s
often fixed by mechanical considerations, or the rotation frequency of the machme i1s fixed by the
frequency of the electrical supply and the number of poles in the electrical generator. The stage
loading 1s often fixed by the number of stages and the required enthalpy drop in the machine.
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Vm»—\/ tan g = 150 tan 70 = 412,12 m/s

ading coefficient is:
412.12
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 Ahsracs = Aho = w = Un(AVp) = 366.5(412.12) = 15104 kJ /kg
rom Flgure 6.5 we see that the static enthalpy drop across the rotor 1s given by:

W v W W
Ahgoror = — - 2 = = =

‘Since the turbine axial velocity 1s condtant W, = l-T/'gI and so:
2

' However since we have constant blade speed AWy = AV} so:

412.12% + 02

2

ek

AhrorToRr =

AhroTOR =




/f /’ I/M "f{vrw" TAGH

i .

//

’l
From

4

Wﬂﬂ

/s

Wiy — Wi
2
However since we have constant blade speed AWy = AVj so:
412.122 + 0°
2

Which means that the reaction 1s given by R = 84.92/151.04 = 0.56

ARROTOR —

AhroToR — = 8492 kJ/kg

7.2 Coefficients for Wind Turbines

For wind turbines two coefficients are in widespread use, the first C'p or power coefficient is essen-
tially an efficiency by a different name: |
Power from Turbine "

(w‘[’ = m i i e 1 i
Pcfver in Wind 5pV3A
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'Figure 7.2: C'p vs A for 2.5MW Wind Turbine
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7.31 «S}‘péciﬁc Sp‘ee“d‘ for Turbilnes

Note that for a turbine:

114 F

LI pQgH
For a pump the reciprocal applies. So if for a model turbine we obtain test data and plot the dimen-
sional parameters agamst each other the performance of larger machines of the same type can be
predicted. For a particular machine the operating conditions are expressed by values of N, P and H.
The rotational speed NV is normally fixed by the frequency of electricity supply, P and H are set by
the flow rate and the height drop of the physical location that the hydro-electric scheme 1s proposed
for It would therefore be useful to have a dimensional group which includes N, P and H but not
D so that it would be independent of the machine size. This can be obtained by manipulating the
dimensionless groups for a turbine to obtain a new dimensionless coefficient:
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Plan View of Bucket Side View of Bucket ‘ Analysis Model of Blade

Figure 9 1- Pelton’s Patent Application and Analysis Model

9.1 Pelton Wheel

This device invented around 1880 by Lester Pelton is used in high head locations with 300m to 4006&:
head, it has a peak efficiency of around 90%.

Figure 9.1 shows the Pelton wheel on the left and the sketch on the right shows a dia
aneration with velocitv triancles.



9.1 Pelton Wheel

Thus device invented around 1880 by Lester Pelton 1s used in high head locations with 300m to 4000m .
head, it has a peak efficiency of around 90%.

Figure 9.1 shows the Pelton wheel on the left and the sketch on the right shows a diagram of
operation with velocity triangles.

The analysis of this machine is straightforward and can be found in any basic fluid mechamics
textbook (e g. Massey (1989)) as a simple control volume can be drawn around the rotor blade and
the force determined from a simple analysis. Alternatively the results can be obtained from the Euler
equation as follows.

Recall that P = riww(Vogra — Vigr:) so the key parameters to work out are the inlet tangential
velocity and the exit tangential velocity.

At inlet the situation 1s straightforward Vigp = V; the jet velocity, as the nozzle directs the flow
only n the tangential direction. At exit the velocity triangle shown in Figure 4 11 must be used.

Note that - Wy = V; — U so Wy = kWi = k(V; — U) where k is an empirical coefficient for
frictional losses 1n the bucket. From the velocity triangle:




Fha = [)le 1 = magH

1 the ideal power, we have the actual power (from the Euler equation a
ciency. | |

ss mnformation 1s given, the actual head 1s obtained from:




