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The flexibility of hydropower plants due to the
rapidly increasing share of intermittent
renewable energy sources
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Research Question

O Proposing a measurement methodology in which the blade loading can be predicted by performing
measurements on the shaft.

Goals
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0 Analyses of measurement results performed on the Porjus U9 Kaplan turbine prototype during
steady operations on the runner and shaft:

O Strain on the blade

O Pressure on the blade

0 Torsion, bending and axial strain on the shaft
o

Proximity probes installed closed to the turbine bearing

U Relate the measurements on the blade to the one on the shaft during steady-state operations.

LULEA
UNIVERSITY
OF TEC LOGY



Porjus U9 Kaplan prototype turbine

O This turbine was designed by Kvaerner Turbine AB, Sweden, in the late
1990s.

O This unit is located along the Lule river in Sweden. It is part of the Porjus

Hydropower Center and is primarily used for research and educational
purposes.

O The turbine is composed of six runner blades, 20 equally spaced guide

vanes, and 18 unequally distributed stay vanes with a runner diameter of
1.55 m.

Nominal operating parameters of the Porjus U9 prototype Kaplan turbine

Parameter Value Unit

Head (H) 55.5 [m]

Power (P) 10 MW]|

Discharge (Q) 20 [m3s]
[

Rotational speed (n) 600
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Prototype turbine instrumentation '
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Torsion strain gauge
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Position of the pressure transducers Position of the strain gauges The strain gauges on the turbine shaft
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Measurement program

I
-0-Off-cam operating points
OP1-OP5 -o-On-cam operating points

m OP6-OP10

Propeller curve-2, 8=-3.5°

Propeller curve-3, f=+4.2°
Propeller curve-1, §=-14.3°

Turbine efficiency
I

Output power

Schematic of the investigated operating conditions
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Guide vane opening [%]
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OP0 OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 OPI10
Operating point
The guide vane opening and runner blade pitch angle variation for
different operating points; ‘OP’ denotes operating point.
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Results Time-averaged parameters on the blade

7 I I I
@ P-PS-2 A PPS4
6.5 m P-PS-3 ¢ P-PS-6~

5
5
I
>e

. i e

| | | | | | | | | | |
OP0 OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 OPI10
Operating point
Normalized average pressure of four pressure transducers on
the runner blade.
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Time-averaged absolute strain [u strain]
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OP0 OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 OP10
Time-averaged strain obtained on the runner blade.
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Time-averaged axial strain [p strain]

Time-averaged parameters on the shaft
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Time-averaged bending strain [u strain]
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Time-averaged bending strain s
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Peak-to-peak amplitude of parameters on the blade
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Operating point Operating point

Peak-to-peak normalized pressure amplitude of four pressure Peak-to-peak strain amplitude.

transducers.
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Peak-to-peak amplitude of parameters on the

Peak-to-peak axial strain amplitude

[ strain]
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OP0
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Operating |
Peak-to-peak amplitud
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Peak-to-peak bending strain amplitude
[p strain]

I I I I
-@-Bending X-Direction
-#-Bending Y-Direction| |

OpP0 OP1 OP2 OP3 OP4 OP5 OP6 OP7 OP8 OP9 OP10

Operating point

Peak-to-peak amplitude of bending strain

1 1 1 1 1
t OP5 OP6 OP7 OP8 OP9

erating point

1
OP1

plitude of torsion strain

UNIVER
OF TECHNOLOGY

a
T

L

0

LULEA
SITY



Ratio of peak-to-peak strain amplitude obtained on
the runner blade and on the shaft

A non-dimensional number (SR) is defined as:

1.2} 1
Propeller curve-2
Shi i |
ade

SR = 2ade _
Storsion 0.8 |
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where S is the peak-to-peak strain amplitude. 2 o4l |
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Operating point

SR variation at OP0-OP10.
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Turbinverkningsgrad [%]

Porjus US, d som ion av effekt, t till 54 m nettofallhajd
o 8 0.45F ‘ ‘
o m . -0-Off-cam operating points
x - ~§ 0.4L -0-On-cam operating points
| =

- . 2 OP3
- s 3 0.35 Cam-curve Lo (,)_P_S xS
- o = 0 ' o
oo E; 0.3 | 2

5 T L o
o] 2222 i | S g
=== o0 3 50.25 - 2,
a1 £ N o
0% 5 § = <]
s f s 02p g
s »rY = Propeller curve-3, § = +4.2° >
7% ] E <
Ta% < 0'15 [ ! 100 :-g
- - | . : g
::: —+—Fropellerkurva lc 0]. * o B 80
0% 53 - = Propeller curve-2, 8 = -3.5
x EE! ! | | EEESES! +|‘(ombin;n':g ledskena =" '§ 0 05 * 60
BT% - —e—Ledskenedppning s [\ [
it Ly ; = 40
o s . T P 3 i 0 \ \ \ | \ \ !

3 4 ) 6 7 8 9 10 11

12/15

Turbineffekt [MW]

Obtained by Sweco.

Output power [MW]
Inverse of peak-to-peak torsion strain amplitude obtained on the
shaft as a function of turbine output power. The red line is a
hypothetical cam-curve.
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Amplitude [-]

Spectral analysis of parameters on the shaft = 'The amplitudes
= ' are normalized.
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A summary of the spectral analysis results regarding hydraulic phenomena detection with transducers installed in the rotating and

stationary frame of reference; v/, -, and x denote ‘detected’, ‘not detected’, and ‘the transducer is not applicable’, respectively.
| | | | |

Phenomenon P-PS-2 S-SS-5R S-SS-5T I Axial strain Torsion strainl Bending strain Proximity probes
RVR - Synchronous mode v v - I v v I _ %
RVR-Synchronous mode*2 v v - I v v I . %
RVR-Asynchronous mode v v v I v v I v v

£=1 v v v I v v | ~ v

£ =2 v v v I/ v I v

fn =20 4 v v : v B} I _ _
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“Conclusion
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A successful measurement campaign was performed on the Porjus U9 Kaplan prototype turbine covering
several operating conditions.

For any propeller curve of a Kaplan turbine, the guide vane opening corresponding to the minimum pressure
and strain fluctuation on the runner blade can be obtained by the axial, torsion, and bending measurement
on the shaft.

Torsion measurement on the shaft could be an indication for the index test in Kaplan turbines.

A signature of every phenomena observed in the data obtained on the runner is found in the data on the
shaft.
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