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Efficiency- and pressure pulsation measurements at a low head hydropower plant

Bakgrunn og malsetting

Trykkpulsasjoner er et velkjent fenomen som forekommer i Francis turbiner. Impulser av hey
frekvens oppsta pa grunn av interaksjonen mellom lepehjulet og ledeskovlene, og lavfrekvente
svingninger i sugereret. Disse trykkpulsasjonene fordrsaker materialtretthet og reduserer
lepehjulets levetid.

Ved Leirfossene Kraftverk i Trondheim har Statkraft problemer med at trykkpulsasjonene
forplanter seg i berget og dette forstyrrer de som bor i omradet ved vibrasjoner kan foeles inne i
husene. Statkraft har utfordret NTNU til 4 finne en lesning som demper trykkpulsasjonene i
turbinen. Ved Vannkraftlaboratoriet pA NTNU er det utviklet en sdkalt "stulk" som Peter Joachim
Gogstad har tilpasset til Leirfossene Kraftverk. Denne skal redusere amplituden pa
trykkpulsasjonen, og arbeidet som skal gjennomferes vil evaluere om "stulken" vil gi den
effekten som er beregnet. Det skal ogsd gjennomferes virkningsgradsmélinger samtidig med
trykkpulsasjonsmalingene for & avslere om "stulken" har innflytelse pa virkningsgraden.

Mil
Gjennomfere virkningsgrad- og trykkpulsasjonsmaéling ved Leirfossene kraftverk.

Oppgaven bearbeides ut fra felgende punkter

1. Det skal gjennomfores et litteratursek som finner status pa FoU-aktivitet for
trykkpulsasjoner pa lavirykks Francis turbiner.
2. Studenten skal sette seg inn i det teoretiske grunnlag for:
a. Hvordan trykkpulsasjoner oppstar i Francis turbiner og hvilke konsekvenser dette
har pé levetiden til turbinen.
b. Den termodynamiske metoden for virkningsgradsmalinger
3. Det skal gjennomfores virkningsgrad- og trykkpulsasjonsmaélinger. Disse malingen skal
gjennomferes i samarbeide med PhD-student Joachim Gogstad.
4. Resultatene fra forsekene skal evalueres og sammenlignes med tilsvarende malinger fra
andre kraftverk dersom dette er tilgjengelig data.
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Senest 14 dager etter utlevering av oppgaven skal kandidaten levere/sende instituttet en detaljert
fremdrift- og eventuelt forseksplan for oppgaven til evaluering og eventuelt diskusjon med faglig
ansvarlig/veiledere. Detaljer ved eventuell utferelse av dataprogrammer skal avtales nzrmere i
samrad med faglig ansvarlig.

Besvarelsen redigeres mest mulig som en forskningsrapport med et sammendrag bade pé norsk
og engelsk, konklusjon, litteraturliste, innholdsfortegnelse etc. Ved utarbeidelsen av teksten skal
kandidaten legge vekt pd & gjere teksten oversiktlig og velskrevet. Med henblikk pé lesning av
besvarelsen er det viktig at de nedvendige henvisninger for korresponderende steder i tekst,
tabeller og figurer anfores pa begge steder. Ved bedemmelsen legges det stor vekt pi at
resultatene er grundig bearbeidet, at de oppstilles tabellarisk og/eller grafisk pd en oversiktlig
mate, og at de er diskutert utferlig.

Alle benyttede kilder, ogsd muntlige opplysninger, skal oppgis pa fullstendig méite. For tidsskrifter
og beker oppgis forfatter, tittel, argang, sidetall og eventuelt figurnummer.
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mange sider, leveres den fulle versjonen elektronisk til veileder og et utdrag inkluderes i
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NTNU § 20, forbeholder instituttet seg retten til & benytte alle resultater og data til
undervisnings- og forskningsformal, samt til fremtidige publikasjoner.
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Abstract

Abstract

Stian Solvik and Peter Joachim Gogstad completed efficiency Measurement for turbine 2 at
Leirfossene power plant on 26 May 2016. The measurements were carried out as part of an
ongoing research collaboration between NTNU and Statkraft. The thermodynamic method is
used to measure the turbine efficiency. The measurements have been carried out in accordance
with the International Standard IEC 60041, 3.ed 19991-11 [1]. One temperature sensor was
installed at the inlet to the turbine and three temperature sensors with manifolds were installed
in the outlet. Atmospheric pressure and pressure at the inlet of the turbine was measured with
suitable pressure sensors, while pressure at the outlet has been numerically calculated. The
relative efficiencies, net head and water flow at the nominal head of 58m is given in Table 17 and
Table 18. The maximum uncertainty in efficiency is calculated to be 1.4%.

Pressure measurements has been performed in the draft tube on turbine 2. Eight pressure
sensors have been used. Respectively four sensors are placed in the same vertical axis, on each
side of the draft tube by a vertical distance of 860mm downstream of each other. The
measurements were performed under steady state conditions, with a constant generator power
and discharge. All operating point are related to the nominal discharge Q,,.

The pressure pulsation measurements show that the Rheingans frequency, runner frequency and
runner vane frequency are present in the draft tube. The Rheingans frequency is the dominant
frequency while operating at part load. The runner frequency displays a high intensity at both
part- and high- load The runner vane frequency shows a high intensity at the outlet of the turbine.
The analysis of the pressure intensity shows the highest pressure pulsations measured for BEP,
part load and high load are respectively 45kPa, 250kPa, 55kPa.

The sensors located closest to the inner radius of the draft tube bend experience a lower intensity
than the sensors at the outer radius of the bend. This is probably a flow-specific phenomenon
that occurs in the draft tube bend. Air injection into the draft tube is installed to reduce the
intensity of pressure pulsations that occur during part load. Data with and without air injection
from two operating point at 0.46 - Q,, and 0.58 - Q,,, have been compared. The analysis shows
that the air injection reduces the overall intensity by 22% at 0.46 - Q,, and 10% at 0.58 - Q,,. The
most powerful pulsations are reduced by 20% to 60%, while the remaining pulsations
experienced a change from -14% to 17%. Frequency analysis at part load, 0.46 - Q,,, show two
distinct frequencies at 4.64Hz and 5.06Hz when the turbine runs without air injection. When air
is injected into the draft tube, these frequencies disappear altogether. The frequencies are
probably related to elastic fluctuations in the system, which are damped by the injected air.






Sammendrag

Sammendrag

Virkningsgradsmaling for turbin 2 ved Leirfossene kraftverk ble gjennomfgrt 26. mai 2016 av Stian
Solvik og Peter Joachim Gogstad. Malingene ble gjennomfgrt i anledning et pagaende
forskningssamarbeid mellom NTNU og Statkraft. Den termodynamiske metode ble benyttet for
a male virkningsgraden. Malingene har blitt giennomfgrt etter den internasjonale standarden IEC
60041, 3.ed 19991-11 [1]. En temperatursensor ble montert ved innlgpet til turbinen og tre
temperatursensorer med samlestokk ble montert i utlgpet. Atmosfaerisk trykk, samt trykk ved
innlgp ble malt med egnede trykksensorer. Trykk ved utlgp er blitt numerisk beregnet. De relative
virkningsgradene, netto fallhgyde og vannfgring ved nominell fallhgyde pa 58m er gitt i Table 17
og Table 18. Maksimale usikkerheten i virkningsgraden er beregnet til +1.4%.

Det er blitt giennomfgrt trykkpulsasjonsmalinger i sugergret pa turbin 2. Totalt atte trykksensorer
er benyttet til formalet. Henholdsvis fire sensorer er plassert i samme vertikale akse, pa hver side
av sugergret med en vertikal avstand nedstrgms pa ca. 860mm fra hverandre. Malingene ble
gjennomf@grt under stabile forhold, med konstant generatoreffekt og volumstrgm. Alle
driftspunkt er relatert til nominell volumstrgm Q,,.

Resultat av trykkpulsasjonsmalingene viser at Rheingans frekvensen (sugergrsvirvel),
Igpehjulsfrekvensen og Igpeskovisfrekvensen er pavist i sugergret. Som forventet er Rheingans
frekvensen den dominante frekvensen under kjgring pa lavlast. Lgpehjulsfrekvensen har hgy
intensitet pa lav- og hgy-last. Ved utlgpet til turbinene males det hgye amplituder som fglge av
Igpeskovlisfrekvensen, trenden viser en gkende intensitet nar lasten pa turbinen gker. Analysen
av trykk-intensiteten viser at den hgyeste trykkpulsasjonen, uavhengig av sensor, malt for
bestpunkt, lavlast og overlast er pa henholdsvis 45kPa, 250kPa, 55kPa.

Sensorene som ligger naermest innersvingen til sugergrsbendet opplever en lavere intensitet enn
de sensorene som ligger naermest yttersvingen til sugergrsbendet. Forskjellen i intensitet opp til
4 ganger stgrre under lavlast. Dette skyldes trolig et stremnings-spesifikt fenomenet som oppstar
i bendet til sugergret. Luftinjeksjon er installert for @ redusere intensiteten av trykkpulsasjoner
som oppstar pa lavlast. Mdledata med og uten luftinjeksjon fra to driftspunkt pa 0.46 - Q,
0g 0.58 - Q,, , har blitt sammenlignet. Analysen viser at luftinjeksjon reduserer den totale
intensiteten med 22% ved 0.46-Q,, og 10% ved 0.58-Q,,. De kraftigste intensitetene blir
redusert med 20% til 60%, mens de resterende pulsasjonene opplevde en endring fra + 14%
til 17%. Analysen av lavlastpunktet 0.46 - Q,,, viser to frekvenser pa 4.64Hz og 5.06Hz nar
turbinen kjgres uten luftinjeksjon. Nar luft blir injisert isugergret kan en observere at frekvensen
forsvinner helt. Trolig er denne frekvensen relatert til elastiske svingninger som blir dempet av
luften.






Contents

Contents

P ACE . ettt et e e e hee e e h bt e e bb e e e bt e e ebeeeebeeesaneeeas i
Y o Y 4 - [ PO PP PP PTRUPPTOPPPR iii
=10 010011 Te [ - PSPPI v
L6701 (=1 01 £ PSP P PP PP OPPPP Vii
[ o) i =V T PSSP Xiii
LISt OF TaDI@S ..ottt et e e s XV
NOMENCIATUIE ...t e et e e bt e e e bb e e s bt e e sabeeesabeeesaneesnnes Xvii
1 INErOQUCTION ettt ettt e e st e e st e e sabe e e sabeeesaseeesaneesneeenas 1
1.1 LeirfoSSene POWET PlANT....cii ittt e e e e e s ra e e s saae e e s esaaaeeeenns 1
1.2 PrevioUS WOTK. oo ittt ettt et e st e s s e e nnree s 2
1.2.1 Pressure PUISALION ......iiii ittt e e et e s e srae e e e saaae e e e eaaaeeeenns 2
1.2.2  The thermodynamic Method ..........cccocuiiiiiiiiiii e 3

F 2 I o 1=To o SRR 5
2.1 Pressure PUISATIONS ......cooiiiiiiie ettt ettt et e e e 5
2.1.1 RUNNET FrEQUENCY ..eeeviiee ettt see e e et e e e sbae e e e saaa e e e eensnneeeenns 6
2.1.2 RUNNEE VANE frEQUENCY ....ceiiieirreeeee ettt e e e e e eeetree e e e e e e e e atrraeeeeeeeesnannrrareeeeens 6
2.1.3 GUIAE VANE FrEQUEBNCY ... euevtiieeeieeeeeccitreeee e e e e eestrrree e e e e e e eesabrereeeeeeeesssnsssseseeeeeseenanns 6
2.1.4 RhEINGANS FrEQUENCY oveieeieeeeceeee e e e et e e e e e e s e eneeaaeas 7
2.15 Elastic fFIUCTUALIONS .. ..eeiiiieeee e e 9
2.1.6 CAVITAtiON cooeeiiieceee e 10
2.1.7  Von Karman Vortex shedding .........cccuuvieieeiii i 10

2.2 VIBratioN e s s 11
2.2.1 Mounting of aCCElEroMELErS .......uviiiiiii e 11
2.2.2 RESONANCE ...ciiiiiiiiieitie e e 12

2.3 Methods of reducing pressure pulsations ..........ccueeeeieii et 13
P N D F-) - - Voo [ U1 Y1 4 Lo [OOSR 15
2.4.1 Sampling rate thEOrem ... e 15
2.84.2  A/D CONVEITRL catetiiiieeiee et tee e e e e e te sttt e teeesesessssattteeesssesassasateteessssesssssaaseeeesssssanns 16

vii



Contents

e T |\ [T 11 o = PP RRRROPPPPRPPRN 17

P T o 1Y o] o Yol X1y 1 ¥ - SRR 18
251 Fast Fourier Transform ... et 18
2.5.2  WiINAOW fUNCLION ..euiiiiceec ettt et e e e e b e e e s eanreeeeenns 19
2521 FIQt TOP WINOW .ottt st e e s e e s saaaee e e 21
2.5.2.2 Hann WINAOW ... .t e e e e e e e e e s e e e e e e e e eeaans 21
2.5.2.3 Hamming WINAOW ......coeeiiiiieiiiieeee ettt ettt e e e e e e nrree e e e e e e e eeaans 21
2524 K@iSEr WINAOW ...ttt et e e e e e e e e ee e e e e e e e enanes 22
2.5.3 [ =T 0 Vo ] V1= PSP PPPPPPPPPIN 23
254 Peak-t0-peak @NalySis ....cccuiiiiiiiiiiee e e 23
2.6 EfficienCy MEASUIEMENTS ...cciiiiiiiee ettt et e e e e e aaae e e e eata e e e e snaaee s 24
2.6.1 Methods of flow MEASUrEMENTS ....cceiiii i 25
2.7  Thermodynamic METNOd......cooiiiiiiieiie e e e e e aaeee s 29
2.8  Efficiency CalCUIatioN .....ccuuiii i e 30
2.8.1 F O ettt e et e e e e e et e e e e eba e e e e e aaa e e e e ataaeeeaaaraaaeeetraeeeeatraaens 32
2.8.2 MEChANICAl ENEIEY . .eviiiiiiiie et e e e e st e e e e naaeee s 33
2.8.2.1 Mechanical Pressure NErgY ... ivuieeieiiuieeeesciieeeseieeeessieeeeessreee e ssssaeeeens 34
2.8.2.2 Mechanical Potential ENergy ......ccccoeciieeiiiiiiee et e 34
2.8.2.3 Mechanical Kinetic ENErgY.....cccuuiiiieiie e e e 34
2.8.2.4 Mechanical Thermal ENEIEY .......uveeeeiiiiieicciiieeeee et e e e 34
2.8.3 [ Ve [ U] [ Tol =T o 1= oY AU 35
2.8.3.1 Hydraulic PresSsure ENEIEY .....ccciiiieeeee e iecciiiiee e e e e e e eeecvtreee e e e e e e e ssneraaeeeeeeeeennans 36
2.8.3.2 Hydraulic Potential ENergy .....uvviieeiie e 36
2.8.3.3 Hydraulic KiNEtiC ENEIEY.....cooccuiiieeiee ettt et rree e e e e e e 36

PR B U] o Tol=T o Y[ o =L S T T U TP 37
2.9.1 )V €= 0 =1 € (o = o oY S 37
2.9.2 2 0o [0 4 T =T 0 o oS ERR 38
2.9.3 Environmental inflUBNCES .....ccceeveee e e 38

3 Preparation and execution of MEASUIEMENT .......ccuuvveiieiieiieiiieeeee e e eearrreeeee e 39
3.1 Leirfossene hydro POWEr PIaNt .....ccccuvviiiiiiiiiiiee e e e 39
3.1.1 Time-and running- SCheAUIE .......coouiiviieiei e 41

R A |V = R U] =T 0 1= o T = U] P 42

viii



Contents

3.2.1  LABVIEW ettt e e s s 42
3.2.2 Y100 ] o] 11T = 41 2 | =TS UUPRS 42

. T Lo [V [T o] 0 = o | TR 44
3.3.1 TEMPEIATUIE SENSOIS .uuvvuiiiitiuiiiiieiiiuiuititrarare bbb ababareaararararaberarebebesererarenes 44
3.3.2 Pressure TranSAUCEIS.......uii i 45
3.3.3 Equipment Vibration SENSOIS........uuiiiiii i e e e e e e e e e snraeees a7

R WoTor- Y o] g Mol fol=T o [ ] PSPPSR PR PR 49
3.4.1 EfficienCcy MeEASUrEMENT ......coi et e e e aaee s 49
3.4.2 Pressure MmeasuremMeNts .......cooiiiiiiiiiii i e 51
3.4.3  ViDration SENSOIS ..c..uviiiiiiiiiieeeee ettt s 52

3.5  Analysis Of MEASUIEMENTS ....cceeiii e e e e e e e e e e e e e e e nnaeeees 53
351 EfficienCy MEASUIEMENTS.....ciiiiiiie et e e saaee s 53
3.5.2 Pressure and vibration measurements..........covueeiiiiiiiiienniie e 55
3.53 UNCEITQINTY ittt sssbsbsssssnssnsnnnnnnes 56
3.5.4  Calibration .c..eee et 56

4 Experimental results and diSCUSSION .....cccuuiiiiiiiiiieiciiee et e e e e saaeee s 57
4.1 EffiCieNnCy MEASUIEMENTS ...occcciiirieeieeeeecccirreeeeeeeeeeebrrreeeeeeeessatssrereeeeeesessanrraneeeeeseenanns 58
4.1.1 L0 Yol =T = 1 o1 YRR 59
B.1.2  HEAA 10SS e ittt 59

4.2 Pressure pulsation MEASUIEMENT .......ccocciirieiiee e e et eeeeeretrrreeeeeeeesesanrreeeeeeeeeesnns 60
4.2.1 PresSSUrE INTENSITY wuuuiie i et e e e e et e e e e e e e e e eaa e e eeeeeeeees 64
4.2.2 [ (=Tl oY i1 N oY (=Tt o o TR 68
42.2.1 Part 10ad -0.46 * QI ....coeeiiiiieiiiieeee et e e e e e e e e e e e e e e e e e e nanns 68
4.2.2.2 Part 10ad -0.58 * Q7 ....cecueeieiie et e e 72

4.2.3 Comment on the total pressure iNtENSItY ......cccccvveveeeeei e e 75
4.2.4  Vibration MeasUr€mMENTt........ccocuiiiierieiiieeie e e 76
4.2.5 Comparing pressure and vibration measurements .......ccccccvvveeeeeeeeieciiiineeeeeeeeeeenns 77

5 CONCIUSION ..ttt s e e n e s ae e s ne e s se e e st e s neesreenneeeane 79
B FUIREI WOTK .. e e 80
A 211 o1 [To =4 2T o] 128U UUURRRPPP 81



Contents

Appendix A Calculations of expected freqUENCIES .......cccevieccirieeeeiee e 85
Appendix B Calculation example EffiCiency.....c.eeeecciieeeccieee e 86
Appendix C Example of Head loss and Friction coefficient ........ccccccvveeeeiieeiccciiee e, 91
Appendix D Uncertainty Efficiency calculation........cccccuveeiioiiie e 92
Appendix E Random uncertainty efficiency calculation ..........cccceeeiieiiiciiei e, 100
Appendix F Pressure pulsations pPlotS ... e 103
Appendix G 1] o XY A oYV e oY= { - o o SR 107
Appendix H MATLAB SCript EffiCi@NCY ...vveeeieieeeeccee e 112
Appendix |  MATLAB sCript fOr 3D PlotS...ciiiciiieeciee e 126
Appendix] MATLAB script Peak analysis ........ccuvvieeieeiii i 131
Appendix K MATLAB script for HEat plot .....ueeeeiieiieeeee e 136
Appendix L Technical information Pressure SENSOr ..........uuivvciieeieiiiiee e e 142
Appendix M Calibration -PreSSure SENSOIS. ......cuicuiieeieieeeeeeiieeeeesireeeesereeee s s saeeeeesaneeeseenees 146
[, Draft tUDE SENSOF 1 ...ciiiiiiiiieiiee ettt et e s e e naeeas 147

[ Draft tUDE SENSOF 2 ..ottt sttt e s eeaeeas 149
I. Draft TUDE SENSOT 3.ttt sttt st esane e 151
V. Draft tUDE SENSOT 4.t 153
V.  Draft tube SENSOT S ... s 155
VI. Draft tUDE SENSOT 6. 157
VII.  Draft tUD@ SENSOT 7.....eeieieeieeeeeee et s 159
VI Draft tub@ SENSOT 8......coouiiiiieiieee e 161
IX. INIET PrESSUINE SENSOT ..c.uviiiiieiee ettt esnee s 163
X. Pressure sensor at temperature iNlet SENSON .......uviivi i 165
XI. AtMOSPNETIC PrESSUIE SENSON uvveeieeeeieiiittireeeeeeeeeieeiirrereeeeeeeessstrrreeeeeeeesssssrreseeeeessennnns 167
Appendix N Data sheet -ACCEIEIrOMELETS. .....uvveiiie ittt e e e e e anrres 169
[ ACCEIEIOMETLEI L ...ttt s e s 169

[l ACCEIEIOMELEN 2 ... e e 170

. Accelerometer 3, 4 and 5. .. 171
Appendix O Data sheet-Temperature SENSOIS ........occvvveerieeeeeieciirrereee e e eercrrrrereeee e e e eaanrees 172
Appendix P Calibration TEMPErature SENSON .......uvvvveeieeeieiicirieeeee e e eeerrrer e e e e e e e sarrrereeeeens 174



Contents

[.  Temperature senSOr NI.OL ... e e e e e e e et e e e e e e e e e aaaae e e e s 174
[I.  Temperature SENSON NI-02 .........uuuuuuuuuuuiuieiiieieieieirierer—.——————————————————————————————————. 176
Il. Temperature seNSOr NE.03 ... .. e bbb bbb rberereaeae 178
V. Temperature SENSON NE.O4........uuuueieiiiiiiiiiiiii bbb baberererebrrrrraeaes 181
V. Temperature SENSON NE.0S5 ...ttt 183
Appendix Q YT QA= .4 =T o | RS 185

Xi






List of figures

List of figures

FIGURE 1 = IMACHINE HALL LEIRFOSSENE ..vvteuvveeutesesseesesesseeesesassssessesassssassssesssssssssessssesssssssssssssessssessssessssesssssssssessssessnsessssessns 1
FIGURE 2 - FRANCIS TURBINE VELOCITY PROFILE AT OUTLET = [23] 1uutteutieriieiniieenite ettt e siteesiteesiteesaeeesiteesaseesasesssseessseesuseesusessnseenns 8
FIGURE 3 - VORTEX ROPE AT HIGH LOAD[24] «.eetiutteeieiitteseitee e siteeeesiteeeseitteeesatteeesateeessaseeessnsseeesnnsaeesnnssesssnnsaeesssseessnsseeesnssees 8
FIGURE 4 - VORTEX ROPE AT PART LOAD [24] wrveeieiiieiiteeiee e e eecittee et e e eetabtee e e e e e esaabaeeeeeeeeseasbasaeeseeesansbasaeeseesseasstseeeeessenssareneas 8
FIGURE 5 = RESONANCE [44] ... niieieeciiiee ettt e et e ettt e e sttt e e sttt e sttt e e saba e e s saateeesabaeeeeabaeesnaseeessabaaeeannbaeesassaeessnbeeeesnnsaeesnnnees 12
FIGURE 6 = RUNNER ...vtetuttesuteesiteeeteesuteesstaessteesseesataesnseesateesasaesaseessssesaseesnseesasaesasaeensessnseesaseessssesnseeenssesnsesenssesnsessnseennsenen 13
FIGURE 7 - RUNNER WITH RUNNER CONE EXTENSION ... uuvveeuteeeuteeesssessseeesseesssesassessnsesesssssssesessessssssesssssssssesssssnsesesssessssessssssnseees 13
FIGURE 8 - ANALOG TO DIGITAL SIGNAL
FIGURE 9 = 1.5 SAMPLES PER CYCLE 1. .uvvesuveeeveesureseseesssesesseesssesesssessesessesssesasssssssssesssssssssenssssssssesssssnsssesssssnsssesssesssesesssssnseees
FIGURE 10 = 2 SAMPLES PER CYCLE 10 uuvteeuteteuveesuressseesseesnseesssessnseessessseessesssssssnsesssssesssessnsesssesssssesssesesssesssesesssesssesssaesnsens
FIGURE 11 - BIT RESOLUTION ON A SINUSOID [A5]..eiiiuteeeiiiieeieiiieeesoiteeeesteeesstteeestaeesesteeesnsseeessssseesssssesesssssesssnssesesssseessnnnees 16
FIGURE 12 = ALIASING EXAMPLE ..veteuvtesuteesseesstessseesssessnseesssessnseessessnseesssessnssssnsssssssssssessssessnsssesssssssesenssssnsesenssesnsessnssesnsenes 17
FIGURE 13 - WINDOW FUNCTIONS-FLAT TOP, HANN, HAMMING AND KAISER.....ccuvveteiureeeerureeeennreeesnreesesareeesssnesssseeessssssessnnnees 19
FIGURE 14 - SPECTRAL LEAKAGE [43]..uttiiiiiiieeeitteteeitteeestteesstteeestteeeesuteeessssteeessaeeeassteeesassseessnssaesasssaeesasseeeesnseeessnsseeesnnsees 20
FIGURE 15 = HARMONIES ...eeuvtesutetiuttesteeeteestesssseesstessseesssessnsaesasesssseesssessnssesnsessnsessnsessnsessnsessnssesnsesensessnsesensseensenesssennsens 23
FIGURE 16 - HISTOGRAM-= PEAK TO PEAK......veeetttesteeeteeesseesseeessseassesasssesssesasssessssassseessssessesssssesssesssssesssssnsssesssesssssessessnsenes
FIGURE 17 - ENTHALPY-ENTROPY DIAGRAM ...eeeuteteutierteeenueessesesseesssesenseessesssseesssessssessssessssessnsesssssssnsssesssssnsesenssesssesenssesnsesn
FIGURE 18 - LEIRFOSSENE TURBINE 2 OVERVIEW ...euvveeuteeeueesssesesseessesasssessesasssesssssassssessessnsessssssesssssssssasssssssesessessssessssssssses
FIGURE 19 = IMIEASUREMENTS SETUP ..ceuuteteuteesutessnseesuseesnseesssessnseesnsessnseesssessnssssnssssnssssnsessnsessnsessnssssnsesenssssssesenssesnsesessassnsens
FIGURE 20 - LOCATION OF INLET TEMPERATURE SENSOR, PRESSURE INLET-, PRESSURE TEMPERATURE INLET SENSORS
FIGURE 21 - HIGH PRESSURE PROBE [49] .. uuutttriiieiiiiiitiieieeeeeieiiiteeeteeesesaateeeseeesessssbasseesesesesssassesseeesassssssesesssesssresesesssenssnnes
FIGURE 22 - LOCATION OF OUTLET TEMPERATURE SENSOR ....vveeeeutreeerureesesuseeessssreeesssseessssseeesssssesssssseessnseeesssssesssnssesssssseesssssnes
FIGURE 23 - TEMPERATURE SENOR AT INLET .vteeutttettesreeeseesssesenseessessnseessessnsessnsessnsessnssssnsessnsesssssssnssssnssssnsesenssesssesensassnsess
FIGURE 24 - LOCATION OF PRESSURE SENSORS IN DRAFT TUBE .....eteuvteruteeeteesuteeasseesseeesseessseeesseessesesssesssesesssesssesesssesssesenseesssenes
FIGURE 25 - LOCATION OF VIBRATION SENSORS ..cceeeteiuutetteeeesesaauusreeeeessaaauussenesesssasausseseeesesesanmssseeesesssanmssenesesssasannseseeeessesannne
FIGURE 26 - LOCATION VIBRATION SENSOR V3 & VA ...ttt ettt ssnn e s s e s e amn e e snnnes
FIGURE 27 - RAW TEMPERATURE OUTPUT 1uvteeuteteuteesteseseesssessnseessessnseesssessnssessesssssssssessnssssnsesesssssssesenssssssesesssesssessssassnsenes
FIGURE 28 - EFFICIENCY MEASUREMENT LEIRFOSSENE TURBINE 2.....eeeuteteteerreeenseesteeesueessteeesseessesesseesssesesssesssesesssesssesesseesssesss
FIGURE 29 - EFFICIENCY MEASUREMENT - TOTAL UNCERTAINTY .....utttittteeeaaiuetteeeeeesesanteeeeesesesaunneneeeeesesannnnseneeesssasanssenesesssanannnes
FIGURE 30 - HEAD LOSS CURVE LEIRFOSSENE TURBINE 2 ....ceeiiiiieirureteteseieiiiretetesesesnrereeeeesesemnaneteeesesesnnnasesesssesnnnesesesssessnnnes
FIGURE 31 - FFT FOR ALL MEASURED OPERATIONAL POINTS - DT1 [OHZ-800HZ]
FIGURE 32 - FFT FOR ALL MEASURED OPERATIONAL POINTS = DTL [OHZ-7OHZ] ...cceeeeireeeee ettt ettt e e e e
FIGURE 33 - RHEINGANS FREQUENCY INTENSITY DTL ....eiiiiieiiiiiiieeet ettt e ettt e e e e e sttt e e e e e s e e e e e e seannreeeeeeesesannnes
FIGURE 34 - RUNNER FREQUENCY INTENSITY DT2 ciniiiiiiiiiiiieiitetee ettt ettt s et e e st e e e s s msrae e e e e e s e s nnnes 61
FIGURE 35 - RUNNER VANE FREQUENCY INTENSITY DTL ...eiiiiiiiiiiiiiieee ettt e e sttt e e e s e sttt e e e e e e semier e e e e e e sesannreeeeeeesesannnes 62
FIGURE 36 - RUNNER VANE INTENSITY AT 0.83¢ Q70 c..eetutiieiieiiiteiie sttt erite sttt eseteste e s et e sbeessbeesabeeesasesbeeessaesbeeesssessseeesssesnsenas 62
FIGURE 37 - RHEINGANS FREQUENCY INTENSITY DEVELOPMENT .....uutttttteeeaeutttteeeeesesanteeeeeeesesanssneeeeesesannnseeesesssasanssenesesssanannnes 62
FIGURE 38 - PEAK PRESSURE COMPARISON SENSOR DTL AND DT2 ...ceiuiiiiiiiiiiieiiie ettt esiee et sttt saee st sane st e e saaesnee s
FIGURE 39 - PEAK PRESSURE COMPARISON SENSOR DT3 AND DT ....ciiiiiiiiitiiee ettt ettt e ettt e e e e s e e e e e e s e
FIGURE 40 - PEAK PRESSURE COMPARISON SENSOR DT5 AND DT6 ...ceeuviiiiieiiiiiiiesiteeiteesiteesite st seee st sieesbe e sasesbeeeseaessee s
FIGURE 41 - PEAK PRESSURE COMPARISON SENSOR DT7 AND DT8 ....ciiiiiiiiiiiiiieee ettt et ettt e ettt e e e e e s sanree e e e e e e e sannee
FIGURE 42 - INLET VELOCITY CONDITION BEFORE BEND ....ceeuvtesuteeeueesteeeseesseeenseesseessseesssesesseessesesssesssesesssesssesesssesssesesssesnsenes
FIGURE 43 - PRESSURE PEAK VALUES W/WITHOUT AIR INJECTION—0.46 - Qn

Xiii


https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539800
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539801
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539802
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539803
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539804
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539805
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539806
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539807
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539808
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539809
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539810
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539811
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539812
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539813
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539814
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539816
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539817
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539819
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539820
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539821
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539825
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539826
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539827
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539829
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539831
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539833
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539834
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539835
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539836
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539837
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539838
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539839
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539840
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539841
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539842

List of figures

FIGURE 44 - SPECTROGRAM WITHOUT AIR INJECTION ....c.vterttenteenttentteneeeseesseesseereenesenesenesaeesseesseenseenssemeessessseesseensesnsessessesnnes 70
FIGURE 45 - SPECTROGRAM WITH AIR INJECTION ...vtuuveutettenueeteenseeusesutesueanseanteensesusesasesseesueesseenseensesnsesssesseesseensesnsesssesnsesnees 70
FIGURE 46 - PRESSURE PEAK VALUES W/WITHOUT AIR INJECTION = 0.58 * Q70...c.veiuiriieiieieieniiienieeieeeeee e 72
FIGURE 47 - SPECTROGRAM WITHOUT AIR INJECTION . ...euttetteteetteuteeutesutesstasseenteentesasesasesaeesueesseenseensesusesssesseanseensesnsessessesnees 73
FIGURE 48 - SPECTROGRAM WITH AIR INJECTION ..eveureireseeteettenseeneeeseesseesseensesssesasesssesseesseesseenseenssensssnesssessseensesssesssessesnees 73
FIGURE 49 - FFT WITH AND WITHOUT AIR INJECTION-SENSOR DT4.....cuiiiuiiniieteeteeieeie st sttt e st sttt et satesbeesbeebeebesasesasesaees 75
FIGURE 50 - VIBRATION AT TURBINE COVER FOR ALL LOADS «..cuveeutieurieneieneenseereeseenesasesssesseesseesseenseenssenssssessseessesnsessessessnesnees
FIGURE 51 - VIBRATION INTENSITY OF RUNNER FREQUENCY .....uueeutteutteuteeutenteenteeteetesatesasesatesueesseesseensesusesssesseanseensesnsesnsesasesaees
FIGURE 52 - PRESSURE INTENSITY OF RUNNER FREQUENCY-DT2

FIGURE 53 - VIBRATION INTENSITY OF RUNNER VANE FREQUENCY ......cteutieutentteteeteetestesutesatesueesseenseensesusesstesseesseensesnsesnsesasesaees 77
FIGURE 54 - PRESSURE INTENSITY OF RUNNER VANE FREQUENCY DT2 ....ciiiiiiiiiiiieieniente ettt 77
FIGURE 55 - AXIAL VIBRATION ON TURBINE COVER AT 0.46 = Q70 ....eeiiiiiiiiiiiiieiee ettt ettt ettt e s 78
FIGURE 56 - PRESSURE PULSATION DTL AT 0,46 * Q71 ..uvveeeiiieiiiiieeie e ettt e e e e e sttt e e e e s e s eataaae e e e e e sesnataeeseessessnnsaneeasssessnnnns
FIGURE 57 - WATERFALL PLOT -PRESSURE SENSOR DT ...cuiiiiiiuiiniieniienteeteeiestesite st eseeeseeeneeeatesaeesaeebeenbesnsesneesaeesneesseeneeenes

FIGURE 58 - WATERFALL PLOT -PRESSURE SENSOR DT2 ...
FIGURE 59 - WATERFALL PLOT -PRESSURE SENSOR DT3 .....uitiiiieiiiieiiiieeeriiee e sttt e ssaveeeesteeessareessnseeeesnsaeessnsnesesssneesnnsenesanns
FIGURE 60 - WATERFALL PLOT -PRESSURE SENSOR DT4 .....uviiiuiiiiieeiiiesieesteeesieesteesteesabeesseesabessseesstessnsessssessnsessnsessnsessnnes
FIGURE 61 - WATERFALL PLOT -PRESSURE SENSOR DT5 ...uitiieiiiiieeiiiiesesiteesesiteeesseteeeestteeesaeeessnseeeesnsaeessnsnesssnsnessnnsenesnnns
FIGURE 62 - WATERFALL PLOT -PRESSURE SENSOR DT ...ccuveiiiiiriiieeiiiesiieesieeeieesieesseesteesseesabeesseesssessnsessssessnsesssessnsessnnes
FIGURE 63 - WATERFALL PLOT -PRESSURE SENSOR DT7 ..eiiitiieieiuiiiesiiieeesiteeeesiteeesenaeeessnbeeeesaseessnseesesssaeessnsnesssnsseeesnnsenesnnns
FIGURE 64 - WATERFALL PLOT -PRESSURE SENSOR DT8 ...
FIGURE 65 - LABVIEW FRONT PANEL PRESSURE ...vvteeuutteeesureeessssseeesssseeeesseeesssssessssssesssssesesssssesssssssessssssessssssessssssneessnssesssnns
FIGURE 66 - LABVIEW FRONT PANEL TEMPERATURE .....vvteuteesuteesseeseteesseesnseesseesssesssessssessnsessssessnsesssessnsessssessnsessnsessnsessnnes
FIGURE 67 - LABVIEW FRONT PANEL EFFICIENCY w.tvteeuuvteeesureeeeassseeesauseesessseeessssseessnsssesssssenssssssesssnssssssssssessssssesssssneessnssesssnns
FIGURE 68 - LABVIEW SIGNAL INPUT ....uttteuteesureeeseesteesseessteessessssesssessssesssessssessnsessssessnsesssessnsessssessnsessssessnsessssessnsessses
FIGURE 69 - LABVIEW BLOCKDIAGRAM = WRITE TO TDIMS =TIMER......uteteitieeeeereresaueeeestteeesssreeessnseesesseessssssessssssneessnsenesnnns 111
FIGURE 70 - LABVIEW CODE TO CALCULATE THE EFFICIENCY

Xiv


https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539848
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539854
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539855
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539864
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539865
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539866
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539867
https://studntnu-my.sharepoint.com/personal/stiangs_ntnu_no/Documents/Masteroppgaven/10-Rapport/Final%20Report_FINAL_v2.docx#_Toc454539868

List of tables

List of tables

TABLE 1 - TURBINE AND GENERATOR SPECIFICATIONS. c...ttteeeutteeesureeeensreeesssssesessuseeessseeessnssesesssssessssseesssssesesnsssesssssseesssssseessnsees 1
TABLE 2 = BIT RESOLUTION .uvteeureteuttesuseeeseessesenssesssesssssessesssssesssessnsssssessnssesnsesssssssessnssssssesssssesssesesssesnsesesssesnssesssesnsenes 16
TABLE 3 - FLOW MEASUREMENTS METHODS ....cvtttteeteauuerttetesesanuuteteeesesasastesteeeesssaassssaeesesssassssaeesesssasasnsssesesssesannsesaeesssesannnes 28
TABLE 4 - REFERENCE HEIGHTS AT LEIRFOSSENE .....eeuvteeutttetresteeenseessseessseessseessssessesssseesnsesssssesssesssssesssesenssesssesesssesssseessesnsens 39
TABLE 5 - OVERVIEW OF TEMPERATURES, VIBRATION AND PRESSURES ... .vvteteureteenurreeesreeessnuseeesssssesssssseeesssseessssseesssseeessssenessns 40
TABLE 6 = TIME SCHEDULE e euvteeuteeettesteeeteesteeenssesseesssessseessssessseesssesnsessnssesnsessnseesnsessnssesnsesssssesnsesenseesnsesesssesnsseessseensens 41
TABLE 7 = RUNNING SCHEDULE ...uvtteutteeuteeeseestesesseeesesassessesessseassesssssssssassssssssassssssesesssssnsssssssssnsssessssensesesssesnsesssssessssees 41
TABLE 8 - CALCULATED EXPECTED FREQUENCIES

TABLE 9 - TEMPERATURE SENSOR OVERVIEW ...eteuuvteeeurueeessereeessuseessssseeessssseeesssnesssossesssnssseesssssesssssssesssssesessssssessssseesssssenesnnns
TABLE 10 - PRESSURE-AREA OF INTERESTS ...uvveeutttestteesteessseessseeesseesssessnssesnsesssssesnsesssssesssesssssesssesssssesssesenssesnsesesssesssessnssssnsess
TABLE 11 - PRESSURE TRANSDUCER OVERVIEW

TABLE 12 - PRESSURE MEASUREMENTS HARDWARE OVERVIEW ....eteuvveeuteteieeeteesnssessseeesseesssesesseesssesssssesnsesesssesnsesesssssnsessssessnsess 46
TABLE 13 - ACCELEROMETER INFORMATION ...veteiuuvteeesureeesasureeessnsseesssseeesssssessssssnesssnsesssesssesssssssesssssssssesssseessnssnsssnssnesesssesesnns 47
TABLE 14 - VIBRATION MEASUREMENTS HARDWARE OVERVIEW .....uvveeeiureeeesereeessuenesessseeesssseessssssesssnssessesssesesssssnesssssessssssenesanns 48
TABLE 15 - VIBRATION SENSOR MOUNTING INFORMATION ...vveeuteteurerresenseesssesssssesssesesseesssesssssesssessnssesnsesenssesssesesssssnsessnssssnsens 52
TABLE 16 - NOMINAL PARAMETERS TURBINE 2 LEIRFOSSENE ...vvteeuuvteeesurreeesereeessuenesesnsseessssseeesssssesssssseesssssesessnssnesssssessssssenesanns 57
TABLE 17 - THE PERFORMED MEASUREMENT POINTS w.veeuvtteutreenseeenuresssesenseeessessnsessssessnseesnsessnssesssesssssesnsesssssssnsesesssssnssssssesnsenes 57
TABLE 18 - NORMALIZED EFFICIENCY VALUES ..ttt euuvteeeurteeeaereeesauseesessseeesssssesessssnesssnsseesassseessssssesssssssesssssesessnsssesssssesesssssnesnnns 58
TABLE 19 - PEAK PRESSURES ALL SENSORS FOR .46 Q70 .....uveiuiiiiieiiiiieniieesietesitessiaeesiaessteeesiaessseessssesssasesssesnsesssssssnsessssseensenes 64
TABLE 20 - PEAK PRESSURE AT BEP ALL SENSORS

TABLE 21 - PEAK PRESSURE VALUES 0,46 Q70..c.uuviiureetitesiresitieesite sttt esieeesteessssessesssssesssesssssesssessnssesnsesesssesssesessssnsesssssesnsens
TABLE 22 - PEAK PRESSURE VALUES 0.58 Q70......uuvtiieiiieeieiieeeeeitee e stteeesetee e eeatee e e sateeeessteeesennaeessnnaeesensseeesanssnessnssnessnsenesanns
TABLE 23 - RANDOM UNCERTAINTY ACCORDING TO IECB004L........eeeeiiiiiieeieeeriee sttt esieesteessieesbeesnieesabeesnseesbeesnseesssessnseesanes 100
TABLE 24 - RANDOM UNCERTAINTY OF MEASURED QUANTITIES ...uvvvrteeeeteiiinteteteseseiireteteeesesnsreteses s s ssnrenesesssesmnnanesesssennnnes 100
TABLE 25 - DEADWEIGHT CALIBRATION TESTER ..cteteetiuututteeeesesauturteeeesesaauneseteeesssaaunsseeeeesssasnnseeesesssasannseneresssasannsenseesesesannne 146

XV






Nomenclature

Nomenclature

Symbol Description Unit
A Area m?
a Isothermal factor m3/kg
n Rotational speed rpm
C velocity m/s
Cp Specific heat capacity J/kg-K
D Diameter m
E Energy J/kg
e Absolute uncertainty Depends on the input
f Frequency Hz
f Relative uncertainty -or%
g Gravitational acceleration constant m/s?
H Head m
h Enthalpy J/kg
n number of samples -
p Pressure kPa
Q Flow m3/s
S Standard deviation Depends on the input
S Entropy J/(kg - K)
t Time S
t student t factor -
T Temperature K or °C
Height m
Zyy Number of runner vanes -
Zgy Number of Guide Vanes -
A Used to expressing a difference Depends on the input
Density kg/m3
n Efficiency -or%

XVii



Nomenclature

Subscripts and Abbreviations

Symbol Description
BEP Best Efficiency Point
CFD Computational Fluid Dynamics
FFT Fast Fourier transform
gv Guide vane
h Hydraulic
HL High load
k Kinetic
i Matrix denotation
m Mechanical
NTNU Norwegian University of Science and Technology
PL Part Load
pot Potential
RSI Rotor Stator Interaction
rv Runner vane
th Theoretical
t Thermal
1 Hydraulic Inlet
11 Mechanical inlet
2 Hydraulic outlet
21 Mechanical outlet

XViii



1. Introduction

1 Introduction

In the early 1990s, a new law was implemented in the Norwegian energy market. The law opened
a free market for sale and purchase of electricity both within Norway and Europe. [2] By exposing
the market to competition, supply and demand became the method of controlling the price. This
has directly affected the way power plant owners have run their turbines ever since. Before the
1990s, the turbines were typically run at their Best Efficiency Point (BEP), only stopping for annual
maintenance. Since 1990 the situation is quite different. Some turbines are being stopped and
started several times a day as well as being run outside of their BEP.

Turbines are designed to run at BEP, this ensures a steady and continuous operation with an ideal
flow through the turbine, resulting in a high efficiency. By running turbines outside of their BEP,
the ideal flow is disrupted, introducing pressure pulsations and flow patterns that can create
serious operating challenges. Challenges concerning fatigue, cavitation, vibration and noise can
occur and can be devastating for the operation of the power plant. In recent years, this has
resulted in failures on both old and new runners, causing costly maintenance and downtime of
the power plants.

Leirfossene is a new hydropower plant located in Trondheim, Norway. However, since the start
one has experienced issues with powerful vibration during part load operation. The vibration are
so strong that it travels through the bedrock and disturbed those who live in the area. Statkraft,
the owner of the power plant, has challenged NTNU to come up with a solution to the vibration
and noise issue at Leirfossene hydropower plant.

The objective of the thesis is to perform efficiency and pressure pulsation measurements at
Leirfossene power plant.

This master thesis was originally supposed to evaluate the effect of a freely rotating runner cone
extension, designed by PhD candidate Peter Joachim Gogstad, on the pressure pulsation and
efficiency of the turbine. However, the measurements with the freely rotating runner cone
extension could not be conducted due to unexpected challenges and the delay that followed
because of it. Instead, Efficiency, pressure and vibration measurements were performed without
the runner cone extension. The measurements are focused on steady state operating conditions
and will evaluate the effect of air injection as a mean of reducing pressure pulsations in the
system. The efficiency measurement is based on the thermodynamic method and follows the
international IEC 60041 standard [1]. Only the relative efficiency is presented due to
confidentiality.
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Pressure and vibration measurements are used to determine the source of pressure pulsation
and vibrations in the system. Through analysis of the measurements one is able to investigate
the intensity of the pulsations. When these measurements are performed regularly it can be
useful in estimating the turbines maintenance interval and its lifetime. In this thesis the
measurements will be used to determine the effect of air injection on the system as well to track
frequencies and its intensity at different operating conditions.

Efficiency measurements are performed as part of the commissioning process of new turbines to
ensure that the manufacturers design guarantees are met. In the course of the turbines lifetime
it is common to repeat efficiency measurements with regular intervals to ensure the turbines
condition and to have an accurate efficiency in order to accurately predict the potential financial
gain. When experimenting with equipment to reduce pressure pulsation it is important to
monitor the effect on the turbines efficiency. The higher the efficiency, the higher the potential
financial gain for the power plant operator. However, if the means of reducing pulsation reduces
the efficiency significantly, one might be better off using another method that still maintains a
higher efficiency. The life cost analysis involved is an important part in considering which solution
is best suited for each power plant, while still earning the operators most money.
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1.1 Leirfossene power plant

Leirfossene power plant, built in 2008, is
located close to the city of Trondheim,
Norway, and is part of a network of three
hydro power plants taking advantage of
the flow in the river Nidelva. The river is
placed under strong regulatory laws
controlling the minimum flow of the river.
Of the three power plants, Leirfossene is
considered the main one. The two other
plants are considered to be small hydro

power plants, only taking advantage of the

minimum flow of the river. The plants are igue 1- Mine hall Leirfossene
operated by Statkraft and have a combined

power capacity of 45 MW annually Turbine 2

producing 195 GWh. Leirfossene on its Producer Andino

own has a power capacity of 45MW Type Vertical Francis

divided over two Francis turbines with a Rated head 58m

power of 29MW (Turbine 1) and 16MW Rated speed 333.3 rpm
Runaway speed 640 rpm

(Turbine 2). Annually the plant produces
150 GWh, enough to supply 10000 Rated Power 1MW

households with electricity. [3] Figure 1 Runner blade 11
shows the machine hall with the generator Rotational direction Clockwise
top for both turbines. Generator 2
Producer VG Power
Shortly after the turbines were put into Rated Power 18 500kVA
operation, it was discovered that the Rated Voltage/Current 7000V /1526 A
Rated power factor 0.89

power plant is the source of vibrations
that propagate through the bedrock, Table 1 - Turbine and Generator Specifications
disturbing the residences in the surrounding area. The following investigation determined that
the turbine was not optimally designed for its operating conditions. Especially under part load
conditions, vibrations and noise caused by low frequency pressure pulsations in the draft tube
can be noticed. Table 1 displays the technical information about the investigated turbine 2 and
the corresponding generator.
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1.2 Previous work
The following paragraphs will highlight some of the previous work published on both pressure
pulsations and efficiency measurements.

1.2.1 Pressure pulsation

Pressure pulsation in reaction turbines is a well-documented field of study, and has been
observed in turbines build as far back as 1912. One of the first to supply technical data on the
subject was W. J. Rheingans back in 1940 [4]. The work presented the phenomena of power
swings in hydroelectric plants, caused mainly by the occurrence of pulsations due to draft tube
surges. One important subject of the publication is the relationship between the magnitude of
the pulsations and the natural frequency of the operating components, and the consequence of
these two reaching the same value.

Oftebro and Lgnning publication in 1967 discussing pressure pulsations in Francis turbines [5].
This paper focuses mainly on pulsations caused by the interference between guide vanes and
runner vanes in a Francis Turbine, commonly known as the Rotor Stator Interaction (RSI). At this
point, the pressure pulsation itself were not considered to be damaging to the machinery. The
focus was rather on the sound and vibrations caused by the interference, and the harmful
frequencies associated with it.

PhD student Einar Korbo studied pressure pulsations in Francis turbines, [6]. A significant part of
his research was to establish the connection between the pressure pulsations in Francis model
and prototype runners, with main focus on steady state operations. Master students Anders
Terklep [7] and Sigurd Haga [8] have studied effects of dynamic load variation during start-stop
procedures.

Vibrations are believed to be directly related to the pressure pulsations in the turbines. However,
not much research has been published on vibrations in Francis runners. Previous work by Master
student Frode Kjgsnes at the waterpower laboratory focused on the measurement the natural
frequencies of a circular disc in air and water [9]. Kjgsnes tried to determine how the natural
frequencies of a circular disc are influenced by nearby rigid surfaces when it is submerged in
water.

In 2007, a research team from China an experimental investigation of pressure fluctuation and
vibration in a large Francis turbine [10]. They performed measurements at the Three-gorges
hydropower Plant in China, investigating vibrations at unsteady flows. This research concluded
that reducing the pressure pulsation intensity would also reduce the vibrations in the system.
“Flow induced pulsation and Vibration in Hydroelectric Machinery” by Dérfler, Sick and Coutu
(2006) [11], as well as the IEC 60994 [12] standard has been used extensively in addition to the
publications.
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1.2.2 The thermodynamic method

Efficiency measurements have been researched extensively over the last century. Today, several
different methods exist and are acknowledged by both the research community and the industry.
Among others, the pressure time method, current meters and the thermodynamic method.
There are multiple reasons for performing efficiency measurements.

I. Itisimportant for the production companies to predict their production in order to meet
the demand in the market. Based on that knowledge, the plants profitability can be
estimated. [13]

II. It has become more and more common to state an efficiency guarantee in the contract
when new turbines are commissioned. An important part of the contract is the
specification of the accepted uncertainty in the measurement of the promised efficiency
of the turbine. It usually also states which method of efficiency measurement is to be
used. [13] If it is determined that the efficiency of a new turbine is too low according to
its specifications, the operator might be entitled to financial benefits from the
manufacturer.

lll.  Efficiency measurements are used to monitor the condition of the turbine. If an unnatural
drop in efficiency or a decreasing trend is observed, one can assume that there is an issue
in the plant that has to be taken care of.

Campas and Willim developed the thermodynamic method for measurement of efficiency in
turbines and pumps in the 1950s. The work they presented laid the foundation for the
thermodynamic method used in the standard IEC 60041. [1] A key component in the
thermodynamic method is the accurate measurement of temperature. IEC 60041 states that the
temperature has to be measured with an accuracy of at least 0.001K. The accurate computation
of the flows heat capacity, absolute volume and isothermal factor are essential for obtaining
accurate efficiency measurements [14] [15]. Herbst and Rogener together with research
institutions, [1] determined the computed parameters used in the standard today.

The IEC 60041 standard was published in 1991 and has since not been updated. Hulaas and
Vinnogg discussed in their paper presentation in 2010 during IGHEM [28] that it is time to revise
the standard. They pointed out that it has been in use for a while and that the experience from
users should be taken into account more. They also presented specific suggestions to be specified
in the standard. This included the use of collecting vessels to avoid kinetic friction from the water
to the sensor and that one should use the absolute temperature rather than a constant relative
value when discussing the relative uncertainty in the draft tube.[16]
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Research in Norway has traditionally focused on the thermodynamic method because the
conditions at most of the power plants are favorable for these measurements. In recent years it
has become more common to explore other methods like the Pressure-Time method and the
current meters method. These methods are used especially on low head power plants where the
uncertainty of the thermodynamic method increases with the reduction of head. The IEC 60041
recommends a minimum head of 100m, unless the conditions are highly favorable. One of the
requirements of the thermodynamic methods is that the temperature is not allowed to have an
temperature increase of more than 0.005K per minute. [1]

The publication “Uncertainty analysis of Pressure-Time measurements”, 2006 by H. Hulaas and
0.G. Dahlhaug [17] highlights the lack of research on the Pressure-Times method and especially
the uncertainty around the measurements compared the Thermodynamic method. Ph.D
Canidate Jgrgen Ramdal published his doctoral thesis in 2011 about “Efficiency measurements in
low head hydro power plants”[18] where efficiency measurements using both the pressure time
and the thermodynamic methods are compared and evaluated. Ramdal also did experiments
were he challenged the norm of the geometrical properties the IEC standard had set for the
pressure time method. His findings support O.G Dahlhaug and T. K. Nielsen publication from 2006
[19] that the thermodynamic method for measuring efficiency is reliable for low head power
plants down to 50m head as long as the conditions are favorable. The ongoing research by PhD.
Candidate Peter Joachim Gogstad at NTNU has focused on the effect of installations that reduce
pressure pulsation has on the efficiency of the turbine.

For the execution and setup of the efficiency measurements the Standard IEC 60041:1991 Field
acceptance test to determine the hydraulic performance of hydraulic turbines, storage pumps
and pump turbines [1] has been used extensively, as well as “introduction to engineering
experimentation” (2004) by Wheeler, A.J. and A.R. Ganiji [20].
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2 Theory

The theory regarding pressure pulsation and vibration, is taken directly from the earlier
published Semester Project with the title “Pressure oscillations and Vibration in Francis
Turbines”, in agreement with co-author Magomed Selmurzaev [21]. Some of the theory has been
processed, rewritten and/or extended to suit the purpose of this master thesis.

Pressure oscillation in combination with mechanical imbalance is the main source of vibrations
in hydropower systems. Pressure pulsations always exists in a turbine system. The efficiency of a
turbine is mainly affected by three phenomena: pressure pulsations, sand erosion and cavitation
erosion. In addition to reducing the efficiency of the system, pressure pulsations expose the
system to vibrations and large mass movements. The consequence of the loads acting on the
turbine will eventually lead to damage and fatigue.

Itis therefore important to perform pressure and vibration measurements to in order to compute
which frequencies are present in the system. This makes it possible to track the frequencies over
time. If the frequency changes or the frequency intensity increase, it may imply that something
is damaged and precautions can be taken before fatal system failure occurs.

2.1 Pressure Pulsations

A turbine is originally designed to run at its best efficiency point (BEP). Per definition this is the
point at which the turbine, for a given flow and head, operates at maximum efficiency. At this
point, the only pressure pulsation present is caused by guide vane and stay vane interaction in
the vanless space. Running outside BEP, however, introduces several other phenomena in the
system, such as vortex shredding and separation of the flow at the inlet and outlet of the runner.
Operation at overload has shown to give fluctuations of periodical nature, while low load
fluctuations occur stochastically. Running the turbine at part load is more damaging as the
fluctuations are of significantly higher intensity.

Several things determine the extent of the pulsations; the operational state of the turbine, the
design of the machinery and the dynamic response of the system. During start and stop operation
the turbine is exposed to pressure pulsations of low frequency.

In this chapter, the two main sources of pressure pulsations and vibrations will be presented.
These are rotational dependent pulsations, related to the rotational speed of the runner, and
elastic pulsations, caused by hydraulic instabilities often related to system inequality. When
analysis pressure data, the result is often presented in the form of frequencies diagrams. The
different frequencies can usually be related to a specific source in the system. The different
causes with their related frequencies as well as the area of occurrence are described below.[31]
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2.1.1 Runner frequency

This is the frequency caused by the rotation of the runner. Each element is exposed to constant
pressure variation, switching from pressure side to suction side of the blade. This creates a
pressure field rotating periodically with the speed of the runner. The runner frequency (Eqg. 2-1)
is considered to have a low amplitude and can be considered constant due to the uniform shape
of the runner and normally operating at the same rotational speed. However, if the runner is
damaged, e.g. erosion, cavitation, breaks or the generator/shaft is poorly installed or damaged,
the frequency amplitude will increase. [31][33]

n
— . 2_
fan = 20 [Hz] (Eq. 2-1)

2.1.2 Runner vane frequency

A pressure pulse is created every time a point on the impeller vane passes the same guide vane.
The amplitude of this frequency is dependent on the distance between guide vanes and runner
vanes, and thus the guide vane opening is of great influence. During steady state conditions, this
is the dominating pressure oscillation in the system (Eq. 2-2). [31][32]

frv = fa * 2y [HZ] (Eq. 2-2)

Due to the constant presence, these forces will inflict abrasion on the runner even at low
frequency.

2.1.3 Guide vane frequency

Every time an impeller vane passes a guide vane it will undergo a pressure pulsation. This is due
to the pressure difference between the two sides of the guide vane, which is exposed to suction
on the inside (flow inlet area), and pressure on the outside. The effect can be reduced by
increasing the distance of the vanless space, as the amplitude is predominant at high guide vane
angles. The magnitude of the frequency is dependent on number of guide vanes (Eq. 2-3). [31]

fgv = fa* Zgv [Hz] (Eg. 2-3)

It is important to avoid Rotor-Stator-Interaction (RSI) at several locations of the runner at the
same time. This will lead to amplification of the pulsations, since several shock propagation waves
occur at the same moment. The phenomena is well described in Symposium on Hydraulic
Machinery and Systems [22].
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2.1.4 Rheingans frequency

Described by Rheingans in 1940 [4], surge is one of the earliest researched pulsations problems
in the Francis turbine. Surge describes the pressure pulsation that exists in the draft tube because
of the flow exiting the runner with a tangential velocity. When the flow exits the runner at BEP,
it does not have a tangential velocity (no swirl), meaning the flow is parallel to the shaft axis. At
operation outside BEP, the direction of the outlet flow changes and creates a tangential velocity
component. Figure 2 shows the outlet velocity triangle at three different operating conditions:

I.  Best Efficiency Point (BEP) (Q = Q%)
II.  PartLoad (PL) Q<09
. High Load (HL) Q>0

The consequence of this is the occurrence of a vortex in the draft tube. Which way the vortex is
rotating is dependent on the operating conditions. At part load, the direction of the flow is the
same as the direction of the rotating runner, and opposite of the direction of the runner rotation
at full load. The pressure inside the vortex is lower than the pressure in the surroundings, with
creates pulsations every time the vortex passes a certain point on the wall. The amplitude
becomes dominant at part load, as the rope swings closer to the draft tube wall, amplifying the
oscillations. Equation 2-4 shows the expression used to determine the Rheingans frequency at
part load.

fr = f_” [Hz] (Eq. 2-4)

3.6

At certain conditions, a rotating cavitated vortex rope can occur in the draft tube. This vortex
rope can become so strong that they cause radial force fluctuation so great that they propagate
upstream through the runner. Worst-case scenario, the fluctuation coincides with the resonance
frequencies of the system causing even greater fluctuation. The fluctuation present under these
conditions are putting a lot of stress on the mechanical components in the system. Over time,
this will lead to failure.
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G

Figure 2 - Francis Turbine velocity profile at outlet - [23]

At high-load, a pulsating cavitated vortex core in the middle of the draft tube can occur. During
these pulsations the system is affected by pressure oscillation that in line with the part load can
propagate upstream of the runner as well. This might also surge the existing elastic fluctuations
in the water. It is important to be aware that surge will still be present even when the cavitated
vortex rope is not present. The effect on the system will however be less. [31][34]

Figure 4 - Vortex rope at part load [24] Figure 3 - Vortex rope at high load[24]
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2.1.5 Elastic fluctuations

An elastic fluctuation is a pressure oscillation that is not depended on the rotational speed of the
runner. In a hydro power plant, these oscillations are categorized as mass oscillation or water
hammer oscillations because of the moving masses of water oscillating in the waterway. These
fluctuations are caused by system inequality and mechanical errors. These elastic fluctuations
are always present in rotating hydro-machinery. The magnitude of the fluctuation is not directly
affected by the rotational speed of the runner, but amplifies significantly if the water masses in
the pipe are exposed to sudden pressure change. The most common source of sudden pressure
change is the adjustment of the guide vane opening. Altering the guide vane opening will
produces a change in internal pressure. These fluctuations in pressure propagate through the
water at the speed of sound. This will either accelerate or break the flow both downstream and
upstream of the runner, causing pressure oscillations in the system. [31] [36]

As the oscillations are closely related to the propagation of sound in water, the speed of sound
must be closely considered. Sound is a vibration that propagates through a medium in form of
mechanical wave of pressure, displacement or stress. The speed of the wave is therefore very
dependent on the internal forces of the medium it is travelling through, such as geometric shape,
elasticity and viscosity. The speed of sound is given by equation 2-5, p is the density of water and
K is the coefficient of stiffness/bulk modulus:

a= K/p (Eq. 2-5)

The bulk modulus is defined as the ratio of infinitesimal pressure increase to the resulting relative
decrease of the volume. This indicates that the speed of sound can vary significantly for the same
medium. In still standing water the speed can be approximated to 1500 m/s. However, a closed
pipe, with bends, valves and varying diameters will drop the velocity considerably. Equation 2-6
and equation 2-7 can be used to estimate the water hammer frequency. Flow passing obstacles
in the waterway will produce a pressure pulse, which is known to propagate to a free water
surface [22]. The distance L describes the distance from any rigid object, like the turbine, to the
free water surface.

Il (Eq. 2-6)

1 a
feimm (Eq. 2-7)
The phenomenon, known as water hammer oscillations, is an important subject when
considering high frequency pulsation. U-tube fluctuation have be considered when dealing with
water hammer oscillations. U-tube fluctuation occurs do to large water hammer oscillations,
travelling between the turbine and the surge chamber in a resonating manner. The initial u-tube
oscillations has the greatest amplitude, but will decrease over time due to the internal friction of

the system.
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2.1.6 Cavitation

Cavitation is a phenomenon that occurs in fast moving fluid. When the static pressure decreases
under the vapor pressure of the fluid, small vapor bubbles are created, that condensate and
implode with immense force when the pressure increases. This will usually happen at the outlet
of the turbine, typically at trailing edge of a runner vane. This force created from the cavitation
bobble imploding, is big enough to create visible damage to the runner. Eventually the turbine
has to be maintained to avoid erosive damage on the runner. [23]

Nowadays, it is common to design the turbines in a way that the cavitation happens in the draft
tube instead of on the runner. In Francis turbines, cavitation is known to be present especially
under part- and high- load operation. Cavitation is a leading factor in the formation of the vortex
rope. [25]

2.1.7 Von Karman Vortex shedding

Von Karman vortex shedding is a flow that starts oscillating when it interacts with a solid surface
at certain velocities. Vortex shedding is a known phenomenon in hydro power plants utilizing
Francis runners. Usually one will be able to observe vortex shedding at the trailing edge of the
stay vanes, guide vanes and runner vanes. This phenomenon will cause vibration and noise that
can govern the operation of the runner. Based on the work on the von Karman vortex, it has
become standard to design the trailing edges on the vanes in such a way that it reduces the vortex
shedding in the unit. (Eq. 2-8) [25]

fvortex = 190 100t + 0.56

The von Karman vortex shedding is one of the hardest frequencies to accurately detect, because
its amplitude usually is relative low and is highly dependent on the operating condition causing
the frequencies to drift when the velocity changes. [36]

10
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2.2 Vibration

Vibration is the periodic or random oscillations of physical back and forth movement and
fluctuations around a reference position. A frequency, measured in Hertz (Hz) describes the
number of times these motions complete a cycle within one second. Using the tuning fork as an
example, it produces one continuous steady frequency component even as time passes. This
makes it ideal to tune instruments, because it always recreates the same frequency. However, in
most mechanical components, especially in rotating and moving equipment, there will be
multiple frequency components in a vibration signal. An analysis has to be performed in order to
determine which frequencies are present. Most commonly, a frequency spectrogram is used to
plot vibration intensity against frequency.

As with pressure oscillations measurements, one looks for already known frequencies in the
system. This enables an operator to track vibrations and its source in the machine. Frequencies
with high amplitudes and the frequencies that can not be explained by already known
frequencies are usually the ones that should be further investigated [26]. Typically,
accelerometers will be used to measure vibrations. By integrating the accelerometers values, one
can determine both the displacement and the velocity of the vibration.

Consequences of not analyzing or investigating vibrations in a mechanical system can be severe
and can ultimately lead to system failure. During the last century, it has therefore become more
and more common for companies to invest large sums in the study of vibrations. Annual
measurements are performed and compared to previous sets of data in order to track the
frequencies in the system. This helps companies to better predict maintenance downtime and
avoid critical failures [10]. In a Francis turbine, system vibrations are most often caused by
unsteady flow, e.g. pressure oscillation, or mechanical imbalances.

2.2.1 Mounting of accelerometers

Choosing the accelerometer mounting position depends on the machinery, the axis of the
accelerator and the area to investigate. The sensitive axis of the accelerometer should be
mounted in the direction of the motion one wants to investigate. The sensor should be positioned
as close to the targeted area as possible in order to avoid other frequency components to
influence the measurements. For example, you would not place a sensor on the outside of the
car when you are investigating vibration from the bearing. [26]

The most common methods to mount accelerometers are: threaded stud, beeswax and cement.
Each method has their own advantages and limitations. Threaded stud requires the stud to
physically be drilled into the machinery. This method does not influence the resonant frequency
in any significant amount. This method is used when accelerometers have to be permanently
mounted to the machinery.

11
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Under certain circumstances one wishes to have a permanently mounted accelerometer without
drilling holes in the structure. The best option then is to fasten the sensor with glue, known as
cementing. It is important to use a hard glue, to avoid the glue acting as a mechanical filter by
lowering the resonance frequency.

Beeswax is a non-destructive mounting method where a thin layer of beeswax used to fasten the
sensor to the machinery. This method causes a slight reduction in the resonant frequency of the
accelerometer. The use of beeswax is limited by the surface temperature of the machinery
because wax will melt at around 40 degrees Celsius. This method is used when a non-destructive
method is preferred or when a quick setup is preferred. With the use of hard glue, resonant
frequency is lowered about the same amount as the beeswax.

2.2.2 Resonance

Resonance is a phenomenon where an " Amplitude

object or system gets in contact with " /A k¢ =0 noDunpin
another vibrating system that will force ‘ ” u —¢=0

the original system to oscillate and B /y \\/_{:m

amplify its frequency. [Figure 5] The

cause of the amplification of the

2: // A/)(\ £=03
/4N
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Amplification Ratio

oscillations is that the original system

¢ =1.0,Critical Damping
V4

has the ability to store the vibration
energy [35]. Over time, these

oscillations will lead to damage and
fatigue on the machinery, ultimately ' Frequency Ratlo 7~

SDJ 172507

causing total system failure. A well- Figure 5 - Resonance [44]

known example is the Tacoma bridge collapse in Washington. The bridge experienced forced
resonance due to high wind velocity that matched the natural frequency of the bridge, causing
the amplification of the oscillations that led to the collapse.
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2.3 Methods of reducing pressure pulsations

Current research focuses on finding methods of reducing and mitigating the effect of pressure
pulsations. It is common to distinguish between active and passive installations. Active
installations distinguishes themselves from passives installations because they requires
something to be continuously added to the system. Typical active installations use water and air
injections. These are often injected either through the hub of the turbine or through the wall of
the draft tube. Air injection will change the viscosity of the water in the draft tube.

Passive installations have the advantage that when they first have been installed, they are
considered permanent and do not need any additional control system to alter them. Traditionally
the development has focused on fins in the draft tube and runner cone extensions.

The common perception in the industry is that the effect of the installations are case dependent.

This means that some power plants may experience good results with the installations, whereas
other will experience no effect or aggravation of the pressure pulsation. Previous publications
[28],[29] display how both air and water injection can be beneficial at some operational points
and negative effects at others for the same turbine. The publication by March in 2011 showed
that turbines have experienced a substantial loss in efficiency, up to 4%.[27] It also states that
there is a correlation between the high flows
of injected air and increasing losses.

NTNU has conducted several published
experiments with runner cone extensions.

Ph.D Vekve as well as the ongoing work by &~ ;f ‘\
Ph.D. Canidate Peter Joachim Gogstad are /' \\
both noteworthy. Vekve performed initial N / \

model test measurements on a Francis — —

turbine with runner cone extensions of
different length and diameters in 2004[28].
He concluded that the runner cone with the

largest diameter and longest length had the / \
best effect on reducing the pressure "33:;. \

/ I |
pulsations in the model runner. ___/ \ \
k!

Furthermore, a full-scale test was conducted ' / \

i iy
on the Francis runner at Litjfossen Hydro / )
j y A / \

power Plant in Norway, showing a reduction ‘g\_ - s E

in pressure pulsation of up to 40% at part

load and a relative minor decrease in ) )
Figure 7 - Runner with runner cone extension
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efficiency of 0.5%. Vekve determined that the runner cone extension moved the initialization
point of the draft tube vortex rope further downstream in the draft tube. This limits the
longitudinal buildup of the vortex rope, reducing the amplitude of the rotating vortex rope and
thereby its intensity.

In most recent years, Ph.D. Candidate Gogstad has developed a freely rotating runner cone
extension (FRUCE). In 2015 he conducted experiments on a model Francis turbine utilizing a
FRUCE with different lengths. His results show a reduction in the pressure amplitude for some
cases during part load. It should be pointed out that the non-rotating runner cone extension
showed a greater reduction in amplitudes compared to the FRUCE [30]. An observation made by
Gogstad is that the highest tangential velocity in the draft tube is at 0.73Q/Qggp, While the
highest peak to peak values is found at flow rates lower than this. Gogstad, in collaboration with
Statkraft, is planning to perform a prototype test with a FRUCE at Leirfossene Hydro Power Plant
in the third quarter of 2016.

The theory behind the usage of the runner cone extension is that one introduces an object that
removes some of the area in the center of the drat tube [Figure 6 and Figure 7]. This forces the
axial velocity to increase, reducing the swirl number [30], hopefully reducing the pressure
pulsation amplitudes. Experience shows that runner cone extensions with smaller diameters can
have a lesser effect. This is possibly because of the runner cone extension not reducing the swirl
number as much. Some have experienced that the vortex rope initiates on the extension itself
when smaller diameters are used.

14
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2.4 Data acquisition

The goal of data acquisition is to sample enough information about the analog signal that one is
able to recreate the signal digitally. When acquiring an analog signal it is common to digitalize
the signal to be able to store large amounts of data and to have it easily available for data
processing. In data processing, it is common to use frequency analysis as a means of displaying
and identifying frequencies and their amplitudes in the signal. This chapter will explore the
theoretical sampling of analog signals and the post-processing of the digitalized signal.

2.4.1 Sampling rate theorem

When a voltage signal is sampled, the data acquisition system

reads the values at the given sampling rate. The sampling rate

determines how often the sampling device reads the value of 14
the analog signal within one second. This implies that any
digital sampling always will be discontinuous [Figure 8]. When |
the signal is being digitally recreated, an algorithm is used to 1
connect the sampled values to each other creating an r :

interpolated line between the points. The resolution is highly
dependent on the amount of sampled points, also known as
the sampling frequency.

Today all data acquisition operations are in one way or the

other based on the Nyquist-Shannon sampling theorem

[37][38]. Nyquist explored the connection between analog 0 ' 1 2

signals (continuous-time signals) and digital signals (discrete- Figure & - Analog to digital signal
time signals). In 1928, Nyquist determined that it is possible
to send an independent pulse with a sample twice the systems bandwidth. Shannon proved the
sampling theorem in 1949 and applied the theorem to data sampling and the reconstruction of

continuous signals. [37]

The sampling rate is commonly referred to as both the Nyquist rate and the Nyquist sampling
rate. The sampling rate F; defined to be at least twice the highest expected frequency of the
analog signal fp;gn (Eq. 2-9). Figure 9 and Figure 10 show the difference between a rate that is

too low and the Nyquist rate.

Fs =2 fhign (Eq. 2-9)
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Figure 9 - 1.5 samples per cycle Figure 10 - 2 samples per cycle

The Nyquist-Shannon theorem provides the theoretical minimum sampling rate of any data
acquisition system measuring analog signals in order to reconstruct the signal fully. In reality it is
difficult to determine an accurate highest frequency of the analog signal. If one is logging at a too
low sampling frequency, it will introduce aliases in the measurements and potential spectral
leakage in further analysis. This will be discussed later.

2.4.2 A/D converter

An analog to digital converter takes a physical signal and converts it to a digital number. This is

done to store the recorded analog data, usually stored on binary, on a digital recording device
like a computer.

The resolution of the converter is determined by the number of discrete values that can be
computed from the range of the analog value. This can be expressed in volt. Equation 2-10
determines the minimum change in voltage needed to result in a change of the digital input, also
known as the least significant bit (LSB) [41].

Q= Erse (Eg. 2-10)
2M —1

Epgsg stands for the voltage range used in the measurements Epgg = Viign — Vipw. For the
measurements at Leirfossene, the voltage span used is 0-10V. The exponent “M” stands for the
analog to digital converters resolution and is expressed in bits. Table 2 displays the bit rates effect
on the LSB value for voltage. Figure 11 displays how the bit resolution effect the sampling of a
sinusoid. The 3-bit resolution only follows the main trend, while the 16-bit resolution follows the
sinusoid better, especially at its extremal values. [38][45]

Bit resolutions Distinct values LSB 10.00
875 ——-
8 256 39mV -5 ﬁ 16:bit resolution
10 1024 9.7mv %L o\
12 4096 2.5mV § 5.00 I Fitresolon
- 011
14 16384 o.6my <P 0
250
16 65536 0.15mV 125 001 ﬂ AA:
' o
24 16777216 0.59 uv 0] e ‘ '
0 50 100 150
Table 2 - Bit resolution Time (ms)

Figure 11 - Bit resolution on a sinusoid [45]
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2.4.3 Aliasing

Aliasing occurs when an analog signal is sampled with a too low sampling rate relative to the
highest frequency component present in the system. This causes a misidentification of frequency
components of the signal, were high frequency components are represented as low frequency
components. Aliasing will make it impossible to distinguish the different sinusoids of the signal
from each other after they have been sampled. This means that it is not possible to recreate the
original signal based on the sampled data.

Analog signals are usually modeled as
sinusoids. An analog signal will however
not have an upper frequency ' . LA
component. This means that the aliasing
effect will always be present in the
digitalized signal. Figure 12 displays how
a signal with a frequency of 9 cycles per
second will be represented as a signal - [ | 7
with one cycle per second when it is

being sampled at a rate of one sample L , ; , . . ]
per second. [38][41] Figure 12 - Aliasing example

To reduce the effect of aliasing, oversampling can be used. Chapter 2.4.1 discussed how the
Nyquist sampling theorem allows the discrete-time signal to capture the complete analog signal.
Oversampling refers to the sampling of a signal with a significant higher sampling rate than what
the Nyquist sampling rate demands. This is commonly referred to as oversampling with the factor
N of the Nyquist rate. In reality, it is common to oversample the signal because it will increase
the resolution, reduce the effect of aliasing, phase distortion and noise in the measurements.

An advantage in measurement systems where one utilizes oversampling is that one reduces the
need for anti-aliasing filters on the original analog signal. This is because the digital signal has
gotten enough information from the sampled analog signal that one can apply anti-aliasing filters
digitally. It is common for many of the analog to digital converters to have built in filters that take
care of aliasing problems.

Another aspect of oversampling is the noise that will always be present in any sampled data.
Research [42] shows that the signal-to-noise ratio, SNR, depends on the samples taken. The larger
the sample N, the lower the SNR will be. Therefore, one will experience less noise in an
oversampled signal compared to a signal sampled with the Nyquist rate. This is a cost effective
and efficient way of performing signal processing. Oversampling also provides the option of re-
sampling the signal to the desired sampling frequency without introducing new aliases.
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2.5 Post processing

The raw data has to be processed in order to obtain the needed information. In order to achieve
the best results, the data is put through statistical and signal enhancement tools to make sure
that there are as few outliers present. The next chapter will focus on the post processing of the
data used in frequency and peak pressure analysis.

2.5.1 Fast Fourier Transform

The Fast Fourier Transform (FFT) is an optimization of the Discrete Fourier Transform (DFT). The
DFT describes the connection between analog and digital signals. Multiple DFT optimization
algorithms exist today, with the FFT being the most common. When applying the FFT to a time
domain signal, one is able to decompose the different sinusoids present in the signal. This is done
by taking the signal from the time domain and converting to the frequency domain. The function,
in this case the logged signal, is decomposed into sinusoid functions.

The FFT is applied to the continuous signal of the time domain, this will identify all the frequency
components of the signal, that otherwise would have been impossible to distinguish from the
raw signal. A challenge that will arise in the transformation is that the FFT requires a continuous
signal.[40] A logged digital signal does not meet this requirement due to the digital signal being
discontinuous. Therefore, the frequency spectrum will experience spectral leakage. Window
functions can be applied to compensate for the discontinuity. When the FFT is applied correctly,
one is able to recreate the original signal from the frequency domain to the time domain.[39]
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2. Theory Post processing

2.5.2 Window function

The FFT assumes that the signal, which is being transformed into the frequency domain, is
periodic. In real life, the sampled signals rarely appear to be periodic. This will cause errors in the
transformation. Usually these errors are referred to as spectral leakage or “smearing” of the
peaks. In the analysis, this means that the intensity of the frequencies will be distorted.

In order to compensate for the errors in the transformation, one can precondition the original
signal in the time domain. Most commonly, window functions are applied. Window functions are
mathematical functions that bring the edges of a sampled signal rapidly towards zero. This means
that it is the window functions responsibility to make the signal behave periodic and avoid
discontinuities by removing the sharp edges. This will in most cases mitigate the spectral leakage.
However, some of the information in the signal will be lost when window functions are applied.
It can for example reduce the amplitude of the entire frequency spectrum. When processing large
data sets it is common to divide the data into smaller data sets and apply individual windows on
each set. To limit the loss of data at the edges, the windows overlap. Determining the necessary
overlap factor is based on both the applied window function as well as the desire to isolate
frequencies in the FFT. A smaller window like the Flat top window will need a higher overlap
factor than larger windows like the Hanning window. [39][40]
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Figure 13 shows the effect of the Flat “Leakage™ from a sinusod (rectangular window)

o T

i Sidelobe level :

top, Hann, Hamming and Kaiser

Window functions on a generated time A0 b

domain signal. These are some of the

most common window functions. Each 20 ..... .....
window has its own frequency FH ¥ i H H YIS
response and characteristics that %-30

makes it suited for specific applications. N

When  speaking about window -40

functions and its effect on the
frequency analysis it is important to be 50
aware of the windows impact on the S A
Fourier transform. Each frequency peak W 3 2 4 0 1 2 3 4 5 6 7

. DFT bins
will be exposed to spectral leakage. [40] Figure 14 - Spectral leakage [43]

Figure 14 displays how the detected

frequency, referenced as the main lobe, will be represented in the Fourier transformation. The
spectral leakage refers to the smaller lobes present on each side of the main lobe (sidelobes).
The sidelobe level describes the intensity of the spectral leakage. A special case with the FFT
analysis is that the Rectangular window function is automatically applied to the time domain-
signal when no other window function is selected. The rectangular window does however
maintain a distinct discontinuity resulting in a high sidelobe level.[40][39]

The correct window size has to be determined in order to achieve the best effect of the window
function. This can be estimated by knowing the expected frequency in the signal. In order for the
FFT analysis to detect the correct frequency and its amplitude, the signal period has to be
repeated enough times within the window. A good estimation is that the period should be
repeated 10 to 15 within the window for it to be of good accuracy. For example, if one is to
investigate a frequency of 1HZ, with the signal sampled at 2000 samples per seconds, the window
size then has to be between 20 000 and 30 000 samples to achieve the desired accuracy.[45]
Numerous window functions with the ability to mitigate the discontinuity significantly are
available. Some of the common window function are explored in the next paragraphs.
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2.5.2.1 Flat top window

The flat top window is a sinusoidal window function with a negative value because it crosses zero.
The function leaves only a small section of the signal intact. Because of this, it needs a large
overlap factor to still get enough information for the FFT. Due to the high overlap factor, it is
recommended to use larger data sets, enabling larger window lengths to ensure higher
resolutions. The result of using a flat top window function is that the main lobe of the frequency
spectrum becomes dominant, with low side lobe levels. However, it does result in the main lobe
to get a slightly wider peak in the frequency domain. This makes the flat top windows suitable
for determining accurate frequency amplitude, especially in sinusoidal signals.[39][40]

2.5.2.2 Hann window

The Hann window, commonly referred to as Hanning window, is a window function that is
typically used for digital signal processing. The function uses a sinusoidal shape that goes to zero
at the edges. Because it uses a sinusoidal shape, the function will let a lot of the signal to pass
through. This is both an advantage and a drawback. It will slightly reduce the frequency resolution
because it widens the main lobe. The big advantage is that the window function has a low aliasing
effect and is known to have a low spectral leakage. This results in low side lobes, which makes it
very suitable for signal processing. Many use this window function as their standard function.
Because the Hanning window is known to be highly applicable to signals that are sinusoidal or a
combination of sinusoidal. The window function is also to utilize for narrowband signals and
when content of the signal is unknown. [39][40]

2.5.2.3 Hamming Window

The Hamming window is similar to the Hanning window in its sinusoidal shape but differs in that
it does not go to zero at the edges of the window. This means that the Hamming window lets
through more information, which results in a narrower main lobe, making it easier to distinguish
the frequencies that are located close to each other. A drawback is that the sidelobe levels
increase slightly because of the hamming window still being discontinuous in Fourier
transformation. The overlap of the Hamming window is more or less the same as with the
Hanning window. Hamming window does a better job than the Hanning in eliminating the closest
sidelobes to the main lobe, but has a poorer performance on removing the rest of the sidelobes.
Typically, the Hamming window is used on signals with closely spaced sine waves because of its
narrow bandwidth. [39][40]
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2.5.2.4 Kaiser window

The Kaiser window belongs to the family of adjustable window functions. Like most adjustable
window functions, one can control the Kaiser window by adjusting the variable a that determines
the relationship between the main and side- lobes. Figure 13 shows how the different values of
the variable affect the shape of the Kaiser window. The Kaiser window can be adjusted to mimic
the same effect as both the Hanning and flat top window functions. It can let the edges of the
window go towards zero as well as remain well above zero. The overlap factor of the window is
highly depended on the adjustment of the window. A narrow window will result in a higher
overlap factor compared to wider windows. Experienced users tend to use adjustable window
because of its adjustability and ability to display even the lowest frequencies due to the low
sidelobe level. This means that one will be able to display frequencies close to each other but
have distinctly different amplitudes. [39][40]
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2.5.3 Harmonies

Harmonies are a phenomenon that 2 N— A— S S— S A
occurs in frequency analysis. It is : : ' : :
defined as a frequency that is an integer
of the fundamental frequency. This
means that harmonies are described as
the appearance of frequencies that are
directly related to a main frequency by
integer multiples of each other. The

Amplitude

harmonies can appear with both a

greater and smaller amplitude than the

main frequency. The amplitudes tend Frekvens [Hz]
to be decreasing with the increase of | '9ure 1> - Harmonies
frequency. The main frequency is often referred to as the fundamental frequency, and the

harmonies as the 2"9, 37, ..., n!" harmony. [Figure 15][46]

2.5.4 Peak-to-peak analysis

Peak-to-peak analysis is used in post
processing to displays the full range
of the measured data. It shows the
difference between the highest and
lowest measured signal, known as
the maximum excursion of the
signal. Figure 16 displays the
histogram of a pressure sensor. The
x-axis displays the pressure in kPa

while the y-axis displays the number
of times the pressure is repeated. Figure 16 - Histogram- Peak to Peak

The histogram is plotted using a 99%

confidence level. This can be observed at the edges of the histogram where the edges are “cut
off” to avoid statistically unlikely values. The peak pressure value for the sensor will be the
distance from the left side of the histogram to the right side.

The advantage of post processing the data using the peak-to-peak analysis is that one is able to
compare how trends and intensities developments in the system. This can be useful in pressure
pulsation analysis because one often is interested to know if the pulsation amplitudes increase
or decrease. Applying a confidence interval ensures that there is a high certainty that the
amplitudes are within these levels.[28]
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2.6 Efficiency measurements

Efficiency measurements are performed on both new and old runners. It is common to perform
efficiency measurements on newly built units as a method of verifying that the contracted
guarantees are fulfilled. On old units, it is used as a method to monitor the condition of the
hydraulic units and as a tool to anticipate maintenance and downtime.

When new turbines are commissioned, it is common practice to determine which method and
standard is supposed to be used for the acceptance test of the new unit. Different methods are
available and some of the methods have requirements that have to be met in order to perform
the measurements. When these requirements can not be met on the prototype runner, the
standard IEC 60041 recommends performing the acceptance tests on a model runner instead. [1]
The equation (Eq. 2-11) for calculating the efficiency of any system, is to calculate the relationship
between the available power and actually produced power.

Pproduced (Eq. 2_11)
Pavailable

The total efficiency of a power plant can also be expressed as the combined efficiency of all

r):

components in the system. (Eq. 2-12 shows how the total efficiency hydraulic power unit it can
be expressed.

(Eq. 2-12)

Ntot = Nhydraulic " Ngenerator " Ntransformer * Mmechanical * Meakage

Equation 2-13 shows the expression for calculating the efficiency of a turbine. Equation2-14 and
2-15 show the expressions for the mechanical and hydraulic efficiency.

Nturbine = Nmechanical ' nhydraulic (Eq- 2'13)
P, hanical
Nmechanical = w (Eq. 2-14)
runner
P
Nhydrautic = PruLer' (Eq. 2-15)
hydraulic
Equation2-16 and 2-17 shows how the hydraulic and mechanical power is defined.
Prhyarautic = PIHQ (Eq. 2-16)
P
Phydraulic — _generator (Eg. 2-17)
generator

Equation 2-18 shows the turbine efficiency as a combination of the above listed equations.

P, mechanical P P
_ _ generator generator _
Nturbine = - (Eq' 2 18)

Phydraulic ngenerator ! Phydraulic r]generator ' ngQ
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2.6.1 Methods of flow measurements

The turbine efficiency is computed using equation 2-18 The flow parameter, Q, is the most
difficult to determine accurately. This is because it is often difficult to access the flow itself, or
because the measuring methods have limitations. This chapter will take a closer look at the
different methods of measuring flow.

IEC 60041 recommends that the flow measurements for an IEC acceptance test should be made
with an absolute method. The standard mentions three main factors that affect the choice of
which flow-measuring method should be used in the efficiency measurements.

l. Limitations imposed by the design of the plant

Il. Cost of installation and special equipment

Il Limitations imposed by plant operating conditions, e.g. draining of the system,
constant load or discharge operation, etc.

Table 3 describes the flow measurement methods presented in IEC 69941 and discuss their pros
and cons.[1][28][13]

Description

The pressure time method takes advantage of Newton’s law and the
derived law of fluid mechanics. The fundamental principle is that one
rapidly decelerates the flow meanwhile measuring the pressure rise
between two points in a uniform section of the pipe. One can determine
the flow knowing that the pressure rise that occurs in the pipe is dependent
on the initial velocity of the flow as well as the geometrical properties of
the pipe.

Pressure time method | Pros

(Gibsons method) It is a fast way of performing the measurements, there is no need to shut
down the power plant, the method has a good accuracy and the
measurements result in an absolute flow.

Cons

Requirements to the geometrical shape of the section where the
measurement are performed, e.g. no free surfaces between the sections,
minimum length of 10 meters between sections, constant cross-section, no
irregularities and an increase in uncertainty with large diameters and short
pipes. [18]
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Efficiency measurements

Current-meter method

Description

The current-meter method uses propeller type current-meters that are
distributed over a suitable cross section in the conduit. The basic principle
is that each current-meter measures the mean velocity proportional to the
water velocity at specified points in the cross section. These velocity
measurements will then be integrated over the cross section, resulting in
the flow.

Pros

The current meter method can be used on several different flows and
geometries e.g. both in closed and open conduits. The measurements are
absolute and are considered accurate.

Cons

In order to achieve a good measurement a large amount of current meters
have to be installed to cover the cross section. It can become time-
consuming to install all of the current-meters, especially in large cross
sections.

Calibration requires special facilities and can become time consuming.

Pitot tube

Description

The Pitot tube method takes advantage of the dynamic pressure in the flow
from which the local velocity can be computed. One has to perform
measurements at several points in the cross section to be able to apply the
velocity method area to determine the flow.

Pros

It is an easy method to apply to any conduits and it results in absolute flow
measurements.

Cons

The Pitot tube has one big limitation and that is that the accuracy decreases
and uncertainty increases with decreasing flow velocity. This limits the use
of the pitot tube method with in not too low velocities. Some have also
experienced issues with measurements when the water has a high particles
content.
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Efficiency measurements

Tracer methods
Transit-time method

Description

Multiple different tracer methods exist, essentially they are all based on
injecting tracers in the flow. This is done to either take samples and analyses
the dilution downstream of the injection point or to track the tracers in the
system. The transit-time method is the recommended method by IEC
60041. The methods measures the time the tracers uses to travel between
two known cross sections with a known distance between them.

Pros

Independent of the conduits geometry. Results in an absolute flow
measurement with a good accuracy.

Cons

There can not be any leakage, flow extraction or additional supply of flow
between the injection and measuring point. It can often be difficult to install
a tracer injection and water sampling system. Large amounts of tracers are
needed in fast flows and large cross sections.

Winter-Kennedy
method

Description

The core principle of the Winter-Kennedy method is to measure the static
differential pressure between the inner and outer wall in the spiral casing,
caused by the centrifugal forces. The Winter-Kennedy method is not an
absolute method, meaning that it is relative. It can only be used when it has
been calibrated against an absolute measurement method. The method
uses equation Q =k-h™ to determine the flow, h stands for the
differential pressure between the inner and outer wall, whereas k & n has
to be determined through calibration.

Pros

Fast, easy and cheap to set up. When the Winter-Kennedy method first has
been calibrated, one can monitor the flow of the turbine under continuous
operation.

Cons

It is a relative way of measuring flow and needs calibrating. Has a higher
uncertainty than other methods, and can produce high inaccuracy at low
flow rates and turbulent flow patterns.
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Efficiency measurements

Thermodynamic
method

Description

This is technically not a flow measuring method, but it is extensively used
because it is easy to set up and one directly computes the losses. The
fundamental principle is that one assumes that all the energy extracted
from the flow is turned into heat. Therefore, the temperature of the water
will rise and the temperature difference can be measured before and after
the turbine. Combined with the hydraulic energy (pressure measurements),
the efficiency can be calculated.

Pros

The method has a good accuracy when performed on high head turbines. It
does not need a direct flow measurement to compute the efficiency. It is
suited for Nordic conditions due to the low water temperature throughout
the year.

Cons

With decreasing head, the uncertainty increases. There is a need to shut
down the power plant to install temperature sensors. If the water is led
through pipes that are located outside and if there is a shallow intake, it is
recommended to perform measurement during the night to reduce
temperature variation in the water.

Table 3 - Flow measurements methods

As seen by the methods listed in Table 3 there is a great diversity in the how to and the

advantages and disadvantages with each method. Traditionally the pressure-time and the

thermodynamic method have been most common in Norway because high head turbines are

common in many plants in addition to the water temperature being ideal for these kinds of

measurements.

This thesis will focus on the use of the thermodynamic method in determining the efficiency of

Leirfossene power plant. Chapter 2.7 and chapter 2.9 will go through the theory of the

thermodynamic efficiency measurements and the uncertainty analysis.
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2.7 Thermodynamic method

The thermodynamic method uses the fundamental principle of conservation of energy. The first
law of thermodynamics states that the total energy of an isolated system is constant. When
applying this to the hydro power plant, it is assumed that all energy taken out of the flow through
the runner/turbine (loss of energy) is transformed into heat, ergo an increase in water
temperature. [1] This means that there is no need to measure the flow of the system to
determine the efficiency of the system. One does however need the velocity component at the
inlet and outlet of the turbine and must therefore estimate the flow. As will be shown in chapter
2.8, the potential error of the estimation does not influence the mechanical energy term in a
significant way, because the flow will be iterated again later.

Standard IEC 60041 covers the experimental application of the thermodynamic method and the
setup for its acceptance test for hydraulic turbines. The standards states that the thermodynamic
method is limited to the specific hydraulic energy equivalent of a head of 100m or more. It goes
on to state that the method can be used for lower heads as well when the conditions are highly
favorable, but the accuracy of the measurements have to be taken into account.

A special consideration when using this method is the equipment that is used for measuring
pressure but most importantly to measure temperature. The thermometer has to provide an
accurate indication of the temperature difference with a sensitivity of a least 0.001K. [1]
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2.8 Efficiency calculation

Pmechanical

By reviewing equation 2-18, N¢yrbine = , it shows that the efficiency is expressed with

Prydraulic
a mechanical and hydraulic component. Figure 17 shows the enthalpy-entropy diagram, points
“11” and “21” illustrate the pressure and temperature before and after the turbine. Point “s”
illustrates the pressure and temperature at an ideal process after the turbine. An ideal process,
from point “11” to “s”, is the theoretical assumption that the process happens without any losses.
In reality, this is not possible. The line from point “11” to “21” illustrates the real process as the
pressure decreases as energy is extracted through the turbine. The relationship between the real
process and the ideal, isentropic process, is the basis of efficiency measurements with the

thermodynamic method.[1][13][28]

Enthaply
[h]
e 11

Entropy [s]
Figure 17 - Enthalpy-Entropy diagram

Equation 2-19 presents the enthalpy difference between inlet and outlet of ideal process.
Ahigear process = hqi1 — hg (Eq. 2-19)
Equation 2-20 presents the enthalpy difference between inlet and outlet of the real process.

Ahyear process — hi1 — hyq (ECI. 2-20)
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Equation 2-21 expresses the efficiency of the process.
_ hi1 — hyy
B h11 - hs

The real and ideal processes displayed in Figure 17, can be directly related to both the mechanical

(Eq. 2-21)

and hydraulic energy of the system. The mechanical energy, E,,, takes into account the specific
energy exchanged between the turbine/runner and the water. This means that the mechanical
energy E,, in the enthalpy-entropy diagram expressed through the enthalpy difference of the
real process, thereby E;, = Ej1-21 = ARyeqi process = h11 — ha1. The correlation between the
mechanical power P, and the mechanical energy is shown in equation 2-22.

P, = p,-0Q; Epn, (Eq. 2-22)

The ideal process is expressed through the hydraulicenergy term Ej, = E11_g = ARjgeqi process =

hy1 — hg. This implies that there are no losses in regards to the hydraulic energy in the system,
meaning that AP, = 0. The relationship between the hydraulic power and hydraulic energy is
governed by equation 2-23.

Py = p1-0Q1-Ep (Eq. 2-23)

When equation 2-22 and 2-23 are combined the turbine efficiency is expressed through the
mechanical energy terms in equation 2-24.

P, p1-Qi-En E
o Em P QB B (Eq. 2-24)
P p1-Qi En Ep

The following chapter will present the theory of how to calculate the efficiency of the
measurements. When conducting efficiency computations it is important to be aware that most
pressures are not measured at their actual location. This means that the pressure measurement
have to be numerically adjusted to achieve the real pressure. Chapter 3.1 goes through the
specific heights and other information needed to calculate the necessary information regarding
the pressure measurements at Leirfossene.
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2.8.1 Flow

In order to determine the kinetic energy of the both the mechanical and hydraulic energy the
flow has to be estimated. Equation 2-26 shows that the turbine power is needed to estimate the
flow and is determined from the known efficiency of the generator and the actual power
produced by the generator (Eg. 2-25). Equation 2-27 presents the expression to estimated
velocity based on the assumed flow. A, describes the outlet area where the temperature sensors

are located.
P
Prrpine = —2EmETET (Eq. 2-25)
Ngenerator
_ Pturbine (Eq 2-26)
Qassumed = e )
P1 — Patm
_ Qassumed (Eq 2_27)
C21 assumed = A—z :

An iterative process is used to determine a more accurate flow estimate. Equation 2-22 shows
that power can be expressed as function of the specific mechanical energy, flow and density of
the water. Equation 2-28 shows the expression solved for flow. The variable in equation 2-28 is
the mechanical energy of the system, specifically the kinetic energy term (Eq. 2-34) because of
the kinetic velocity terms changing when a new flow is calculated. This means that the flow can

be iterated until Qreacalulatedn - Qreacalulated n+1 = 0

Prurpi
Qrecaiculated = — (Eq. 2-28)

pEn

Based on the now recalculated flow the velocities at the inlet and outlet can be calculated using
the continuity equation, displayed in equation 2-29, in order to determine the hydraulic energy
of the system.

¢1 " A1 = Qrecaluculatea = €2 " Az (Eq. 2-29)

The outlet velocity terms for both the hydraulic and mechanical energy is measured at the center

of the outlet in the same axis. This means that the velocities at the outlet are considered equal
(Eq. 2-30).

Cy = Cyy = Qrecallqculated (EC]. 2_30)
2
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2.8.2 Mechanical energy

The mechanical energy can be split into terms of pressure, potential, kinetic and thermal energy.
(Eq. 2-31).

Em = Empressure 7 Empotentiat + Em kinetic + Em thermat (Eq. 2-31)
These terms can again be specified in terms listed below.
Pressure energy
Em pressure = @ (P11 — P21) (Eq. 2-32)
Potential energy
Em potential = g (le - 221) (EC|- 2‘33)
Kinetic energy
Em kinetic = E (6121 - 6221) (Eq. 2-34)
Thermal energy
Em thermai = Ep ' (T11 - T21) (Eq. 2-35)
When combined, the total mechanical energy can be expressed in equation 2-36.
1
Em=a-(p11—P21) + 9 (211 —221) + 5 (cf1 —c31) + & - (T1y — T21) (Eq. 2-36)

When calculating the mechanical energy, it is important to consider other losses as well. These
types of losses are typically related to leakage water, temperature variation between sections
and heat exchange to the surroundings. The corrective term covering all losses will be indicated
with “6E,,,” in the specific mechanical energy term as can be seen in equation 25. At Leirfossene,
there is no leakage water and no major temperature variation between sections. The heat
exchange to its surrounding is also considered negligible.

1
Em=a (p11—P21) + G (211 —221) + 5 (ct1 —¢31) + G+ (Thy — T21) + 8Ep, (Eq. 2-37)
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2. Theory Efficiency calculation

2.8.2.1 Mechanical Pressure energy

The mechanical pressure energy uses the pressures measured at the inlet temperature sensor,
P11 mesurment, and the atmospheric pressure, pgtm. Equation 2-39 and 2-40 shows how the
height difference is taken into account to calculate the correct p;; and pg¢m. The isothermal
factor a can either be derived from the formulas or the tables presented in the IEC 60041
appendix E5 and E8.

Em pressure = @ (P11 — P21) (Eq. 2-38)
P11 = P11 mesurment T Pin " 9 * BZ14 (ECI- 2'39)
P21 = Patm + Pout * 9 " Ahaq (Eq. 2-40)

2.8.2.2 Mechanical Potential energy

The potential mechanical energy is computed based on 2-41, it uses the gravitational constant
derived from the formulas or the tables presented in the IEC 60041 appendix E1. The height z;;
is measured at the height of the temperatures sensor, while z,, refers to the center height of the
outlet measurements.

Em potentiar = 9 * (211 — Z21) (Eq. 2-41)

2.8.2.3 Mechanical Kinetic energy

The kinetic energy is dependent on the velocity at both the temperature measurements at inlet
and outlet. The inlet sensor velocity, c;;, is computed using equation 2-43, were the flow is
expressed in as the time it takes to fill up a bucket with a known volume (Eq. 2-44). The area in
2-43 describes the area of the probe leading the water past the inlet temperature sensor. The
outlet velocity c,; has been derived earlier in this chapter.

Em kinetic = 5 (6121 - 6221) (Eq- 2-42)
C11 — —Qprobe (Eq. 2‘43)
A
probe
Vbuck
Qprove = tu—cet (Eq. 2-44)
filling

2.8.2.4 Mechanical Thermal energy

The thermal energy is computed using equation 2-45, it uses the specific heat coefficient derived
from the formulas or the tables presented in the IEC 60041 appendix E6 and E8. The temperature
inputs T;; is measured at the high pressure inlet through the temperature probe, while the
sensors used to compute T,;are located in the draft tube.

Em thermai = Ep *(Tyy — Tp1) (Eqg. 2-45)
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2. Theory Efficiency calculation

2.8.3 Hydraulic energy

The hydraulic energy E}, can in terms be divided between pressure, potential and kinetic energy.
(Eq. 2-46).

Eh = Eh pressure + Eh potential + Eh kinetic (Eq' 2_46)
These terms can again be specified in terms listed below.
Hydraulic Pressure energy
1
Ep pressure — E (pl - Pz) (Eq' 2-47)
Hydraulic Potential energy
Ep potential = g (z1 — 2z3) (Eq. 2-48)
Hydraulic Kinetic energy
En kinetic = 2’ (cf —¢3) (Eq. 2-49)
When combined the total hydraulic energy can be expressed in equation 2-50.
1 . L2 2 (Eq. 2-50)
Eh=5'(P1—P2)+9'(Zl—zz)+§'(c1—Cz) g.
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2. Theory Efficiency calculation

2.8.3.1 Hydraulic Pressure energy

The mechanical pressure energy uses the pressures measured at the inlet temperature sensor,
P1 mesurment,» and the atmospheric pressure, p,¢m - Equation 2-51 and 2-52 shows how the height
difference is taken into account to calculate the correct p; and p,. Equation 2-53 shows that in
order to calculate the correct p,, the velocity diffusion between the lower reservoir (Eq. 2-54)
[47] and the measured outlet has to be taken into account. The density, p, at both inlet and outlet
can either be derived from the formulas or the tables presented in the IEC 60041 appendix E5
and E8.

1
Ep pressure — l_j (pl - Pz) (Eq- 2'51)
P1 = P1mesurment T Pin " 9 " AZ; (ECI- 2'52)
P2 = Patm * Pout * 9 * Aha — pous - (c2* — ¢57) (Eq. 2-53)
_ QFinal (Eq. 2_54)

C3 =
Az

2.8.3.2 Hydraulic Potential energy

The potential hydraulic energy is computed using equation 2-55, it uses the gravitational constant
derived from the formulas or the tables presented in the IEC 60041 appendix E1. The height z; is
measured at center of high pressure inlet pipe before the turbine. z, refers to the center height
of the outlet.

Ey potential = g (Zl - Zz) (Eq. 2-55)

2.8.3.3 Hydraulic Kinetic energy

The kinetic hydraulic energy (Eq. 2-56) is dependent on the velocity at the center of both the at
inlet and outlet. The velocity at inlet, c;, and outlet, c,, are computed using the recalculated flow
and their respective areas. This has been derived earlier in this chapter.

En kinetic = 5 (cZ —c3) (Eq. 2-56)
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2. Theory Uncertainties

2.9 Uncertainties

IEC 60041 defines uncertainty as “the range which the true value of a measured quantity can be
expected to lie with a suitably high probability”. The standard goes on to state that the probability
should have a confidence level of 95% [1- p.87].

When performing measurements and analyzing a set of measurements there are multiple
uncertainties that need to be taken into account. The measurement setup, calibration, and
environmental factors are some of the factors that have to be reviewed in order to estimate the
uncertainty. Errors caused by systematic and random errors will be discussed in the next
paragraphs.

The total uncertainty, f;otq1, IS €xpressed by combining the systematic uncertainties f; and the
random uncertainties f,.. This can only be done if both random and systematic uncertainty has
been determined using the same type of probability distribution. The true value is assumed to
have a probability of 95% to lie within in the range of the measured point. This means that every
point that lies within the 95% confidence level is considered equally valid. [1-p.91]

When the uncertainty is calculated it is common practice to combine the uncertainties using the
root sum squared method (RSS-method). By squaring the combined uncertainties one avoids a
too conservative uncertainty. Equation 2-57 displays the formula for the total uncertainty in the
efficiency. f; is the expression for the systematic uncertainty, while f, expresses the random
uncertainty in the efficiency.

frot = ,’fsz + £, (Eq. 2-57)

2.9.1 Systematic error

Systematic error describes the error that cannot be reduced by increasing the number of
samples. These errors arise because of poor calibration, environmental interference, wrongly
used equipment or something being wrong with the equipment. Where systematic error differs
from random error is that a systematically obtained error cannot be analyzed statistically in order
to compensate for it. Systematic error does not affect the repeatability of the measurements [1-
p.89]. These errors usually degenerate by the measurements becoming either too high or too
low compared to the measured signal by a fixed value. For example not showing zero when the
measured quantity is zero. All measurement equipment has there own systematic uncertainty,
this can be found in the equipment data sheet. When equipment requires calibration, it is the
systematic uncertainty of the calibration that will be the applicable. Equation 2-58 displays the
equation used to determine the systematic uncertainty.
eS

[s= 7 (Eq. 2-58)
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2. Theory Uncertainties

2.9.2 Random error

Random error is caused by independent, unpredictable and varying factors, for example
measuring the same physical quantity multiple times with different results. Random errors
behave in a statistical pattern, are assumed to have a normal (Gaussian) distribution and can be
resolved by sampling large amounts of data and analyzing them statistically. For example, in
hydro power plants, effects like variation in pressure during the measurements can introduce
random error. Equation 2-59 shows the expression to calculate the random uncertainty f,.. E
describes the relative amount of the uncertainty. e,- describes the random uncertainty. Equation
2-60 shows that the random uncertainty is calculated with a confidence level of 95% illustrated
by the student t factor. sy is the standard deviation of the measurements. n describes the
number of samples. When the random uncertainty is calculated on a large sample, it has a
tendency to move towards zero. IEC 60041, Appendix E provides the need tables for the student
t value. [1]

e
fr= (Eq. 2-59)
tos 'S
e, = % (Eq. 2-60)

2.9.3 Environmental influences

Many factors have to be taken into account when measurements are performed. The main
causes of systematic error is varying temperature and cable noise. Other environmental
influences are base strain, radiation, magnetic fields and humidity.

All material properties are temperature dependent, a change in temperature will result in a
changed sensitivity. This means that the surrounding temperature can influence material and
thereby the sensor. Rule of thumb is that a cold environment will reduce the sensitivity, while a
warm environment will increase the sensitivity.

The main cable noise source is tribo-electric noise. The motion of the cable itself causes changes
in charge due to the bending, compression and tension of the cables. To reduce cable noise in
the measurements, the cable should be taped down as close to the sensor as possible to avoid
unnecessary movements.
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3. Preparation and execution of measurement Leirfossene hydro power plant

3 Preparation and execution of measurement

3.1 Leirfossene hydro power plant

IKKE INNTEGNET)

h
| TRANSFORMATORROM |
'

Fiaure 18 - Leirfossene turbine 2 overview

In order to perform the pressure and efficiency measurements one needs to use several outtakes
for pressure and temperature sensors. Eleven pressure sensors and four temperature sensors
are needed to perform the measurements. Figure 18 shows the layout of the power plant. The
water is led from the upper reservoir at Lake @vre Leirfoss, through the penstock, to the Francis
turbine were the energy is extracted, before the water is transferred via a 1.5km long discharge

tunnel to the Lake Nedre Leirfoss.

Symbol [m] Description
Z; 8.5 Height turbine center inlet
Z, 3.847 Draft tube center outlet
Z11 10.266 Height of temperature sensor at inlet
Zy1 3.847 Mean Height of temperature sensor at outlet
Zipres 9.595 Height of pressure sensor inlet
Z11presTemp 10.011 Height of temp. pressure sensor at inlet
Zrefoutlet 22.455 Outlet reference height
ZrefDiff variable Height from z,.¢roytie: to lower reservoir
Zoutlet Zrefoutlet — ZrefDiff Water level at lower reservoir
deltaz, Zipres — Z1 Diff. between pres. meas. and center of inlet pipe
deltaz;, Z11presTemp — Z11 Diff. between temp-pres. sensor and temp. sensor
h, Zrefoutlet — ZrefDiff — Z2 Diff. between lower reservoir & outlet pipe center
hyq Zrefoutlet — ZrefDiff — Z21 Diff. between lower reservoir & outlet temp.sensor

Table 4 - Reference heights at Leirfossene

39



3. Preparation and execution of measurement

Leirfossene hydro power plant

Figure 18 shows the location of reference heights and sensor locations needed to calculate the

thermal efficiency. The denotation 1 and 2 are refer to the center of respectively inlet and outlet.
While the denotation 11 and 21 refer to the temperature term at inlet and outlet. Table 4 lists
the specific height expression and relationships needed to perform the analysis. These heights

are measured at the day of the measurements.

Table 5 displays all the pressure, vibration and temperatures sensor to be installed for the

experiments at Leirfossene. Chapter 3.3 and 3.4 will provide technical information regarding the

sensors and their locations.

Temperature [°C]

Ti1 Temperature at inlet Measured upstream of turbine through probe

T51 Temperature at outlet Measured downstream of turbine in flow
Vibration

Vi Guide vane Measuring in axial direction, top mounted

Vs Guide vane Measuring in radial direction, side mounted

|78 Turbine head cover Measuring in axial direction, top mounted

V, Turbine head cover Measuring in radial direction, side mounted

Pressure [kPa]

PipressureSensor
P11tempsensor

Patm

DT1
DT?2
DT3
DT4
DT5
DT6
DT7
DT8

Pressure at inlet

Pressure at T;; probe
Atmospheric pressure
Draft tube pressure 1
Draft tube pressure 2
Draft tube pressure 3
Draft tube pressure 4
Draft tube pressure 5
Draft tube pressure 6
Draft tube pressure 7

Draft tube pressure 8

Flush mounted with inlet pipe
Measured through probe at turbine cover
Measured through probe at turbine cover
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube
Flush mounted with draft tube

Table 5 - Overview of temperatures, vibration and pressures
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3. Preparation and execution of measurement Leirfossene hydro power plant

3.1.1 Time- and running- schedule

Before going to the power plant, a time schedule Day | Objective

and running schedule was developed at NTNU and 0 Draining of the power plant
approved by the plant owners Statkraft. This is done Installation of equipment

to have an estimated time schedule of the - Temperature sensors
measurements and to make the central control 1 - Pressure sensors
center aware the turbines down time. The Refilling of power plant
measurements will be conducted under steady- Measurements

state operating conditions. A total of 9 conditions Removal of equipment

will be logged ranging from part load to high load. > - Temperature sensors
The first and last operating point will be the turbines - Pressure sensors
reference point in order to evaluate the Refilling of power plant

measurements repeatability. The international
standard IEC 60994 states that parameters like
guide-vane opening, power, rotational speed and

Table 6 - Time schedule

specific hydraulic energy should be kept constant [12] for a condition to be considered steady-
state. For some power plants with small reservoir the specific energy cannot be kept constant, in
these cases a deviation up +3% in specific hydraulic energy is accepted. [12] At Leirfossene the
reservoir is considered large enough that the specific energy is considered constant for the
duration of the measurements.

The measurements were RUR N Generator Power Time at run [min]
conducted over three days. Table 6 [MW]

shows that the initial task is to 1 13.4 35
drain the power plant of water in 2 15.8 35

the draft tube and spiral casing. 3 10.3 35
When this is done the equipment 4 12.1 35
needed for the measurements is 5 9.3 35
installed in the. On the third day, 6 14.2 35

the measurements are conducted 7 7.3 35

in accordance with the running 8 16.5 35
schedule presented in Table 7. For 9 13.3 35
each measurement point, the 5.83 hours

system was adjusted to a new
steady-state operating condition. [t 2P/€ 7 - Running schedule

takes an estimated 35minutes for

each measurement to be conducted. This includes 2 minutes to adjust to its new operating

condition, 18 minutes to stabilize and 15 minutes to sample the measurements.
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3. Preparation and execution of measurement Measurement setup

3.2 Measurement setup

Computer with A Temperature sensor
LabVIEW Data aqusition - - ——I Pressure sensor I
svstem onverter
= O __f_ ¥ et ~"] Vibration sensors

Figure 19 - Measurements setup

The purpose of the measurement setup is to make sure that the desired data is sampled in a
secure way and to ensure a repeatable experiment with a high accuracy. Figure 19 presents the
simplified measurement setup from sensors to sampling device.

3.2.1 LabVIEW

A unique LabVIEW program has been created to sample the temperature, vibration and pressure
measurements. The created program has the ability to simultaneously monitor the efficiency of
the turbine as well as display a simple FFT analysis. It is important to remember that the efficiency
displayed is calculated based on the simultaneous logging of pressure and temperature and that
the data has not been statistically analyzed. The block-diagram and the programs layout is shown
in the Appendix G.

3.2.2 Sampling Rate

Based on the theory presented in chapter 2.4 the needed sampling rate is calculate based on the

expected highest frequencies in the system. The Nyquist sampling theorem says that the
sampling rate should be at least two times greater than the highest expected frequency of the
system. However, there are benefits of oversampling, chapter 2.4.1. By oversampling, the risk of
having sampled with a two low frequency is removed. Therefore, it is better to be on the safe
side, considering that it is not possible to repeat the measurements on another day due to the
power plant being in daily operation. Another factor that is important when deciding on the
sampling rate is the limitations equipment as well as the desire not accumulate to large data sets.
Based on experience and corroborated by Einar Kobro [22], a sampling rate, F;, 10 times greater
than the expected highest frequency ensures good measurements series.

Runner frequency fn=555Hz
Runner vane frequency fry =61.11Hz
Guide vane frequency fgv = 133.33 Hz
Rheingans frequency fr=13875—2.775Hz
Elastic fluctuations — Turbine to lower reservoir fo—rp =481 —6.86 Hz

Table 8 - Calculated expected frequencies
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3. Preparation and execution of measurement Measurement setup

Table 8 presents the expected frequencies in the system. These frequencies are calculated based
on the theory presented in chapter 2.1. The highest expected frequency to be measured at
Leirfossene is the guide vane frequency f,,, = 133.2Hz. This leads to a recommended sampling
rate of F; = 1332Hz for the system. Taking into account the acceptable data rates of the analog
input module from national instrument, the more suitable sampling rate of F, = 2000Hz is
selected. This is 15 times greater than the highest expected frequency and 7 times greater than
Nyquist sampling theorem states.
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3. Preparation and execution of measurement Equipment

3.3 Equipment

In order to perform the measurements of efficiency, pressure pulsation and vibration several
different components have been used. Different sensors, charge converters, analog to digital
input modules, data acquisition chassis, wiring and computers to mention some. The next
chapter will present the equipment used for the measurements and its setup.

3.3.1 Temperature sensors

The temperature sensors are all of the type Seabird Electronics 38. Table 4 shows the technical
specifications of the sensors. All sensors are highly accurate with an accuracy of 0.001K. The
manufacturer calibrated all sensors in March of 2016. This calibration is according to the
manufacturer certified for up to six months, due to the stability of the sensor changing over time.
The sensors has a limited update rate of one sample every 3-4 seconds. Therefore, it is important
to conduct the measurements over a longer period to achieve a good reading. By performing the
measurements over longer periods, the random uncertainty will decrease as the measurement
points increase. The calibration reports are available in Appendix M, while Appendix L presents
the technical specifications of the sensor.

As part of the quality assurance of the temperature sensors, a measurement test with the sensors
submersed in ice water is performed. The result of the test showed that the deviation between
the sensors is negligible and within the maximum error aloud according to IEC 60041.

Ref # | Temp. sensor SN Range Resolution Placement | Notations
01 SBE 38 3832689-0199 -5 to 35°C 0.00025°C Inlet T;
02 SBE 38 3844844-0315 -5to0 35°C 0.00025°C Outlet 1 Tout1
04 SBE 38 3839551-0242 -5 to 35°C 0.00025°C Outlet 2 Tout2
05 SBE 38 3832689-0196 | -5to35°C 0.00025°C Outlet 3 Touts

Table 9 - Temperature sensor overview

In order to sample the data form the temperature sensors, each sensor is connected to a data
acquisition unit using an ADAM RS-485/USB signal converter.
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3. Preparation and execution of measurement Equipment

3.3.2 Pressure Transducers

During the measurements at Leirfossene 11 pressure sensors are used. The pressure
measurements are conducted for three different area of interest. Each sensor has been chosen
based on the expected pressure range at its location, a more accurate measurement can be
performed with a designated senor. Table 10 presents the different pressures that are measured
and the thought behind the selected sensor.

Area of interest Description

The atmospheric pressure is measured at the height of the turbine
Atmospheric pressure cover and is used in the efficiency measurement. The expected
atmospheric pressure is usually between 98kPa to 103kpa.
Therefore, a sensor with a range of 0-2.5 bara is selected to ensure
its resolution.

The inlet and temperature senor pressure is respectively measured
at the height of the turbine cover and at the temperature sensor
Inlet and temp.-sensor pressure | pressure outlet. Both measurements are used in the efficiency
measurement. The expected pressure is between 600kPa to 750kpa,
with pressure peaks up to 900kPa. Therefore, a sensor with a range
of 0-10 bara is selected.

The draft tube pressure is measured flush with draft tube wall. The
measurements are going to be used for the analysis of pressure
pulsation in the draft tube. The expected pressure in the draft tube
Draft tube pressure can be lower than the atmospheric pressure and has been observed
to be as low as 50kPa. However, previous measurements have shown
pressure pulsations in the draft tube up to 600kpa. Therefore, a
sensor with a range of 0-10 bara is selected to be able to cover the
whole range.

Table 10 - Pressure-Area of interests

All of the selected pressure sensors are piezo-resistive static pressure sensors [Table 11]. The
advantage of using static pressure transducer is that they are able to show the current pressure,
compared to the dynamic pressure transducer that only display the difference in pressure. For
the computation of the efficiency, one is dependent on having the static pressure. Table 11
displays the different pressure sensors that were used in the measurements. Appendix L shows
the technical data sheet, while Appendix M shows the corresponding calibration report for each
sensor.

Range
[bara]

Max Uncertainty

Ref
¢ [%]

Symbol

Transducer ‘ SN ‘ ‘ Placement ‘
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3. Preparation and execution of measurement Equipment
1 Druck PTX 1830 2313100 0-5 Draft Tube 0.032 Ppr1
2 Druck PTX 1830 2313099 | 0-5 Draft Tube 0.043 Do
3 Druck PTX 1830 | 2313103 | 0-5 Draft Tube 0.045 Por3
4 Druck PTX 1830 | 2313105 | 0-5 Draft Tube 0.058 Dpra
5 Druck PTX 1830 | 2309837 | 0-5 Draft Tube 0.069 Pors
6 Druck PTX 1830 2313101 0-5 Draft Tube 0.057 DoTe
7 Druck PTX 1830 | 2313104 | 0-5 Draft Tube 0.073 DT
8 Druck PTX 1830 | 2313102 | 0-5 Draft Tube 0.061 Dprs
9 Druck PTX 610 2184827 0-10 Inlet pipe 0.053 Din
10 Druck PTX 610 4091551 0-10 Temp. sensor 0.052 Ptemp
11 Druck PTX 610 2480173 | 0-2.5 | Turbine cover 0.067 Patm

Table 11 - Pressure transducer overview

The piezo-resistive pressure transducer all output the raw pressure signal in current, in order for

the signal to be logged the current has to be converted to voltage. In order to sample the analog

pressure signal it is connected to a National Instrument Data Acquisition System (NI DAQ) Analog

input modules are used to digitalize the analog pressure signal form the sensors. These modules
are connected to a data acquisition chassis which in terms is connected to the LabVIEW logging
program. Table 12 displays the equipment used to digitalize the analog signal.

Hardware Type Quantity Range
Data acquisition chassis NI-cDAQ-9172 1 400k samples per seconds
Analog Input module NI 9239 3 50k samples per seconds
Voltage Converter - 1 +10V

Table 12 - Pressure measurements hardware overview
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3. Preparation and execution of measurement Equipment

3.3.3 Equipment Vibration sensors

The chapter about vibration sensors has been gotten directly from the Semester thesis “Pressure
Pulsation and Vibrations in Francis Turbines” written in collaboration with Magomed Selmurzaev
during the fall of 2015[21]. Some modifications have been made to fit the purpose of the
measurements performed at Leirfossene.

Table 13 displays the four sensors used in the vibration measurements. Due to availability in the
laboratory, three different types of sensors had to be utilized. The sensors produced by Briel &
Kjeer are piezoelectric accelerometers. Inside the sensor, a piezoelectric material exhibits an
electric current proportional to the applied force when it is stressed.

The Entran International EGAS sensors are bridge-type piezo-resistive accelerometers. In
contrast to the piezoelectric accelerometer, the Entran accelerometer produces a change in
resistance depending on the strain on the sensor. The piezo-resistive accelerometers have a
superior low frequency range compared to the piezoelectric accelerometers from Briel & Kjzer.

Serial -
# Type Resonance frequency Upper limit
number
Vi Entran International EGAS W5486 723 Hz +25 [g]
V2 Entran International EGAS W5485 733 Hz +25 [g]
V3 Briel & Kjaer Type 4397A 32166 53000 Hz 1750 [g]
\Z Briel & Kjeer Type 4397A 32168 53000 Hz 1750 [g]

Table 13 - Accelerometer information

A common feature between the sensors is that they are all uniaxial accelerometers, only
displaying vibration in one axis. The sensors are considered miniature accelerometers with a very
low self weight. This means that the sensors can be used to measure high frequencies without
the mass of the accelerometers to influence the vibration levels.

It is important to consider the frequency range of the accelerometers when they are used. The
Nyquist sampling theorem states that the needed sampling rate for the measurement have to be
at least two times the highest expected frequency. Equation 3-1 determines the highest
frequency that the accelerometer is suited for. By sampling with a higher sampling rate than
given by the equation 3-1 the measurements could experience higher sensitivity due to
resonance of the sensor.

f resonance (Eq' 3_1)

Highest sensor frequency = 3
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3. Preparation and execution of measurement Equipment

The signal from the sensors have to be converter to voltage and amplified before being
connected to the analog input module. The analog input modules of the accelerometers are
connected to the same NI DAQ chassis as the pressure transducers. The equipment used for
sampling of vibrations is displayed in Table 14.

Hardware Type Quantity Bandwidth
Data acquisition chassis NI-cDAQ-9172 1 400k samples per seconds
Analog input module NI19239 1 50k samples per seconds
Analog input module NI19233 1 50k samples per seconds
Charge converter MGA 1l DA12 1 100k samples per seconds
Control element MGA Il ME10 3 Range OkHz 10 kHz

Table 14 - Vibration measurements hardware overview
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3. Preparation and execution of measurement Location of censors

3.4 Location of censors

IEC 60041 has been used for the efficiency measurements ergo the placement of pressure and
temperature sensors needed for the calculation of the efficiency. Both the pressure and the
vibration sensors have been placed based on what is expected to measure and or the area of
interest. The overall objective is that an operator should be able to monitor how and where
trends develop and how they propagate in the system. For the measurements done at
Leirfossene power plant one is interested in the draft tube section as to this is the area where
the low frequency pressure pulsation originate and propagate from.

3.4.1 Efficiency measurement

In total four temperature sensor and three
pressure sensors are used in order to
calculate the efficiency. The inlet
temperature sensors is located at the high

pressure side of the turbine, placed inside Probe -
the high pressure probe. Figure 21 shows TiwPremp
the design of the probe, while Figure 20

illustrates the location of the probe at the )
inlet of the turbine. The flow through the o
probe was derived by timing how long it

took to fill up a bucket with a known volume.

As displayed in Figure 21 the pressure at the 7
temperature sensor is measured through an  Figure 20 - Location of inlet temperature sensor,
outtake of the probe. pressure inlet-, pressure temperature inlet sensors

Tapping for dynamic Water inlet

pressure

Casing for temperature
sensor SBE 38

Figure 21 - High pressure probe [49]
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3. Preparation and execution of measurement Location of censors

The inlet pressure is measured flush with the pipe wall at the inlet, illustrated in Figure 20. The
pressure has to be numerically compensated in order to achieve the inlet pressure at the center
of the pipe. The atmospheric pressure is measured at the deck of the turbine cover. Based on the
atmospheric pressure the outlet pressure can be computed.

The three remaining temperature sensors are located in the outlet after the draft tube. Figure 22
shows that the three sensors are located in the center of the outlet in the same vertical axis. The
sensors are spaced with an equal distance between each other. The average height of the
temperature sensors corresponds with the center height of the outlet.

23000

L TURBINE 2

e i — Tout1
CL + 2697 T outz
Tout3
m Tampmortur
n | Seotkn B-B Sunvor Lovation
s ' Draf fuba ssction2

Figure 22 - Location of outlet temperature sensor

As mentioned in chapter 2.8.2, the total mechanical
energy is calculated as part of the efficiency

analysis. The thermal energy term is dependent on the
temperature difference between inlet and outlet of
the turbine. IEC 60041 [1] states that there is a need
for multiple temperature at the inlet is there is a
danger of improper mixing and or when the inlet
diameter becomes too large. At Leirfossene the inlet
diameter is 2.5m, has a uniform flow pattern and the
flow goes through a uniform cross-section. The need
for additional temperature sensors at the inlet is
therefore deemed unnecessary. Figure 23 shows how
the probe and temperature senor is insulated at the
inlet, to avoid external influences.

After the turbine, the flow passes through a bend and !
through an expanding cross-section. This can figure 23 -Temperature senor at inlet
potentially give temperature differences between the

outlet because there is a potential flow separation. Therefore, three temperature sensors are

used to cover a larger area at the outlet
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3. Preparation and execution of measurement Location of censors

3.4.2 Pressure measurements

Two types of pressure measurements are conducted, one for the computation of efficiency and
one for the pressure pulsation analysis. The measurement of the inlet, atmospheric and
temperature pressure was discussed in the previous paragraph.

The objective of the pressure pulsation measurements at Leirfossene is to track and analyze the
pressure pulsations in the draft tube. Previous pressure measurements have been performed in
the draft tube, therefore the same pressure outtakes were used again. Figure 24 shows the
placement of the eight pressure sensor in the draft tube. The sensors locations are placed in
accordance to IEC 60994. The standard states that pressure sensor “At a distance of 0.2Ds - 0.8Ds
from the bottom face of the band of a Francis runner/impeller, Ds being the suction diameter ”

[1].

As mentioned earlier,

there were eight sensor
installed in the draft tube.
Respectively four sensors

are placed in the same
vertical axis, on each side
of the draft tube by an
average vertical distance

of 860mm downstream of
each other. This means
that two sensors will be in

the same horizontal axis,
offset by 180degree
Figure 24 shows the
location of each senor in
the draft tube. The
pressure transducers on  Figure 24 - Location of pressure sensors in draft tube

the draft tube and inlet

are flush mounted with the tube wall. All sensor used at Leirfossene are static pressure

transducer and were calibrated both before and after measurements to assure repeatability.
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3.4.3 Vibration Sensors

Four uniaxial accelerometers are used

to measure vibrations on the unit. The

sensors are mounted on the outside of

machine  components and are

distributed according to target areas.

The objective of the vibration
measurements is to observe the

frequency components present in the
system and correlate these with the

pressure pulsation measurements. IEC
60994 [12] states that the housing of
each guide bearing, the support frame
of the thrust bearing, the head cover of
the turbine and guide vanes are most
likely to experience significant
vibrations. The vibration measurements
at Leirfossene will focus on the head
cover and guide vanes. The
accelerometers have been mounted at
the following locations [Figure 25].
Figure 26 shows how V3 and V4 are
cemented (chapter 2.2.1) on the turbine
cover.

Figure 26 - Location vibration sensor V3 & V4

Sensor Description
V1 is mounted on top of guide vane number 1 in its axial
V1-Axial direction. V2 is mountain on the same guide wane in its axial
Guide vane direction. It is expected that the runner dependent
V2-Radial frequencies will be most obvious, especially the frequencies
from the rotor stator interaction
V3 is mounted in the axial direction of the turbine, on the
V3-Axial head cover. V4 is mounted on the side of the cover in the
Head cover of T ] )

. runners radial direction. It is expected to detect frequencies
the turbine related to the rotor stator interaction, as well as the

V4-Radial ’

Rheingans frequency .

Table 15 - Vibration sensor mounting information
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3.5 Analysis of measurements

All of the measurements have been analyzed using MATLAB. The following paragraphs will
provide more information about the methods used to evaluate and compute the results. All of
the scripts used in the analysis are available in the Appendix H.

3.5.1 Efficiency measurements

The analysis of the thermodynamic efficiency measurements consist of determining the hydraulic
and mechanical energy of the system. This is done by applying the theory presented in chapter
2.6 with the measured quantities of the pressure and temperature at both the inlet and outlet.
Initially the measured data will be statistically evaluated using MATLAB in order to get rid of
outliers and noise in the signal.

Based on the standard IEC60041, the temperature measurements have to be averaged at both
the inlet and outlet of the turbine. The same goes for the pressure measurements at both the
temperature sensor, inlet senor and atmospheric sensor. Some of the pressure values used in
the calculations have to be numerically compensated in order to ensure that the correct value is
used at the correct location. Therefore, the accurate height measurements are important.

The temperature also

needs to be adjusted. Temperature plot-BEP
There is a certain 1,82
distance between the 1,815
temperature sensors 181
. ) 1,805
atinlet and outlet. This 18
means that it takes ;5
some time for the 1,79
water measured at 1,785
. . 1,78
SN TNOR0ON G INNNINEENESR
outlet. In order to
T.In T.OutBottom T.OutMiddle T.OutTop

compensate for this a
time delay has to be Figure 27 - Raw temperature outout

calculated. The offset

is dependent on the flow at the operational point, for example at the turbines best point (BEP),
the time delay is 8.7 seconds, meanwhile at part load the delay is 15 seconds. The blue lines in
Figure 27 display the delay that has to be taken into account at BEP.
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The IEC standard allows a maximum drift in the temperature to be AT = 0005 K/min'
states that the temperature sensors used need to have an accuracy of at least 0.001K. Figure 27
displays the raw temperature plot of a previously performed measurement. Based on the graph
one can already now state that the drift in temperature is within the limit stated by IEC60041. It

will take further analysis to check for eventually outliers in the measurements.

It also

A specially designed MATLAB script, Appendix H, with built in flow iteration has been created to
perform the numerical calculation of the efficiency and perform the necessary compensation for
the temperature and pressure measurements. An uncertainty analysis has also been
implemented in the same script computing both the random and systematic uncertainty.

Due to confidentiality reasons, relative values have been used to calculate the efficiency. The
relative efficiency measurements are displayed as a plot showing the efficiency curve, with its
uncertainty band, related to the turbines power output at its rated head.
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3.5.2 Pressure and vibration measurements

The purpose of the pressure and vibration measurements at Leirfossene is to conduct a frequency
analysis, focusing on the lower frequency range and the frequency amplitude in the draft tube.
The measurements are performed at different operating conditions. The measured data of both
the vibrations and pressure pulsations will consist of raw data. The raw data is the outputted volt
signal from the sensors. In order to achieve a data set that is logical, the raw data has to be
processed with its coherent calibration constant. Furthermore the data will be examined using
statistical tools and signal processing methods in a designated MATLAB script. This is done as an
effort to remove outliers and ensure a good data-set has been achieved before further analysis
is conducted.

Subsequently the processed data will be analyzed using the MATLAB PWELCH function to display
the frequency spectra. A peak-to-peak analysis will be used to show the magnitude of the
pressure measurements [chapter 2.5.4]. The PWELCH function takes advantage of window
functions to further enhance the quality of the analysis. For the analysis, the Hanning widow with
an overlap factor of 0.5 is used. The widow length between 20k to 30k samples has been used in
order to focus on the lower frequency ranges. [Chapter 2.5.2] Peak to peak values were found
using a 99% confidence level. [Appendix J]

The frequency resolution f,..;, describes the distance between two data points that are adjacent
in the FFT analysis. The resolution is defined by the relationship between the sampling rate F;,
and the total number of samples in the data-series, N = F; - t. Which as seen in equation 3-2 is
derived to be only be dependent on the sampling time t in seconds. This means that the only way
to increase the frequency resolution is to sample over longer periods. For example a signal
sampled at F; = 2000 for t = 10s will have a f,.; = 0.1Hz. [Chapter 2.5] The length of the
window used in the FFT analysis are all with a f,..c = 0.1Hz or higher. [48]

Fs

1
fres = F -t = T (Eq. 3-2)

Various representational methods are used to present the result, waterfall-plots and heat-plots
are used to display the trend of the system meanwhile 2D-plots and tables are used to display
specific values. It should be pointed out that the measurements of vibration sensors V1, V2 and
V4 did not yield provide any results due to unforeseen errors in the measurements .
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3.5.3 Uncertainty

After the measurements have been analyzed, it is important to evaluate the uncertainty of the
efficiency measurements. Both the systematic and random uncertainty has to be evaluated. This
is done in an effort to determine the accuracy of the measurements. Appendix D displays how to
theoretically derive uncertainty of efficiency.

The uncertainty in the efficiency measurements is dependent on several variables and will
therefore need a complex uncertainty analysis. The result of the pressure pulsation
measurements are only dependent on the sensor itself because no other variables or constants
are applied. This means that it is the uncertainty of each sensors is the uncertainty from the
calibration report. The calibration reports are found in Appendix P, Appendix N and Appendix M.

3.5.4 Calibration

The calibration is performed to make sure that two sensors measuring the same quantity display
the same result. To reduce the uncertainty of the measurement the same equipment, cables,
modules and sampling devices are used in the actual field measurements as was used in the
calibration. The equipment has been calibrated in accordance to IEC 60041. In the Appendix P,
Appendix N and Appendix M covers respectively the calibration report of the pressure, vibration
and temperature sensors. The calibrated data has been used to present all the results in chapter
3 and in the Appendix F.
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Analysis of measurements

4 Experimental results and discussion

The following chapter will present and discuss
the results of the efficiency and pressure

pulsation measurements performed on Turbine

2 at Leirfossene power plant.

The efficiency measurements are performed in
accordance with the international IEC 60041
standard. In the following chapter, the efficiency
measurements are presented with regards to

the turbines power output at its rated head. The

efficiency measurements will be compared to

previous  measurements performed by -

Norconsult in 2009. The measurements
conditions are deemed satisfactory, with the
temperature not increasing more than the
0.005K per minutes as stated by the IEC
standard. The pressure pulsation measurements

R

()

Figure 1 - Location of draft tube pressure

will give an overview of the frequency Description Nomenclature Value
components occurring in the draft tube. Nominal Head H,, [m] 58
Figure 1 displays the location of the  Nominal Discharge 0 [m3/] 30
A n S

.pressu‘re .sensors in the draft tub.e. An Nominal Output B [MW] 16
investigation of the pressure intensity, as .

i ) Nominal Speed n, [rpm] 3333
well as a discussion of the pressure
. . Runner blades [-] 11
difference between the inner and outer ;.

. . Gui - 24

radius of the draft tube bend will be uide vanes ]

presented. The effects of air injection will

Table 16 - Nominal parameters Turbine 2 Leirfossene

also be evaluated. In the analysis, the operational points are discussed relative to the nominal

discharge, Q,, = 30 m3/s, of the turbine. The turbines Best Efficiency Point (BEP) is considered

to be 0.84 - Q,,. All measurements were performed under steady-state conditions, with constant

generator output and constant flow.

Measurement 1 2 3 4 5 6 7 8 9
P, [MW] 7.29 9.35 10.38 12.26 13.55 13.64 14.49 16.3 17.08
H [MW)] 58.6 58.34 58 57.8 57.9 57.2 57.8 57.4 57.2
Q/Q 0.46 0.58 0.64 0.76 0.83 0.84 0.89 0.99 1.03
n

Table 17 - The performed measurement points
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4.1 Efficiency measurements
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Fiqure 28 - Efficiency measurement Leirfossene

16

P, [ MW] 7.29 9.35 10.38 | 12.26 | 13.55 | 13.64 | 1449 | 16.3 17.08
n[-] 0.885 | 0.924 | 0.948 | 0.978 | 0.995 |1 0.992 | 0.967 | 0.939
Uncertainty [%] | +1,37 | £1,32 | £1,29 | £1,26 | +1,25 | +1,25 | £1,26 | £1,31 | +1,36

Table 18 - Normalized efficiency values

Figure 28 displays two efficiency curves. The red line represents the measurements performed
by the thesis author in May of 2016 using the thermodynamic method. The black line represents
the guarantee measurements performed with the Gibson method by Norconsult in 2009. The
results presented are normalized using the highest efficiency point measured with the
thermodynamic method. This is done to not reveal confidential information.

Figure 28 and Table 18 show that both efficiency measurements present the same trend. Both
the thermodynamic method and Gibson’s method display the peak efficiency to be at 14MW.
The maximum uncertainty in the measurement performed by NTNU is calculated to be 1.4%
while the measurements by Norconsult have an uncertainty of 1.6%. Figure 28 shows that the
deviation between the measurements varies from 1.12% at part load to -0,13% at high load. This

means that the efficiency lies within each others uncertainties.
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4.1.1 Uncertainty

Figure 29 shows the total
uncertainty of the
measurements based on the
nominal turbine efficiency. The
biggest contributor to the total
uncertainty is the uncertainty
of the measured temperature
difference. The uncertainty in
the temperature difference is
due to the low head, as the
total
temperature

losses are small. The
losses are
therefore small compared to

Uncertainty [%]

Efficiency measurements

Total Uncertainty - Thermodynamic method
[

st

8

1 12 14 16

Turbine Power at Rated Head - Pry, [MW

Figure 29 - Efficiency measurement - Total uncertainty

the accuracy of the temperature sensors. It is because of the small increase in temperature over

low-head turbines that the IEC 60041 standard recommends that the thermodynamic

measurements should be performed on heads over 100 meters. It also recommends to use

temperature sensors with an as high as possible accuracy, to reduce the overall uncertainty in

the measurements. Figure 29 clearly shows how the uncertainty increases as one moves away

from the turbines best efficiency point. This is because of the increasing instability in the flow,

causing the uncertainty of the pressure measurements to increase.

4.1.2 Head loss

Figure 4 displays the head loss
for the turbine related to the
nominal power of the turbine.
An increase in power will result
in an increase of flow. This
shows that the head loss will
increase with an increase in
turbine power. The head loss at
BEP is determined to be 0.95m.
The head

dependent on the actual head

loss coefficient is

loss and the volume flow at

. .. . . . H
that point. The head loss coefficient for turbine 2 at Leirfossene is calculated to be K =

0.00153.

Head loss [mWe|

Head loss curve Leirfossene - Turbine 2
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4.2 Pressure pulsation measurement

Pressure Sensor DT'1
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Figure 31 - FFT for all measured operational points - DT1 [OHz-800Hz]

Figure 31 displays the Fast Fourier Transform, FFT from 1Hz to 800Hz, based on the pressure
sensor DT1, located closest the turbine outlet. The figure shows the measurements for all
measured operational load points. Based on the peaks displayed for the different operational
points one can see that there are some overlaying trends. The highest intensities are measured
at the part load points of 0.46 - Q,, and 0.58 - Q,,. At part load, high frequency components over
400Hz can be seen that appear to have a high intensity. As the loads increase it appears as if the
high frequency components are greatly reduced. This coincides with the flow becoming less
turbulent and more stable when it increases.

An interesting observation is the fluctuation of frequencies between 200Hz and 350Hz depending
on the turbines load. It is most likely not related to any rotational dependent frequencies because
of its fluctuations. Therefore, it is likely to be related to the elastic fluctuations in the system.
The guide vane frequency at 122.3Hz can be observed with an increasing intensity for all
operational loads over 0.64 - Q,,. The guide vane frequency is only observed in the measurements
from sensor DT1, DT2, DT3 and DT4. These are the sensor located closest to the turbine outlet.
Intensity is relatively low compared to the other rotational dependent frequency.

In the further analysis, the main focus will be on the lower frequency ranges. This is the area of
interest believed to generate the greatest vibrations in the machinery.
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Pressure [kPa|

Frequency |[Hz

Pressure pulsation measurement

Pressure Sensor DT'1

#-

Figure 32 - FFT for all measured bpe}btiona/ points - DT1

Figure 32 shows an enlarged section of
Figure 31, displaying the frequencies
from OHz to 70Hz. The plot shows that
the runner dependent frequencies are
dominant. The most dominant
frequency at part load is the Rheingans
frequency at 1.16Hz. Figure 33 shows
how the intensity of the Rheingans
frequency decreases as the flow moves
toward the best efficiency point and
disappears entirely. The highest
intensity of the Rheingans frequency
will be at low part loads. This is related
to the high tangential velocity in the
draft tube.

Figure 34 shows the intensity of the
runner frequency measured at 5.55Hz.
The trend shows that the intensity of
the runner frequency decreases as the
flow moves towards BEP, before
increasing as it moves towards high
load. This is expected considering the
flow is becoming less turbulent at BEP.
The figure shows that the relative

DT1 - Rheingans freq. - 1.16Hz
10

Pressure [kPa]

0,46 0,6 0,74 0,88 1,02
Q/Qn

Figure 33 - Rheingans frequency intensity DT1

DT2 - Runner frequency - 5.55Hz
2

1,5

Pressure [kPa]

0,46 0,66 0,86
aQ/an
—@— 2. Harmony Fundamental freq

Figure 34 - Runner frequency intensity DT2

intensity compared to the Rheingans and runner vane frequency is low. This said, the second

61



4. Experimental results and discussion Pressure pulsation measurement

harmony of the runner frequency, measured at 11.11Hz, is measured to have an intensity greater
than the fundamental frequency. It should be noted that the multiple harmonies with smaller
intensity can be observed as far up as to the runner frequency.

Figure 35 shows the runner vane DT1 - Runner Vane freq.- 61.1HZ
frequency measured at 61.1Hz. The plot 6

shows that the intensity of this frequency
intensifies as the flow increases at higher
loads. The same trend is observed with

» w
o »

pressure sensor DT2. However, as can be

Pressure [kPa]
w
[0 B =N

seen in Figure 10, the sensor located

w

further downstream in the draft tube

shows that the intensity moves towards 2
0,46 0,6 0,74 0,88 1,02

Q/Qn

Figure 35 - Runner vane frequency

N
(6]

zero.

Figure 37 shows how the Rheingans

frequency develops in the draft tube as the DT1 - Runner Vane freq development

load increases from part load towards BEP. 0,7
Sensor DT2 is located close to the outlet of 0,6
the turbine, while DT8 is at the bottom of — 05
the draft tube. DT4 and DT6 are spaced in % 0,4
between DT2 and DTS, in the same vertical % 0,3
axis. An interesting observation that can be @ 0,2
made is how the intensity measured by = 0,1
DT1 changes as the load increases. The 0
DT1 DT3 DTS DT7

intensity of the Rheingans frequency is the Sensor
highest during low part load operation.
The highest amplitude is measured at DT2,
during part load. This is most likely a result of the tangential in the draft tube being at its highest

at low part loads. This enables the vortex rope to move further away the draft tubes centerline.

DT2-DT4-DT6-DT8 - Rheingan frequency

Figure 36 - Runner vane intensity at 0.83-Q,,

EDT2
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=
o 5
—
5
(%]
(%]
()
—
=, - -
0,46 0,58 0,76
Q/Qn

Figure 37 - Rheingans frequency intensity development
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The axial velocity will increase when the load is increased, reducing the tangential velocity. As
the tangential velocity decreases, the size and reach of the vortex rope will decrease, thereby
lessening the intensity of the Rheingans frequency. This can be seen in Figure 37. The same figure
displays that the intensity of DT8 increases relative to the other sensors at 0.76 - Q,,. DT8 is
located furthest down in the draft tube. The higher intensity at DT8 is possibly because of the
centrifugal forces moving the vortex rope away from the draft tube center as it moves
downstream from the turbine.
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4.2.1 Pressure intensity

Figure 38 to Figure 41 illustrate
the peak pressure that each
the draft tube
per operational

sensor in
experienced
point. The values that are shown
have a confidence level of 99%.
The confidence level is used in an
effort to remove outliers and
estimation of the
The
present two sensors in pair, that

avoid over-
pressure peaks. figures
both are placed in the same
horizontal axis, on either side of
the draft tube. Figure 1 illustrates
how each set of sensors are
placed with a given distance
between them. The blue bar
represents the sensors located
closest to the inner radius of the
bend, while the vyellow bar
represents the sensors located
closest to the outer radius of the
bend.

The maximum pressure peak of
250kPa was measured by sensor
DT1 during part load operation

Peak to Peak - DT1 and DT2

ot
D12

e [kF

200
150
‘“” | ‘
0.46 0.58 0.64 0.76 0.83 0.84 0.89 0.99 1.03

Figure 38 - Peak pressure comparison sensor DT1 and DT2

Peak to Peak - DT3 and DT4
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Figure 39 - Peak pressure comparison sensor DT3 and DT4

at 046-Q,. The Ilowest

2kPa,
measured by sensor DT7 at BEP.

pressure peak was

A trend that is displayed in all of

the bar plots is that the peak
pressure is reduced significantly

when the flow moves towards the turbines best efficiency point at 0.84 - Q,,. All sensors measure

Pressure Sensor 7i,side DT1 DT3 DTS5 DT7
Peak pressure [kPa] 250 60 48 50
Pressure Sensor
DT2 DT4 DT6 DT8
Toutside
Peak pressure [kPa] 185 185 65 232
Diff "inside/,. | —35% | 67% | 26% | 78%

the highest pressure peaks at Table 19 - Peak Pressures all sensors for 0.46:Q,

low part load operation.

64

Pressure pulsation measurement



4. Experimental results and discussion

An interesting phenomenon is
that there appears to be a
difference in the pressure peaks
between each side of the draft
tube. Comparing the pressure
peaks as the flow moves down
the draft tube shows that there is
a significant difference between
the sides. The blue bar in Figure
38 shows a higher intensity for
sensor DT1 than for DT2. Table 19
presents the pressure values for
the part load point of 0.46 - Q,,. If
one tracks the development of
the peak pressure through the
draft tube at 0.46 - Q,,, it can be
seen that the pressure measured
closest to the outside radius of
the draft tube bend has peaks up
to 78% higher.

Sensor DT1 and DT2 are located
directly under the outlet of the
turbine. Due to their placement,
they are prone to be in direct
wake of the flow exiting the
blades. This cause the sensors to
experience higher peak pressure
relative to the other sensors
further down in the draft tube.
Figure 39 and Figure 41 show that
the pressure measured with DT4
and DT8 are between two and
four times greater than the peaks

Pressure pulsation measurement

Peak to Peak - DT5 and DT6

DTS
DT6

k Pressure [kPa

| 1
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Figure 40 - Peak pressure corhparison sensor DT5 and DT6

Peak to Peak - DTT and DTS

o
CJpTs

Peak Pressure [kPa)

m I
0 I

0.46 0.58

|

0.89 0.99 1.03

I il o -
0.64 0.76 0.83 0.84

Fiqure 41 - Peak pressure comparison sensor DT7 and DT8
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Figure 42 - Inlet velocity condition before bend

measured with DT3 and DT7. This is observed at all operational points. Figure 42 illustrates the

results of a previously performed CFD analysis of a laminar flow through a uniform circular bend.

The figure displays the inlet velocity conditions of the flow right before the bend and is expected

to be similar to the flow at BEP. The figure shows how the highest flow velocity has a tendency
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to be towards the inner radius of the bend. The outer radius experiences a lower velocity and
thereby a higher pressure. The bend at Leirfossene does not have the same uniform shape,
however it is assumed that the bend at Leirfossene has a similar flow pattern, where the inner
radius experiences a lower pressure due to higher velocities than the outer radius. This
assumption is the basis for further discussion.

It is determined that there is Inner radius Outer radius Diff

a difference between Pressure [kPa] Pressure [kPa] Tinside /r

outside

different  the  operating

DT1-DT2 32 39 18%

conditions, part load (PL) at
v DT3-DT4 4.9 5.2 6%
0.46 - Q,,, the best efficiency c 2 o1 T
point (BEP) at 0.84 - Q,, and DT>-bT ' ’ 2%
DT7-DT8 2.7 11.2 74%

high load (HL) at 1.03-Q,.
Of these, it is the PL that
experiences the highest peak

Table 20 - Peak Pressure at BEP all sensors

pressures. BEP shows the lowest peak pressures for all sensors. This is expected as the flow during
the turbines BEP does not have a tangential velocity component. HL has a higher peak pressure
than BEP due to the added tangential velocity. The peak pressures at HL are however far less than
at PL.

BEP and HL both display the same trend of different peak pressures on either side of the wall.
Knowing that the inner radius of the bend has a higher velocity, ergo lower pressure than the
outer radius and assuming that this propagates into the draft tube, it would cause one side to
experience a higher pressure than the other. This could explain why the sensors located on either
side of the draft tube wall would experience a deviation in pressure while operating at BEP. Table
20 appears to confirm the theory of the pressure being lower closer to the inner radius of the
bend. It is believed that the tendency of the flow to move towards the inner diameter of the bend
increases gradually as the flow travels down the draft tube. This theory is partly supported in the
data, showing that the difference in pressure peaks at DT3 and DT4 is small, but rapidly increases
as the flow moves further down the draft tube. The pressure peaks at sensors DT1 and DT2 are
believed to be mainly influenced by the flow exiting the turbine and the turbines operational
point.

At part load the flow has a high tangential velocity in the draft tube. Under these conditions a
rotating vortex rope can develop in the draft tube. The higher the relative tangential velocity to
the flows axial velocity, the higher up in the draft tube the vortex rope can develop. This is

66



4. Experimental results and discussion Pressure pulsation measurement

supported by the result from the previous chapter, as it can be seen that the Rheingans frequency
decreases as one moves towards the BEP.

All pressure sensors measure their highest peaks at PL. It is believed that the flow still has a higher
velocity closer to the inner radius at PL. It can be assumed that the inner radius experiences lower
pressure peaks because of the main flow, with the highest velocity, being located closer to the
sensors. In the draft tube, the high velocity flow will act similar to a stable flow and less turbulent,
causing less pressure pulsation.

This implies that the vortex rope will move towards the lower velocity area at the outer radius of
the bend, causing higher pressure pulsations on this side. This can be supported by the data
presented in figures 12 and 13, which shows that the vortex rope is initiated at the outlet of the
turbine with a high pressure peak. As the rope moves downstream in the tube it follows its
natural movement towards sensor DT4, showing a still high pressure peak, moving towards the
center imposing equal pressure on each sensors, before moving towards the low velocity area at
the inlet of the bend.
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4.2.2 Effects of air injection

In order to evaluate the effect of air injection on the system, the peak value of the pressure
pulsation as well as the frequency spectrum has been evaluated. Air was injected during two
part-load operational points, respectively 0.46 - Q,, and 0.58 - Q,,. In the following chapter, both
operational points will be presented and evaluated.

4.2.2.1 Partload-0.46-Q,

Peak to Peak QQ = 0.46
250 — T -

|
I With Air

[ Twithout Air

200 =
=

= 1501 =
E
z
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i
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= 1001 |
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o

50 =

0 | |
DTI DT2 DT3 DT4 DTS DT6 DT7 DTS

Pressure Sensor
Figure 43 - Pressure peak Values w/without air injection — 0.46 - Qy,
Figure 43 displays the peak values of the recorded pressure pulsations at 0.46 - Q,,. The vertical
axis represents the peak pressure in kPa. The higher the bar in the plot, the greater the pressure
pulsations. The blue bar represents the peak pressure with air injection while the yellow bar
represents the peak pressure without air injection. The horizontal axis displays the pressure

sensors that are being analyzed.
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Figure 43 and Table 21 show the effect Sensor | With [kPa] | Without [kPa] | Diff [%]
that the air injection has on the pressure

) ) DT1 205 248 17,4
pulsation. Table 21 lists the peak values
and difference in % for the bT2 171 185 7,6
measurements with and without air DT3 49 64 23,1
injection. Pressure sensor DT3, DT4 and DT4 72 185 61,3
DT8 experience a reduction in the DTS 43 48 11,7
pressure pulsation between 20% and DT6 56 65 13,0

of o

60% with air injection. Sensor DT2, DT5 DT7 59 5y 132
and DT6 experience a more moderate - 181 35 55
reduction of 7% to 13%, whereas DT7 ’
displays an increase of 13% in pressure Mean 104 135 22,6

pulsation when air is injected. The sensor able 21 - Peak pressure values 0.46-Qy,

DT7, which experiences a slight increase after the air injection, has to be evaluated as part of the

whole system. The main purpose was to reduce the strong pulsations in the system. The results
from sensors DT3, DT4 and DT8 show that a great reduction has been achieved when injecting
air.

The overall trend for seven out of eight sensors is a reduction in peak pressure when air is
injected. This shows that the relatively low pressure peak from sensor DT7 does not influence the
whole system because its effect can be considered to be marginal in the greater picture. In total
a reduction of 22% in the overall peak pressure has been observed after air injection.

Figure 44 and Figure 45 display the frequency spectrum at 0.46 - Q,,without and with air injected.
The left side of the figures display the four sensors closest to the inner radius of draft tube bend,
while the right side displays the four pressure sensors that are located at the outer radius of the
bend. The horizontal axis describes the computed frequency in Hertz, while the vertical axis
shows which pressure sensor is displayed. The spectrogram displays the intensity of the
frequency in colors. The color blue represents the lowest intensity and the color red the highest
intensity.
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Figure 44 - Spectrogram Without air injection
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Figure 45 - Spectrogram With air injection

By comparing Figure 44 and Figure 45, some similarities can be observed between the
measurements with and without air injection. Both figures show the second harmony of the
runner frequency at 11.11Hz at sensors DT1 and DT2, as well as the fundamental frequency of
the Rheingans frequency for all eight sensors. The Rheingans frequency appears to have a slight
shift in its frequency from 1.16Hz to 1.2Hz when air is injected.

When comparing sensor DT5 and DT7, it can be seen that the intensity in the fundamental
Rheingans frequency is somewhat reduced in the measurements with air injection. That said, the
first and second harmony in the measurements with air injected seem to be of a higher intensity
compared to the ones without air injected. Sensors DT1 and DT2, located closest to the outlet of
the runner, detect the first harmony of the Rheingans frequency when no air is injected, but not
after air injection. This can possibly be attributed to the initializing point of the vortex rope to be
pushed further down into the draft tube when air is being injected.
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An interesting phenomenon is that both measurements show a growing number of harmonies
related to the Rheingans frequency as the flow moves downstream in the draft tube. This is
assumed to be because of the increasing number of turns of the rotating vortex rope in the draft
tube, thereby increasing the number of harmonies that are created downstream in the draft
tube.

Figure 44 shows that all sensors in the draft tube observe two distinct frequencies at 4.64Hz and
5.06Hz during part load at 0.46 - Q,, without air injection. Figure 45 shows that these frequencies
are not present when air is injected into the system. It is believed that these frequencies are not
rotational dependent because they do not appear in the measurements with air injection. It also
does not match with the runner frequency of 5.55Hz or any of the harmonies of the Rheingans
frequency. Both frequencies are likely related to the elastic fluctuations from the lower reservoir.
Theoretically, frequencies 4.64Hz and 5.06Hz correlate with the level of the reference outlet
reservoir and the area transition between the outlet reference reservoir and outlet, respectively.
The air injected into the water appears to reduce the presumed elastic fluctuations.
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4.2.2.2 Partload-0.58"-Q,
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Figure 46 - Pressure peak Values w/without air injection —0.58 - Q,,

Figure 46 shows the effect of the air  Sensor | With [kPa] | Without [kPa] | Diff [%]
injection on the peak values of the DT1 149 155 3,9
pressure pulsation at 0.58-Q,. Table DT2 137 134 19
22 lists the peak pressures values DT3 38 29 23.2
measured with and without air injection

as well as the difference presented in bT4 38 >9 34,9
percentage. DT5 31 44 29,7
The effects are most noticeable on the DT6 50 44 -14,6
sensors DT3, DT4, DT5 and DT8 with a DT7 46 48 2,6
peak reduction of 20% to 34% when air DT8 105 132 20,9
is injected. Sensor DT1 and DT7 both Mean 74 83 10,7

showed a minimal reduction of about ;... 55 peok pressure values 0.58-Q,,

3%. Sensor DT2 and DT6 experienced an

increase in the peak pressure between 2% and 14% when air is injected. The total intensity of the
peaks pressure at 0.58 - Q,, is reduced by 10% when air is injected.
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Figure 47 - Spectrogram Without air injection
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Figure 48 - Spectrogram With air injection

The effect of air injection on the pressure pulsations seems to not be as clear at the higher load
compared to the results presented for 0.46 - Q,, load. This is most likely because the flow present
at the lower load will be more turbulent, thereby more prone to develop greater pressure
pulsations compared to a higher load with a more stable flow. Comparing the trends at both
operating points, shows that the overall peak pressure intensity for all sensors are reduced by
20% to 40% when operating at the higher load. This complies with the theory that tangential
velocity in the draft tube decreases and the flow becomes more laminar as one moves towards
the turbines best efficiency point, thereby reducing the peaks of the pressure pulsations.

The spectrograms presented in Figure 47 and Figure 48 display the part load point of 0.58 - Q,,
with and without air injection, respectively. When analyzing the frequency spectra, it can be seen
that both measurements clearly display the fundamental Rheingans frequency of 1.2Hz with- and
1.19Hz without air injection. Both measurements display the second harmony of the runner
frequency at 11.11Hz.
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There are two main differences between the measurements with and without air injection. The
first, is the frequency detected next to the third harmony of the Rheingans frequency, at 3Hz,
during operations without air injections. The 3Hz frequency is clearly visible for sensor DT1 and
decreases in intensity as it moves downstream in the draft tube. On the other side of the draft
tube the 3Hz frequency seems the have the opposite behavior with the highest intensity
measured by the DT8 sensors. This can possibly be attributed to a local flow phenomenon were
the intensity crosses from the DT1 located at the top of the draft tube, to the DT8 sensor located
on the other side at the bottom of the draft tube. This frequency is not present when air is
injected, nor is it present at the lower operating point of 0.46 - Q,,.

The second difference is related to the harmonies of the Rheingans frequency. The
measurements with air injected seem to delay the formation of harmonies in the draft tube.
When comparing sensor DT3 with and without air injected, it can be seen that the measurements
with air injected display three prominent harmonies whereas the measurements without air
injected display only the fundamental frequency. It should also be noted that the intensity of the
harmonies seems to follow the same pattern of being reduced for the fundamental frequency
before increasing in intensity in the second harmony. The same trend was observed for the
previously discussed part load operation of 0.46 - Q,,. This said, pressure sensor DT2 displays
some frequency in the below 1Hz range that have not been successfully identify.
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4.2.3 Comment on the total pressure intensity
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Figure 49 - FFT with and without air injection-Sensor DT4

Figure 49 displays the frequency spectrum from OHZ to 500Hz for measurements with and
without air injections. The two figures on the left represent the part load operational point
of 0.46 - Q,,, while figures on the right represent 0.58 - Q,,. Comparing the overall intensity of the
measurements at 0.46 - Q,, with and without air injection shows that the intensity without air
injection is much greater. The peaks between 100Hz and 200Hz in the measurements with air
injection are up to four times greater, and cover a much larger area in the frequency spectra than
the measurements without air injection. However, the intensity of Rheingans frequency with air
injection appears to be 30% larger compared to the measurements without air injection. The
measurements at 0.58 - Q,, display an opposite trend when it comes to the Rheingans frequency.
Measurement without air injection appear to have a 40% stronger Rheingans frequency when no
air is injected.

In evaluating the means of reducing pressure pulsations and vibrations, one has to look at the
totality and the actual impact each frequency has on the system. In theory, a higher frequency
will contain more energy than a lower frequency with the same amplitude. This implies that the
desired frequency range should be as low as possible. In reality, this is not entirely true. The low
frequency range, 0-10Hz, is associated with relatively large movement of the machinery. When
comparing the pressure pulsation with the vibration measurements presented in the next
chapter, a trend of increasing vibrations intensity can be seen at part load operation. This said,
the high frequencies also cause vibrations and are most dangerous when they resonate with the
natural frequency of the machinery. The total reduction of the pressure pulsation is still the main
objective. One has to be aware that some frequencies may be more harmful than others.
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4.2.4 Vibration measurement
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Figure 50 - Vibration at turbine cover for all loads

Figure 50 displays the frequency spectrum from OHz and 1000Hz for vibrations at different
operational points. Based on the plot it is obvious that the machine experiences most vibrations
during part load operation from 0.46 - Q,, to 0.64 - Q,,. It can also be seen that the high load
points of 0.90 - Q,, and 1.03 - Q,, experience higher vibrations than the best efficiency point at
0.84 - Q,.

The data from the vibration measurements shows that the runner frequency, runner vane
frequency and guide vane frequency are visible at all operational points. The Rheingans
frequency has not been successfully detected because of the vibration sensors lower frequency
range being limited to 1Hz, resulting in “ski slope” distortion on the frequencies under 2Hz [222].
It can be seen in the vibration measurements that the highest vibration levels are present in the
frequency range under 200Hz. The runner vane frequency is the most intense source of vibration
for all operating points.
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4.2.5 Comparing pressure and vibration measurements

Vibration Runner Vane DT2 - Runner frequency
frequency 5.55Hz 5.55H7
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Figure 51 - Vibration intensity of Runner frequency Figure 52 - Pressure intensity of Runner frequency-
DT2

Comparing the vibration and pressure pulsation measurements can give an indication if the
intensity of the frequency analysis correlates across measurements. Figure 51 and Figure 52
display the relative intensity, to the highest intensity peak, of the runner frequency at 5.55Hz of
the vibration and pressure measurements, respectively. The graphs show that both
measurements mostly display the same trend. There are some differences at the part load point
of 0.46 - Q,, and the high load point of 0.90 - Q,,. This could mean that the intensity of the runner
frequency displayed in the pressure measurements at part load does not have a big impact on
the actual vibration experienced by the machine.

Vibration Runner Vane DT2 - Runner Vane Frequency
) frequency 61.1Hz 61.1Hz
1
;o,s 208
206 3
- € 0,6
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0,46 0,66 Q/gn 0,86 Q/Qn

Figure 53 - Vibration intensity of Runner vane Figure 54 - Pressure intensity of Runner vane
frequency frequency DT2

Figure 53 and Figure 54 display the intensity of the runner vane frequency at 61.1Hz from the
vibration and pressure measurements, respectively. Both figures show the same trend. However,
the frequency intensity shows that the pressure sensor detects a higher amplitude compared to
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the relative amplitudes of the vibrations at the turbines BEP. The opposite is observed at part
load, where the vibration sensor displays a relative intensity almost two times higher. This
supports the theory of lower frequencies causing more severe vibration in the machinery.

Figure 55 and Figure 56 display

w107 Axial Accelerometer - Turbine Cover (()" =0.46
4 1 T 1 T S T

the lower frequency ranges at
0.46 - Q,, for both the pressure
and the vibration sensor. The
graph has been plotted from 2Hz = i
to 12 Hz in order to compare the '

two sets without them being :°1
influenced by the “ski-slope” of
the vibration measurements. The

end of the “ski-slope” can be seen

at 3Hz in Figure 55. The vibration
measurements display four main
peaks at 4.64Hz, 5.06Hz, 9.98Hz
and 11.1Hz. The peak at 9.98Hz
does not appear to have an
obvious source, but is most likely
a harmony of a 5Hz frequency
that be
distinguished in the frequency

cannot clearly
spectrum. The 11.1Hz peak is also
the
pulsation measurements and is

observed in pressure

most likely the second harmony
of the runner frequency, 5.55Hz.
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Figure 55 - Axial vibration on turbine cover at 0.46 - Q,
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Figure 56 - Pressure pulsation DT1 at 0.46 - Q,,

The main area of interest are the two peaks located at 4.64Hz and 5.06Hz. Both frequencies have
previously been discussed in chapter 4.2.2.1 about air injection. The interesting part is that it is
clearly visible in the vibration measurement as well. Both the vibration and pressure
measurements only detect these frequencies at 0.46 - Q,,. This implies that both frequencies
most likely are dependent on the behavior of the both flow and the elastic fluctuations under
low part-load operation.
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5 Conclusion

Efficiency Measurements have been carried out for turbine 2 at Leirfossene power plant. The
thermodynamic method was used to calculate the turbine efficiency. The measurements have
been carried out in accordance with the International Standard IEC 60041, 3.ed 19991-11 [1]. The
relative efficiency displays the highest efficiency when the turbines power at its rated head is
14MW. The calculated efficiency deviates between 1.2%, at part load, to 0.13%, at high load,
compared to previously performed measurements by Norconsult in 2009. The maximum
uncertainty in efficiency is calculated to be 1.4%. The measurements were conducted on a
nominal head lower than the 100m the IEC standard demands. They did fulfill the requirement

of not having an temperature increase of more than 0.005 K/min'

Pressure pulsation measurements have been performed in the draft tube on turbine 2. The
pressure pulsation measurements show that the Rheingans frequency, runner frequency and
runner vane frequency are present in the draft tube. The Rheingans frequency is the dominant
frequency while operating at part load. The runner frequency displays a high intensity at both
part- and high- load compared to the relatively low intensity at its best efficiency point (BEP). The
runner vane frequency shows a high intensity at the outlet of the turbine.

The analysis of the pressure intensity shows the highest pressure pulsations measured for BEP,
part load and high load are 45kPa, 250kPa, 55kPa, respectively. The sensors located closest to
the inner radius of the draft tube bend experience a lower intensity than the sensors at the outer
radius of the bend. The intensity difference between the sides is up to 4 times greater during part
load operation. This is probably a flow-specific phenomenon that occurs in the draft tube bend.

Data with and without air injection from two operating point at 0.46 - Q,, and 0.58 - Q,, have
been compared. The analysis shows that the air injection reduces the overall intensity by 22%
at 0.46 - Q,, and 10% at 0.58 - Q,,. The most powerful pulsations are reduced by 20% to 60%,
while the remaining pulsations experienced a change from —149% to 17%. Frequency analysis at
part load, 0.46 - Q,,, shows two distinct frequencies at 4.64Hz and 5.06Hz when the turbine runs
without air injection. When air is injected into the draft tube, these frequencies disappear
altogether. The frequencies are probably related to elastic fluctuations in the system, which are
lessened by the injected air.
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6 Further work

One of the more interesting observations made was the difference in pressure between each
side of the draft tube. Further work should be focused on establishing the flow phenomenon
that occurs in the draft tube. A theoretical flow study involving computational fluid dynamics
(CFD) should be conducted. It can be wise to install more pressure sensors between the
existing ones. The sensors should be located 90 degrees apart in the same horizontal axis. By
gathering more experimental data, one will be able to better determine how the flow behaves
and develops under different operational points.

A key interest that can be researched is how the centrifugal force affects the discharge when
it has a high tangential velocity in the draft tube. Other flow phenomena, like the Magnus
effect, should be investigated. These phenomena can possibly be a contributor to the pressure
difference between the sides, and can influence how the flow behaves in the draft tube.

Another noteworthy observation was the two frequencies of 4.64Hz and 5.06Hz that where
present during part load at 0.46 - Q,,. Both frequencies were present during operation when
no air was injected. However, when air was injected both frequencies completely
disappeared. It was assumed that these frequencies are related to the elastic fluctuations
between the lower reservoir and turbine. Further work should try to determine a more
accurate speed of sound in order to pinpoint the frequencies origin with a higher certainty.

So far, only air injection has been used as a means of reducing pressure pulsations during part
load operation. Other options like a freely rotating runner cone extensions or a fixed runner
cone extensions should be explored. Runner cone extensions will increase the axial velocity of
the flow at the turbines outlet, ideally moving the start of the vortex rope further
downstream. The use of fins in the draft tube should also be explored, in order to guide the
flow more efficiently. Efficiency measurements should be performed again if new means of
reducing pressure pulsations are tested, in order to review the effect on the system.

The vibration analysis performed in this report focused mainly on the frequency analysis of
the measurements. However, the analysis of displacement can potentially give useful
information about the intensity and severity of the vibration. The vibration measurements
should be performed on different components of the hydraulic unit. This should include
measurements on the shaft bearing, generator and the draft tube. A triaxial sensors setup
should be considered in the measurements of guide vane, head cover and draft tube
vibrations to accurately analyze the movements in all directions.
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Appendix A Calculations of expected frequencies

Appendix A Calculations of expected frequencies

n

Runner frequency fo= = [Hz] = % =5.55Hz

Runner vane frequency frv = fo * 2y [Hz] = 5.55 %11 = 61.05 Hz
Guide vane frequency fgv = fn * Zg» [Hz] = 5.55 % 24 = 133.2 Hz
Rheingans frequency fr = %" - %[HZ] = 2.775Hz — 1.3875 Hz
Elastic fluctuation f= % = % [Hz] = 4.63Hz —» 6.83 Hz
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Appendix B Calculation example Efficiency

Calculation example Efficiency

Generator Power Pyenerator withheld Measured
Generator efficiency Ngenerator withheld Data sheet
Pressure atmospheric pres. DPatm withheld Measured
Pressure inlet sensor D1 mesurment withheld Measured
Pressure temp sensor P11 mesurment withheld Measured
Temperature inlet T11 withheld Measured
Temperature outlet T21 withheld Measured
Pipe center inlet Z4 8,5m Measured
Draft tube center outlet Zy 3,847 m Measured
Height temp sensor inlet Z11 10.266 m Measured
Height temp sensor outlet Zp1 3,847 m Measured
Height Z,¢foy: to lower res Z3 8,73m Measured
Outlet ref height Zrefoutlet 22,455m Measured
Height pressure Zipres 9,595 m Measured
measurement inlet

Height temp  pressure Z11presTemp 10,0109 m Measured
measurement inlet

Diff. center pipe and Az = Zipres — 71 1,095 m Calculated
pressure sensor

Diff. temperature and temp Az11 = Ziprestemp — Z11 —0,2551m Calculated
pressure sensor

Head at outlet to center of | Ahy = Zyeroutier — 23 — Z2 9,878 m Calculated
outlet pipe

Head at outlet to temp | Ahyy = Zreroutier — 23 — Z21 9,878 m Calculated
sensor at outlet

Gravitational constant Imean 9,8217m/52 Calculated
Density inlet Pin 1000,3 kg/m3 IEC 60041
Density outlet Pout 1000 kg/m3 IEC 60041
Density outlet p 1000.15 kg/m3 Calculated
Isothermal factor - Inlet Qin 0,9965 * 103 m3/kg IEC 60041
Isothermal factor - Outlet Aout 0,9974 % 1073 m3/kg IEC 60041
Isothermal factor - Mean Amean 0,99695 % 103 m3/kg Calculated
Specific heat capacity - Inlet Cpin 4199,8 ]/kg K IEC 60041
Specific heat capacity - Cpout 4201,8 ]/kg K IEC 60041

Outlet
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Appendix B Calculation example Efficiency
lSvrl):ac:‘ic heat capacity - Cp 4200,8 ]/kg K Calculated
Bucket filling time trilling 103,58 s Measured
Bucket Volume Viucket 0,011 m3 Data sheet
Area - Inlet Aq 4,9087 Calculated
Area - Outlet at A, Calculated
temperature sensor
Area — Outlet at lower A Calculated
reservoir
Area - Probe Aprobe 0,000227 m? Calculated

Procedure for calculating the efficiency using the thermodynamic method

Initial Estimation of flow

o Initial calculation of the total mechanical energy
o Recalculation of the flow
o Recalculation the total mechanical energy
o Recalculation of the flow
o Calculation of the Hydraulic Energy
o Computation of the efficiency
Estimating flow
Qassumed = Frurbine
b1 — Patm

P1 = P1mesurment + Pin " 9 D21

_ P generator

P turbine —
Ngenerator

Computing the Mechanical energy

Em = Em pressure + Em potential + Em kinetic + Em thermal

_ _ 1 _
Em=a-(p11 —D021) + g (211 — 221) + 5 (cty = c31) + G - (Ty11 — T1)

Mechanical pressure energy

Em pressure — a- (pll - p21)
P11 = P11 mesurment T Pin " 9 " AZ11

P21 = Patm + Pout * 9 - Ahaq

Mechanical Potential energy

87

(Eq.
(Eq.

(Eq.

(Eq.

(Eq.

(Eq.
(Eqg.

(Eq.

A. 1)
A.2)

A.3)

A. 4)

A.5)

A. 6)
A.7)

A. 8)



Appendix B Calculation example Efficiency

Em potential = 3" (11 — 221) (Eg. A.9)

Mechanical Kinetic energy

1
Em kinetic = E (0121 - 0221) (Ea. A. 10)
Vbuck
Qprobe = t .uc. = (Eq. A. 11)
filling
Qprob
C1 =7 (Eq. A. 12)
probe
_ Qassumed
Cyy = — i (Eq. A. 13)
2
Mechanical Thermal energy
Em thermat = Cp ° (T11 — T21) (Eq. A. 14)

Total mechanical energy

Em = Em pressure + Em potential + Em kinetic T Em thermal (Eq. A. 15)

Recalculation of Flow
Pturbine (Eq A. 16)

Qrecaiculated =
P Enm
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Appendix B Calculation example Efficiency

Recalculation of total Mechanical energy

Em = Em pressure + Em potential + Em kinetic new + Em thermal (Eq' A. 17)
1
Em kinetic new = E (0121 - 0221) (Eq' A. 18)
Cpy = Cy = Qreca;lculated (Eq. A. 19)
2
Recalculation of final flow
Piyrpi
Qrinal = —;TE:e (Eqg. A. 20)
Computation of the hydraulic Energy
Eh = Eh pressure + Eh potential + Eh kinetic (EC|- A. 21)
1 1
Eh:E'(pl_p2)+g_'(zl_zz)+§'(clz_c22) (Eq. A. 22)
Hydraulic Pressure energy
1 1
Eh pressure = 5 (p1—p2) = 1000.15 (Eq. A. 23)
P2 = Patm + Pout " 9 " Bhy — Poue * (627 — ¢3%) (Eq. A. 24)
c, = Qrinal (Eq. A. 25)
A,
¢, = Jrinal (Eq. A. 26)
Az
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Appendix B Calculation example Efficiency

Hydraulic Potential energy
En potentiat = 9 (21 — 23) (Eq. A. 27)

Hydraulic Kinetic energy

1
En kinetic = E (612 - CZZ) (Ea. A. 28)
o = Qrinat (Eq. A. 29)
Ay
Total Hydraulic Energy
Eh = Eh pressure + Eh potential + Eh kinetic (Eq. A 30)
Turbine efficiency
Em
Nturbine = ? (EQ- A 31)
h

Calculation of flow at turbine Design point
Ep

H=— (Eq. A. 32)
g
Hpesi
QDesign = ;;Lgn * Qrinal (Eqg. A. 33)

Calculation of turbine power at turbine Design point

3
Hpesign\ /2
Ppesign = ( ;;lg")  Prurbine (Eq. A. 34)
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Appendix C Example of Head loss and Friction coefficient

Appendix C Example of Head loss and Friction coefficient
Head loss

1 1
HlOSS = E ) (p_pl) + g (Cureservoirz - Clz) + (Zureservoir - Zl) (Eq A. 35)

Cureservoir — 0 m/s (Eq A. 36)

Friction coefficient

(Eq. A. 37)
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Appendix D

Uncertainty Efficiency calculation

Appendix DUncertainty Efficiency calculation

Time filling bucket Ctprobe 0,1s IEC 60041

Volume Bucket €V pucket 0,000001 m3 Data sheet

Density inlet fpin 0,1% IEC 60041

Density inlet ey = fo. " Pi k Calculated

ensity inle oin = Tpin * Pin 1,0003 g/m3 alculate
Density outlet foout 0,1% IEC 60041
Density outlet €t = fpous " Pout 1 kg/ Calculated
m3
Density M k Calculated
énsity lviean epmean 1,4'16 g/m3 alculate

Isothermal factor inlet farapoin 0,2% IEC 60041

Isothermal factor inlet €ain = fa,apeun * Gin 1993 % 106 m3/k Calculated
' g

Isothermal factor outlet favaperout 0,2% IEC 60041

Isothermal factor outlet Capue = Jaraperons * Fout 19948 - 106 m3/k Calculated
' g

Isothermal factor Mean € moan 28198-10~6 m3/k Calculated
’ g

Specific Heat Capacity, pr, 0,5% IEC 60041

Inlet

Specific Heat Capacity, Cp = fcpin : Cpm 20,99 ]/kg K Calculated

Inlet

Specific Heat Capacity, fc,, 0,5% IEC 60041

out

Outlet

Specific Heat Capacity, ec, == prout : Cpowt 21,009 ]/kg Kk Calculated

Outlet

Specific Heat Capacity, J Calculated

Coroan 29,6977/, g K

Mean

Area Probe prmbe 0,025% Data sheet

Area Probe 5,6785- 1078 m? Calculated

eAprobe = prrobe ’ Aprobe

Atmospheric pressure

epatm

0,005297 kPa

Calibration sheet

Inlet pressure

e
P1 mesurment

0,009828 kPa

Calibration sheet

Temperature pressure

e
P11 mesurment

0,009149 kPa

Calibration sheet

Pipe center inlet ez, 0,02m IEC 60041
Draft tube center outlet ez, 0,02m IEC 60041
Height temp sensor inlet €z, 0,02m IEC 60041
Height temp sensor outlet €z, 0,02m IEC 60041
Height Zrefour to lower ez, 0,02m IEC 60041
res.

Outlet ref height 0,05m IEC 60041

ezrefoutlet
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Appendix D Uncertainty Efficiency calculation

Height pressure €21 pres 0,03m IEC 60041
measurement inlet
Height temp pressure €211 presTemp 0,03m IEC 60041
measurement inlet
Generator Efficiency fnGenemwT 0,5% IEC 60041
Generator Power prenemtor 0,71% IEC 60041

Combined Systematic Uncertainty

fs=+% /fEmZ +fz,” (Eq. A. 38)

Total Mechanical systematic Uncertainty

eEms

fEn, = E, (Eq. A. 39)
€Em; = i\/e%'mps + e%'mp,,ts + e%’mks + e%‘mts (EC| A. 40)
Mechanical Pressure
Epmp=a- (P11 — P21) (Eq. A. 41)
2
/\] o ez”“\ (Eq. A. 42)

ea 2
e = e + E
Emp, (a) \ (P11 — P21) / mp
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Appendix D Uncertainty Efficiency calculation

Inlet Pressure at temperature sensor

P11 = P11 measurement + Pin " 9 " DZ11 (Eq A. 43)
| 2\ 2
| 2 /(Jezz + ezz ) \
e measuremen 2 11presTemp 11
€p1 = |( = - ) + (fpin) +| _ | "Pua
| P11 measurement \ z 11presTemp Z11 /
(Eq. A. 44)

Outlet Pressure at temperature sensor
P21 = Patm t Pout " 9 * (Zrefoutlet — 23— Z31) (Eq A. 45)

/ 2\2
2 _ p2 _ p2
(\/e Zrefoutlet e Z3 e Zz1>

I
PN
e 2
eP21 = i( patm) + (fpout) +| | "P21

Zrefoutlet — 23 — Z21 /

(Eq. A. 46)
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Appendix D Uncertainty Efficiency calculation

Mechanical Kinetic Energy

(2 2
Emkinetic_z (ci1 —c31)

2

2-ec, 2 2-e.
— — 1) 4 —21) -E
eEmkS \]( C11 ) ( C21 Mk

Inlet velocity at temperature sensors

VBucket

Ciq = Qprobe _ tprobe
11 — -
Aprobe Aprobe

2 2
2
e — (eVBucket> + (etprnbe> + (eAprobe> . C11
€11 —
VBucket tprobe Aprobe

Outlet velocity at temperature sensors

_ Qassumed _ Qassumed

1= A, By H,

e. = (eQassumed>2 + (ﬁ)z + (el'lz)2 “Cyy
e = ——asoumea —
i Qassumed Bz H2
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(Eq. A. 47)

(Eq. A. 48)

(Eq. A. 49)

(Eq. A. 50)

(Eg. A. 51)

(Eq. A. 52)



Appendix D Uncertainty Efficiency calculation

Inlet pressure at the inlet of the turbine

P1 = P1measurement T Pin " 9 " BZ;

2

2 2

e +e
<\/ zzlpres 21>

epl measurement 2 2
——measmenant | (f, )"+ g2

2

|
|
|
|
\

€p, = —
P1 measurement leres Z
Turbine
_ P generator
P turbine —
generator

2 2
ePturbine = \/(fPGenerator) + (fUGenerator) ) Pturbine

Flow

P turbine

P1— Patm

Qassumed -

2 2
e |41 +e Patm

(pl - patm)

eQassumed - Pt bi
ur. lne

2
Pur lne / \
= furht + \ ) " Qassumed
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(Eq. A.
53)

(Eq. A.
54)

(Eqg. A. 55)

(Eg. A. 56)

(Eq. A. 57)

(Eq. A. 58)



Appendix D Uncertainty Efficiency calculation
Mechanical Potential energy
Empotential =g- (le - 221) (Eq A. 59)

€Emypor, = /ezuz + ey, (Eq. A. 60)

Mechanical Thermal energy

Epm, = Cp - (T11 — T21) (Eq. A.
61)
| —
| e, 2 2 2 ( ezTu + esz1) (Eq. A.
— mean ] . E
eEmtS !( Z'pmean > " (fEm) " (onut) " (Tll - TZI) e 62)
Total Systematic Uncertainty — Mechanical Energy
eEms = \/eEmpsz + eEmpotsz + eEmksz + eEmtSZ (Eq A. 63)
Emg
foms = (Eq. A. 64)
m
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Appendix D Uncertainty Efficiency calculation

Total Hydraulic Systematic uncertainty

eg
fon =5 (Eq. A. 65)
h
epn, = * J €En, + €y T Chny, (Eq. A. 66)
Hydraulic Pressure energy
1
Ey =5-(p1—pz) (Eq. A. 67)
2
2 + 2
egn = (@)2 4 / ‘mTe ”2\ 'E, (Eq. A. 68)
Ps P \ (P1—p2) / P
Outlet pressure term
P2 = Patm + Pout * 9 * Bhy = Poue - (€27 — ¢3%) (Eq. A. 69)
I 2\ 2 2
| ep 2 2 (\/ezzrefautlet - ezZS - ezzz) ,,’ezcz + eZCS
e, = |<ﬂ) + f + + p
P2 H Patm ( pout) Zrefoutlet —Z3— 73 (CZ - C3) 2
(Eq. A. 70)
Velocity at outlet and lower reservoir
€c, = €cyy (Eq. A. 71)
eQassumed>2 (eBZ)Z (eHZ)Z (Eq A 72)
e = (— + —= + ) C . .
& \/ Qassumed BS H3 21
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Appendix D Uncertainty Efficiency calculation

Hydraulic Pressure energy

(Eq. A. 73)

em, = () + (W) E

Hydraulic Potential energy
En potentiat = 9 (21, — 23) (Eq. A. 74)

€Ehpor, = /ezlz +e,,2 (Eq. A. 75)

Hydraulic Kinetic energy

1

Ep kinetic = 5 (cf —c3) (Eq. A. 76)

2-e.\° 2-e.\?
eon. :\/( C1> +( CZ> B, (Eq. A. 77)

$ G ()
Inlet velocity
Q0

q=5 =02 (Eq. A. 78)

_ ()", (2-er)”. (Eqg. A. 79)
om | (B2
Hydraulic Kinetic energy

2-e 2-e Eqg. A. 80
e”‘kszj(c—f) +(52) En (Fa- A £0)

Systematic Uncertainty - Total Hydraulic Energy

€gh, = iJeEhpsz + eEhpotsZ + egp, 2 (Eq. A. 81)
— ZEns Eq. A. 82
fEhs - Eh ( q. A. )
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Appendix E Random uncertainty efficiency calculation

Appendix E Random uncertainty efficiency calculation

tgs * S
e, =% (Eq. A. 83)

tys = Student t — factor with 95%confidence interval
sy = Standard deviation
n = number of samples

XY —Y))? (Eq. A. 84)
n—1

Sy =

Student t factor for measurements with samples larger than 120 samples have a tq5 = 1,96.

Variable f %
Generator output frgeneraot, +0,1%
heights fz, ~0%
Density fo, ~0%
Isothermal factor fa, ~0%
Heat capasity fep, ~0%
Gravity fq, ~0%
Probe flow faprove, ~0%

Table 23 - Random uncertainty according to IEC60041

Sensor tgs Sy e,

Patm 1,96 2,0508-10° 1/, | 29960-107¢ 7/,

P1mesurment 1,96 7,1548-10 7/, | 1,0452-107¢ 7/,

P11 mesurment 1,96 0,0024 ]/kg 3,5191- 1076 ]/kg
tempy1—21 1,96 077737 /1 4 0,09527/,

Table 24 - Random uncertainty of measured quantities

Table 24 presents the calculated random uncertainty of the sensors. The random uncertainty
in the pressure measurements is low due to the number of samples for performed for each
sensor. The diff temperature has fewer samples, and will therefore display a higher

uncertainty.
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Appendix E Random uncertainty efficiency calculation

Random uncertainty Mechanical Energy

1
En=a-(p11 —P21) + g (211 —221) + 5 (¢t — c31) + ¢y (T1q — Ta) (Eq. A. 85)

Mechanical Pressure Energy

— 2 2
eEmpr - \/e P11 mesurmenty te Patmy (Eq A. 86)

Mechanical Potential Energy

e, te?., (Eq. A. 87)

e =
Empotr C11

Mechanical thermal Energy

g, = €T T €0, (Eq. A. 88)

fPTurbiner = fPGeneratorr ( Eq A
89)
Flow
eQassumedr = \/eZPTurbiner + e2p11 mesurment; + ezpatmr (Eq A. 90)
Velocity
€c, = €q, (Eg. A. 91)

Total Random Uncertainty — Mechanical Energy

J(eEmprz + eEmkrz + eEmtrz) (Eq A. 92)

f Em, — Em
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Appendix E Random uncertainty efficiency calculation

Random uncertainty Hydraulic Energy

1 1
Eh:E'(P1—P2)+§'(Z1—Z2)+E'(012_022) (Eq. A. 93)

Hydraulic Pressure Energy

— 2 2
eEhpr - \/e P1 mesurment, te Patm; (Eq A. 94)

Hydraulic potential Energy
eEhpotr =0 (Eq A. 95)

Hydraulic Kinetic Energy

€En,, = Jeclrz + eCzr2 (Eqg. A. 96)

Total Random Uncertainty — Hydraulic Energy

J (eEh,,rz + eEhkrz) (Eq. A. 97)
Em

fen, = 100

Combined Random Uncertainty

fr = /fEmr2 + fen,” (Eq. A. 98)

Total Uncertainty

frot :1/f52+fr2 (Eq. A. 99)
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Appendix F Pressure pulsations plots

Appendix F Pressure pulsations plots

Pressure Sensor DT1

Pressure [kPa]

Figure 57 - Waterfall plot -Pressure sensor DT1

Pressure Sensor DT2

Pressure [kPal
K
|
/

Frequency [Hz|

Figure 58 - Waterfall plot -Pressure sensor DT2

103




Appendix F

Pressure pulsations plots

Pressure Sensor DT3

Pressure [kPal

Frequency [Hz|

Figure 59 - Waterfall plot -Pressure sensor DT3

1.03

Pressure Sensor DT4

Pressure [kPa

60

Frequency [Hz]

Figure 60 - Waterfall plot -Pressure sensor DT4
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Appendix F Pressure pulsations plots

Pressure Sensor DT5H

Pressure [kPal

1.03

Frequency [Hz| : L]

Figure 61 - Waterfall plot -Pressure sensor DT5

Pressure Sensor DT6

Pressure [kPa

Frequency [Hz] 60 058 Q [—]

Figure 62 - Waterfall plot -Pressure sensor DT6
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Appendix F Pressure pulsations plots

Pressure Sensor DT7

Pressure [kPal

1.03

Frequency [Hz| : L]

Figure 63 - Waterfall plot -Pressure sensor DT7

Pressure Sensor DT8

Pressure [kPa

Frequency [Hz] Q

60 ’ 0.58 Q
70" 046 ool

Figure 64 - Waterfall plot -Pressure sensor DT8
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Figure 65 - LABVIEW front panel pressure
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Figure 66 - LABVIEW front panel temperature
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Figure 68 - LABVIEW signal input
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Figure 69 - LABVIEW blockdiagram - Write to TDMS -Timer
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Figure 70 - LABVIEW code to calculate the efficiency
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load('AllTemperaturelLeirfossene.mat')

load('PressurekEfficiency.mat')
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tdiff=[13.36, 16.65, 15.23, 19.80, 11.54, 9.47, 12.34, 12.33, 10.11];  %time diff temp in and temp out

RowStartOut=[floor(tdiff/3.4)];
RowsStartin=1;

LengthRowEndOut=256;
dd=max(RowStartOut);
RowEndOut(1,:)=[256+RowStartOut];
RowEndInRow=[RowEndOut-RowStartOut];

%adjusting vector size

RowEndIn=min(RowEndInRow);

for j=1:9

T11(:,j)=T(j).InletT;
T11R(:,j)=[T11(RowStartin:RowEndIn,j)];

Ltl1=length (T11R);

T21Top(:,j)=T(j).OutletT1;
T21TopR(:,j)=[T21Top(RowStartOut+1:RowEndOut,j)];
T21Mid(:,j)=T(j).OutletT2;
T21MidR(:,j)=[T21Mid(RowStartOut+1:RowEndOut,j)];
T21Low(:,j)=T(j).OutletT3;
T21LowR(:,j)=[T21Low(RowStartOut+1:RowEndOut,j)];

end

TempDiff=T11R-((T21TopR+T21MidR+T21LowR)/3);
MeanT21TopR=mean(T21TopR);
MeanT21MidR=mean(T21MidR);
MeanT21LowR=mean(T21LowR);

T1l=mean(T11R);
T21=(MeanT21TopR+MeanT21MidR+MeanT21LowR)/3;

D1=2.5; %Diameter inlet turbine m
Hdesign=58;
VolumeBucket=0.011;
Aprobe=0.000227;
A2=14.868;
A1=((D1/2)"2)*pi;

%design head of turbine m

%Bucket volume m3

%Flow Cross Section, Probe [m2]

%Area of the outlet of the draft tube m2

%Area inlet

%Heights
z1=8.5; %[m] height turbine inlet, center
22=3.847,; %[m] Draft tube outlet, center

z1pres=9.80-0.41+0.205;

z11preTemp=9.80+0.192+0.0189;
inlet

%[m] height pressure measurements inlet

%[m] height pressure measurements through temperature sensor
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z11=10.266; %[m] height temperature measurements at inlet of the turbine(sensor located on floor
of turbine cover)

z21=3.847, %[m] height temperature measurements at outlet

zrefOutlet=22.5-0.045; %[m] OUTLET ref height

% Gravitatinal factors

Latitude=63.3734; %[deg] Latiude
gin=9.7803*(1+(0.0053*(sind(Latitude)”2)))-(0.000003*z1); %[m/s2]
gout=9.7803*(1+(0.0053*(sind(Latitude)*2)))-(0.000003*z2); %[m/s2]
gmean=(gin+gout)/2; %[m/s2]

%% %VARIABLES% %VARIABLES% %VARIABLES% %VARIABLES% %VARIABLES%
Operational_point =[0.76, 0.58, 0.64, 0.46, 0.89, 1.03, 0.83, 0.84, 0.99];

%Leakage parameters

fillingTimeBucket=[105.31, 105, 105, 103.25, 104.09, 104.9, 105.35, 103.58, 102.66];
Pgenerator=[12.1, 9.3, 10.3, 7.3, 14.2, 16.5, 13.3, 13.4, 15.80]; %Generator

%Pressures
plpressureSensor=-248.82636108+124.83442086*[p(:).Inlet];
plltempSensor=-250.33220162+124.84051990*[p(:).InletTemp];
patm=-62.80378168+31.22750987*[p(:).atm];
Meanpl=mean(plpressureSensor);
Meanpll=mean(plltempSensor);

Meanpatm=mean(patm);

%Heights

z3=[8.76, 8.81, 8.83, 8.94, 8.71, 8.58, 8.7, 8.73, 8.62]; %[m] height from zref to water level at
outlet

z0=[72.70, 72.76, 72.70, 72.79, 72.70, 72.63, 72.70, 72.67, 72.61]; % height upper reservoir

for k=1:numel(T11)

h21(k)=zrefOutlet-z3(k)-z21; %[m] Height diffrence between lower reservoir and temperature sensor at
outlet

h2(k)=zrefOutlet-z3(k)-z2; %[m] Height diffrence between lower reservoir and pipe center at outlet
deltazl=z1pres-z1; %[m] difference between pressure measurement and center of pipe at inlet
deltazll=z11preTemp-z11; %[m] difference between pressure measurement at temperature sensor and

temp sensor

%%Calculation of Density, isothermal factor, cp, p11 and p21
% While loop preconditions
p11(k)=Meanp11(k)+(1000*gin*deltaz11/1000);
pllout(k)=0;
p2lout(k)=0;
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p21(k)=1;

loopCount=0;

while abs(p11(k)-p1lout(k))>eps

pl1(k)=pllout(k);
p21(k)=p21lout(k);
% Tables

Rij=[0.00004466741557 -0.00005594500697 0.000003402591955 -0.00000004136345187; 0.1010693802 -
0.00001513709263 0.000001063798744 -0.000000008146078995;-0.000005398392119 0.00000004672756685
-0.000000001194765361 -0.00000000001366322053;0.0000000007780118121 -0.00000000001619391322
0.0000000000005883547485 0.000000000000008754014287];

uj=[-20.10822004; 0.002586532356; -0.00790990922; 0.00001150327872; -0.00000001035522272];

%% Beta

betain(k)=(p11(k)+20000)/100; %beta at tempINLET (p11 and T11)
betaout(k)=(p21(k)+20000)/100; %beta at tempOutlet (p21 and T21)
%% Alfa

alfain(k)=(T11(k)); %alfa at tempINLET (p11 and T11)
alfaout(k)=(T21(k)); %alfa at tempOutlet (p21 and T21)

densityinl = 0;

fori=1:4

forj=1:4

densityinl = densityin1 + ((Rij(i,j)*(alfain(k))*(j-1)) * (betain(k)"(i-2)));

end

end

densityin(k) = ((densityin1)”-1)*100; % Density of water at INLET

densityout2 = 0;
fori=1:4
forj=1:4
densityout2 = densityout2 + ((Rij(i,j)*(alfaout(k))*(j-1)* (betaout(k)*(i-2))));
end
end
densityout(k) = ((densityout2)”-1)*100; % Density of water at OUTLET

%% Isothermal factor INLET (p1 and T11)

isothermalinl = 0;

fori=1:4
forj=1:4

isothermalinl = isothermalin1 + (Rij(i,j) *(alfain(k)*(j-1)) *(betain(k)"(i-2)));
end

end
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isothermalin2 = 0;

fori=1:4
forj=2:4

isothermalin2 = isothermalin2 + ((Rij(i,j)*(j-1)*(alfain (k)" (j-2)) *(betain(k)(i-2))));
end

end

isothermalin(k)= (10)*(isothermalinl - ((T11(k)+273.15)*isothermalin2));

%% Isothermal factor OUTLET (p2 and T21)

isothermaloutl = 0;

fori=1:4
forj=1:4

isothermaloutl = isothermaloutl + (Rij(i,j) *(alfaout(k)*(j-1)) *(betaout(k)*(i-2)));
end

end

isothermalout2 = 0;

fori=1:4
forj=2:4

isothermalout2 = isothermalout2 + ((Rij(i,j) *(j-1) *(alfaout(k)*(j-2)) * (betaout (k) (i-2))));
end

end

isothermalout(k)= (10)*(isothermaloutl - ((T21(k)+273.15)*isothermalout2));

%% Specific heat capacity INLET (p1 and T11)
cpinl =0;
forj=3:5
cpinl = cpinl + (uj(j)*(j-1)*(j-2)*(alfain(k)*(j-3)));
end
cpin2 =0;
fori=1:1
forj=3:4
cpin2 = cpin2 + ((Rij(i,j)* (j-1)*(j-2) *(alfain(k))*(-3)));
end
end
cpin3 =0;
fori=2:4
forj=3:4
cpin3 = cpin3 + ((1/(i-1))*Rij(i,j) *(j-1) *(j-2) * (alfain(k))*(j-3) * (betain(k)) A(i-1));
end
end
cpin(k)=-1000*(273.15+T11(k))*((cpinl+(log(betain(k))*cpin2)+cpin3));

%% Specific heat capacity OUTLET (p2 and T21)
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cpoutl =0;
forj=3:5
cpoutl = cpoutl + (uj(j)*(j-1)*(j-2) *(alfaout(k))*(j-3));
end
cpout2 =0;
fori=1:1
forj=3:4
cpout2 = cpout2 + ((Rij(i,j)*(j-1)*(j-2) *(alfaout(k))*(j-3)));
end
end
cpout3 =0;
fori=2:4
forj=3:4
cpout3 = cpout3 + ((1/(i-1))*Rij(i,j) *(j-1) *(j-2) *(alfaout(k)) *(j-3) *(betaout(k))(i-1));
end
end
cpout(k)=-1000*(273.15+T21(k))*(cpoutl+(log(betaout(k))*(cpout2))+cpout3);
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%% Calculated Pressure
pllout(k)=Meanp11(k)+((densityin(k)*gin*deltaz11)/1000); %[kPalp Inlet
p21lout(k)=Meanpatm(k)+(densityout(k)*gout*h21(k)/1000); %[kPa]p Outlet
loopCount=loopCount+1;

end

%mean values

cpmean(k)=((cpin(k)+cpout(k))/2); % MEAN cp
densitymean(k)=((densityin(k)+densityout(k))/2); % MEAN density

isothermalmean(k)=((isothermalin(k)+isothermalout(k))/2) % MEAN Isothermal factor

Qprobe(k)=VolumeBucket/fillingTimeBucket(k); % Flow probe
c11(k)=Qprobe(k)/Aprobe; % Probe
effGenerator=0.985;

Pturbine(k)=1000*Pgenerator(k)/effGenerator; % Turbine power
p1l(k)=Meanp1(k)+(densityin(k)*gin*deltaz1/1000);
Qassumed(k)=Pturbine(k)/(p1(k)-Meanpatm(k)); % Flow assumed

c21assumed(k)=Qassumed(k)/A2;

%% Mechanical Energy

Emp(k)=isothermalmean(k)*(p11(k)-p21(k)); %Pressure Mechanical Energy
Emt(k)=cpmean(k)*(T11(k)-T21(k)); %Thermal Mechanical Energy
Empot(k)=gmean*(z11-z21); %Potential Mechanical Energy

%While loop preconditions
Q(k)=Qassumed(k);
Qout(k)=0;
c21(k)=c21assumed(k);

loopcount2=0;

while abs(Q(k)-Qout(k))>eps

Q(k)=Qout(k); %Flow recalculated
c21(k)=Qout(k)/A2; %Velocity recalculated
Emk(k)=0.5*(c11(k)*2-c21(k)"2); %Kinematic mechanical energy
Emtot(k)=Emp(k)+Emt(k)+Emk(k)+Empot(k); %Total mechanical energy

Qout(k)=1000*Pturbine(k)/(densitymean(k)*Emtot(k));  %New Flow

loopcount2=loopcount2+1;

end

cl(k)=Q(k)/A1; %Velocity inlet
c2(k)=Q(k)/A2; %Velocity outlet
c3(k)=Q(k)/(4.5*3.5); %Velocity lower reservoir

p2(k)=Meanpatm(k)+(densityout(k)*gout*h2(k))/1000-(densityout(k)*(c2(k).~2-c3(k).~2)/2)/1000;
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%% Hydraulic Energy

Ehp(k)=(p1(k)-p2(k))*1000/densitymean(k); %Pressure Hydraulic energy
Ehpot(k)=gmean*(z1-z2); %potential Hydraulic energy
Ehk(k)=0.5*(c1(k)*2-c2(k)*2); %Kinematic Hydraulic energy
Ehtot(k)=Ehp(k)+Ehpot(k)+Ehk(k); %total Hydraulic energy
effTurbine(k)=Emtot(k)/Ehtot(k); % Turbine Efficiency
H(k)=Ehtot(k)/gmean; % Head
Qnom(k)=sqrt(Hdesign/H(k))*Q(k); % Nominal flow
PTnom(k)=Pturbine(k)*((Hdesign/H(k))*(3/2)); % Nominal Turbine Power

%% Head Loss
Hloss(k)=(((Meanpatm(k)-p1(k))*1000)/(gin*densityin(k)))-((c1(k)*2)/(2*gin))+z0(k)-z1;

%% Systematic Uncertainty terms

fpllmeasurment=0.00045576;

fdensity=0.001;

ez=0.02;

ezrefoutlet=0.03;

epatm=0.005297;

ez3=0.05;

epl1(k)=sqrt((fpllmeasurment)*2+fdensity*2+((ezA2+ez”2)/deltaz11)*2)*p11(k);
ep21(k)=p21(k)*(sgrt((epatm/Meanpatm(k)).A2+fdensityr2+((ez*2+ezrefoutlet*2+ez372)/h21(k)).A2));

eVbucket=1*10%-6;

etprobe=0.1;

eAprobe=5.6785*10"-8;
ecl1(k)=c11(k)*sqrt((eVbucket/VolumeBucket)*2+(etprobe/fillingTimeBucket(k)).*2+(eAprobe/Aprobe)”2);

fplmeasurment=0.00042519;

ezlpres=0.03;

ep1(k)=(sqrt((fplmeasurment)”2+fdensity*2+((ezlpres*2+ez”2)/deltaz1)"2))*p1(k);
ePturbine(k)=(sqrt(0.0071722+0.00572))*Pturbine(k);
eQassumed(k)=Qassumed(k)*sqrt((ePturbine(k)/Pturbine(k)).*2+((sqrt(ep1(k).A2+epatm)/(p1(k)-patm(k))).*2));
ec21(k)=c21(k)*sqrt((eQassumed(k)/Qassumed(k)).*2+(ez/4.5)*2+(ez/3.304)"2);

fEin=0.002;

fEout=0.006;

ecpmean=sqrt(2*0.005"2);

eT=0.001;
edensitymean(k)=sqrt((fdensity*densityin(k)).A2+(fdensity*densityout(k)).2);
ec2(k)=ec21(k);
ec3(k)=c3(k)*(sqrt((eQassumed(k)/Qassumed(k)).A2+(ez/4.5)*2+(ez/3.5)"2));
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ep2(k)=p2(k)*(sqrt((epatm/Meanpatm(k)).*2+fdensity*2+((ez*2+ez"2+ez3”2)/h2(k)).*2+(((ec2(k).A2)+(ec3(k).A
2))/(c2(k)-c3(k))).*2));

eQ(k)=eQassumed(k);
ecl(k)=c1(k)*sqrt((eQ(k)/Q(k)).*2+(2*0.01/1.25)"2);

%% Random Unceratinty terms%%
eplr(k)=sqrt((sum((mean(plpressureSensor(:,k))-plpressureSensor(:,k)).»2))/(1800000-
1))*(1.96/sqrt(1800000))/densityin(k);
eplir(k)=sqgrt((sum((mean(plltempSensor(:k))-plltempSensor(:k)).~2))/(1800000-
1))*(1.96/sqrt(1800000))/densityin(k);
epatmr(k)=sqrt((sum((mean(patm(:,k))-patm(:,k)).A2)/(1800000-1)))*(1.96/sqrt((1800000-1)))/densityin(k);
eTr(k)=sqrt((sum((mean(TempDiff(:,k))-TempDiff(:,k)).*2)/(256-1)))*(1.96/sqrt(256))*cpmean(k);
ePturbiner(k)=0.001*(Pturbine(k)/(densitymean(k)*Q(k)));
eQr(k)=sqrt(ePturbiner(k).*2+ep11r(k).*2+epatmr(k).*2);

eclir(k)=eQr(k);

ec21r(k)=eQr(k);

eclr(k)=ec21r(k);

ec2r(k)=ec21r(k);

end

%%Systematic Uncertainty%%

for k=1:9
eEmps(k)=Emp(k)*(sqrt((sqrt(2*0.002/2)*2)+((sqrt(ep11(k).*2+ep21(k).*2))/(p11(k)-p21(k))).*2));
eEmks(k)=Emk(k)*(sqrt((2*ec11(k)/c11(k)).*2+(2*ec21(k)/c21(k)).*2));

eEmpots(k)=sqrt(ez*2+ez"2);
eEmts(k)=Emt(k)*sqrt((ecomean/cpmean(k)).*2+(fEin)A2+(fEout)*2+(sqrt(eTA2+eTA2)/(T11(k)-T21(k)))"2);
eEms(k)=sqrt(eEmps(k).A*2+eEmpots(k).*2+eEmks(k).*2+eEmts(k).A2);

fEms(k)=100*eEms(k)/Emtot(k); % in [%]

eEhps(k)=Ehp(k)*(sgrt((edensitymean(k)/(densitymean(k))).A2+(sqrt(ep1(k).*2+ep2(k).*2)/(p1(k)-p2(k))).*2));
eEhpots(k)=sqrt(ez"2+ez"2);

eEhks(k)=Ehk(k)*(sqrt((2*ec1(k)/c1(k)).*2+(2*ec2(k)/c2(k)).*2));
eEhs(k)=sqrt(eEhps(k).*2+eEhpots(k).A2+eEhks(k).A2);

fEhs(k)=100*eEhs(k)/Ehtot(k); % in [%]
fS(k)=sqrt(fEms(k).A2+fEhs(k).72); % Total systematic Uncertainty in
(%]

fQ(k)=100*sqgrt((eQr(k)).*2+(eQ(k)).~2)/Q(k); % Uncertainty in flow [J/kg]
fPtrubine(k)=100*sqrt((ePturbiner(k)).A2+(ePturbine(k)).»2)/Pturbine(k); % in [J/kg]
eHloss(k)=sqrt((epatm/Meanpatm(k)).*2+(ep1(k)/p1(k)).*2+(ec1(k)/c1(k)).A2+((ez2+ez"2)/(z0(k)-z1)).72);
fHloss(k)=100*eHloss(k)/Hloss(k); % in [J/kg]

end
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%%Random Uncertainty%%

for k=1:9
eEmpr(k)=sqrt(ep11lr(k).*2+epatmr(k).A2);
eEhkr(k)=sqrt(ec11r(k).A2+ec21r(k).A2);
eEmr(k)=sqrt(eEmpr(k).A2+eEhkr(k).A2);
eEmr(k)=eTr(k);

eEhpr(k)=sqgrt(eplr(k).*2+epatmr(k)."2);
eEhkr(k)=sqgrt(eclr(k).A2+ec2r(k).*2);
ekhr(k)=sqgrt(eEhpr(k).A2+eEhkr(k).”2);

fEmr(k)=100*eEmr(k)/Emtot(k);
fEhr(k)=100*eEhr(k)/Ehtot(k);

fR(k)=sqrt(fEmr(k).A2+fEhr(k).72);
fTotalEm(k)=sqrt(fEmr(k).*2+fEms(k).A2);
fTotalEh(k)=sqrt(fEhr(k).A2+fEhs(k).A2);
fTotal(k)=sqrt(fR(k).*2+fS(k)."2);

end
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% in [J/kg]
% in [J/kg]
% in [J/kg]
% in [J/kg]

% in [J/kg]
% in [J/kg]
% in [J/kg]

% in [%]
% in [%]

%Total Random Uncertainty in [%]
% in [%]

% in [%]

% Total Uncertainty in [%]
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%% Rearranging the values in order to create figures
[TempQnom I]= sort(Operational_point);
for i=1:length(effTurbine);
TempEff(i)=effTurbine(I(i));
TempError(i)=fTotal(l(i)); % in [%]
TempfS(i)=fS(I(i));
TempfR(i)=fR(I(i));
TempPnom(i)=PTnom(l(i))/1000;
error(i)=TempError(i)*TempEff(i)/100; % in [-] eff
errx(i)=error(i)*10;

erry(i)=error(i);
end

[TempQnom K]= sort(Qnom);

for i=1:length(Hloss);
TempHloss(i)=Hloss(K(i));
TempEmtot(i)=Emtot(K(i));
TempEhtot(i)=Ehtot(K(i));
TempfHloss(i)=fHloss(K(i));
TempFTotalEm(i)=fTotalEm(K(i));
TempfTotalEh(i)=fTotalEh(K(i));
Tempfpturbine(i)=fPtrubine(K(i));
TempfQ(i)=fQ(K(i));

errorHloss(i)= TempfHloss(i)*TempHloss(i)/100;
errorHlossy(i)=errorHloss(i);
errorEm(i)=TempEmtot(i)*TempFTotalEm(i)/100;
errorEmy(i)=errorem(i);
errorEh(i)=TempEhtot(i)*TempfTotalEh(i)/100;
errorEhy(i)=errorth(i);

errorQ(i)=(TempfQ(i)/100)*Q(k);
errorPturbine(i)=(Tempfpturbine(i)/100)*Pturbine(K(i))/1000;

end

%% Efficiency Curve %% Efficiency Curve
pp=polyfit(TempPnom, TempEff/max(TempEff),3);

x1 = linspace(min(TempPnom),max(TempPnom));

y1 = polyval(pp,x1);

dfig ('Efficiency_1')

plot(TempPnom, TempEff/max(TempEff),'o')

hold on
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Author=plot(x1,y1, 'r');

hold on

fori=1:9

errorbarxy(TempPnom(i), TempEff(i)/max(TempEff),errorPturbine(i),erry(i),{'ro-', 'r', 'r'})
hold on

end

hold on

%% Efficiency Curve NORCONSULT %% Efficiency Curve NORCONSULT
NorOP=[information subtracted due to confidentiality]

NorEff=[ information subtracted due to confidentiality];

ppNOR=polyfit(NorOP,NorEff/max(TempEff),3);
x1NOR = linspace(min(NorOP),max(NorOP));
y1NOR = polyval(ppNOR,xINOR);

dfig ('Efficiency_1')

plot(NorOP, NorEff/max(TempEff),'k*")

hold on

NORC=plot(x1NOR,y1NOR,'k');

hold on

errxNor=0.15;

erryNor=0.015;

for i=1:5
errorbarxy(NorOP(i),NorEff(i)/max(TempEff),errxNor,erryNor,{'k-', 'k’, 'k'})
hold on

end

hold on
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title(['Efficiency curve - Leirfossene - Turbine 2'],'FontSize',22,'FontWeight','bold','Interpreter’,'Latex')

xlim([6 18])

ylim([0.86 1.02])

xlabel(['Turbine Power at Rated Head - "'S{P_{Tn} 1S
[MW]'],'FontSize',23,'FontWeight','bold','Interpreter’,'Latex')

ylabel(['Relative Efficiency [-]'],'FontSize',22,'FontWeight','bold’,'Interpreter’,'Latex')

grid on

a = get(gca, 'XTickLabel");

set(gca,'XTickLabel',a,'FontName','Times', 'fontsize',18);

legend([Author,NORC],'NTNU (2016)','Norconsult (2009)','Location’,'northeast')

set(gcf,'PaperPositionMode','auto’);

print('Efficiency Curve Leirfossene gibson','-dpng','-r400');

%% Head Loss Qnom % Head Loss Qnom
p=polyfit(TempQnom,TempHloss,3);
x1 = linspace(min(TempQnom),max(TempQnom));

y1 = polyval(p,x1);

dfig ('Hloss')

plot(TempQnom, TempHloss, '0')

hold on

plot(x1,y1,'r")

hold on

fori=1:9
errorbarxy(TempQnom(i),TempHIloss(i),errorQ(i),errorHlossy(i),{'ko-', 'k', 'k'})
end

hold on

title(['Head loss curve Leirfossene - Turbine 2'],'FontSize',24,'FontWeight','bold','Interpreter','Latex')

xlim([14 34])

ylim([0.5 1.4])

xlabel(['Flow at Rated Head - ','${Q_n}[\frac{m~3}{s}]$'],'FontSize',23,'FontWeight','bold','Interpreter','Latex')
ylabel(['Head loss [mW(c]'],'FontSize',22,'Interpreter','Latex')

a = get(gca, 'XTickLabel");

set(gca,'XTickLabel',a,'FontName’','Times', 'fontsize',18);

grid on

set(gcf,'PaperPositionMode','auto’);

print('Head Loss Leirfossenel','-dpng','-r400');
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%% Total Uncertainty % Total Uncertainty

p=polyfit(TempPnom,TempError,3);

x1 = linspace(min(TempPnom),max(TempPnom));
y1 = polyval(p,x1);

dfig ('Total Uncertainty')

plot(TempPnom, TempError, '0')

hold on

plot(x1,y1)

hold on

title(['Total Uncertainty - Thermodynamic method'],'FontSize',24,'FontWeight','bold’,'Interpreter’,'Latex’)

xlim([6 18])
ylim([1.22 1.4])

fori=1:9
errorbarxy(TempPnom(i),TempError(i),errorPturbine(i),0,{'ko’, 'k', 'k'})
end

hold on

xlabel(['Turbine Power at Rated Head

[MW]'],'FontSize',23,'FontWeight','bold','Interpreter’,'Latex')
ylabel(['Uncertainty [\%]'],'FontSize',22,'Interpreter’,'Latex')
grid on

a = get(gca, XTickLabel");
set(gca,'XTickLabel',a,'FontName’','Times', 'fontsize',18);

% set(gcf,'PaperPositionMode','auto');

% print('Total Uncertainty','-dpng','-r600');
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Appendix | MATLAB script for 3D plots

load('DTPressure_2000SRate_UtenLuft.mat')

Fs=2000; %Sample rate

ov=0.5; %Window overlapFactor
conf_|=0.95; %confidence level
na=12; %na=number of windows
f_min=0; %frequency values x-axis
f_max=100; % frequency values x-axis

%Select sensor
disp('1: DT1")
disp('2: DT2")
disp('3: DT3 ')
disp('4: DT4 ")
disp('5: DT5 ')
disp('6: DT6 ')
disp('7: DT7 ")
disp('8: DT8"')
prompt = 'Chose sensor, Please ';
inputN = input(prompt,'s');
inputN = str2num(inputN);

if isempty(inputN)
kk=1:8;
else
kk=inputN;

end
for inputN=kk;

switch inputN
casel
sensorlnput='DT1";
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 1'; %DT1

a=61.30880908; %calibration const.

b=-121.61051306; %calibration const.
case 2
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sensorlnput='DT2";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 2';
a=61.17379911;
b=-121.42918313;

case 3

sensorlnput='DT3;
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 3';
2=61.21574205;
b=-122.53410606;

sensorlnput='DT4';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 4';
2=61.25759912;
b=-123.19199928;

case5

sensorlnput='DT5';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 5';
a=61.27267521;
b=-121.91624464;

%DT2

MATLAB script for 3D plots

%calibration const.

%calibration const.

%DT3

%calibration const.

%calibration const.

%DT4

%calibration const.

%calibration const.

%DT5

%calibration const.

%calibration const.
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case 6
sensorlnput='DT6';
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 6'; %DT6

a=61.20854518; %calibration const.

b=-122.27875129; %calibration const.
case 7

sensorinput='DT7";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 7'; %DT7

2=61.23005606; %calibration const.

b=-121.82442935; %calibration const.
case 8

sensorlnput='DT8';
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 8'; %DT8
a=61.11306315; %calibration const.
b=-121.75310005; %calibration const.

end

for i = 1:numel(P)
X(3,i) = P(i).(sensorInput)*a+b;

end

Operational_point =[0.6438, 0.7563, 0.575, 0.8875, 0.4625, 0.83125, 1.0313, 0.8375, 0.9875];
[TempOperational I]= sort(Operational_point); %Sort elements
for k=1:length(Operational_point);

Tempx(:,k)=[x(:,1(k))];

t = (1:length(Tempx(:,k)))';

opol =7;

[p,s,mu] = polyfit(t, Tempx(:,k),opol);

f_y(:,k)= polyval(p,t,[],mu);

dt_x(:,k) = Tempx(:,k) - f_y(:,k);

end
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[n m] = size(dt_x);

z=1:n;

forj=1:m

nx = max(size(dt_x(:,j)));

w = hanning(floor(nx/na)); %window function and size

num_win=na/(1-ov);
[PSD(:,j),f1,PSDcl=pwelch(dt_x(:,j),w,floor(ov*(nx/na)),[],Fs,'ConfidencelLevel',conf_l);

Spectral density VA2/Hz

fbin=f1(2)-f1(1); %frequency resolution
S1=sum(w);

S2=sum(w."2);

ENBW=Fs*(52/(5172)); %E ective Noise andWidth,
PS1=PSDc(:,1)*ENBW; %PS Confidence level
PS2=PSDc(:,2)*ENBW; %PS Confidence level
PS(:,j)=PSD(:,j)*ENBW; %Power spectrum
RMS1=sqrt(PS1); %RMS Confidence level
RMS2=sqrt(PS2); %RMS Confidence level
RMS(:,j)=sqrt(PS(:,j)); %RMS

Peakl=sqrt(PS1)*sqrt(2);

Peak2=sqrt(PS2)*sqrt(2);

Peak(:,j)=sqrt(PS(:,j))*sqrt(2); %Peak amplitude
LL=length(Peak(:,j));

i1 = ones(LL,1);

i1=i1(1:LL);

dfig('046") %Plot figure
plot(f1,Peak(:,1))
xlim([f_min,f_max])
title({['Pressure Sensor ' Figname ,' $\frac{QH{Q_n}=0.465']}, 'FontSize',22, 'Interpreter','Latex')
ylabel(['Pressrue [kPa]'],'FontSize',25,'Interpreter’,'Latex')
xlabel('Frequency [Hz]','FontSize',22,'Interpreter’,'Latex’)
grid on
a = get(gca, XTickLabel");
set(gca,'XTickLabel',a,'FontName’','Times','fontsize',18)
% set(gcf,'PaperPositionMode','auto'); %Export Figure
% print(['0-46'],'-dpng','-r500');

dfig(Figname) %Plot figure
hold on
plot3(z(j+3)*i1,f1,Peak(:,j))
title({['Pressure Sensor ' Figname]l},'FontSize',22,'Interpreter’,'Latex’)
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grid on
xlabel(['S\frac{Q}¥{Q_n}[-]S'],'FontSize',25, Interpreter’,'Latex’)
ylabel('Frequency [Hz]','FontSize',22,'Interpreter’,'Latex’)
zlabel('Pressure [kPa]','FontSize',22,'Interpreter’,'Latex’)
ylim([f_min,f_max])

set(gca, XTickLabel',{'0.46', '0.58', '0.64', '0.76', '0.83', '0.84', '0.89', '0.99', '1.03"})

end

set(gca, 'Xdir','reverse’,'view', [135,45]) %rotate figure
set(gcf,'PaperPositionMode','auto');
print([Figname,'0-800'],"-dpng','-r0"); %Export Figure

end
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Appendix J MATLAB script Peak analysis

load('Pressure_with_air.mat')

load('Pressure_without_air.mat')
Fs=2000; %sampling rate

%Select sensor

disp('1: DT1")

disp('2: DT2")

disp('3: DT3 ")

disp('4: DT4")

disp('5: DT5 ")

disp('6: DT6 ')

disp('7: DT7 ")

disp('8: DT8"')

prompt = 'Chose sensor, Please ';
inputN = input(prompt,'s');
inputN = str2num(inputN);

if isempty(inputN)
kk=1:8;
else
kk=inputN;

end
for inputN=kk;

switch inputN
casel
sensorlnput='DT1";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 1'; %DT1

2=61.30880908; %calibration const.

b=-121.61051306; %calibration const.
case 2

sensorlnput='DT2";

NameX=fieldnames(P);

FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 2'; %DT2
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a=61.17379911,;
b=-121.42918313;

case 3

sensorinput='DT3";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 3';
a=61.21574205;
b=-122.53410606;

sensorlnput='DT4';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 4';
a=61.25759912;
b=-123.19199928;

case 5

sensorlnput='DT5';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 5';
a=61.27267521;
b=-121.91624464;

case 6

sensorlnput='DT6";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 6';
a=61.20854518;
b=-122.27875129;

MATLAB script Peak analysis

%calibration const.

%calibration const.

%DT3
%calibration const.

%calibration const.

%DT4
%calibration const.

%calibration const.

%DT5
%calibration const.

%calibration const.

%DT6
%calibration const.

%calibration const.
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case 7
sensorlnput='DT7';
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 7; %DT7

a=61.23005606; %calibration const.

b=-121.82442935; %calibration const.
case 8

sensorinput='DT8';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 8'; %DT8
2=61.11306315; %calibration const.
b=-121.75310005; %calibration const.

end

for i = 1:numel(P)
x(:,i) = PL(i).(sensorinput)*a+b;
y(:,i) = P(i).(sensorlnput)*a+b;

end

%%Sort elements
Operational_point =[0.575, 0.4625];

[TempOperational I]= sort(Operational_point);
for j=1:length(PL);

Tempx(:,j)=x(:,1G))];
Tempy(:,j)=[y(:,10))];
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%%To detrend the signal if it is in- or de-creasing over time
% t = (L:length(Tempx(:,j)))’;

% opol =7;

% [p,s,mu] = polyfit(t, Tempx(:,j),opol);

% f_y(sj)=polyval(p,t,[],mu);

% dt_x(:,j) = Tempx(:,j) - f_y(:,j);

% Meanx(:,j)=dt_x(:,j)-mean(dt_x(:,j));

% ty = (1:length(Tempy(:,j)))';

%  [py,sy,muy] = polyfit(ty, Tempy(:,j),opol);
% f_y(.j)= polyval(py,ty,[],muy);

%  dt_y(sj) = Tempy(.j) - f_y(sj);

% Meany(:,j)=dt_y(:,j)-mean(dt_y(:,j));

meanx(:,j)=mean(Tempx(:,j));
StandardDeviationx(:,j)=std(Tempx(:,j));
SD1x(:,j)=2.58*StandardDeviationx(:,j); %99confident interval;

Cl1x(:,j)=meanx(:,j)+SD1x(:,j);
CI2x(:,j)=meanx(:,j)-SD1x(:,j);
diffx(:,j)=Cl1x(:,j)-CI2x(:,j);

meany(:,j)=mean(Tempy(:,j));
StandardDeviationy(:,j)=std(Tempy(:,j));
SD1y(:,j)=2.58*StandardDeviationy(:,j); %99confident interval;

Cl1y(:,j)=meany(:,j)+SD1y(:,j);
Cl2y(:,j)=meany(:,j)-SD1y(:,j);
diffy(:,j)=Cl1y(:,j)-Cl2y(:,j);

%with air

Lmx=length(Tempx(:,j));
maxmx=CI1x(:,j);

mimx=CI2x(:,j);

diffmx=maxmx-mimx;
Binsmx=diffmx/200;

binrangemx(:,j) = mimx:Binsmx:maxmx;

[bincountmx(:,j)] = histc(Tempx(:,j),binrangemx(:,j));

%without air
Lmy=length(Tempy(:,j));
mamy=Cl1y(:,j);
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mimy=CI2y(:,j);

diffmy=mamy-mimy;
Binsmy=diffmy/200;

binrangemy(:,j) = mimy:Binsmy:mamy;

[bincountmy(:,j)] = histc(Tempy(:,j),binrangemy(:,j));

dfig (['P2PM ',Figname])
subplot(2,2,j);
bar(binrangemx(:,j),bincountmx(:,j), histc')
title({['Pressure Sensor ',Figname], 'With Air injection'});
ylabel('Count [-]")
xlabel('Pressure [kPa]')
xlim ([mimx-5 maxmx+5])

ylim([0 max(bincountmx(:,j))+100])

subplot(2,2,j+2);
bar(binrangemy(:,j),bincountmy(:,j), 'histc')

title({['Pressure Sensor ',Figname], 'Without Air injection'});
ylabel('Count [-]")

xlabel('Pressure [kPa]')

xlim ([mimy-5 mamy+5])

ylim([0 max(bincountmy(:,j))+100])

end

dfig (['Bar-P2P',Figname])
barP2P=[diffx; diffy];
bar(barP2P)
title({['Pressure Sensor ',Figname], 'Peak to peak comparison'});
legend('With Air','Without Air')
set(gca,'XTickLabel' {'0.46' '0.58'})
t=xlabel(['S\frac{PH{P_n}[-1S",1);
set(t,'FontSize',19,'FontWeight','bold','Interpreter’,'Latex');
xlabel(['Frequency [Hz]'],'FontSize',16,'FontWeight','bold')

P2Px(inputN,:)=diffx;

P2Py(inputN,:)=diffy;

end
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load('Pressure_with_air.mat')

load('Pressure_without_air.mat')

Fs=2000; %Sample rate

ov=0.5; %Window overlap Factor
conf_|=0.95; %confidence level
na=12; %na=number of windows
f_min=0; %determines min in plot
f_max=20; %determines min in plot

% xtick=[0:2.5:25];%

% xtick=linspace(f_min,f_max,10);

% xtick=[15 10 15 20 25 30 35 40 45 50 55 60 65 70 75];
xtick=[12.557.51012.515 17.5 20]; % X-labels

names={'0.46', '0.58'}; % Sensors names
disp('1: DT1")

disp('2: DT2")
disp('3: DT3"')
disp('4: DT4")
disp('5: DT5 ')
disp('6: DT6 ')
disp('7: DT7 ")
disp('8: DT8 ')

prompt = 'Chose sensor, Please ';
inputN = input(prompt,'s');
inputN = str2num(inputN);
if isempty(inputN)
kk=1:8;
else
kk=inputN;
end
for inputN=Kkk;
switch inputN
casel
sensorlnput='DT1";
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 1'; %DT1
2=61.30880908; %calibration const.
b=-121.61051306; %calibration const.
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case 2

sensorlnput='DT2";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 2;
a=61.17379911;
b=-121.42918313;

case 3

sensorinput='DT3";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 3';
2=61.21574205;
b=-122.53410606;

sensorlnput='DT4';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 4';
2=61.25759912;
b=-123.19199928;

case5

sensorlnput='DT5';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 5';
a=61.27267521;
b=-121.91624464;

MATLAB script for Heat plot

%DT2
%calibration const.

%calibration const.

%DT3
%calibration const.

%calibration const.

%DT4
%calibration const.

%calibration const.

%DT5
%calibration const.

%calibration const.
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case 6
sensorlnput='DT6';
NameX=fieldnames(P);
FignameT=NameX(inputN);

Figname=FignameT{1};

MATLAB script for Heat plot

FigTitle = 'Draft Tube Pressure 6';
2=61.20854518;
b=-122.27875129;

case 7

sensorinput='DT7";
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 7';
2=61.23005606;
b=-121.82442935;

case 8

sensorlnput='DT8';
NameX=fieldnames(P);
FignameT=NameX(inputN);
Figname=FignameT{1};

FigTitle = 'Draft Tube Pressure 8';
a=61.11306315;
b=-121.75310005;

%DT6
%calibration const.

%calibration const.

%DT7
%calibration const.

%calibration const.

%DT8
%calibration const.

%calibration const.

end

fori=1:numel(PL)
X(:,i) = PL(i).(sensorInput)*a+b;
y(:,i) = P(i).(sensorInput)*a+b;

end

Operational_point =[0.575, 0.4625];

[TempOperational I]= sort(Operational_point);

%Sorting of elements
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for k=1:length(Operational_point); %Detrend the signal to
Tempx(:,k)=[x(:,1(k))]; %avoid drift
Tempy(:,k)=[y(:,1(k))];
t = (L:length(Tempx(:,k)))';
opol =7;
[p,s,mu] = polyfit(t,Tempx(:,k),opol);
f_y(:,k)= polyval(p,t,[],mu);
dt_x(:,k) = Tempx(:,k) - f_y(:,k);

ty = (1:length(Tempy(:,k)))’;
[py,sy,muy] = polyfit(ty, Tempy(:,k),opol);
f_y(:,k)= polyval(py,ty,[],muy);
dt_y(:,k) = Tempy(:,k) - f_y(:,k);
end
%%
[n m] = size(dt_x);

for j=1:m

nx = max(size(dt_x(:,j)));
w = hanning(floor(nx/na)); %window function
num_win=na/(1-ov);
[PSD(:,j),f1,PSDc]=pwelch(dt_x(:,j),w,floor(ov*(nx/na)),[],Fs,' ConfidencelLevel',conf_l);
%PSD=Power Spectral density VA2/Hz

[PSDy(:,j),f1y,PSDcyl=pwelch(dt_y(:,j),w,floor(ov*(nx/na)),[],Fs,'ConfidenceLevel',conf_I);
%PSD=Power Spectral density VA2/Hz

fbin=f1(2)-f1(1); %frequency resolution
S1=sum(w);

S2=sum(w."2);

ENBW=Fs*(52/(S172)); %E ective Noise andWidth,
PS1=PSDc(:,1)*ENBW; %PS Confidence level
PS2=PSDc(:,2)*ENBW; %PS Confidence level
PS(:,j)=PSD(:,j)*ENBW; %Power spectrum with
PSy(:,j)=PSDy(:,j) *ENBW; %Power spectrum without
RMS1=sqrt(PS1); %Peak amplitude

RMS2=sqrt(PS2);
RMS(:,j)=sart(PS(:,j));

Peakl=sqrt(PS1)*sqrt(2); %Peak amplitude
Peak2=sqrt(PS2)*sqrt(2);

Peak(:,j)=sqrt(PS(:,j))*sqrt(2);

Peaky(:,j)=sqrt(PSy(:,j)) *sqrt(2);

ymax=max([max(Peak(:,j)) max(Peaky(:,j))]);
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Appendix K MATLAB script for Heat plot

yl=[01];
Al = Peak(:,j);
A1(:,2) = Peak(:j);

yly=[01];
Aly = Peaky(:,j);
Aly(:,2) = Peaky(:,j);
% Plot one operational point with all the sensors
z=length (NameX);
if j==1
if mod(inputN,2)==0
dfig([names{j}]);
subtightplot(z,2,inputN,[0.002,0.05])
surf(fl,y1,A1','linestyle’,'none')
hold on
set(gca,'view',[0 90]);
xlim([f_min f_max])
ylabel(Figname,'FontSize',14,'FontWeight','bold')
set(gca,'XTickLabel',[1);
set(gca,'YTickLabel',[]);
colormap jet
if inputN==2
title(['With Air Injection','S\frac{QH{Q_n}=0.46S'],'FontSize',20,'Interpreter’,'Latex’);
end
if inputN==8
xlabel(['Frequency [Hz]'],'FontSize',22,'Interpreter’,'Latex')
ax=gca;
ax.XTick=xtick;
ax.XTickLabel=round(xtick,1);
ax.FontSize=12;
ax.FontWeight='bold";
end
else
dfig([names{j}]); %Plot figure
subtightplot(z,2,inputN,[0.002,0.05])
surf(f1,y1,A1",'linestyle’,'none')
hold on
set(gca,'view',[0 90]);
xlim([f_min f_max])
ylabel(Figname,'FontSize',14,'FontWeight','bold')
set(gca, XTickLabel',[1);
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Appendix K MATLAB script for Heat plot

set(gca,'YTickLabel',[]);
colormap jet
if inputN==1
title(['With Air Injection’,'S\frac{Q{Q_n}=0.465'],'FontSize',20,'Interpreter’,'Latex');
end
if inputN==7
xlabel(['Frequency [Hz]'],'FontSize',22,'Interpreter’,'Latex’);
t=text(-1.2, 1,'Pressure Sensor','rotation’, 90,'FontSize',22,'Interpreter’,'Latex');
tl=text(21.1, 1,'Pressure Sensor','rotation’, 90,'FontSize',21,'Interpreter’,'Latex’);
ax=gca;
ax.XTick=xtick;
ax.XTickLabel=round(xtick,1);
ax.FontSize=12;
ax.FontWeight="'bold";

end
% set(gcf,'PaperPositionMode','auto');
% print('mLuft0-46','-dpng','-r0");
end

141



Appendix L

Sensing

Features

* Ranges from 1 psi to 900 psi

Accurocy +0.06% full scale [F5] best stroight line {B5L)
Fully welded 0,69 in titanium construction

Integral lightning surge arrestor

Pohwurethone and flourpolymer cables

Full range of installotion occessories

5 year onti corrosion warranty

Technical information Pressure Sensor

Appendix L Technical information Pressure Sensor

The PDCR 13301830 transducer [m output] and PTX
1830/1880 transmitter |4 to 20 mA output) are the latest
generation of fully submersible titanium high
performance sensors for measurement of hydrestaotic
liquid levels.

1E30/1880 is o Druck product.
Druck has jpined other

GE high=technology sensing
businesses under o new
name—GE Sensing.

1830/1880 Series

Druck High Performance
Level Pressure Sensors
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Appendix L

Sensing

Applications

The PDCR/PTH 1830/1880 Senes incorporates many
enhanced features gained from experience in supplying
theusands of sensors for small and lorge scale
installations worldwide. Exomple opplications indude:

= Potoble water
From ground water borehole to surfoce woter level
measurements in rivers, canals and reservoirs.

= \Waste water and remediation

Manitoring of secondary and outflow sewage levels
within certified hazardous areas and contaminoted
ground water levels in land fill sites.

= Tank Level

From land based liguid storoge vessels to on-board ship
ballast tank monitoring within sofe and certified
hozardous oreos.

» Sea Water

Marine ervironmentol applications including tide
gouging, coostal flood protection and wave profiling
amongst others.

Reliability and Data Quality

The combination of o high technology sensor, together
with odwanced signol conditioning and packaging
techmigues, provides on ideal long term solution for
reliable, occurate and economical level measurements.

The Druck micromachined silicon element is sealed
within an all-titaniurm pressure medule assemibly, fully
isolated from the pressure medio. This is contoined ina
slirmline, welded titamiurm body, terminated in an injection
molded coble assembly. The cable features o Kewlar®
strain cord and is IPEEType & rated for indefinite
immersion in pressure of 1000 psi

Technical information Pressure Sensor

Lightning Surge Protection

An optional integral lightning surge orrestor is available,
gualified to the highest standard IEC 61000-&-5 [level 41
This protects the sensor from roised earth potentials
coused by lightning strikes, which often occur in surface
water applicotions.

Ease of Use

& simple dotum marked coble system is provided for
ease of installation. 1 ft datum points are dearly marked
for quick and accurate cable alignment below ground
level. In addition, a full ronge of related accessories
simpdifies installation, operation ond maintenonce.

* Quick-releose cable clamp assembly

= Slimline and short profile sink weights

* Maistureproot Sensor Termination Enclosure

* In-situ pressure test/calibration adaptors
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GE
Sensing

1830/1880
Specifications

Pressure Measurement

Operating Pressure Ranges

PDCR 1830/1880 imV)

» 1, 2.5 psi gouge

« 5,10, 15, 20, 30, 50, 75, 100, 150, 200, 300, 500, 900 psi
gouge or absolute

FTX 1830/1880 Ima)

Any zero bosad FS from 1 to 900 psi gowge, 5 to 900 psi

absolute.

Overpressure

The operating FS pressure range may be exceeded by the
following multiples with negligible effect on colibration:

# B x for ranges 1, 2.5 psi

= bx for range 25 to 5 psi

= & x for ranges abowe 5 psi (2000 psi maximum).

Pressure Containment

= 10 x for ranges up to 5 psi gouge

* b x for ranges above 5 psi gouge (2000 psi maximum|
= 2300 psi for obsolute ranges.

Media Compatibility
Fluids compatible with titonium [bodyl, acetyl [nose cone)
and polyurethane or Tefzel (ooble assembly]

Pulse Power Excitation

Recommended power-on time befare output somiple
PDCR 1530/1880: 10 ms

FTH 1830/1880 30 ms

For pulse power operation refer to technical note.

The minimum supply voltoge [V which must oppear
across the pressure transmitter terminals is 9V and is given
by the following equatior:

Wom = Vi - (D02 3 Flazes]

‘Where Ve is supply voltoge in Volts, Rus is total loop
resistonce in Ohms

Excitation Voltoge

PDCR 183071880 [mV)

10V at 5 mA nominal

Output is fully ratiometric to supply within 25V to 12V
limits.

PTX 1830/1830 ImA)

Gto30W

9 to 28 V for Intrinsically Sofe version

Common Mode Voltoge - PDCR 1830/1880
Typically +3.5 V to +9 V' with respect to the negative supply

Output Impedance - FDCR 1830/1880
2 k2 nomimal

Technical information Pressure Sensor

PODOR 1850/1880
alinopro =

AT [ =
) @ 0315 in 1230

Ml LS aepoged thrend & 0E3 N o 5 o3y 1 1280
with Nose OO remiceed

Ikl 73 in opproed PTX LE30/ 1880

9.4 in oppnoe PTX LEIS/1BES

2 0315 in LE30
B @ 0224 in 150
with rose oo remced
Baciricol Comnacticns
POSCR 1230 PTH 1H30/'LES0 Lightning protection
Rat Supply posithes Fiad: Supply positive
White:  Supply nagathes Eock Supply nagotive
Valloae  Chrpul poskie: SCOREN WiNe CONNECd bo cosa
Bl Ourpt regotive 15 WO + SITREN Not connacTed)
Sorgen wing conrechad 10 cose Biamoining Cofes not conneched
VS wirsion - sorean not connacted]
Remmaining Cores ot connecied
Output Signal
PDCR 1830/1880

= 25 mV for 1 psi range

« 50 mV for 2.5 and 5 psi rangas

= 100 mV for romges 10 psi and obove

PTH 1830/1880

4 to 20 méA proportional, for zero to FS pressure.

Performance Specification

Accuracy

Combined effects of Non-linearity, Hysteresis and

Repeatability:

= Stondord: =0.1% F5 BSL moximum

= Option Cr £0006% F5 BSL maximum [+0.08% moxmum
for 1.5 psi and below).

Zero Offset and Span Setting
PDCR 1830/1880

* Typical: £1.5 mVy

= Mozamum: 23 m

PTX 1830/1880

Moximum: =005 mA

Long-Term Stability
+0.1% typically per annum

Operating Temperature Range
-5 to 140 °F (21 to 60°C)

Compensated Temperature Ronge
30 to 86 °F -1 1o 30°C)

Temperature Effects

= =0.3% FS5 Temperature Emor Band (TEB) for 5 psi ronge
and above

= +0.6% FS TEB for ranges below 5 psi.
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GE
Sensing

Intrinsic Safety

PDCR 1830/1880:

CSASMUL: Closs | Div | Groups A, B, C, D
Closs I Div 1 Groups E,F, &G

Clazs
FM: Class |, 11, 1l Div | Groups 4,8, C, 0 E F, G
PTX 1830/1880:

CSA: Closs | Div | Groups A, B, C, D
Closs I Div 1 Groups E.F, &G
Closs (il

FM: Class |, 11, 1l Div | Groups 4,8, C, 0 E F, G

Lightning surge arrestor [optional on FT only) integral
lightning protection ossembly certified to standard IEC
B1000-4-5 [lewel &)

Shock and Vibration

MIL-5TD-810E, method 514.4. Category 10 min. integrity
Figure 514.4-16

Product will withstond 20 g peck shock half sine wave 9 ms

duration in all oxes, olso 2000 g peak shodk 0.5 ms duration
in all axes.

Insulation
Stondord: =100 MO ot 500 VDC
Intrinsically Sofe wersion: <5 méA ot 500 Vac

Physical Specification

Pressure Connection
Zrondord: Rodial holed M14 = 1.5 mm male threod fitted
with protective ocetyl nose cone.

Electrical Connection

1830 Vented polyurethane cable with integral Keviar® strain
relief cord rated to 119 b load.

1880: Vented flourpohmer

Ingress Protection
Type 6APEE 1o 1000 psi

Cable Lengths
To be specified os reguired in 1 ft increments up to 1600 fi.
For fonger lengths refer to GE Sensing.

CE marking
CE morked for electromagnetic compatibility and pressure
equipment directive.

Documentaotion
Detailed user instructions are provided with specific
calibrotion dota.

EE00E GE Al rights resansd.
A20uCra0

Al specificotiors one subject io chongs for product improsssment withow robice.

Technical information Pressure Sensor

Accessories

A full range of occessories is available to enhonce
installation, operotion ond maintenance of the
1830¢1840 Series as listed below:
= 5TE moistureproof sensor termindation enclosure
[STE 1101
+ Slimline sink weight 3117.5 mm |[DA2608-1-01)
* Short sink weight 125 mm [D44068-1-01]
+ Caoble dlamp system [192-373-01)
+ 350° Rotatoble calibrotion adaptor te:
G1/8 [DA4112-1-01) 1/8 MPT (DA4112-2-01
+ Economical direct calibrotion odoptor to:
G1/8 [DAZS3T-1-01) 1/8 MPT (DAZ537-2-011
= Apcessory pock contains [TAS-A187]
STE biax Slimline sink weight
Coble clamp  Direct calibration adaptor

Options

* FM/CSA certification

+ Threoded pressure port fwelded] 174, 1/8 NPT male,
7116 UMF male, G1/4, G145 male.

Ordering Information

Code  Modd
FOCRLE i outpu
FT412  ma output
Code  Cabla type
E Fokuretona
8 Fnurpokmsr
Code  Lightning protecton
o Hick fittad
H Fittied
L

[1) Select model number

[2) Pressure range ond scale units

[3) Options [if required)

[4) Coble length required

[5) Accessories [order os separate items)

[&) Supporting Services (order os seporate itemnsl

Supporting Services

Owr highly troined stoff con support wou, no matter where
wou are in the word. We can provide training, nationally
occredited calibrotion - both initially ond ot periodic
intervols - extended warrantee terms and even rental of
portable or loboratory colibrotors. Further detoils con be
found in www.gessnsing com/productsanvicess/servica him

WWW.JESENSING.Com

GE%is 0 registenad trodemark of General Blectric Co. Other company of product
NS MEntionad in this document may be Todemorks o registenad rodamarnks
ool thair reEpectieg Componies, which one not offlinted with GE.
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Appendix M Calibration -Pressure sensors

Appendix M Calibration -Pressure sensors

All the pressure sensors are calibrated at the Waterpower laboratory at NTNU, using
designated deadweight testers. The following appendix will present the calibration report of

all 12 sensors used in the measurements at Leirfossene power plant.

Figure a) Low pressure deadweight tester. Figure b) High Pressure
deadweight tester

Table 25 displays the range and uncertainty of the equipment used to calibrate the sensors.

This means that if a sensor is supposed to measure values between 100mbar to 10bar both
testers have to be used in order to calibrate the correct area it is supposed to measure.

Type Classification Range Uncertainty
GE deadweight tester, .
Pneumatic 30 - 2000 mbar 0,008 %
P3023-6-P
GE deadweight tester, .
Hydraulic 1-350 bar 0,008 %
P3223-1

Table 25 - Deadweight calibration tester
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Appendix M

Draft tube sensor 1

CALIBRATION REPORT

Calibration -Pressure sensors

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SN: 23131000-ref_1
Range: 0-5 bar a

Unit: kPa

The king had a son

Druck PTX 1830

Z2BETE10

0-10 bar a

kFa

CALIBRATION SOURCE PROPERTIES

Type/Producer: Prassurements deadweight tester P3023-6-P
SN: 66611

Uncertainty [3]: 0,01

POLY FIT EQUATION:
¥=.121.51345376E+0X"0 + 61.20876242E+0X™M

CALIBRATION SUMARY:

Max Uncertainty : 0.032618 [%]
Max Uncertainty : 0.007991 [kPa]
RSQ : 1.000000
Calibration points : 16

EOO00
£0,00
4000

16.53

Faws Data
Fitted Duts
Uneertainty

24 26 28 30 32 34 36 38 4D 42 44 46 48 50 5253

Figure 1 : Calibration chart {The uncertainty band s multiplied by 1000 )

Stian Solvik
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Appendix M Calibration -Pressure sensors

CALIERATION VALUES
Best Poly Fit Deviation Uncertai Uncertain

Value [kPa]  Voltage [V] 1 o" y kPa] e nty [kPa] ty
24 498774 2.385854 24.524156 =0.025383 0.032618 0.007291
26.501795 2418213 26.502391 =0.000595 0.029735 0.007880
28 506327 2467304 29.507156 =0.000829 0.026172 0.007722
34.513881 2.548038 34.509992 0.0038859 0.021618 0.0074561
38.521434 2630824 39.5159598 0.0054 36 0.018240 0.007209
48.536542 2.794398 49 528175 0.008366 0.013576 0.006725
T1.569777 3.154475 71.568033 0.001744 0.008128 0.005817
89.612077 3612292 99.550491 0.021586 0.005024 0.005074
162.647252 4 642568 162.652361 =0.005109 0.003649 0.005835
172.662359 4806143 172.664588 =0.0022259 0.003657 0.006315
179672934 4 920697 179676311 -0.003378 0.003685 0.006621
184 680487 5.002563 184 BBT213 -0.006726 0.003714 0.006859
189.688041 5.084385 189.695463 0007422 0.003744 0.007102
194 595594 5.165988 194 690250 0.005344 0.0037r2 0.007344
197.700127 5.215103 197.696523 0.003603 0.003724 0.007501
202. 707680 5.296945 202. 705980 0.001700 0.003839 0.007782
COMMENTS:

2313102-ref_5 ikke kalibrart

T uncariainty s calculaled with 35% confidence. Tha unterainty inckedes the randomness. in the calibraled irsirument doning the callbration, sysiomatbc
iy B i e ErUmant o property wiskoh e iRsrumiont undor calbration s compansd with {dead woght manomirier, calibraied wisghts oic. ], and dis i
PEgression analysis 1o i the calibration poinis 0o o lincar caliteaton equation Tha calrulaied Enoerainty oam be wsed o5 the ol S yiemaso unoerianty of o
calitvated insnament with the gheon calbration egualion.
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Appendix M Calibration -Pressure sensors

Il. Draft tube sensor 2

CALIBRATION REPORT

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
TypeiProducer: Druck PTX 1830
SN: 2313099-ref_2

Range: 0-5 bar a

Lnit: kPa

test

Druck PTX 1830

2867610

0-10bara

kPa

CALIBRATION SOURCE PROPERTIES

TypeiProducer: Pressurements deadweight tester P3023-6-F
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
¥==121_3638634TE+0X"0 + 61.06785201E+0X™"1

CALIBRATION SUMARY:

Max Uncertainty : 0.043397 [%]
Max Uncertainty : 0.010632 [kPa]
RSQ © 1.000000
Calibration points : 16

Riawe Data
Fitted Data
Uncertanty

24 26 23 30 32 34 35 3B 40 42 44 45 48 S50 5253
Figure 1 : Calibration chart (The uncertainty band s multiplied by 1000 )

Stian Solvik
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Appendix M Calibration -Pressure sensors

CALIERATION VALUES

Value [kPa] Voltage [V] Best Poly Fit Deviation Uncertainty Uncertainty

[kPa] [kPa] [%] [kPa]
24 498774 2 388975 24 525596 -0.026822 0.043397 0.010632
26.501785 2421458 26.508366 -0.007571 0039568 0.010486
29.506327 2.470608 29.510818 =0.004491 0.034824 0.010275
34.513881 2552535 34.513853 0.000027 0028766 0.009928
39.521434 2634473 39.517640 0.003754 0024270 0.009592
49.536542 2798272 49.520494 0.016048 0.018065 0.008945
71.569777 3.158223 71.562978 0.006759 0.010806 0.007734
899.612077 3.617967 899.577542 0.034535 0006772 0.006746
162647252 4 650827 162652055 -0.004807 0004831 0.007858
172.662359 4 814846 172668373 -0.006014 0004849 0.008372
179.672834 4 529568 179.674233 -0.001299 0004889 0.008783
184680487 5.011685 184 689518 =0.009030 0004825 0.009096
189.688041 5.093634 189.693315 -0.005274 0004565 0.009417
194 695594 5.175588 194 698161 -0.002567 0.005005 0.008745
197.700127 5224712 197.697958 0.002128 0005033 0.009850
202. 707680 5306673 202.703136 0.004544 0.005087 0.010311

COMMENTS:
2313102-ref_8 ikke kalibrert

T uincatainty & calculaiod with 35% confidencs. The uinoemainty inclides the randomness in the calibraled irsrument duning the calibnation, SyShamato
ey in this instrumisnt of propery wikch e instrument ordior calibration i companed with {oead veeight maromaer, calbralod wights otc. ), and dus io
regression analysi o Mt the caliration points 50 o liroosr calbratgon eoquation The celtilaied unoesmainky con be wsed o the blal s stomato unoerianty of S
caliteatod insumant with e gheon calbralion equation.
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Draft tube sensor 3

CALIBRATION REPORT

Calibration -Pressure sensors

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SN: 2313103_3

Range: 0-5 bar a

Unit: kPa2313102-ref_&
test

Druck PTX 1830

2BETE10

0-10bar a

kPa

CALIERATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3023-6-P
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
Y= <121 65119602E+0X"0 + 61.12072043E+0X™1

CALIBRATION SUMARY:

Max Uncertainty : 0.045557 [%]

Max Uncertainty : 0.011161 [kPa2313102-ref_8]
RSQ - 1.000000

Calibration points : 16

24 25 28 3D 32 34 35 3B 4D 42 44 45
Figure 1 : Calibration ehart (The uncertainty band is multiplied by 1000 )

Stian Solvik
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Appendix M Calibration -Pressure sensors

CALIBRATION VALUES

Value Best Poly Fit Deviation Uncertainty Uncertainty
[kPa2313102- Voltage [V] [kPa2313102- [kPa2313102- [%] [kPaz313102-
ref_8] ref_g] raf_B8] raf_8]

24 498774 2.3591690 24530643 -0.031869 0.045557 0.011161
26.501795 24240594 26.511171 =0.009375 0.041538 0.011008
29.506327 2473092 29.505564 0.000363 0.036560 0.010788
34.513881 2.554989 34.511548 0.002333 0.030200 0.010423
39.521434 2636889 39.517366 0.004069 0.025479 0.010070
49 536542 2 .BD0S37 48 519653 0.01688% 0.018965 0.0093595
71.569777 3.161156 71.560921 0.008856 0.011343 0.008118
99612077 3619583 99 580354 0031723 0.007108 0.007081

162647252 4651391 162.657387 -0.010136 0005068 0.008243
172.662359 4 815418 172670592 0008233 0005090 0.0087588

179672934 4 829963 179671721 0.001213 0.005130 0.009218
184.580487 3012025 184687371 -0.006883 0005170 0.009548
189.588041 3093916 189.692615 =0.004574 0005210 0.0098583
194.585594 3. 175792 194 686864 =0.001369 0005254 0.010228
197700127 5.224852 197 657968 0.002155 0.005280 0.010435
202707680 S.30677T 202. 702843 0.004837 0005336 0.010816
COMMENTS:

2313102-ref_8 ikke kalibrert

Thee uncarzingy & calculaled with 55% confidens. Tha unoermainty inchidos the randomness in ihe calibraied instrument doning tha calibration, Sysiemabo
niariadny in this insirumant oF progerty wiich e irsrumont undor calibration & companed with {dead woghi maromisier, Calbraied woights oic. ), and dus io
FEgreSSon analysi 1o i hio calbration poinis o 8 liroar coltraton ooqualion Tha caloulaiod enoerainty oon b used & the ol spsiemas unoerianty of i
caliteamd insrumant with tha ghvon calibmation edgquation.
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Appendix M Calibration -Pressure sensors
IV. Draft tube sensor 4

CALIBRATION REPORT

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SM: 2313105ref_4

Range: 0-5 bar a

Unit: kPa

The son had a cat

Druck PTX 18320

2867610

0-10 bar a

kPa

CALIBRATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
Y= <123 196620T76E+0X"0 + 61.24274144E+0X™

CALIERATION SUMARY:

Max Uncertainty : 0.058246 [%]
Max Uncertainty : 0.012595 [kPa]
RSQ * 1.000000
Calibration points : 18

gEi
g 2

i

24 26 28 3D 32 34 36 38 4D 42 44 45 48 5D 53
Figure 1 : Calibration chart (The uncertainty band (s multiplied by 1000 )

Stian Solvik
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Appendix M
CALIERATION VALUES
Value [kPa) Voltage [V]
21.624251 2.364358
26.631804 2446379
31.639358 2.528390
36646911 2610171
41.654465 2692021
61.684679 3.019382
81.774803 3.34E815
99.812086 3.640911
122 846832 4 017385
142 887056 4 334663
162917270 4 671825
172952377 4 B35619
179.962952 4 850025
184 970506 5031982
189.908048 5113880
195005602 5195751
198.010134 5244871
200013155 9277842
COMMEMNTS:

Best Poly Fit Deviation

[kPa]
21.603143
26.626336
31.648903
36.657401
41.670106
§1.718585
81.759275
09.782746
122 839036
142 882441
162.918769
172.049973
179.956508
184 975763
189.991391
195.005429
198.013686
200.032881

[kPal]
0.021108
0.005468
-0.009545
=0.010490
=0.015641
-0.033816
0.015618
0.029340
0.007757
0.004615
=0.001498
0.002405
0.006445
-0.005258
0.006658
0.000172
-0.003552
-0.019726

Calibration -Pressure sensors

Uncertainty
[%]
0.058246

0045652
0037076
0.030864
0026177
0015246
0.010024
0007427
0005808
0005283
0005215
0005274
0005336
0005391
0005453
0005511
0005547
0005574

Uncertainty
[kPa]
0.012595
0.012158
0.011731
0.011311
0.010904
0.0023405
0.008197
0.007413
0.007135
0.007548
0.008496
0.009121
0.009603
0.0094872
0.010360
0.010746
0.010984
0.011148

The uncarainty s calculalsd with 35% confidence. The unceranhy inchides the randomness in the calibraled irsrument during the callbnalion, systomato

wnceriaindy in the instrument o property which the irsirument under calibration ks companed with (dead weight manomaier, calbwaled
regression analysis o i the callbralion poinis 0 a linear calitvaton equalion. The caloulaled unoemainty Can be used & the olal s siemato unoerianty of ta

caliteatod insumant with the gl calbration equation.
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Appendix M Calibration -Pressure sensors

V. Draft tube sensor 5

CALIBRATION REPORT

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SM: 230983Tref 5

Range: 0-5 bar a

Unit: kPa

The king had a son

Druck PTX 1830

2BETE10

0-10 bar a

kPa

CALIBRATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SMN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
¥=2121.94593216E+0X™0 + 61.26314142E+0X™

CALIERATION SUMARY:

Max Uncertainty : 0.069580 [%]
Max Uncertainty : 0.015048 [kPa]
RSQ : 1.000000
Calibration points : 18

Raw Data
Fitted Data
Uncertainty

000
655

23 26 2B 30 32 34 36 3B 4D 42 44 46 48 5D 53
Figure 1 : Calibration ehart (The uncerainty band is multiplied by 1000 )

Stian Solvik
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Appendix M Calibration -Pressure sensors

CALIERATION WALUES

Value [kPa]  Voltage [V] Best Poly Fit Deviation Uncertainty  Uncertainty

[kFa] [kPa] [%] [kPa]
21.624251 2.343035 21.585748 0.028503 0089580 0.015048
26.631804 2425158 26.626950 0.004854 0054542 0.014525
31.639358 2.507070 31.645066 =0.005708 0044295 0.014015
36.6465911 2.589034 36.666431 =0.019520 0036871 0.013512
41.654465 2670692 41.669026 =0.014561 0031272 0.013026
G61.684679 2838105 61.727415 =0.042740 0018205 0.011230
B1.774883 3.325243 B1.767631 0.007243 0011860 0.005780
89.812086 3.619260 89.781288 0.0307598 0.008872 0.008855
122 846832 3.995433 122 826830 0.020003 0006933 0.008516
142 887056 4 322663 142 873983 0.013073 0006306 0.009011
162917270 4. 649751 162.913059 0.004211 0006224 0010741
172952377 4813515 172.8945137 0.007240 0006296 0.010885
179.962952 4. 828140 179.967423 =0.004471 0006370 0.011464
184970506 5.009864 1848974105 =0.003600 0006436 0.011906
189.9880458 5.091857 189.8987246 0.000802 0.006508 0.012367
195.005602 5173615 195.0059493 =0.000391 0006580 0.012832
198.010134 5. 222742 198.015628 =0.005495 0006623 0.013113
200013155 5.255678 200.033358 =0.020243 0006654 0.013310

COMMENTS:

Tha uncanziny & calculaind with 35% confidenss. Tha untamadnty inckides the randomness in The calibraied irsrumont during tha calibration, Sysemato
wnceriaingy in the insirument or propery witich he insirument under calibration is companed with jdead weight manomaaier, calibraied weights etc. |, and dus io
regression analysis o M he calibration poinis W0 a linear calibraton equalion The calculaied uncerainty can be used @ the Dlal sysiematio uncerianty of e
Caalitrad insrumant with thi gheen callbration equation.
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Appendix M Calibration -Pressure sensors

VI. Draft tube sensor 6

CALIBRATION REPORT

CALIERATION PROPERTIES
Calibrated bry: Stian Solvik
Type/Producer: Druck PTX 1830
SM: 2313101ref_6

Range: 0-5 bar a

Unit: kPa

test

Drruck PTX 1830

2BETE10

0-10 bar a

kPa

CALIERATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SMN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
Y= <122 38721122E+0X"0 + 61.20034395E+0XM

CALIERATION SUMARY:

Max Uncertainty : 0.057716 [3%]
Max Uncertainty : 0.012481 [kPa]
RSQ : 1000000
Calibration points : 18

5128 = = = = - = - - = - - : - =
14 15 18 30 32 34 36 38 40 42 44 45 48 50 53
Figure 1 : Calibration ehart (The uncerainty band s multiplied by 1000 )

Stian Solvik

157



Appendix M
CALIERATION VALUES
Value [kPa) Voltage [V]
21.624251 2352807
26631804 2434875
31.639358 25168584
36.646011 2508772
41.654465 2.6B0ET0
61.684679 3.008215
81.774893 3.335740
00 812086 3630237
122 846832 4 006846
142 887056 4334401
162.917270 4 661800
172952377 4 B25653
179.962952 4.940200
184.970506 5022308
180.908048 5.104286
195.005602 5.186161
198.010134 5235277
200.013155 5268296
COMMENTS:

Best Poly Fit

[kPa]
21.605415
26.627973
31.846952
36.658512
41.670687
61.716570
B1.761222
89.784520
122833112
142879603
162916537
172.844416
179954738
184979761
189996873
195.007617
198.013567
200.034305

Deaviation
[kPa]
0.018836
0.003831
-0.007595
0011601
0016222
-0.031891
0.013671
0.027566
0.013720
0.007453
0.000733
0.007961
0.008214
=0.009256
0.001175
«0.002015
«0.003433
-0.021150

Calibration -Pressure sensors

Uncertainty

[%]
0.057716

0.045238
0.036740
0.030584
0.025838
0.015107
0.0095934
0.007360
0.005755
0.005235
0.005168
0.005226
0.005250
0.005343
0.005404
0.003461
0.003497
0.005524

Uncertainty
[kPa]
0.012481
0.012048
0.011624
0.011208
0.010805
0.009319
0.008124
0.007347
0.007070
0.007480
0.008419
0.009039
0.009519
0.009883
0.010268
0.010650
0.010885
0.011050

T urecirainty & calculaled with 95% confidence. Th uncermainy inckides the randomness in the calibraled instrument during the calbration, syslomatc

e iaindy i this iRStnimiant of property which the irsrumont under calibralion & companed with {(deaid woght manomier, Calibraled waights
regression analysis o W the calibralion poinis 0 a linear calibradon equation. The caloulaied uncerainty can be used as the iolal s siematc uncerdanty of e

calitvated insrumant with the ghan callbration equation.
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Appendix M Calibration -Pressure sensors

VIl. Draft tube sensor 7

CALIBRATION REPORT

CALIBERATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SM: 2313104ref_7

Range: 0-5 bar a

Linit: kPa

test

Druck PTX 1830

2B6TE10

0-10 bar a

kPa

CALIBRATION SOURCE PROPERTIES

TypeiProducer: Pressurements deadweight tester P3223-1
SM: 66611

Uncertainty [3]: 0,01

POLY FIT EQUATION:
¥=+121.85450572E+0X"0 + 61.16953912E+0X"

CALIERATION SUMARY:

Max Uncertainty : 0.073985 [%]
Max Uncertainty : 0.016213 [kPal]
RSQ : 1.000000
Calibration points : 16

Faw Data
Fitted Diata
Uncertsinty

12000

EOO0
6000
40,00

2000
547

23 26 28 30 32 34 36 38 4D 42 44 46 4B 50 52
Figure 1 : Calibration chart (The uncertainty band (3 multiplied by 1000 )

Stian Solvik
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Appendix M

CALIBRATION VALUES
Value [kPa) Voltage [V]
21914248 2.349797
26.921802 2431818
31.929355 2.514002
36.9365809 2.556098
41.944462 2678095
61.974677 3.005664
82.004851 3.333268
100.082084 3.628023
123.116830 4004792
143.147044 4 332386
163.217258 4 660039
173.232365 4 823806
180.242940 4 938446
185.250494 5.020601
190.258047 5.102525
195.265601 5.184514

COMMENTS:

Best Poly Fit Deviation

[kPa]
21 BE1487
26.B08682
31.925864
36.047624
41.963350
§2.000547
82.039977
100.069971
123.116795
143.155553
163.197921
173.215454
180.227950
185.253370
190264611
195.279850

9 and 10 calibrated for high pres as well

[kPa]
0.032761
0.023120
0.003451
-0.010715
=0.018888
=0.025871
=0.035086
0.012113
0.000035
-0.008508
0.019337
0.016911
0.014990
=0.002876
-0.006564
=0.014248

Calibration -Pressure sensors

Uncertainty

[%]
0073585

0.058008
0.047084
0.039165
0.033180
0.019262
0.012754
0.009686
0007559
0007543
0007636
0007767
0.007882
0.007574
0.008068
0.008161

Uncertainty
[kPa]
0.016213
0.015617
0.015034
0.014467
0.013917
0.011938
0.010455
0.009694
0.008798
0.010798
0.012463
0.013456
0.014208
0.014771
0.015350
0.015936

T uncanainty & calculmiod with 55% confidenss. This uneimainty incledes T randomness in the calibraied Rsrument duning the calibnation, SySamatks

wninariaingy in the inestrumont or propenty which e insirumiont urdor calbration ks companed with (dead weight maromaeler, calbraled waights oo ), and due o
PRgres sion analysis o it e calbration poinis o alirear calibraton equation The caloulaiod uncerainty can bo used & the olal s slemato unoerianty of T

calitvatod InsTumant waith th gl callbralion sguation.
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Appendix M Calibration -Pressure sensors

VIIl. Draft tube sensor 8

CALIBRATION REPORT

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 1830
SM: 2313102ref_8

Range: 0-5 bar a

Unit: kPa

tast

Druck PTX 1830

2867810

0-10 bar a

kPa

CALIBRATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
¥=-121.88827335E+0X"0 + 61.06822182E+0X™

CALIERATION SUMARY:

Max Uncertainty : 0.061411 [3%]
Max Uncertainty : 0.013280 [kPa]
RSQ © 1.000000
Calibration points : 18

100,00
20,00
E0.00
40,00

&33

23 26 28 3D 32 34 35 38 40 42 44 456 4B S0 53
Figure 1 : Calibration chart (The uncertainty band is multiplied by 1000 )

Stian Solvik
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Appendix M Calibration -Pressure sensors

CALIBRATION VALLES

Best Poly Fit Deviation Uncertai Uncertain
Value [kPa]  Voltage V] i) y Pa] o nty [kPa] ty
21.624251 2339759 21607332 0.016919 0081411 0.013280
26.631804 2431996 26.629375 0.002425 0.048134 0.012819
31.639358 2.514135 31.645500 =0.006142 0.039093 0.012369
36.646911 2.596203 36.657220 -0.010318 0.032543 0.011926
41.654465 2 678306 41.671090 =0.016625 0027600 0.011497
61.684679 3.006561 61.717082 =0.032402 0.016071 0.009914
B1.774893 3.334823 81.763420 0.011473 0.010565 0.008639
89 8120886 3.620948 99 TEG196 0.025890 0007831 0.007816
122 846832 4 007352 122 833564 0.013268 0.006122 0.007521
142 BRTOS56 4 335497 142 872807 0.014245 0.005568 0.007956
162917270 4 663684 162 214640 0.002630 0.005497 0.008955
172952377 4 B27821 172838185 0.014192 0.005559 0.009615
179.962952 4 .942640 179949966 0.012986 0.005625 0.010123
184 970506 5.024955 184 976778 =0.006272 0005683 0010512
189.988048 5107172 189 8997523 0.000425 0005747 0.010920
195.005602 5.189271 185.011296 =0.005695 0.005809 0.011328
198.010134 5238548 198.020549 0010415 00058458 0.011580
200013155 5271613 200.039746 =0.026591 0.005877 0.011755
COMMENTS:

T unecatainty i calculaied with 35% Confidends. Thi unoermainty iNciuces th randomness in the calibraled instrument duning the oalbation, Sysemass
wrariaingy in tha instrumant or proparty which e insrument under calibration is comaned with (dead vweight manomaoier, calibaiod woights oo, and dus in
rEgression analysis o M M calbration poinis 00 @ lincar calbeakon eoquation The Caloulaled unoemainty Con b used & the olal systomass unoerianty of e
caliteated insrumant with tha gheon calbration eguation.
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Appendix M Calibration -Pressure sensors

IX. Inlet Pressure sensor

CALIBRATION REPORT

CALIERATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 610
SM: 2184827ref 9

Range: 0-10 bar a

Unit: kPa

test

Druck PTX 1830

2B6TE10

0-10 bar a

kPa

CALIERATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATIOMN:
¥=-248 95239552E+0X*0 + 124.B43544 30E+0X"

CALIERATION SUMARY:

Max Uncertainty : 0.053905 [%]
Max Uncertainty : 0.011813 [kPa]
RSQ : 1.000000
Calibration points : 16

g
z

z
B
|

313 213 24 15 16 17 I8 19 30 31 32 33 A 3536
Figure 1 : Calibration chart (The uncertainty band s multiplied by 1000 )

Stian Solvik
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Appendix M

Calibration -Pressure sensors

CALIERATION VALUES

Best Poly Fit Deviation Uncertai Uncertain
Value [kPa]  Voltage V] i°) ¥ kPa) e nty kPal ty
21914248 2169559 21.908040 0.006208 0053205 0.011813
26.921802 2.209730 26.918171 0.003631 0.042267 0.011379
31.929355 2.249798 31920401 0.008954 0.034314 0.010956
36.936009 2. 289981 36.936094 =0.000085 0.028544 0.010543
41.944462 2.330182 41.8955782 «0.011320 0.024182 0.010143
61.974677 2 490651 61.089289 0014612 0.014043 0.008703
B82.004891 2651137 82024972 =0.020081 0.009315 0.007639
100.082084 2.795562 100.0554493 0.026591 0.007063 0.007069
123.116830 2 SB0306 123.119581 <0.002751 0.005803 0.007144
143.147044 3.140812 143.157653 -0.010608 0.005507 0.007883
163.217258 3301317 163.195724 0.021534 0.005575 0.009099
173.232365 3.381561 173.213712 0.018653 0005669 0.009821
180.2425940 3437843 180.240140 0.002800 0.005753 0.010369
185.250494 3478023 185.256381 =0.005887 0.005821 0.010783
190258047 3.518160 190.267163 =0.008115 0005854 0.011214
185265601 3.558309 195278513 0013912 0005259 0.011636
COMMENTS:

S and 10 calibrated for high pres as well

Tha uncarainty is calculaiod with 55% confidence. Tha unoemainty inchides. the andomness in the calibaied irsrument during the calbration, sysiomato
wnariaingy in th rstrumont of property wiich e Pairument ondior calibration s companed with (dead weghl maromier, callbraled woights eic. ), and dus io
PRNE SN analysis 10 M e calbration points B0 & i Caiteamkon equaiion The calulales wniemainty Can be wsed & this otal S v emats unoeranty of s
calitrated insumant with the given calibration equation.
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Appendix M

X.

Pressure sensor at temperature inlet sensor

CALIBRATION REPORT

Calibration -Pressure sensors

CALIBRATION PROPERTIES
Calibrated by: Stian Solvik
TypeiProducer: Druck PTX 610
SN: 4091551ref_10

Ramge: 0-10 bar a

Unit: kPa

The king had a son

Druck PTX 1830

2867610

0-10 bar a

kPa

CALIERATION SOURCE PROPERTIES

TypeiProducer: Pressurements deadweight tester P3223-1
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATION:
¥=-250.494T1911E+0X0 + 124 86102018E+0X™1

CALIERATION SUMARY:

Max Uncertainty : 0.052476 [%]
Max Uncertainty : 0.011500 [kPa]
RSQ : 1.000000
Calibration points : 16

10.41

12 23 24 25 25 17 28 29 30 31 32

Raw Data
Fitted Diats
Uncertaanty

33 34 35 35

Figure 1 : Calibration chart {The uncertainty band |s muitiplied by 1000 )

Stian Solvik

165



Appendix M Calibration -Pressure sensors

CALIBRATION VALUES

Value [kPa] Voltage [V] Best Poly Fit Dewviation Uncertainty  Uncertainty

[kPa] [kPa] [%] [kPa]
21.914248 2.1B81665 21.910223 0.004025 0052476 0.011500
26.921802 2221798 26.921289 0.000513 0.041147 0.011077
31.928355 2.261842 31.921135 0.008220 0.033404 0.010666
36.936809 2302008 36.936523 0.000385 0027787 0.010264
41.944462 23121 41.853616 -0.009154 0023539 0.009873
61.974677 2.502595 61.981886 -0.007209 0.013663 0.008467
82.004891 2663143 82.028054 -0.023163 0009038 0.007411
100.082084 2.B07527 100.055942 0.026141 0006869 0.0068T5
123.116830 2892223 123.117258 =0.000428 0005641 0.006945
143.147044 3.152736 143.158133 -0.012088 0005349 0.007657
163.217258 3313242 163.200040 0.017218 0.005413 0.008836
173.232365 3.393428 173.2129M 0.020264 0.003508 0.009542
180.242940 3.449680 180.235883 0.007057 00055582 0.010078
185.250494 3.489802 185.257962 <0.007468 00056854 0.010475
190.258047 3.530042 190.269906 -0.011859 0005722 0.010886
193265601 3.570132 195.278054 =0.012453 0.005788 0.0113M

COMMENT5:
8 and 10 calibrated for high pres as well

The uncarainty s calculaiod with 55% confidencs. Tha unoertainky inchsdes the randomness in the calibraled irsirumient during the calbration, Sy omato
oty in Hh STUMGn of progerty wiich B rsirument urdor calibration ks oompaned with jdean weght manomer, calibraied weghts oie. ), and dus in
PEgreESion analysis o M e calbration points G0 @ iror Co ek eguation. Tha caloulaiod unosmainty Com be used &5 th lal S s iemats unoerianty of i
calitrated insfnumant with the gheon calibration equation.
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Appendix M

Xl.

Atmospheric pressure sensor

CALIBRATION REPORT

Calibration -Pressure sensors

CALIERATION PROPERTIES
Calibrated by: Stian Solvik
Type/Producer: Druck PTX 610
SM: 248017 3ref_11

Range: 0-2.5 bar a

Unit: kPa

The son had a cat

Druck PTX 1830

2867610

0-10 bar a

kPa

CALIBRATION SOURCE PROPERTIES

Type/Producer: Pressurements deadweight tester P3223-1
SN: 66611

Uncertainty [%]: 0,01

POLY FIT EQUATIOMN:
Y¥=-52 82826T89E+0X™0 + 31.2319741BE+0X™

CALIBRATION SUMARY:

Max Uncertainty : 0.067928 [%]
Max Uncertainty : 0.014886 [kPal
RSQ © 1.000000
Calibration points : 16

2000
102

2730 35 40 45 S0 55 60 65

gEi
g &

70 75 8083

Figure 1 : Calibration chart {The uncertainty band is multiplied by 1000 )

Stian Solvik
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% and 10 calibrated for high pres as well

Appendix M Calibration -Pressure sensors

CALIBRATION VALUES
Best Poly Fit Deviation Uncertai Uncertain

Value [kPa]  Voltage [V] | t*) y KPa] a nty kPal ty
21.914248 2.712905 21.901105 0.013143 0.067925 0.014886
26.921802 2873195 26.907292 0.014510 0.053264 0.014340
31.929355 3.034100 31.932663 =0.003308 0043233 0.01 3804
36.936009 3.194740 36.9409775 -0.012866 0.035963 0.013283
41.944462 3.355276 41.963634 «0.019171 0.030466 0.012779
61.974677 3.99642T 61.988031 «0.013354 0.017684 0.010959
82.004891 4 637815 82.019854 =0.014964 0.011695 0.009590
100.082084 5215253 100.054 376 0.027708 0.008890 0.003898
123. 116830 5.953390 123.107864 0.008966 0.007299 0.003986
143.147044 6.595188 143.152460 «0.005416 0.006920 0.009906
163.217258 7.236801 163.191300 0.025958 0.007003 0.011430
173.232365 7.557640 173211752 0.020613 0.007126 0.012345
180.242940 7.782384 180.230953 0.011985 0.007233 0.01 3036
185250494 7.843489 185262572 <0.012078 0.007315 0.013551
180.258047 8.103956 180.274281 <0.016233 0.007402 0.014083
185.265601 8264587 185.291088 <0.025497 0.007488 0.014622
COMMENTS:

The unceriainty is calculaied with 35% confidence. The uncerainty includes The randomness in the calibraled insirument during the calbration, sysiematc
LPDETIIn it NS ETLIMISNT OF Proferty wiich e instrument undor calibration & compansd with (Sead wieght manomiier, calbaied woights o0, and due o
PEgresson analysis o W the calibration poinis o o linear calbraton ogualion. Tha caloulaiod unoemainty ooan bo used & the wial S Elemado uncerianty of i
calibramnd insrumant with tha given callbration sguation.
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Data sheet -Accelerometers

Appendix N

Appendix N Data sheet -Accelerometers

Accelerometer 1
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Data sheet -Accelerometers

Appendix N

Il. Accelerometer 2
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Appendix N Data sheet -Accelerometers

lll. Accelerometer 3,4 and 5
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Appendix O Data sheet-Temperature Sensors

Appendix O Data sheet-Temperature Sensors

SEA-BIRD sea-birdscientific.com
SCIENTIFIC info@sea-birdscientific.com

Digital Oceanographic Thermometer

Sophisticated A/D acquisition electronics, ultra-stable thermistor, and state-of-the-art
calibration provide the standards-level performance of an expensive AC bridge and platinum
thermometer at a small fraction of the cost. The SBE 38 is unaffected by shock and vibration,
has high accuracy and stability, and is easy to use. It has a rugged, 10,500 m titanium
housing. Real-time temperature is transmitted via the RS-232 or RS-485 serial interface in
ASCI characters (*C or raw counts). The SBE 38 must be externally powered, and its data
logged or telemetered by a computer, data logger, or instrument.

Applications include calibration baths, oceanographic/aguatic research, and environmenta
monitoring. The SBE 38 is frequently integrated as a remote temperature sensor with an
SBE 21 Themmosalinograph or SBE 45 MicroTSG, to provide accurate sea surface
temperature. It can also be integrated as a secondary temperature sensor with an
SBE 16plus, 16plus-IM, 16plus V2, 16plus-IM V2, 19plus V2, or 25plus CTD.

Features

Programmable sampling:
* Continuous (begins when power applied or on command);
interval between samples (sec) = (0,133 " NAwg) + 0.339 where Mg is number of acquisition cycles/sample.
» Polled.
Senal output:
R3-232 (full duplex) with one SBE 38 connected to the interface;
RS-485 (half duplex) with one SBE 38 connecied to the interface; or
RS-485 (half duplex) with several RS-485 sensors shanng one pair of wires (cannot sample continuously).
Mo batteries or memany.
Compatible with Sea-Bird thermosalinographs and some Sea-Bird CTDs.
Titanium housing; depths to 10,500 m.
Seasoft® V2 Windows software package (instrument setup and data display).
Frve-year limited warranty.

RS-232 or RS-485 output.
XSG or wet-pluggable MCBH connectaor.

Sea=Bird
x. Electronics
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Appendix O Data sheet-Temperature Sensors

SBE 38

Tha SBE 38 is calibrated in Sea-Bird's state-of-the-art calibration leboratony, which maintains primary temperature standards water triple
point [TFW] and gallium melting point [GaMP] cels), ITS-90 cerified and standards-grade platinum resistance tharmometers, and a low-
gradiont temparature bath. Temperature is computed using the Steinhart-Hart polynomial (Steinhart and Hart, 19638; Bannett, 1972).
The equation characterizes the non-linear temperature versus resistance response of the sensor. Themmistors require individualized
coafficiants to the Stainhart-Hart equation, bacause the matarial is an indhidualized mix of dopants:

toy = {[1.0/ (a0 + a1 * Infn) + a2 * N3] + a3 * In? ()] - 27315 } * Slopa + Offsat [°C] whare n iz SBE 38 output.
Example Calibration Data [zensor serial number 80, 02 Sept 19497): am
al = -2 B08370e-056 a2 =-26196565e-068 al =2.7B3485=-0d 83 = 1.588734=-07
Baih nstrument Insirument Paskusl a0
Termparature ['C] Outputn]  Temperatire[C]  instrument - Batt) [10] I
-1.52885 BR41E2T -1.52983 0.00002 Depa )
103108 TAWELA 1.03106 -0.00002 o ® . 8
460520 B25547.1 480518 -0.00002 40068 - &
811189 S3ETTE.A B11168 -0.00000 1 * "
1161533 ABTITIE 11.81536 0.00003 “
1517575 FOE1ET.3 15.17574 -0.00001
18,6381 BAEATE.E 1E.83934 0.00003 e
22.14032 300170.8 2214031 -0.00001
2568733 SR1ITEE 25 BETA3 0.00000
20.13848 22E549.1 2013344 -0.00004 -
J2E1481 200430.3 3281484 0.00003 i a E 1B [ 3 3 30 3

TEWPERSTURE iDugrans 1

1 Common

2 Fe5-303 Femcmrew or RG-4A54
¥ R332 Trareamil or RE-45G8
4 Prrwer

Wt Pluggable
e
WCEH-AMP (], T

Messurement Renge Fin 435 °C e
Initial Accuracy ! + 0007 °C (1 mik) - 7 -
Typical Stability 0.001 *C (1 mi) in six months, carified )
Resolution 0.00025 °C (0.25 mik)

Rasponsa Time® 500 m=ac :1:55 m:n
Salf-heating Emor < 00 pk

'S T-traceabis calbration appiying over the entire range.
* Time fo reach 63% of final value foiowing & step changs in temperature

158,75 mm

[B25in.}

Output Signal RS-232 or RS-485 (half-duplesd |

Inpart Porsees B-15VDC at 15 mA average for BS-232 output;
B-15 VDG at 10 mA averags for RS5-485 output

3.3 mm

[2101n.)
Housing & Depth rating Titznium, 10,500 m
. S e
Weight 0.9 kg in air, 0.5 kg in water o amizmm |__
(154}
Spaoifisations subjsat 1o ohangs without notios. 2201 4 Sea-Gird Soismtific. All ights reesrsd. Rew. Auguet 2015
47
% SEA-BIRD Sea-Bird Electronics
w SCIENTIFIC +1 425-643-0866
=il

sales@seabird.com
www.seabi
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Calibration Temperature Sensor

Appendix P Calibration Temperature Sensor
I. Temperature sensor nr.01

Sea-Bird Electronics, Inc.

13431 NE 20th Street, Bellevue, WA 98005-2010 USA

Phane: (+1) 425-643-0886 Fax (+1) 425-643-9954 Email: seabird@seabird.com

SENSOR SERIAL NUMBER: 0316
CALIBRATION DATE: 05-Mar-18

COEFFICIENTS:

ad = =2.437037e-005
2.779356e-004
B2 = -2, 4538B5&-008
1.5%1613e-007

Al =

al =

BATH TEMP

{* €

=1,

1.

4.

a.
11.
15.
18.
22,
5.
29,
3d,

sSao0
oaoa
5000
=Ll ]a]
saoa
Qg0
5000
ooog
5000
aooo
S000

INSTRUMENT
OUTPUT {counts}

TT034T .,
GBELTA,
589337,
E0E334.
436403,
ITTIET.

T

o) U BRI

32T7T1E4 .3

284506,
248116,
216974 .
190245,

n = Ingtrumend Dutpisl (caunls)
Temperature IT5-90 (°C) = 1/{a0 * a1 [I{m)] +a2[Mn (n)] + a3Lin (n)]} - 273.15

Residual {“C) = lnstrusment temperabare - bath temperatun:

ORI O O

SBE 38 TEMPERATURE CALIBRATION DATA
ITS-50 TEMPERATURE SCALE

OAN

OLE & HOPDHEY A5

T L
INST TEMP RESIDUAL
{"C) {*C)
=1.5000 4.6000
1.0000 -Q,.0000
4.5000 -0.0000
T.8558 =0, 0001
11.5001 a.0001
15.0000 o, 0000
18, 5000 0.0000
22 .0000 -0.0000
25.5000 -0.0000
28.9999 =0.0031
33.5001 0.0001

Date, ONsal (mdeg C)

L = =~ o e e T R =SSR Ittt ® 06-Jun-12 -0.12

A OF-Mar-16 00D

0,01 S CELLEET SLETTET EEELEEE EEEESLS T,
PR { N S L | 5 (8 L sl Rl %
A | | POST CRUISE
i . : | . CALIBRATION
‘ﬂﬂ?T' T I | FT' '1'F"'F1"Tﬁ' T T ""Fi' "'F1
-5 0 10 15 20 aa 35
Temperature (Degreas C)
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Appendix P Calibration Temperature Sensor

s B SEA-BIRD ELECTRONICS, INC.

13431 NE 20th St. Bellevue, Washington 88005 USA
ERARARBVTLL) phone: (425) 643-0866 Fax: (425) 643-0954 www.s=abird.com

Temperature Calibration Report

|E1|5tnmzr: Ilﬂe A. Mordby AS |
[Job Number: || 88645 | [Date of Report: || A/BI2016 ]
[Model Number Il SBE 38 | |Serial Number: II J844844-0310 |

Temperalire sensors are normally calitrated ‘as received’, witkowr ndfmsimeants, allowing @ deierminarion semsor drift. [f
the colivation idearifies @ problem, then a second calibraron iy percformed afier work Is completed, The ‘ar received”
enlitvrarion iz mel perfarmed U the senser i domaged or nen-fimnctiomal, or by custonmer reguesl,

An ‘ax received” colibvation ceriificaie it provided, feting coefffcients lo convert senfor froquency fo frempenature, Users
musi choose whether the “as received” calibration or the pravicus calibration better represents fee sensar condilion
dirring deployment. fn SEASDFT ender the ehosen cofficlents. The coefficient “affvet" allows o small correciion for
drift herwpen enlibratons feomselt the SEASOFT monwal). Calibration cogfficients sbimined affer a repair apply anly fe
swbsequent daia,

‘AS RECEIVED CALIBRATION® & Performed ! Mot Performed

Date: | 3/5/2016 Drift since last cal: | +0.00003 | Degress Celsius/year

Comments:

'"CALIBRATION AFTER REPAIR' _| Performed ¥ Mot Performed

Date:[ | Drift sinceLastcal: | | Degrees Celsiusiyear

{ Comments:
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Appendix P Calibration Temperature Sensor

Il. Temperature sensor nr-02

Sea-Bird Electronics, Inc.
13431 ME 20th Street, Bellevue, WA 98005-2010 USA
Phone: (+1) 425-643-9866 Fax (+1) 425-643-9954 Email; seabird@seabird.com

SENS0OR SERIAL NUMBER: 0196 SBE 38 TEMPERATURE CALIBRATION DATA
CALIBRATION DATE: 05-Mar-18 ITS-00 TEMPERATURE SCALE

COEFFICIENTS:

af = -7.63B6768-005 OAN
al = 3.940905&-004 i, 13 478
a? = -3 E9TiR%e-008 TH: 22 5003 80 wwmnoniy b
al = 1,963352e-007

BATH TEMP INSTRUMENT INST TEMP RESIDUAL
¢ c) OUTPUT (counts) rc) c)
=1.5000 678458.1 -1.5004 0.0000
2 i.0000 606753 .8 L. G000 -0.000D0
{ 4.5a00 5203740.1 4.5000 =0, 0000
B.,00D0 447733.2 B.Doo0n =0.0000
11. 5000 iB54z9 .2 11.5000 0. 0000
15, 6000 3314531 .4 15,0000 0.0Qa00
18.5000 2904587.0 18.5001 Q.0001
22 . 0000 2532913 .5 22,0000 =0. 0000
a5 5000 220836.5 25,4382 -0.0001
23 . 00030 193180.6 259 . 0000 =0.0000
32 .5000 159732.0 32.5000 Q. 0000

= Instrument Cwiput (comnis)
Temperature 1T5-50 (°C) = 1/{ab + allinin}] + a2l (n)] + 03[ (]} - 273.15
Residanl {*C) = instrament tempemtune - bath lemperatare

Date, Offset (mdeg C)

T T e et bl g i et ® 07-lun-12 -0.26
B : | A 05-Mar-16 Q.00
( : ] :
n.m——-———-i—---- frm g —— R el CEEEE Y
o j :
Fi] E ' i
E i i i [} i
iy i i i i o
E Q= - - = -#—7———— [ ] & W L e L] =1 o L ] L |
= L i ;
= - 1
B i 0
1 -
E - : | 1 |
R et et ] I POST CRUISE
2 : | 5 i - CALIBRATION
’n-uz—_'l'r"-'i"rn P P11 1T |':"|'.-%-|-r-:-r-:--T--";-":"r"
: 5 0 5 10 15 25 0 35
( Temperature (Degrees C)
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Appendix P Calibration Temperature Sensor

s B SEA-BIRD ELECTRONICS, INC.

13431 NE 20th 5t. Bellevue, Washington 98005 USA
RRRRRARXLRE) phone: (425) 643-9866 Fax: (425) 643-0954 www.seabird.com

Temperature Calibration Report

[Customer: __|[Ole A Nordby AS ]
[Job Number: I[ 885673 | [Date of Report: || NT2016 |
[Model Number || SBE38 | [Serial Number: || 36328800108 |

Temporarure sensors are uornally cotlbrosed ‘e recalved”, withour adfunioremis, affewiag @ defermimation sensor arif 0
the cotibration fdentiTer a problem, bren o second calibration iy perfernned afier work iy completed,  Tive ‘of recdived”
cafibradion is mor perfarmed F ke semsor i drmnged or sow-favciicand, or By cusEonmeT fegReiL

An “ag reeetved " calibration corrifican iy prowided, Mg cagffTelenrs fo convers sensor freqmency fo fempermirre, Liers
iirsr efvansed whadier the fas recetved” colibrarion or the previons calibrotion betier represents e sensar comditiom

during deplayment fn SEASOFT eoter the chosen cogfficiams.  The coefficiam ‘affva” allows o sanell eserecton for
drift between calibrations feomswlt e SEASOFT unainual), Calibration cogietrts ohtalmed afier & repoir apply only fe

sanrsegmeml awim,
A5 RECEIVED CALIBRATION® + Performed Mot Performed
Date: | 3/5/2016 Drift since last cal: Diegress Celsissyear
Comments:
'"CALIBRATION AFTER REFAIR" Performed " Mot Performed
Date: | | Driftsince Lastcal: [ | Degrees Celsiuviyear
Comments:
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Appendix P Calibration Temperature Sensor

lll. Temperature sensor nr.03

Sea-Bird Electronics, Inc.

13431 NE 20th Street, Bellevue, WA 98005-2010 USA
Phone: (+1) 425-643-0866 Fax (+1) 425-643-0954 Email: seabird@seabird.com

SENSOR SERIAL NUMBER: 0242 SBE 38 TEMPERATURE CALIBRATION DATA
CALIBRATION DATE: 05-Mar=16 IT5-830 TEMFERATLURE SCALE

COEFFICIENTS: D a N
a0 = =31.612374a=005 OUE & HORDEY AB
al = 2 TE4158&-004 wrlﬂ.uﬂlﬂiﬂh

T =2 5006l ey
az = -2.363805e-008 —
Al = 1.559356a-007

BATH TEMP INSTRUMENT IMST TEMP RESIDUAL
{*c) OUTPUT (caunts) ) )
=1.5000 TETSIT. 9 =1,4%23 0.0001
1.0000 TO1645. 4 Q.9595% -0, 0902
4_5p00 E02707.7 4.5000 =@, 0400
B.0000 E17931 .8 a.0000 =0, 0a00
11.5000 446486, 0 11.5001 0.0001
1. 00400 I8E079 . B 15. 0000 0. 0000
1B .5000 334842.3 ia.5000 =0 .000D
22,0000 291245.9 22 .0000 -0.0000
25 5000 284039.8 25.5000 -0 ._Qoaon
29,0000 2221931.4 290000 =0.300a0
32.5000 194855.8 325000 Q.0000

n = Instrument Dulpul {(couwnis)
Temperature ITS-90 {°C) = /{20 + »1 [in{n)] +a2ltn {n)] + a3[ln (n)]} - 273.15
Resudisl (°C) = instrument lemperwbare - bath iempemiure

Date, Offset (mdeg C)

ST (O T | : Y Y Yrergepr

1Y [ L Ll Lo
T i ! ] : ]
L]
boo- : | : | |
E: 0— - - - -——t - P e T |
T | | E | |
! i i ] i 1 ]
? 1 1 1 1 ] 1
! - i i i i i ]
Q1o s oo DOST CRUISE
! ! ! ! | CALIBRATION
'u-nz_'!"T'l'i" B Iill'l 11 ----I-r--l-i-l-T--I---I-T-----I-T--r-
5 D 5 10 15 20 25 30 35

Temperakure (Degraes C)
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Appendix P Calibration Temperature Sensor

S B SEA-BIRD ELECTRONICS, INC.

13431 NE 20th St. Bellevue, Washington 98005 USA
iEAARRATETEL) phone: (425) 6439866 Fax: (425) 643-9954 www.seabird.com

Temperature Calibration Report

[Customer: Jl_ﬂle A Nordby AS |
[Job Number: || 88673 | [Date of Report: || A7/2016 ]
[Model Number ][ SBE38 | [serial Number: || 3839551-0242 ]

Tewprerature sémsovs are mormally calibrated ‘o5 received’, witlram? adficomens, affewing 8 deiwrsiiparion sersor deift, F
rive elibration ideaniles o probless, then & second callbradon 5 performeed affer work [s compleied. The ‘ax recetved”
caltbrotion i mar performed i ohe seaver it domaged o monsfactiomal, ar By cresfomer reguest.

An ey receieed” oo cerifioaie i provided, dsimg codiciears fe coumerr BRUSW IRGJIRC) IF doal e Livers
arasi elreose whether the 'es recelved” callbradon or the previvus eollbearou betier represeuts the sensor coradition
during deplopment. v SEASOFT emier the chosen cogfifoients. The orsffTciens ‘aifret” mlowy o srvali corréotion for
drifi between colibranians (roasult e SEASOFT mormel). Colibrmtion cogfficieats obtained ofter o repair apply orly e

suebregueny dnt
"AS RECEIVED CALIBRATION" v Performed Mot Performed
Date: Drift since last cal: [ _*0.00005 _] Degres Cebimiyer
Commenis:
CALIBERATION AFTER REPAIR® Performed v Mot Performed

Date:[ | Drift since Lasteal: | | Degroes Celsiusiyenr

iComments;
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Appendix P Calibration Temperature Sensor

IV. Temperature sensor nr.04

Sea-Bird Electronics, Inc.

13431 NE 20th Street, Bellevue, VWA 98005-2010 USA
Phone: (+1) 425-643-9856 Fax (+1) 425-643-9854 Email: seabird@seabird.com

SENSOR SERIAL MUMBER: 0188 S8F 38 TEMPERATURE CALIBRATION DATA
CALIBRATION DATE: D8=hMar-16 ITS=00 TEMPERATLURE SCALE
COEFFICIENTS:

al = -5.439725e-005 OAN

al = 2.913327e-004 ety ity

a2 = -3, BE3436e-005 THZ20 MW Wity BE

a3 = 1.901124e-007

BATH TEMP INSTRUMENT INST TEMP RESIDLIAL
{" C) OUTPUT {zounts) {" G} (" C)
=1.5000 EQ9Z087.0 =1_ 5000 0.0000
1.0000 BlB356 .6 1.0000 =0.0000
4.5000 529725.6 &.5000 =0, 0000
B 0000 488219, .8 0000 ={.0000
11.5000 352458.0 11.5000 q.9000
15.0000 3393T71.8 15.0000 @ . 0000
18 . 80400 25432159, 2 18.5001 3. 0001
22.0000 288022.1 22.0000 =0, 0000
25.5000 223319.8 25.4353 -0.0001
29,0000 195327.6 28,5989 =0 . 0001
32,8000 1712398 .4 32.5001 0.0001

n = Instrament Cutpial {casnl=)
Temperatare ITS-90 (°C) = 1 /{20 + o1 [inn)] + a2[in'(n)] + 230 (n))) - 273,15
Resrduml { °C) = instrument (emperature - bath enspemiune

Date, Offset (mdeg C)

0.02 i ® 07-Jun-12 -0.43
= ' : ; ; A 05-Mar-16 0.00
001—------ it e : : ohl LLLLELD
0 A % —— -

M1_ EPGETGRUIEE
| ' CALIBRATION

002 "I'T'I'"""'I'i"l""!'i"l""'i'l'F"!'i'l'-'""'I_?'__--l_]_'i H
<5 1] ] 10 13 | 25 ki 35
Temperatura [Degraes C)
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Appendix P Calibration Temperature Sensor

s B SEA-BIRD ELECTRONICS, INC.

13431 NE 20th 5t. Bellevue, Washington 98005 USA
AR RATARL phone: (425) 643-9866 Fax: (425) 643-9954 www.seabird.com

Temperature Calibration Report

|Customer: ||Ole A. Nordby AS

[Job Number: || B8673 | |Date of Report: || 372018
[Model Number || SBE38 | [Serial Mumber: || 3832689-0198

Temperature sensors are mormally calibroted "ay rocetved”, witlow majmsimenrs, ailoming o doernnnenien sensor deift, §F
e calibration ideatifies a problew, e o second calibranms i performed affer work is conplefed. The 'ax received'
calibration ¢ wal perfovaied i dve seover i domaoged o ror-funciiomad, ar by customer request,

Au ‘ax pecetved calibratlon ceriiffomte iv provided, listing cogfficiemiy o comrvért sentor fraqueney i femperarure. Diners
! choose whether the ‘as received” cnliivaifon oF e previons calibranion berer represemiy the sensor condition
duriig deplopmeat. fn SEASOFT ewter the choren cogfficlems. The coefficlens ‘affSer’ allons o swiall correction for
drift betweesn colibratians foansils W SEASOFT ormaual), Colitvraton coafficiemts oboired after a repair apply euly te

sulmrpieT dala.
"AS RECEIVED CALIBRATION' ¥ Performed | Mot Performed
Date: Drift since last cal: | +0.00012 | Degreos Colslus/year
Comments:
CALIBRATION AFTER REPAIR Performed ¥ Mot Performed

Dme:[ | Drift since Lastcal: [ | Degroes Celsiusiyear

Comments:
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Appendix P Calibration Temperature Sensor

V. Temperature sensor nr.05

Sea-Bird Electronics, Inc.
13431 NE 20th Street, Bellevue, WA 98005-2010 USA
Phone: (+1) 425-643-0866 Fax (+1) 425-643-9954 Email: seabird@seabird.com

SENSOR SERIAL NUMBER: 0315 SBE 38 TEMPERATURE CALIBRATION DATA
CALIBRATION DATE: 05-Mar-16 ITS-80 TEMPERATURE SCALE

COEFFICIENTS:
&l -4 . 9994828 -005 OA.N

= OLE & MGRLCEY A5

al = 2.B0BT73e-004 Vgt 210, 0751 Dnlo

a2 = -2.682302e-00§ e T

43 = 1.648T15m-007

BATH TEMP INSTRUMENT INST TEMP RESIDUAL

*c) OUTPUT (counts) *c) rc
-1.5000 TB6645.5 -1,5000 0.0000
1.0000 703041, 7 1.0000 -3,0000
4,5000 602421.1 4.5000 -0, 0000
E.0000 517675.9 &.a000 L.0D00
11.5000 445558, 8 11.8001 0.0001
15,0000 3a5312.5 15. Boog 0. 0000
18,5000 335158.5 18.5000 -0.a000
22,0000 291618.0 22._0000 0.0000
25.5000 254447.0 25.5000 0.0000
29,0000 333621.5 i8.5399 -0.g0aL
128000 195292.5 12,8000 0.0000

n ™= Instrument Chtpul (edumis)
Temperature ITS00 (°C) = 1/{a0 + a1 [in(n}] + a20in (n}] + a3{/n (n)]} = 273.15
Residun] (°C) = instrument temperature - bath temperniure

Date, Offset (mdeg C)

i1 el bbed Sl bt b bttt ittt . (meooooamomoooo g OT-dun2 021
- ; : A 05-Mar-16 0.00

D01 == mmmmfmmnmn] R D e RE T TR EEEE T PEEETEE
& . | : ' | '
-] 1 1 ] 1
g ! ! ! ! .
a o — -t + e inLamta
= | i : i i
.E 1 ] 1 1 i
z : : ! ! :
i R e RO 7 POST CRUISE
: ! . CALIBRATION
'u'u:_l'l'l""i'"l"l'I""I'I'I ------- I-i-l-l— _____ I-r-l_l—____-l_r_i_l ------ I
5 0 5 10 15 20 25 30 35

Termperalure (Degreas C)
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Appendix P Calibration Temperature Sensor

SB E SEA-BIRD ELECTRONICS, INC.

13431 NE 20th St. Bellevue, Washington 98005 USA
RARRARTLRL) phone: (425) 643-9866 Fax: (425) 643-9954 www.seabird.com

Temperature Calibration Report

[Customer: ||Ofe A Mordby AS |
[Job Number: || 88645 | [Date of Report: | JBI2016 ]
|Model Number || SBE38 | [Serial Number: || 38448440315 ]

Temperature sensnrs are rorvaaily calibaed oy reenfved, ko adiremrenss, alfowivg o deternvination seaser drijfe. I
Tt calibrmtion fdearifies o pratdem, ten o second coliradion s performed ofter work 5 compleded,  The 'ws recedved”
calibroiiog f5 mal perforaned i the sensar {5 domoged ar ronfanciomal, ar by cusfesier regies,

Aur oy recetved” calibraiion certfffoate Is provioed, unag engfieiomy ra comrvert sensor frequendy o remperature. Livers
nrarsd chrwoye wigther fhe ‘ax recplved” enllbrantanr or the previans calitration Beter represanty the sepsor couaiffen
durfup deplermeent, fn SEASOFT sater the chosen coefficients. The cogfficient affier’ allvws o smml correction for
delft between calibrafions fronsmll e SEASOFT oveuwail. Calibratiea coefficiémts ebimined afier o frpair ﬂp.l'lﬂ-' iy ra

sulirequens daio

'AS RECEIVED CALIBRATTON' +  Performed Mot Performed
Date: | 352016 Drrift since last cal: +1.0000% | Degrees Celsius'yesr
Comments:

'CALIBRATION AFTER REFAIR' Performed ¥ Mot Performed
Date: E Drift since Last cal: :I Degrees Celsius'year
Comments:
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Risk Assessment

Appendix Q

Appendix Q Risk Assessment

Template The Statkraft Way r
= ) Statkraft
Safe Job Analysis form .
Internal ’
Type jobb: AQ-nr: Ansvarlig for gjennomfaring: Dato/sted:
Virkningsgradmiling 23.5.2016/Trondheim
Leirfossene KV, agg2. 701414

Beskrivelse av arbeidsoppgavene:

1. Nedtapping og fylling av sugerer. Gjennomfores av vakta. (Noe usikkert pa tidsbruk. Viktig a notere denne slik at instrukser kan oppdateres)
2. Montering av maleutstyr: Maleramme i avlep, trykksensorer i sugerer, temperatursensor innlep nedstrems hovedventil, temperatursensor pa

maleramme i avlep, kabling fra sensorer.

3. Mailing av termodynamisk virkningsgrad. Under previngen vil gjennomsnittlig effekt i timen ligge pa ca 11-12MW.
4. Demontering av utstyr. Vi demonterer kun temperatursensor pa innlep nedstrems hovedventil. Resten av utstyret skal sta til vi far testet ut
stulken. Det er forelepig enske om i fa denne montert i uke 24/25 (19/6-22/6)

OBS! Viktig at alle klokkesleit blir notert ned slik at vi far oppdatert instruksene med korreki tidsangivelse for nedtapping, montasje av ramme,

fylling etc

A) Forenklet SJA - skal gjennomfares for alle jobber som kan innebzre fare for helse, sikkerhet og/eller ytre milje.

Vurder for arbeidsoppgaven: ja nei
1. Finnes det dekkende prosedyrer eller instrukser? X
2. Har du/dere avklart at ikke kreves SJA for denne jobben (i for eksempel i lovverk/prosedyrer/instrukser/ risikovurdering)? X
3. Har du/dere nedvendig opplering, kompetanse og erfaring? X
4. Er godkjente maskiner, verktoy ogfeller verneutstyr pa plass? X
5. Har du/dere tatt hensyn til parallelle aktiviteter som krever koordinering? (Dersom det er noen) X
6. Er dw/alle 1 form til 4 utfere arbeidsoppgaven sikkert 1 dag? X
7. Har du/dere nok tid og ressurser til a utfere jobben sikkert? X
Approver: Kirsti Elsfjordstrand Rev. no.: 2
Owner: Head of PGA - Controlling & HSE Doc. no.: 12-591
Published: 03.12.2012 Doc. id.: H-10/105
Page: lav3
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Template

Internal

The Statkraft Way

Safe Job Analysis form

=) Statkraft

Risk Assessment

B) SJA - skal gjennomferes dersom det krysses i en av "nei feltene™ over

temperatursensor pa innlep

stasjon

- Far demontering av sensor ma tromme tappes ned til underkant
av flens for sensor. Sensoren har en ventil som kan apnes for a
sjekke om det stir vanntrykk i tromme.

Deloppgave Faremoment Mulig konsekvens Tiltak Ansvarlig
for tiltak
Tapping og fylling Handtering av vann | Oversvemming med -Folge med niva pa pumpekum. Terje
skade pa utstyr -Varsel blir gitt pa heyt niva. Thorsen
-Justere tappeventil forsiktig til nedtapping og utpumping er
synkrone.
-Far entring i vannvei, skal all sikring og isolering av energi i
vannvei vere utfert. (Ansvarlig er LFSV)
Montering av mileramme Fall / klem og laft Personskade, skade pa -Fallsikringssele med fallblokk benyttes ved arbeid i hayden. Alle/
utstyr -Ingen personer under hengende last. LFSV
-Ha med 4-foting.
-Bruke nye taustige med brede trinn.
-Bruk av personlig verneutstyr med lys og synlighetsbekledning
Montering av maleramme Friskluft og Personskade, -Ha med LED lys og personlig hodelykt Alle
lystilgang svimmelhet, -Ha med vifte for tilfersel av luft
framkommelighet
Montering av mileramme Snublefeller Personskade, skade pé -Kabler og utstyr mi festes og merkes slik at dette ikke blir til Alle
utstyr hinder for framkomst eller sarbart i forhold til skade. Bruk gjerne
synlighetstape.
- Maleramme skal sta i
Montasje av trykksensorer Arbeid i hayde Personskade, skade pé -Bruk stige i henhold til Statkraft prosedyrer Alle
utstyr
Demontering av Héndtering av vann | Personskade, vann i -Hovedventil sikres i 1as posisjon. LFSV/Alle

Approver: Kirsti Elsfjordstrand
Owner: Head of PGA - Controlling & HSE
Fublished: 03.12.2012

Appendix Q

Rev. no.: 02

Doc. mo.: 12-5G1
Doc. id.: H-10/103
Page: Zav3
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