
Chapter 8: Hydraulic 
Turbines

ME-342 Introduction to 
turbomachinery

Prof. Eunok Yim, HEAD-lab.
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Last week
2

• K vs. KL

System equation

An arbitrary 
constant 

Loss coefficient for

Minor loss
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Rotor

Stator

3

Since the stator is fixed, ideally the absolute velocity V1 is 

parallel to the trailing edge of the blade

Strictly speaking, this applies only to a single streamtube of 

radius r, but it is a good approximation for very short blades 

if r denotes the average radius. 

Last week - Axial pump

Rotor inlet

The ideal head expressed stator angle ⍺1 and rotor angle β2
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Recall - Chapter 5 
4
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Incidence and deviation angles
5

Assumptions

• Fluid is perfectly guided by the blade (relative velocity is parallel to the leading and trailing edge) 

• Flow leaves at

These considerations are important at design and 

off-design operating condition

Both ε and δ are used.. 
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Incidence and deviation angles
6

The incidence is the difference between the inlet 

flow angle (⍺) and the blade inlet angle (⍺’):

The deviation is the difference between the exit 

flow angle and the blade exit angle:

The change in angle of the flow is called deflection:

The change in angle of the blade is called camber 

angle:
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Actung!  Pump vs. turbine
7

- The direction argument is valid only when inlet Vθ1 = 0

- For nonzero Vθ1 ≠ 0, compare the magnitudes of U1Vθ1 and U2Vθ2 

- For U1= U2, compare only Vθ
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Pump or turbine? – when inlet Vθ1 is non-zero
8

Relative W w

Rotation U u

Absolute V c

Commonly 
used notations



C
h
a
p
. 
8
  

  
| 
  

 E
. 
Y

im

IN
T

R
O

D
U

C
T

IO
N

 T
O

 T
U

R
B

O
M

A
C

H
IN

E
R

Y

Hydraulic Turbines 

9
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Impulse turbine: the force on the blades is produced solely by turning the fluid, without 

appreciable pressure drop in the blade passage, with all of the pressure drop occurring in a fixed 

nozzle. 

Reaction turbine: some of the fluid-vane force is from fluid turning and some of the force is a 

reaction to acceleration of the fluid relative to the vane. In reaction blading, a pressure drop 

occurs in both a fixed nozzle and the moving vane.

 Turbine blading is characterized by the degree of reaction (R) (or simply reaction), which is 

the ratio of the drop in static pressure (or enthalpy) across the moving blade to the overall drop in 

static pressure (or enthalpy) across the fixed nozzle plus the moving blade. Impulse turbines 

have R = 0 while reaction turbines typically have 0.1 < R < 0.7.

Impulse or reaction : No matter the working fluid, turbines can be broadly 

classified into two types based on the mechanism of the fluid interaction 

Turbines
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Degree of reaction or Reaction (R)
11

Change in static enthalpy across the rotor divided by the static enthalpy 

change across the entire stage

(static) Enthalpy: internal energy and flow work

[J/kg]

Stagnation enthalpy: sum of enthalpy, kinetic 

energy and potential energy 

Stage

Achtung!      is enthalpy, not head    or 

Internal energy
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Degree of reaction or Reaction (R)
12

This concept is much used in axial flow machines as a measure of the relative 

proportions of energy transfer obtained by static and dynamic pressure change 

energy change due to, or resulting from,

static pressure change in the rotor

total energy change for a stage

static enthalpy change in rotor

static enthalpy change in stage

(static) Enthalpy: internal energy and flow work

[J/kg]

If no internal energy is changed, incompressible,  
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Degree of reaction or Reaction (R)
13

• If U2=U3 (axial machine), W3=W2 → R=0
• If V1=V2 → R=1
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• Impulse turbines: Pelton turbines, R~0

• Reaction turbines: R~[0.1, 0.7]

Francis turbines (radial and axial), Kaplan turbines (axial)

Propeller turbines (similar to Kaplan turbines with fixed pitch)

Pelton Francis Fixed pitch propellerKaplan & Bulb

Types of hydraulic turbines
14
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Types of hydraulic turbines
15
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Power specific speed

Power specific speed (Hydraulic turbines) 

For hydraulic turbines, the rotor diameter D is eliminated between the flow coefficient and the power coefficient 

to obtain the power-specific speed

Specific speed

Commonly used, but not dimensionless, definition of power specific speed

16

• Power gained by/extracted from the fluids,

• Efficiency pump 

• Efficiency turbine 

In hydraulic machine, the actual head (in pump) ha is commonly called ‘effective or net head’. 

The elevation head (physical difference between upper reservoir’s surface and the one of the lower one) is 

called ‘gross head’, hg.
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Turbines
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• Classification of turbine types as a function of the head and unit specific speed 

Pelton KaplanFrancis Bulb

Turbines
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• Impulse-type Turbines

• Among several types of impulse turbines, the so-called Pelton turbine is the most used 

• Patented by L. A. Pelton in 1889  

• The rotor is made of several buckets and the motion is obtained by high-speed jet(s)

Impulse turbines –Pelton turbine
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• Pelton wheel is not typical turbomachines (no axial flow, no radial flow), tangential flow

- Pelton turbines are the most used turbines in Switzerland in hydropower generation

Pelton turbines
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Pelton turbines
21

• The water enters and leaves the control volume surrounding the wheel as free jets (at atmospheric 

pressure)

• A person riding on the bucket would note that the speed of the water does not change as it slides 

across the buckets (assuming viscous effects are negligible)

 → the magnitude of the relative velocity does not change, but its direction does. 

• The change in direction of the velocity of the fluid jet causes a torque on the rotor, resulting in a 

power output from the turbine
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• Suitable for high heads (100’s meter range):

Source: Andritz Hydro

Pelton turbines



C
h
a
p
. 
8
  

  
| 
  

 E
. 
Y

im

IN
T

R
O

D
U

C
T

IO
N

 T
O

 T
U

R
B

O
M

A
C

H
IN

E
R

Y

• Types of Pelton Turbines:

Horizontal shaft: 1, 2 or 3 Jets Vertical shaft: 1 to 6 Jets

Pelton turbines
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• The nozzle:

• Equipped with a needle for flowrate control (e.g. valve)

• Actioned by a servomotor, which may be internal or external

• Equipped with a deflector for emergency stops

Pelton turbines
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• The nozzle:

• Key element of the design: must produce a jet of a “high quality” 

– Straight jet 

– Minimum atomization (formation of small droplets)

Nozzle with Internal servomotor

Nozzle with External servomotor

Pelton turbines
What happens when the 

nozzle closes suddenly?
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• Spear valve must move slowly: sudden reduction in flow rate may result in serious damage from pressure surges 

(called water hammer) 

• If the spear valve closes quickly: all the kinetic energy of the water in the penstock would be absorbed by the elasticity 

of the supply pipeline (penstock) and the water, creating very large stresses, which would reach their greatest intensity 

at the turbine inlet where the pipeline is already heavily stressed. 

• The surge chamber has the function of absorbing and dissipating some of the pressure and energy fluctuations created 

by too rapid a closure of the needle valve.

Pressure surges
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• The buckets:

• Must deviate “smoothly” the flow and allow for its evacuation with a minimum interference 

with each other

Pelton turbines
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Pelton turbines
28
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Pelton turbines
29Assumptions 

• no radial component of flow
• W2 ≃ W1 (otherwise W2 = CvW1 with Cv <1 velocity 

coefficient) → exercise 2

If            (jet impacting bucket),                  the turbine extracts 

power from the fluid
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Pelton turbines
30

• Effect of β : maximum when β = 180° (cos π=-1) 

Maximum power 
with respect to U

A bucket speed one-half the speed of the fluid coming 

from the nozzle gives maximum power.

• Shaft torque = 0 when U = V1

blade speed to jet-speed ratio 
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Pelton turbines – Nozzle speed 
31

(0)

(1)

Gross head

Net head 
(effective head)

Tygun’s empirical formula for the number of 

buckets (Z) in the wheel

Nozzle coefficient, cN <1Or
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Pelton turbines in Switzerland
32

Ballenberg, Swiss 
Open-Air Museum
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Pelton turbines in Switzerland
33

https://schweizmobil.ch/en/map?bgLayer=pk&detours=no&layers=&photos=no&logos=no&season=summer&highlightPointCoordinates=2597006.5-1100570.875&shooting=yes&E=2602971&N=1109133&resolution=47.99
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Pelton turbines in Switzerland
34
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Bieudron power plant
39
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Exercise
40

A Pelton wheel operates with a gross head of 530 m and a flow rate of 9 m3/s. The penstock length is 880 

m, its diameter is 1.2 m, and its RMS roughness is 0.12 mm. The minor loss can be ignored. The hydraulic 

efficiency is ηh = 0.84, and the shaft speed is 650 rpm. Water kinematic viscosity is 1.02x10-6 m2/s and 

density is 998 kg/m3.

Find (a) the effective head and the power delivered by the turbine and (b) the specific speed and from it the 

recommended number of jets and the number of buckets in the wheel. The nozzle coefficient is CN = 0.97, 

and the ratio of the blade speed to the discharge velocity is λ = U/V1 = 0.45.
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Moody diagram – Chapter 3
41
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Exercise
42

A Pelton wheel operates with a gross head of 530 m and a flow rate of 9 m3/s. The penstock length is 880 

m, its diameter is 1.2 m, and its RMS roughness is 0.12 mm. The minor loss can be ignored. The hydraulic 

efficiency is ηh = 0.84, and the shaft speed is 650 rpm. Water kinematic viscosity is 1.02x10-6 m2/s and 

density is 998 kg/m3.

Find (a) the effective head and the power delivered by the turbine and (b) the specific speed and from it the 

recommended number of jets and the number of buckets in the wheel. The nozzle coefficient is CN = 0.97, 

and the ratio of the blade speed to the discharge velocity is λ = U/V1 = 0.45.
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Appendix

43
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Water hammer (Hydraulic shock)
44
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Recall –chapter 4
45
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Recall- chap 5 Basic governing equations for turbomachine
46

• Shaft power

• Shaft work per unit mass (shaft power per unit mass flow rate), 

[m2/s2]

[W] = [kg·m2/s3]

• Shaft torque

- Basic governing equations for pumps or turbines whether the machines are radial-, mixed-, or 

axial-flow devices and for compressible and incompressible flows

- Note it is only the function of tangential component of velocity, no 
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Recall- chap 5 Basic governing equations for turbomachine
47

or

Velocity triangle: V absolute velocity,

W relative velocity, U blade velocity

• From the big triangle (grey)

• From the small triangle (dark grey)

Turbomachine work is related to changes in 

absolute, relative, and blade velocities.

e
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Incidence and deviation angles
48

The incidence is the difference between the inlet flow 

angle and the blade inlet angle:

The change in angle of the flow is called deflection:

Howell (1945) defined a nominal fluid deflection as 

H
e

a
d
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