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1. Starting Point 
 
The Vorarlberger Illwerke is the operator of nine hydropower plants in the west of Austria. 
Since autumn 2004 Kopswerk II has been completed similar to Kopswerk I and makes use of 
the difference in level between the Kopssee and the Rifa Reservoir. Both reservoirs have 
been in existence since the mid-sixties. 
 
The starting point is the underground hydroelectric pump storage power station Kopswerk II 
with three vertical axis machine groups, each consisting of a six-nozzle Pelton turbine, motor 
generator, torque converter with tooth clutches and a three-stage single flow storage pump. 
The maximum output per turbine is nearly 180 MW. The max. input per storage pump is 
about 155 MW. 
 

 

 

max. water gage 1811,3 müA 

min. water gage 1730,3 müA 

max. water gage 1007,2 müA 

min. water gage 993,1 müA 
Pelton runner 992,0 müA 

 
 

Fig. 1: Overview Power Station Kopswerk II 
 
The maximum possible installation height of the storage pump is determined by the net 
positive suction pressure. 



The situation of the Pelton turbine is in particular unique. The Pelton runner is 1-16 m below 
the water level of the lower reservoir. This is the so-called Pelton runner in back pressure 
operation. 
 
Otherwise the installation level of a common Pelton runner would have to be about 
1013 müA and the cavern would have an expansion height of ca. 88 m (954 müA -
1044 müA). A cavern of such a size has a considerable geological risk. 
With regard to Pelton turbines, when the housing is not under atmospheric pressure, the 
specific hydraulic energy depends on the difference in the reservoir level, the losses in the 
aquifer system and the runner clearance. So the specific energy does not depend on the 
level of the Pelton runner, as is common. 
 
Pelton turbines in back pressure operation are characterised by the pressure surge tank. 
Compressed air must be added because of air in solution and suspended air is taken out by 
the turbine discharge. Leakage can be avoided by an accurate design. The steel lining of all 
the surge chambers has been done.  
 

2. Mechanical Equipment 
 
In KOPSWERK II the Pelton turbine in back pressure operation is equipped in addition to a 
common Pelton turbine. 
 
• Upper and lower cover: Access to the Pelton runner is through an upper cover. The 

access to the motor generator is via the upper und lower cover. 
• Two lock gates (parallel): The two lock gates are divided into single units to the lower 
 reservoir. 
• Butterfly valves (two series): The air ventilation of the Pelton runner is sourced in the 

surge chamber. 
• Two shaft-seals (upper and lower): The lower shaft seal is close to the motor 

generator. An additional shaft seal has been installed because of the thrust load and 
for maintenance reasons. The upper shaft seal is located above the pressure surge 
tank and below the radial turbine bearing. 

• Compressor Arrangement: The compressed-air supply of the three units is supplied 
by two small and six main oil-free rotary screw compressors. 

 

Fig. 2: Section of the Pelton Turbine 



3. Efficiency 
 

3.1. Specific Hydraulic Power 
 
Pelton turbines with back pressure have a different hydraulic power to common Pelton 
turbines arrangement. 
The turbine head of the back pressure turbine is higher and increases the hydraulic power. 
The back pressure reduces the specific hydraulic energy immediately and indirectly by a 
reduction in efficiency of the machine itself. 
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Its definition and general formula for specific energy is given by: 
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With regard to Pelton turbines, when the housing is under atmospheric pressure, only the 
measurement of the pressure at the high pressure reference section is required. The 
pressure inside the housing is consequently conventionally assumed to be equal to the 
ambient pressure. 1 
 

                                                 
1 Hydraulik Turbines IEC 60193, page 261,262 



Common Arrangement: 
 
Assuming the intake and exit speed are approximately zero and the difference in the ambient 
pressure is omitted from the turbine head, the simplified formula is: 
 

Ecommon g z1 z2  EV1_2
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Z1 EV1-2; Ref. 28m³/s Z2 Z22 EV2-3; Ref. 28m³/s Z3 Ecom

[m] [m²/s²] [m] [m] [m²/s²] [m²/s²] [m²/s²]
1811,3 293,5 1013 987,8 9,5 1007,2 7538

1730,3 293,5 1013 987,8 9,5 993,1 6743

 
 
Back Pressure Arrangement: 
 
The static pressure in the back pressure arrangement depends on the difference in level 
between the water surface of the lower reservoir and that inside the housing (the runner 
clearance) and the losses in the aquifer system. 
 
Assuming the intake and exit speed are approximately zero and the difference in the ambient 
pressure is omitted from the turbine head, the simplified formula is: 
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[m] [m²/s²] [m] [m] [m²/s²] [m²/s²] [m²/s²] [kW] [% of the max. load]
1811,3 293,5 992 987,8 9,5 1007,2 7544 153 0,09
1811,3 293,5 992 987,8 9,5 993,1 7682 3560 1,98
1730,3 293,5 992 987,8 9,5 1007,2 6749 153 0,09
1730,3 293,5 992 987,8 9,5 993,1 6887 3560 1,98

Benefit in Hydraulik Energy 

 
 
The specific energy is higher than the common Pelton arrangement due to the increased 
pressure in the penstock less the pressure in the housing. A benefit of between 150 – 3560 
kW can be realised depending on the discharge and water level in the lower reservoir. 
 



3.2. Efficiency – Vortex Losses  
 
A Pelton turbine has additional losses due to a higher ambient pressure. We assume that the 
flow conditions are the same. Only the additional vortex losses have been taken into 
consideration – extending the atmospheric pressure. 
The losses of a runner/impeller turning in air are attributed to friction and windage, excluding 
losses with regard to the bearings.2 
 
The drag of solid bodies is given by: 
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The influence of the tailwater level is omitted if the standard distance between the runner and 
tailwater level exists. The inaccuracy of the formula is ±50 %.3 
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For the calculation of the vortex losses of KOWII the formula has to be extended. A certain 
model test was done by VA Tech Andritz in Vevey. During this model test it was possible to 
ascertain the amount of drag factor, which is dependent on the Reynold´s number. 
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The vortex losses at atmospheric pressure are 120,4 kW as given by this formula. They have 
not been taken into account, because they are given in a Pelton turbine. 
 

Lower 
Reservoir 

Tailwater 
Level

Spezific Losses 
Lower Aquifier 

System

Back 
Pressure

Z3 Z22 EV2-3; Ref. 28m³/s PBack Pressure PV Vortex PV Vortex

[m²/s²] [m] [m²/s²] [bar] [kW] [% of the max. l
1007,2 987,8 9,5 3,00 240,9 0,13
993,1 987,8 9,5 1,52 62,6 0,03

Vortex Loss

 
 
Vortex losses occur due to the higher back pressure. They are dependent on the level in the 
lower reservoir and marginally by the power output of the unit. 
 

                                                 
2 Field acceptance tests IEC 60041, page 277 
3 Field acceptance tests IEC 60041, page 281 



3.3. Bearing  
 
There are no changes to the bearing load in the radial direction. 
 
The vertical forces rise because of the pressure in the tailwater and the difference in 
diameter of the two shaft-seals. The diameters of the shaft-seals are 930/1380 mm. The 
difference in area is 0,82 m². 
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Z3 Z22 EV2-3; Ref. 28m³/s PBack Pressure FV Bearing PV Bearing PV Bearing

[m²/s²] [m] [m²/s²] [bar] [kN] [kW] [% of the max. load]
1007,2 987,8 9,5 3,00 163 160 0,09
993,1 987,8 9,5 1,52 43 42 0,02

Additional Bearing Loss

 
 
The back pressure induces higher bearing loads caused by thrust bearing, so the bearing 
losses rise independently of the turbine output. 
 

3.4. Shaft Seal 
 
The losses of a shaft seal are the same as the resulting expenditure. The operation is to 
supply the shaft seal with water. The process starts when water from the lower reservoir 
(seal water) is separated from sediments, i.e. purified, in two steps (cooling water – seal 
water). The effectiveness of the shaft seal depends on the cavern dewatering system. 
 

PV Shaft Sealing PV Shaft Sealing

[kW] [% of the max. load]
Schaft Sealing 13 0,01
Sealing Water 15 0,01

28 0,02

Shaft Sealinng

 
 
A certain amount of energy viz 28 kW, is expended on the shaft seal, independent of the 
turbine load and of the water level of the lower reservoir. 
 

3.5. Compressor Arrangement  
 
The most important part, beside the gain of specific hydraulic energy, is certainly the volume 
of air emitted from the tailrace of a Pelton turbine working in back pressure. 
 
The air ventilation of the Pelton runner is done in a closed loop in the pressure surge 
chamber. This part is not taken into consideration from here onwards. 
 
A lot of work was done by Noseda/Ceravol, Grein/Höller and Osterwalder between 1965 and 
1982. 
The volume of air absorbed by the system consists of soluble gases in the water and 
suspended bubbles in the water stream. 
 
The bulk of dissolved air can be taken out, if the surge chamber is built according to the 
following rules: 
 

 Bubbles (except micro Bubbles below 0,1mm diameter) have a certain rising velocity, 
which is approximately the same under all conditions.  



 Vortices have to be prevented. e.g. Kámán vortex shedding of the pier. A flow 
straightener is arranged behind the pier of the lock gates.  

 The length of the surge chamber can easily be determined by the depth of the 
tailwater tunnel, velocity in the tailwater tunnel and the rising velocity of the bubbles.  

 
Micro Bubbles do not need to be taken out, because they do not have an inherent rising 
trend. The absolute volume of such bubbles can be omitted. 
 
The theoretical solubility of air in water is dependent on the pressure and, on a small scale, 
on the temperature. The temperature of the water is between 4-14°. The amount of dissolved 
air in the Pelton turbine depends on the discharge, backpressure and water temperature. 
Noseda and Ceravola quantified the consumption of dissolved air as 50 to 60 % of the 
theoretical solubility.  
This value has unfortunately not been able to be verified. Further model tests at the 
University of Munich with regard to the solubility of air in water, come to the conclusion “A 
Pelton turbine solves 100 % of the theoretical possible air in water”. This insight has been the 
basis for further project planning. 
 
A certain additional amount of air loss must be calculated because of leakage. 
 
In Kopswerk II oil-free screw compressors are used. They work by the displacement principle 
and so the power input is nearly linear, depending on the pressure and discharge. The 
delivery quantity can be chosen with the help of a frequency control unit. Oil-based systems 
have a disadvantage over big filter systems because of changes in delivery quantities and 
pressure.  
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Z3 Z22 EV2-3; Ref. 28m³/s PBack Pressure QV Air PV Compressor PV Compressor

[m²/s²] [m] [m²/s²] [bar] kg/s] [kW] [% of the max. load]
1007,2 987,8 9,5 3,00 1,68 422 0,23
993,1 987,8 9,5 1,52 0,62 65 0,04

Compresser Consumtion

 
 
Depending on the discharge of the Pelton machine and the pressure in the Pelton housing, 
air in solution and suspended air is sucked out of the pressure surge chambers. 
 



3.6. Summary Efficiency 
 
Three facts influence the efficiency of a Pelton turbine with back pressure compared with a 
common one. 
 
These are mainly: 
 

 Gain of turbine head 
 Back pressure in the tailrace; which is further dependent on the level in the lower 

reservoir and negligible losses in the surge chamber. 
 Unit load (water discharge) 

 
Slight losses are given by the backpressure, compared to common/normal arrangements: 
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Z3 Z22 EV2-3; Ref. 28m³/s PBack Pressure P 0% Load P 0% Load

[m²/s²] [m] [m²/s²] [bar] [kW] [% of the max. load]
1007,15 987,75 0 2,90 -429,06 -0,24
993,09 987,75 0 1,52 -132,59 -0,07

 0% Load

 
 
The gain of the turbine head is the dominant factor at full capacity. 
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Z3 Z22 EV2-3; Ref. 28m³/s PBack Pressure P 100% Load P 100% Load

[m²/s²] [m] [m²/s²] [bar] [kW] [% of the max. load]
1007,2 987,8 9,5 3,00 -697,52 -0,39
993,1 987,8 9,5 1,52 3362,79 1,87

 100% Load

 
 

 
 



4. Summary / Perception of an Operator 
 
A Pelton turbine can be put together in a compact machine group using the features of a 
Pelton turbine with back pressure and a storage pump. 
Furthermore it is possible to build a compact cavern and realise the goal of the project as in 
Kopswerk II. 
 
It is possible to activate the energy normally lost due to the working range in the lower 
reservoir, with the use of a well-positioned Pelton turbine in back pressure operation. 
 



5. List of Terms, Definitions, Symbols and Units 
 
Symbol  Unit  Term 
 
E [J/kg] specific hydraulic energy 
pabs [bar] absolute pressure 
v [m/s] mean velocity 
z [m] level 
 [kg/m³] density water 
EV [J/kg] specific hydraulic energy loss 
FW [N]  resisting power 
cW [-]  drag factor 
L [kg/m³] density air 
vo [m/s] velocity 
AP [m²] projection screen 
PW [W] windage losses 
n [1/s] rotational speed 
Ba [m] runner height 
Bi [m] distance between runner and housing in axial direction 
Ri [m] distance between runner and housing in radial direction 
D [m] runner diameter 
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