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Abstract

During the last 10 years Norconsult has measured 380 turbines using the thermodynamic method, and
about 40% of the measured turbines were PeltomesbUsing data from some of the latest measuremen
we have gathered information about the measuredjgxéstribution from a sample of 25 of these togs.

There are different ways of taking water samplesdmperature measurement from different locations
the measuring section. One way is to use a canikithg chamber with temperature sensor and sampling
pipes from 4 or more points distributed over theatavidth, and this horizontal "sampling beam" échin
different depths to get the vertical temperatumgati@n. Another method is to have 3 or more veitic
perforated pipes from the canal bottom up to ageridver the canal, and one or more temperatur®isens
can be placed in various elevations in each opipes to get the temperature variation over theson@ag
section.

The importance of doing exploration of temperatlisgribution in the measuring section becomes alw/io
from studying these data.

Pelton turbines with horizontal shaft have morenesreergy distribution than the ones with vertidalfs

It also appears clearly that sufficient distancerfimeasuring section to turbine centre is importanéduce
uncertainty.

Introduction

The turbine efficiency is the power output/input ratio of the machineeTiput can be expressed as the
hydraulic energy available to the turbine; spedifidraulic energy E (energy per unit mass of wasessing
through the turbine). The turbine output is the naexcal power delivered to the turbine shaft. Adoag to
the law of conservation of energy, the energy @eéd to the shaft can be found as the differenspécific
mechanical energy.Foetween the inlet,gand the outlet,g of the turbine. Thus, the turbine efficiency is

h=En/E

Measurement of specific hydraulic energy Bkgs simply a determination of the turbine net head H
However, the thermodynamic measurement of the Bpacechanical energy

Em= €n1 - @m2 = &P + oxO0 + 0.5xIV? + gxI2

is more challenging. Orifices directed towardsftber are used to take water samples into heat atsdl
measuring vessels at defined elevations (z) wineranternal pressures (p), temperatures (T) armtitigls
(V) in the vessels are measured. The gravity cangtg and the physical properties of water, ipecific
heat (g) and isothermal factor (a), are taken from tabighe test code [1]. The term "mechanical energy"
(En) in this special application, is also in genehartnodynamics called “total entalpy”, which is dpyai

(= axIp + ¢x0O0) plus velocity and elevation terms.
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The ideal procedure would be to explore the wha@snring cross section of the flow passage (like in
current meter set-up) to find the real averageiipaoechanical energy in the flow, but practicaperience
has fortunately shown that only a rather limitedhber of sampling points are required. This is djEtin
the test code, Ref. [1]. The major uncertainty cofnem the temperature measurements. The turbiee in
cross section normally has a quite even distriloubiog,,;. The outlet, however, requires a more
comprehensive survey over the cross section totfiadverage,@. This article deals with uncertainty of
energy / temperature distribution in the open clloal from Pelton turbines. Previously we have préed
uncertainty analyses of test result focusing batthe inlet and the outlet measuring section oh€isaand
Pelton turbines, Ref. [2] and [3]. However, theadatthis article are new and presented in a soraewh
different way than before.

Measuring procedure and equipment

The "direct operating procedure" is applied, whizdans that the turbine inlet temperature and the
temperature differendeT between turbine inlet and outlet measuring sesti@re measured / calculated
directly (and monitored continuously).

Temperature measurements are done with PT 100rsestsmected to a precision meter with data
acquisition / switch capacities "Hewlett Packar@B3 A" and further to the PC.

Pressure measurements (at temperature sensoetipiobe and at piezometer section of turbineidistor
inlet) are done with pressure transducer "ParosfieeDigiquartz Mod.1000 psia or 3000 psia" (degdemy
on the head) connected to the PC.

IEC test code requirements and recommendations

The test code, Ref. [1], specifies measuring camditto be fulfilled in the measuring sections. For
measuring sections with free surface a distancedwsst 4 and 10 runner diameters (OD) has been found
satisfactory for Pelton turbines, because this evikure an adequate mixing of water without having
significant heat exchange with surroundings.

In the measuring section exploration of the tenmpeeavariation shall be made in at least 6 poits] if the
calculated efficiency deviates as much as 1,5 %dxt any two points, additional actions (as fotanse
index tests) are required to support the final tesult. However, an efficiency difference of 1,586a
Pelton turbine with for instance 800 m head is emjent with 12 m hydraulic head difference or ak@Wt
mK temperature difference. Such an uneven temperdistribution is very rare.

Further the test code, Ref. [1], states that systierancertainty due to absence of explorationneirgy
distribution can amount tb 0,6 % of specific mechanical energy, independénirbine type, but that large
deviation is also very unusual for high-head tuesirNevertheless, for practical reasons and talavoi
discussions this figure is often used in the amalySuncertainty of acceptance tests, even ifxghogation
of temperature variation is made.

Ways of taking samples

The primary parameter for determination of energjrithution is the water temperature. If the tenapere
variation is small, the velocity distribution dasst matter.

There are different ways of taking water samplesdmperature measurement from different locations
the measuring section. One way is to use a hoatdsampling beam" with a central mixing chambethwi
temperature sensor and sampling pipes from 4 air@gdistributed over the canal width, which hesvpd
to give a good average over the width, Biegl. The "beam" is then held in different depths totge
vertical temperature variation.
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Another method is to have three or more verticélgpated pipes standing from the canal bottom up to
bridge over the canal, with temperature sensotsatiegplaced in various elevations in each of tpegpto
get the temperature variation over the measurintiose sed-ig. 2.

Special concern for both methods has been pos&bibf secondary flow phenomena in the pipes,thed
extra time needed for the flow to reach the tempesasensor (important when there is a variatiowater
temperature over time and a correction is neededpmparison between a horizontal sampling beamaand
large array of fixed thermometers (and current nsg¢ie described in Ref4]. Only a systematic deviation
of about 1 mK could be seen, but that is insigaificrelated to high head turbines.

The upper layer of the canal flow from a Peltorbitoe has entrained air, which means that heat exgha
with the air takes place, and therefore temperangasurements in the upper layer with air entrairiraee
not representative for the water temperature (wbftdn can be seen as unstable temperature apdm st
temperature gradient in the vertical section).

e

erforated pipes

Figure 1 Horizontal "sampling beam" Flgur 2 ertial p

Units tested and test results

During the last 10 years Norconsult has measured 380 turbines using the thermodynamic method, and
about 40% of the measured turbines were PeltoimesbFrom efficiency measurements of 25 different
Pelton turbines the temperature variation in thasueng section has been collected and investigatédd
typical patterns and "normal” temperature variajonf any. The types vary from small horizontiah#
machines with 2 injectors to large vertical shadichines with 6 injectors. Power varies in the ra&ge 280
MW and head varies from 316 to 1034 m. The watapdiag system in the discharge canal was horizontal
pitot branch pipes for 10 turbines and perforatadding pipes for 15 turbines, séable 1 below.

Table 1 Number of units in each group

Horizontal pitot pipes Perforated standing pipes
Horizontal shaft 4 6
Vertical shaft 6 9
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There are not so many in each group, so the statisinalyses are to some extent questionablerdnds
are clearly seen. Unfortunately the distance frioenttirbine centre to the measuring section is hoot $or
some tests, so some "outliers" are found.

The mechanical energy,is found based on measured mechanical energiges €g) in the two measuring
sections. A series of,Fvales is calculated, - one for each position eftdmperatureensor in the outlet
measuring section. The temperature and presstine inlet sampling probe is measured for each
temperature sensor position in the outlet. TheageE, for all temperature sensor positions is then
calculated, and the variation of,Bver the measuring section relative tp.frageappears. It is presented in
percent, and max deviation between any two postisfiound, and the standard deviatiohi$ also
calculated. Based on this an uncertainty @f'@iie to absence of exploration of energy distrdnitcan be
found. We propose using +2i.e. 95 % confidence level.

"Maps" showing E distribution for all 25 turbines at full load (maest efficiency point (BEP) and part
load (~ 30%) are shown #ppendix 1 andAppendix 2. The turbine data and test data are presenteebin t
tables, one for tests with standing perforatedpgred one for tests with horizontal pitot brangbepi

It was of interest to see if thg,Encertainty did have any correlation with:
turbine head

distance from turbine centre to measuring section

turbine shaft direction (horizontal / vertical)

turbine opening (full load, best efficiency andtdaad)

water velocity in measuring section

water depth in measuring section

ookwnE

We first look at the measurements with perforatadding pipesThe plants / units named "A" to "I" have
vertical turbine shaft, and the plants / unitstt)"O" have horizontal shaft. The first pair of giams,Fig. 3

a andb, shows E uncertainty (2 ) in percent versus turbine head. The verticaltdnabines show a much
more uneven Edistribution than the horizontal shaft turbines) éims must be due to the more symmetrical
discharge pattern into the pit from a horizontalfsturbine. The E uncertainty (in percent) decreases with
increasing head, which has been stated in preyiapsrs, Ref. [3].

Vertical shaft / Perforated standing pipes Horizontal shaft / Perforated standing pipes
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The second pair of diagranisg. 4 aandb, shows E uncertainty versus the relative distance fromitghb
centre to measuring section (L 48). The horizontal shaft turbines show littlg &catter in the distance
range L/D from 4 to 10. Some vertical shaft turlsiaee showing a larger deviation at part load aliddad
even if the measuring sections are about 6 D flartuarbine centre (plants / units C and E). lise a
obvious that when the distance is down to 4 D asd,|the uncertainty increases. At best efficigruignt
(BEP) the discharge flow pattern should be cloddéaal, and the Euncertainty at BEP iRig. 4a is
moderate, 0,3 % and less. From looking at the émite of canal depth or average flow velocity no
significant correlation with Euncertainty was found.

Vertical shaft/ Perforated standing pipes Horizontal shaft / Perforated standing pipes
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Figure 4a E, uncertainty in % (3)

Figure 4b E, uncertainty in % (3)

We then look at the measurements with horizontalpdiag pitot pipesThe plants / units named "P" to "U"
have vertical turbine shaft, and the plants / uhitsto "Y" have horizontal shaft. The first paif diagrams,
Fig. 5 aandb, shows E uncertainty (2 ) in percent versus turbine he&ig. 5 ahas two plants / units, "R"
and "T" with head 700 m and 640 m, but they shoelatively high E, uncertainty. The reason for this is a
short distance from the turbine centre (3,2 D add3).Fig 5 b (horizontal shaft units) shows relatively
small E, uncertainties except for one plant / unit, "V"tmw610 m head and distance from turbine centre 4,5
D. Unit "V" is actually in the same power plantwast "W", and the discharge canals are identichk @nly
difference is that "V" had lost a guide shielde turbine housing, and it was also clearly seen on
efficiency.

Vertical shaft / Horizontal pitot pipes Horizontal shaft / Horizontal pitot pipes
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The second pair of diagranisg. 6 aandb, shows E uncertainty versus the relative distance fromitghb
centre to measuring section (L 4. Fig. 6 a(vertical shaft units) demonstrates clearly thpantance of
distance from measuring section to turbine. Hegeh@o groups, one with distance 3 to 4 D with ldEge
uncertainty, and one with distance 10 to 12 D witiall E, uncertaintyFig 6 b (horizontal shaft units)
shows about the same, Encertainty for units near the turbine (4,5 D) wdwer, one turbine ("Y") shows a
relatively large E uncertainty at part load even if the distance ftbeturbine is 8 D. The reason for this is
that the canal is wide (7 m split in two by a midspi.e. two pitot beams with mixing chambers)q &ine

flow is shallow at part load, only 0,3 m and therage velocity was high 1,64 m/s. This is the only
measurement where the water depth in the canabo$lyi creates extra uncertainty.

Vertical shaft/ Horizontal pitot pipes Horizontal shaft / Horizontal pitot pipes
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The average of the 2deviation of the energy distribution is calculatedeach of the 4 groups listed in
Table 1, and the results are showiT @ble 2 below.

Table 2. Average 2 deviation

Perforated Standing Pipes Horizontal Pitot Pipes
Vertical shaft | Horizontal shaft Vertical shaft | Horizontal shaft
Maximum [%] 0.27 0.17 0.09 0.13
BEP [%] 0.19 0.10 0.09 0.11
Part Load [%] 0.38 0.14 0.09 0.18
| Average [%] | | 0.28 | 0.14 | | 0.09 \ 0.14 |

Vertical shaft units show about twice the deviafionnd for horizontal shaft units when both types a
measured with standing perforated pipes.

For vertical units measured with horizontal pitgigs the deviation is smaller (about 1/3) compaoeahen
standing perforated pipes are used, because thgydealready averaged in the mixing chamberfier t
sampling pitots. In the energy distribution map#&ppendix 1 (perforated standing pipes) the average
deviation in each level is calculated, and it tefiasting to see that it brings the deviation déovabout the
same as measured with horizontal pitot pipes.

For horizontal units the average energy deviatiothé same for measurements with perforated stgandin
pipes and measurements with horizontal pitot pipsch clearly tells that for most horizontal shaélton
turbines the energy distribution in the flow in igtlet canal is quite uniform over the width.
Surprisingly the energy distribution using horizamitot pipes is identical for all loads on thetieal units,
- probably a coincidence.
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Conclusions

1. To make a full exploration of the Rincertainty in the measuring section, the stangdarfprated
pipes are well suited, - often 9 points (3 x 3)ased in order to get the full pattern. This is tos
important for vertical shaft Pelton turbines where energy distribution can be quite uneven over
the canal width, in particular for operation aweyn the best efficiency point. By doing this full
mapping a representative figure for systematic datgy of energy distribution is found, most
probably well below the: 0,6 % of specific mechanical energy indicatechimtiest code, Ref. [1].

2. The average 2 of the energy distribution at vertical units, maasl in vertical perforated pipes, is
about twice of that for horizontal units. For hatal shaft turbines the discharge into the pit and
further to the canal is quite symmetrical so theigal gradient of energy in the measuring seci$on
more important, and then a horizontal pitot piparbéwith 4 or 6 orifices) will be sufficient. It
averages "automatically" the measurements overahal width.

3. The distance from the turbine centre to the meagugiction is important. The minimum distance
set in the test code, Ref [1], is 4 runner diangt@nd the measurements show that it should be the
absolute minimum. A bit longer distance will impeothe energy distribution.

4. When turbine head increases the % uncertainty @fggrmeasurement decreases.

5. In this study neither the water depth in the maaguwection of the canal nor the flow velocity
seems to have any impact on the uncertainty oétieegy measurements. Only one extreme case
with shallow water (0,3 m) at part load and relelvhigh velocity (1,6 m/s) showed increased
uncertainty.

6. Our data together with Ref. [4] indicates that using horizontal sampling brangtepigive a
good average of the energy distribution, but theeexes are not mapped as with perforated standing

pipes.
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Appendix 1 Standing perforated pipes

Data:
Unit no.: A B C D E F G H 1 J K L M N o)
Rated output, P = MW 280  2x127 117 103 11.2 188 90 106.7 66.6 9.2 38 61.1 29.6 15.6 15.5
Rated head, H = m 840 825 668 585 378 1034 860 850 555 860 780 760 760 690 560
Rated speed, n = rpm 500 500 450 4286 720 4286 600 500 428.6 1000 500 4286 500 750 500
Shaft orientation: Vertical ~ Vertical ~ Vertical ~ Vertical ~ Vertical ~ Vertical ~ Vertical ~ Vertical ~ Vertical Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal
No. of jets: 6 6 6 6 6 5 5 4 4 2 2 2 2 2 2
Canal width: m 5.00 5.40 6.10 3.80 3.00 450 2.90 3.80 3.60 2.20 3.50 4.00 3.00 1.86 1.86
Distance from turbine: runner diameters 4.10 6.90 5.50 2.80 6.30 4.00 3.35 8.00 3.80 9.00 8.00 9.00 8.20 4.00 4.00
Turbine opening: Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum
No. of jets: 6 6 6 6 6 5 5 4 4 2 2 2 2 2 2
Turbine flow m3/s 37.72 37.18 22.41 19.10 3.05 21.39 12.24 14.05 13.94 1.23 5.60 9.00 4.38 2.64 3.27
Water depth: m 3.65 381 245 220 0.70 4.40 3.97 2.10 1.76 0.75 1.25 1.00 1.10 2.00 214
Average flow velocity mis 2.07 1.81 1.50 2.28 1.45 1.08 1.06 1.76 2.20 0.75 1.28 2.25 1.33 0.71 0.82
Difference in extreme values: % 0.55 0.06 1.10 0.56 0.44 0.19 0.11 0.24 0.60 0.10 0.26 0.31 0.11 0.36 0.43
Standard deviation: % 021 0.02 0.29 0.20 013 0.05 0.04 0.08 0.19 0.03 0.08 0.11 0.03 0.13 0.13
2 x Standard deviation % 0.42 0.04 0.58 0.4 0.26 0.1 0.08 0.16 0.38 0.06 0.16 0.22 0.06 0.26 0.26
Turbine opening: BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP
No. of jets: 6 6 6 6 6 5 5 4 4 2 2 2 2 2 2
Turbine flow m3/s 27.66 25.31 12,57 15.21 222 17.31 8.91 11.45 9.41 1.02 4.02 6.43 3.55 1.94 2.42
Water depth: m 313 2.96 243 2.20 0.64 427 3.83 1.95 1.61 0.65 1.20 1.00 1.00 1.85 1.97
Average flow velocity mis 1.77 1.58 0.85 1.82 1.16 0.90 0.80 1.55 1.62 0.71 0.96 1.61 1.18 0.56 0.66
Difference in extreme values: % 0.49 0.12 0.48 0.44 021 0.22 0.28 0.32 0.30 0.11 0.22 0.25 0.16 0.09 0.17
Standard deviation: % 0.16 0.04 0.12 0.16 0.06 0.05 0.08 0.11 0.09 0.04 0.06 0.07 0.05 0.03 0.05
2 x Standard deviation % 0.32 0.08 0.24 0.32 0.12 0.1 0.16 0.22 0.18 0.08 0.12 0.14 0.1 0.06 0.1
Turbine opening: Partload Partload Partload Partload Partload Partload Partload Partload Partload Partload Partload Partload Partload Part load Part load
No. of jets: 6 (3) 6 (4) 6 (3) 6 (3) 6 (6) 5(3) 5(3) 4(2) 4(2) 2 (1) 2(2) 2(2) 2(2) 2(2) 2(2)
Turbine flow m3/s 13.49 15.42 7.57 5.74 1.05 10.78 435 4.41 5.08 0.47 2.06 2.99 1.44 0.98 1.30
Water depth: m 3.11 2.44 2.44 2.10 0.58 4.20 3.63 1.90 1.61 0.65 1.18 1.00 0.77 1.85 1.68
Average flow velocity mis 0.87 117 051 0.72 0.60 057 0.41 0.61 0.88 0.33 0.50 0.75 0.62 0.28 0.42
Difference in extreme values: % 0.14 0.22 0.45 1.21 1.40 0.28 0.55 0.45 0.87 0.16 0.11 0.35 0.14 0.11 0.37
Standard deviation: % 0.05 0.08 0.15 0.40 0.39 0.09 0.16 0.15 0.26 0.05 0.04 0.12 0.04 0.04 0.14
2 x Standard deviation % 0.1 0.16 0.3 0.8 0.78 0.18 0.32 0.3 0.52 0.1 0.08 0.24 0.08 0.08 0.28
Energy distribution “maps”:
Plant no.: Deviation from average temperature difference in % of specific mechanical energy, E |,
Maximum BEP Part load
Level avg. Level avg. Level avg.
0.24 % 0.09% | -0.19 % J0.05 % 0.09% | -0.09% | -0.24 % }J-0.08 % 0.04 % 0.03% | -0.06 % [0.00 %
A 0.27% | -0.14% | -0.20 % [-0.02 % 0.21 % 0.01% | -0.16 % J0.02 % 0.05 % 0.03% | -0.06% [0.01 %
0.28% | -0.09% | -0.27 % [-0.03 % 0.26 % 0.05% | -0.14 % J0.06 % 0.04 % 0.02% | -0.09 % [-0.01%
Largest difference: 0.55 % Largest difference: 0.49 % Largest difference: 0.14 %
Standard deviation: 0.21 % Standard deviation: 0.16 % Standard deviation: 0.05 %
0.04% | -0.02% | -0.01 % J0.00 % 0.05 % 0.02% | -0.01% J0.02 % -0.10% | -0.07% | 0.05% J-0.04%
B 0.01% | -0.01% | 0.00% [0.00 % 0.04% | -0.02% | -0.04 % }J-0.01 % -0.07% | -0.02% | 0.10% J0.00 %
0.00% | -0.02% | 0.00% [-0.01% 0.06 % | -0.04% | -0.06% }J-0.01% -0.03% | 0.03 % 0.12 % J0.04 %
Largest difference: 0.06 % Largest difference: 0.12% Largest difference: 0.22 %
Standard deviation: 0.02 % Standard deviation: 0.04 % Standard deviation: 0.08 %
0.00 % 0.33 % 0.53% [0.29 % -0.28% | -0.07% | -0.02% J-0.12% -0.06% | 0.26% | -0.12 % J0.03 %
C -0.17% | -0.03% | 0.07% }J-0.04 % 0.20 % 0.10 % 0.02% [0.11 % 0.01 % 0.19% | -0.19% [0.00 %
-0.03% | -0.57% | -0.14 % J-0.25% -0.01% | 0.02 % 0.04 % J0.02 % -0.10% | 0.15% | -0.13% }J-0.03 %
Largest difference: 111 % Largest difference: 0.48 % Largest difference: 0.45 %
Standard deviation: 0.29 % Standard deviation: 0.12% Standard deviation: 0.15 %
-0.14% | 0.22% 0.35% [0.14 % -0.02% | 0.10% 0.20 % [j0.09 % -0.20% | 0.05 % 0.50 % [0.12 %
D -0.21% | -0.01% | 0.22% }0.00 % -0.18% | -0.11% | 0.22% J-0.02% -0.56 % | -0.04% | 0.33% }J-0.09 %
-0.20% | -0.16% | -0.06 % J-0.14 % -0.22% | -0.12% | 0.13% J-0.07 % -0.71% | 0.27 % 0.36 % [-0.03 %
Largest difference: 0.56 % Largest difference: 0.44 % Largest difference: 121 %
Standard deviation: 0.20 % Standard deviation: 0.16 % Standard deviation: 0.40 %
0.02% | -0.02% | 0.10% J0.03 % 0.09 % 0.06 % | -0.04 % J0.04 % -0.33% | -0.27% | -0.79 % J-0.47 %
E 0.02 % 0.02 % 0.10 % J0.05 % 0.07 % 0.05% | -0.01% J0.04 % -0.15% | -0.04% | -0.03% }J-0.07 %
0.05 % 0.02% | -0.34% [-0.09 % -0.03% | 0.05% | -0.12% J-0.04 % 0.45% | -0.04% | 0.60% J0.34 %
Largest difference: 0.44 % Largest difference: 0.21% Largest difference: 1.40 %
Standard deviation: 0.13% Standard deviation: 0.06 % Standard deviation: 0.39 %
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-0.07% | -0.01% | 0.12%
-0.04 % | 0.00 % 0.02 %
-0.02 % | 0.00 % 0.00 %
Largest difference: 0.19%
Standard deviation: 0.05 %
0.04 % 0.04% | -0.01 %
0.04 % 0.03% | -0.04 %
0.00% | -0.03% | -0.07 %
Largest difference: 0.11%
Standard deviation: 0.04 %
0.08 % 0.14% | -0.10%
0.03 % 0.06 % | -0.09 %
0.01% | -0.03% | -0.10%
Largest difference: 0.24 %
Standard deviation: 0.08 %
0.16 % 0.13 % 0.31 %
-0.03% | -0.18% | 0.20 %
-0.18% | -0.29% | -0.11%
Largest difference: 0.60 %
Standard deviation: 0.19 %
0.02% | -0.01% | -0.08 %
0.03 % 0.02% | -0.01 %
0.01 % 0.03% | -0.01 %
Largest difference: 0.10 %
Standard deviation: 0.03 %
-0.03% | -0.05% | 0.19%
-0.03% | -0.08% | 0.03 %
-0.03% | -0.05% | 0.04 %
Largest difference: 0.26 %
Standard deviation: 0.08 %
0.01% | -015% | 0.16%
-0.08% | -0.14% | 0.12%
0.00 % 0.06 % 0.15 %
Largest difference: 0.31%
Standard deviation: 0.11 %
0.00% | -0.07% | 0.00%
0.03% | -0.03% | 0.01%
0.02 % 0.01 % 0.04 %
Largest difference: 0.11 %
Standard deviation: 0.03 %
-0.17% | -0.20% | -0.16%
0.04 % 0.02 % 0.04 %
0.16 % 0.13 % 0.15 %
Largest difference: 0.36 %
Standard deviation: 0.13 %
0.04 % 0.10 % 0.09 %
0.10 % 0.07% | -0.07 %
0.06 % | -0.07% | -0.32%
Largest difference: 0.43 %
Standard deviation: 0.13 %
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0.01 %
-0.01 %
0.00 %

0.02 %
0.01 %
-0.03 %

0.04 %
0.00 %
-0.04 %

0.20 %
0.00 %
-0.19 %

-0.02 %
0.01 %
0.01 %

0.04 %
-0.02 %
-0.01 %

0.01 %
-0.04 %
0.07 %

-0.02 %
0.00 %
0.02 %

-0.18 %
0.03 %
0.15 %

0.07 %
0.04 %
-0.11 %

-0.11% | 0.00% 0.10 %
-0.02% | 0.00 % 0.01 %
0.01 % 0.00 % 0.01 %
Largest difference: 0.22%
Standard deviation: 0.05 %
0.06 % 0.05 % 0.14 %
0.03% | -0.04% | 0.02%
-0.01% | -0.12% | -0.14 %
Largest difference: 0.28%
Standard deviation: 0.08 %
0.14% | -0.01% | -0.13%
0.14 % 0.02% | -0.13%
0.11 % 0.03% | -0.17%
Largest difference: 0.32%
Standard deviation: 0.11%
0.04 % 0.12 % 0.06 %
-0.01% | 0.09% | -0.03%
-0.05% | -0.18% | -0.03 %
Largest difference: 0.30 %
Standard deviation: 0.09 %
0.03% | -0.03% | -0.07%
0.04 % 0.01% | -0.06 %
0.05 % 0.03 % 0.00 %
Largest difference: 0.11%
Standard deviation: 0.04 %
0.04 % 0.00% | -0.13%
0.03% | -0.03% | 0.10%
0.03% | -0.03% | -0.01 %
Largest difference: 0.22%
Standard deviation: 0.06 %
009% | -012% | 0.03%
0.13% | -0.07% | -0.03%
0.01% | -0.02% | -0.01 %
Largest difference: 0.25%
Standard deviation: 0.07 %
-0.06 % | 0.09% | -0.01%
-0.03% | 0.06% | -0.04%
-0.01% | 0.06% | -0.07%
Largest difference: 0.16 %
Standard deviation: 0.05 %
0.05% | -0.02% | 0.02%
0.04% | -0.02% | 0.02%
-0.02% | -0.04% | -0.03 %
Largest difference: 0.09 %
Standard deviation: 0.03%
0.04% | -0.05% | -0.05%
0.05% | -0.02% | -0.06 %
0.10 % 0.02% | -0.03%
Largest difference: 0.17%
Standard deviation: 0.05 %

0.00 %
0.00 %
0.01 %

0.08 %
0.01 %
-0.09 %

0.00 %
0.01 %
-0.01 %

0.07 %
0.02 %
-0.09 %

-0.02 %
0.00 %
0.03 %

-0.03 %
0.03 %
0.00 %

0.00 %
0.01 %
-0.01 %

0.01 %
0.00 %
-0.01 %

0.02 %
0.01 %
-0.03 %

-0.02 %
-0.01 %
0.03 %

0.12 % 0.05 % 0.16 % [0.11 %

-0.07% | -0.01% | -0.01% J-0.03 %

-0.12 % | -0.06 % | -0.05% J-0.08 %
Largest difference: 0.28 %
Standard deviation: 0.09 %

0.21 % 0.11 % 0.12 % J0.15 %

0.07% | -021% | 0.08% ]-0.02%

-0.06 % | -0.33% | 0.01% J-0.13%
Largest difference: 0.55%
Standard deviation: 0.16 %

-0.20% | -0.03% | 0.04 % J-0.06 %

-0.20% | 0.01% 0.11 % J-0.03 %

-0.15% | 0.17 % 0.24 % J0.09 %
Largest difference: 0.45 %
Standard deviation: 0.15 %

0.52 % 0.04% | -0.35% J0.07 %

0.30% | -0.04% | -0.33% J-0.02%

0.02% | -0.04% | -0.12% J-0.05%
Largest difference: 0.87 %
Standard deviation: 0.26 %

0.11 % 0.06 % | -0.03 % J0.05%

0.02 % 0.00% | -0.05% J-0.01 %

-0.03% | -0.03% | -0.06 % J-0.04 %
Largest difference: 0.16 %
Standard deviation: 0.05 %

-0.03% | -0.06% | 0.05% J-0.01%

0.01% | -0.03% | 0.04% J0.01%

0.01% | -0.03% | 0.04% J0.01%
Largest difference: 0.11%
Standard deviation: 0.04 %

0.14% | -021% | 0.13% J0.02%

0.08% | -017% | 0.01% J-0.03%

0.14% | -0.04% | 0.04% J0.04 %
Largest difference: 0.35%
Standard deviation: 0.12%

-0.06 % | -0.01% | 0.00% J-0.02 %

-0.04% | 0.02% 0.00 % J-0.01 %

0.00 % 0.08 % 0.00 % J0.03 %
Largest difference: 0.14 %
Standard deviation: 0.04 %

0.06% | -0.03% | 0.03% J0.02%

0.02% | -0.02% | 0.01% J0.00%

-0.04% | -0.05% | 0.01% J-0.02%
Largest difference: 0.11%
Standard deviation: 0.04 %

0.23% | -0.06 % | -0.09 % J0.02 %

0.24% | -0.05% | -0.12% J0.02 %

0.08% | -0.08% | -0.14 % ]-0.05%
Largest difference: 0.37 %
Standard deviation: 0.14 %
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Appendix 2 Horizontal pitot branch pipes

Data:

Unit no: P Q R S T U V W X Y
Rated output, P = MW 95.6 65 40.8 109 60 47 44 36 15.9 26.5
Rated head, H = m 645 456 700 695 640 565 610 610 504.6 316
Rated speed, n = rpm 500 300 750 500 600 500 500 500 600 300
Shaft orientation: Vertical ~ Vertical ~ Vertical ~ Vertical  Vertical  Vertical Horizontal Horizontal Horizontal Horizontal
No. of jets: 6 6 6 6 6 5 2 2 2 2
Canal width: m 4.50 5.80 2.50 3.00 3.42 3.00 2.70 2.70 2.00 2x3.50
Distance from turbine: runner diameters 10.40 3.50 3.20 11.50 4.10 3.40 4.50 4.50 5.10 8.00
Turbine opening: Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum Maximum
No. of jets: 6 6 6 6 6 5 2 2 2 2
Turbine flow: m3/s 17.92 20.26 6.83 18.76 11.05 9.84 8.65 6.86 3.74 9.00
Water depth: m 2.84 2.12 2.33 2.01 1.90 1.45 1.97 1.95 1.02 0.60
Average water vlocity m/s 1.40 1.65 1.17 3.11 1.70 2.26 1.63 1.30 1.83 2.14
Difference in extreme values: |% 0.06 0.05 0.26 0.05 0.16 0.04 0.37 0.08 0.02
Standard deviation: % 0.03 0.03 0.11 0.02 0.07 0.02 0.15 0.03 0.01
2 x Standard deviation % 0.06 0.06 0.22 0.04 0.14 0.04 0.3 0.06 0 0.02
Turbine opening: BEP BEP BEP BEP BEP BEP BEP BEP BEP BEP
No. of jets: 6 6 6 6 6 5 2 2 2 2
Turbine flow: m3/s 10.77 11.76 5.22 10.38 5.72 6.84 6.51 5.78 2.36 6.77
Water depth: m 2.77 1.92 2.22 2.00 1.40 1.35 1.90 1.95 0.87 0.50
Average water vlocity m/s 0.86 1.06 0.94 1.73 1.19 1.69 1.27 1.10 1.36 1.93
Difference in extreme values: |% 0.07 0.10 0.24 0.03 0.07 0.10 0.33 0.09 0.05 0.02
Standard deviation: % 0.03 0.05 0.10 0.01 0.03 0.04 0.14 0.04 0.02 0.01
2 x Standard deviation % 0.06 0.1 0.2 0.02 0.06 0.08 0.28 0.08 0.04 0.02
Turbine opening: Partload Partload Partload Partload Partload Partload Partload Partload Partload Partload
No. of jets: 6 (3) 6 (3) 6 (6) 6 (3) 6 (3) 5 (5) 2(2) 2(2) 2(1) 2(2)
Turbine flow: m3/s 5.42 5.99 2.66 5.96 3.32 2.36 2.38 2.07 1.25 3.44
Water depth: m 2.73 1.86 2.07 1.76 1.05 1.20 1.75 1.85 0.87 0.30
Average water vlocity m/s 0.44 0.56 0.51 1.13 0.92 0.66 0.50 0.41 0.72 1.64
Difference in extreme values: |% 0.03 0.31 0.14 0.01 0.11 0.03 0.18 0.24 0.19 0.15
Standard deviation: % 0.01 0.13 0.06 0.01 0.05 0.01 0.08 0.11 0.08 0.08
2 x Standard deviation % 0.02 0.26 0.12 0.02 0.1 0.02 0.16 0.22 0.16 0.16
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Energy distribution “maps”:
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Plant no.: Deviation from average temperature difference in % of specific mechanical energy, E m
Maximum BEP Part load
0.02 % 0.03 % -0.01 %
0.01 % 0.01 % 0.00 %
-0.03 % -0.04 % 0.02 %

Largest difference: 0.06 % Largest difference: 0.07 % Largest difference: 0.03 %
Standard deviation: 0.03 % Standard deviation: 0.03 % Standard deviation: 0.01 %
0.04 % -0.07 % -0.17 %

-0.02 % 0.03 % 0.03 %

-0.02 % 0.03 % 0.14 %

Largest difference: 0.05 % Largest difference: 0.10 % Largest difference: 0.31 %
Standard deviation: 0.03 % Standard deviation: 0.05 % Standard deviation: 0.13%
0.14 % 0.10 % 0.06 %

-0.01 % 0.04 % 0.02 %

-0.12 % -0.14 % -0.08 %

Largest difference: 0.26 % Largest difference: 0.24 % Largest difference: 0.14 %
Standard deviation: 0.11 % Standard deviation: 0.10 % Standard deviation: 0.06 %
0.02 % -0.01 % 0.01 %

0.01 % 0.00 % 0.00 %

-0.03 % 0.01 % 0.00 %

Largest difference: 0.05 % Largest difference: 0.03 % Largest difference: 0.01 %
Standard deviation: 0.02 % Standard deviation: 0.01 % Standard deviation: 0.01 %
0.09 % -0.01 % -0.07 %

-0.01 % -0.03 % 0.04 %

-0.08 % 0.04 % 0.03 %

Largest difference: 0.16 % Largest difference: 0.07 % Largest difference: 0.11 %
Standard deviation: 0.07 % Standard deviation: 0.03 % Standard deviation: 0.05 %
0.01 % -0.06 % -0.02 %

-0.02 % 0.02 % 0.00 %

0.02 % 0.04 % 0.01 %

Largest difference: 0.04 % Largest difference: 0.10 % Largest difference: 0.03 %
Standard deviation: 0.02 % Standard deviation: 0.04 % Standard deviation: 0.01 %
0.19 % 0.19 % 0.06 %

0.00 % -0.04 % 0.05 %

-0.19 % -0.14 % -0.11 %

Largest difference: 0.37 % Largest difference: 0.33% Largest difference: 0.18 %
Standard deviation: 0.15% Standard deviation: 0.14 % Standard deviation: 0.08 %
0.01 % -0.04 % 0.08 %

0.03 % 0.06 % -0.16 %

-0.04 % -0.02 % 0.07 %

Largest difference: 0.08 % Largest difference: 0.09 % Largest difference: 0.24 %
Standard deviation: 0.03 % Standard deviation: 0.04 % Standard deviation: 0.11 %

0.02 % 0.00 %
0.02 % 0.09 %
-0.03 % -0.09 %
Largest difference: Largest difference: 0.05 % Largest difference: 0.19 %




