IEC 60193:2019-!4W
A )

IEC 60193

Edition 3.0 2019-04

INTERNATIONAL |
STANDARD Qé& :

NORME N\
INTERNATIONALE QO

Hydraulic turbines, storage pumps and pump-tu@k -

Model acceptance tests ‘\

Turbines hydrauliques, pompes d'accum@ et pompes-turbines —
Essais de réception sur modéle



https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2019 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or
your local IEC member National Committee for further information.

Droits de reproduction réservés. Sauf indication contraire, aucune partie de cette publication ne peut étre reproduite ni
utilisée sous quelque forme que ce soit et par aucun procédé, électronique ou mécanique, y compris la photocopie et
les microfilms, sans I'accord écrit de I''lEC ou du Comité national de I'lEC du pays du demandeur. Si vous avez des
questions sur le copyright de I'lEC ou si vous désirez obtenir des droits supplémentaires sur cette publication, utilisez

IEC Central Office
3, rue de Varembé
CH-1211 Geneva 20
Switzerland

www.iec.ch

les coordonnées ci-aprés ou contactez le Comité national de I'lEC de votre pays de résidence.

Tel.: +41 22 919 02 11
info@iec.ch

About the IEC

The International Electrotechnical Commission (IEC) is the leading global organization that nrep.res and publishes
International Standards for all electrical, electronic and related technologies.

About IEC publications

The technical content of IEC publications is kept under constant review by the IEC. Ple<_> me'-~ sure that you have the
latest edition, a corrigendum or an amendment might have been published.

IEC publications search - webstore.iec.ch/advsearchform
The advanced search enables to find IEC publications by a
variety of criteria (reference number, text, technical
committee,...). It also gives information on projects, replaced
and withdrawn publications.

IEC Just Published - webstore.iec.ch/justpublished

Stay up to date on all new IEC publications. Just Published
details all new publications released. Available online and once
a month by email.

IEC Customer Service Centre - webstore.iec.ch/csc

If you wish to give us your feedback on this publication or 2ea
further assistance, please contact the Customer Zl-=nice
Centre: sales@iec.ch.

Electropedia - wwv '.electropedia.org

The world's lealin¢ online dictionary on electrotechnology,
containing mora th. 1 2z 000 terminological entries in English
and French, with equ.valent terms in 16 additional languages.
Also_knovn (= th: International Electrotechnical Vocabulary
(IEV) »nlinc

IE< Gloss ry - std.iec.ch/glossary

6. 000 electrotechnical terminology entries in English and
Frencii extracted from the Terms and Definitions clause of IEC
publications issued since 2002. Some entries have been
llected from earlier publications of IEC TC 37, 77, 86 and
CiSPR.

A propos de I'lEC

La Commission Electrotechnique }iic nativaale (IEC) est la premiére organisation mondiale qui élabore et publie des

Normes internationales pour tout ¢ » 4 ui

A propos des publications IEC

trait a I'électricité, a I'électronique et aux technologies apparentées.

Le contenu technique des pulica ions IEC est constamment revu. Veuillez vous assurer que vous possédez I'édition la
plus récente, un corrigenc 'm o 1 amendement peut avoir été publié.

Recherche de publi-ations IE ™ -

webstore.iec.ch/3dvsc archform

La recherche a2vanc e permet de trouver des publications IEC
en utilisant diffe =nts critéres (numéro de référence, texte,
comité d’é‘udes,...,. Elle donne aussi des informations sur les
projets et I s publications remplacées ou retirées.

JEC . st Pui lished - webstore.iec.ch/justpublished

I\ stez inforné sur les nouvelles publications IEC. Just
Pub.=*ed détaille les nouvelles publications parues.
L sponible en ligne et une fois par mois par email.

Service Clients - webstore.iec.ch/csc

Si vous désirez nous donner des commentaires sur cette
publication ou si vous avez des questions contactez-nous:
sales@iec.ch.

Electropedia - www.electropedia.org

Le premier dictionnaire d'électrotechnologie en ligne au monde,
avec plus de 22 000 articles terminologiques en anglais et en
frangais, ainsi que les termes équivalents dans 16 langues
additionnelles. Egalement appelé Vocabulaire
Electrotechnique International (IEV) en ligne.

Glossaire IEC - std.iec.ch/glossary

67 000 entrées terminologiques électrotechniques, en anglais
et en frangais, extraites des articles Termes et Définitions des
publications IEC parues depuis 2002. Plus certaines entrées
antérieures extraites des publications des CE 37, 77, 86 et
CISPR de I'lEC.


mailto:info@iec.ch
https://www.iec.ch/
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
http://www.electropedia.org/
http://std.iec.ch/glossary
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
http://www.electropedia.org/
http://std.iec.ch/glossary
https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

IEC 60193

Edition 3.0 2019-04

INTERNATIONAL
STANDARD

NORME
INTERNATIONALE

Hydraulic turbines, storage pumps and pump-turuines —
Model acceptance tests

Turbines hydrauliques, pompes d'accumt lation et pompes-turbines —
Essais de réception sur modéle

INTERNATIQNAL
ELECTROTEC.!NICAL
COMMIE SION

“OMm. 1ISS.ON
ELZCTROTECHNIQUE
INTERNATIONALE

ICS 27.140 ISBN 978-2-8322-6659-5

Warning! Make sure that you obtained this publication from an authorized distributor.
Attention! Veuillez vous assurer que vous avez obtenu cette publication via un distributeur agréé.

® Registered trademark of the International Electrotechnical Commission
Marque déposée de la Commission Electrotechnique Internationale


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

-2 - IEC 60193:2019 © IEC 2019

CONTENTS

O T I PP 13
1 S o0 o 1= PP 15
2 NOrmative referenNCeS .. ... 17
3 Terms, definitions, symbols and Units ... ... 18
3.1 L= a1 =Y 18
3.2 General termMiNOIOGY ... ..cuu i 18
3.3 L o PP 20
3.4 Definition of terms, symbols and units.............o 20
3.4.1 List of terms and definitions by tOpiC ..o 20
3.4.2 Subscripts and SYmMbOIS ... 21
3.4.3 GeOmMEtriC tEIMS ..o 23
3.4.4 Physical quantities and properties ..o 25
3.4.5 Discharge, velocity and speed terms .........ooooiiiiiiiiii i e 26
3.4.6 PresSSUre terMIS oo e e 27
3.4.7 Specific €Nergy termMS ..o 27
3.4.8 Height and head terms ... e 30
3.4.9 Power and torque termMIS. .. ..o s e 32
3.4.10 Efficiency terms ... PP 34
3.4.11 General terms relating to fluctuating quanti‘ies ....o.......coooiiiiiiiiiii e, 35
3.4.12 Fluid dynamics and scaling BOrMS3) .t e, 37
3.4.13 Dimensionless teIMS ... 38
3.4.14 Terms relating to additional perforn anczdata ............co.coiiii 39
4  Nature and extent of guarantees related to hydraulic performance ...............cccooevvenn. 40
4.1 7Y o= = | I 40
4.1.1 Design data and coordination .. i 40
4.1.2 Definition of the hydre ul’c nerformance guarantees ..............ccoooiviiiiiininenn. 40
4.1.3 Guarantees of corre;ateu quantities ........coooooiiiiiii 41
4.1.4 FOrm Of QUAAIR B oo 41
4.2 Main hydraulic p:rizzrmance guarantees verifiable by model test........................... 41
4.2.1 Guarante2d g antities for any machine.........cooooiiiiiii i 41
4.2.2 SpecCiic apliCation. ... 42
4.3 Guaranteez nut verifiable by model test......ooooiii i 43
4.3.1 Cuarantees on cavitation erosion ... 43

4.3.2 Guarantees on maximum momentary overspeed and maximum
NIOMENTAIY PrESSUIE FISE iuuiiiii ittt 44
4.53 Guarantees covering noise and vibration...............coocoiiiii 44
1.4 Additional performance data ........ ..o 44
L e UEION Of 188 1ot e 45
5.1 Requirements of test installation and model ... 45
5.1.1 Choice Of 1aboratory .......ooeii e 45
5.1.2 Test installation ... 45
5.1.3 Model reqUIrEMENTS ..o 46
5.2 Dimensional check of model and prototype ... ..o 49
5.2.1 GBIl Lt 49
5.2.2 Explanation of terms used for model and prototype..........ccoooviiiiiiiiiiiininenns, 49
523 Purpose of dimensional checks. ... 49

5.2.4 (T Y= = I 1 =N 50


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

IEC 60193:2019 © IEC 2019 -3-

5.2.5 P rOCEAUIE . .. 51
5.2.6 Application for different types of machines.................. 52
5.2.7 =Y 1 g o o 1= 52
5.2.8 AccUuracy of MeEaSUIrEMENTS ... ..iu i e 61
5.2.9 Dimensions of model and prototype to be checked ... 62
5.2.10 Permissible maximum deviations in geometrical similarity between
prototype and model for turbines, pumps and pump-turbines ......................... 66
5.2.11 Surface waviness and roUghNESS. ... ..o 71
5.3 Hydraulic SimilifUe .. ... e 74
5.3.1 Theoretical basic requirements and similitude numbers .................ccoiiiienns 74
5.3.2 Conditions for hydraulic similitude as used in this document..................0 ... 74
5.3.3 Similitude requirements for various types of model tests........................ Y A3
5.3.4 Reynolds similitude. ... ... 76
5.3.5 Froude similitude ... ..o e 77
5.3.6 Other similitude CoONditioNS.........oiiiiii e 80
5.4 Test CONAIIONS ..oui e T e 81
5.4.1 Determination of test conditions............coooiiiiiiiii 81
5.4.2 Minimum values for model size and test conditionstouc fuiiiled................... 82
5.4.3 Stability and fluctuations during measurements ..........._...cooiiiiiii e 83
5.4.4 Adjustment of the operating point ... 83
5.5 T eSSt PrOCEAUIES . e s et 83
5.5.1 Organization of 1eStS.. ..ot 83
5.5.2 Inspections and calibrations ... 86
5.5.3 EXECULION Of 1ESES 1ouuiie i 88
554 Faults and repetition of tests ... 93
5.5.5 Final test repOrt ... 94
5.6 Introduction to the methods of riocacurement..........cooi i 95
5.6.1 General ......ccocoeeeeaile, . TP PR PP 95
5.6.2 Measurements reiatec ‘o the main hydraulic performance guarantees ........... 95
5.6.3 Measurements refated to additional data ... 97
5.6.4 Acquisition ana presessing of data ... 97
5.7 P Y SICal PrO eIt e e 97
5.7.1 LT =T =T P 97
5.7.2 Acce’erction due to gravity ... 97
5.7.3 Physicaliproperties of water... ... 98
5.7.4 rysical conditions of atmosphere..........oovviiiiiiii 104
5.7.5 ENSITY Of MEBICUIY ...t 104
6  Main hyaraulic performances: methods of measurement and results............................ 105
6. Data acquisition and data proCesSiNg ... ...c.oiuiiiiii i 105
3.1.1 OV BIVIBW ettt et e aas 105
5.1.2 General reqQUIrEMENTS ... v 105
6.1.3 Data aCqUISItION ... e 105
6.1.4 Component reqQUIrEMENTS ... ... e 107
6.1.5 Check of the data acquisition system ..o, 110
6.2 Discharge measuremMent .. ... 112
6.2.1 LY o =T Y 112
6.2.2 Choice of the method of measurement............. . 112
6.2.3 Accuracy of MeaSUIrEMENT . ....ciuii e 113
6.2.4 Primary methods ... 114


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

-4 - IEC 60193:2019 © IEC 2019

6.2.5 Secondary MethOods ......ouiiiii 115
6.3 Pressure measUremMeNnt ... .. . e 118
6.3.1 LY o =T Y 118
6.3.2 Choice of pressure-measuring Section ..........ccccooiiiiiiiiiiiiiici e, 119
6.3.3 Pressure taps and connecting liNes ..o 119
6.3.4 Apparatus for pressure measurement .........coooeieiiiiiiiiiii i, 121
6.3.5 Calibration of pressure measurement apparatus .............coooiiiiiiiiiininean. 128
6.3.6 Vacuum MeasUrEMENTS ... e 129
6.3.7 Uncertainty in pressure measurements ........ccooveiiiiiiiiii e 129
6.4 Free water level measurement (see also ISO 4373) ... 129
6.4.1 GBNETAL ..t e 129
6.4.2 Choice of water level measuring sections ............coooiiiiiiiiiiii ...130
6.4.3 Number of measuring points in a measuring section.....................0 ... ... 130
6.4.4 Measuring MethOds ... e 130
6.4.5 Uncertainty in free water level measurement ............c..ccooiiiiiii i, 131
6.5 Determination of E and NPSE .........coooiiiiiiiiiiieiieieieeee e e, 132
6.5.1 GeNEral .o e 132
6.5.2 Determination of the specific hydraulic energy E...... [ A 133
6.5.3 Simplified formulae for E ... e 135
6.5.4 Determination of the net positive suction-specific energy NPSE................... 142
6.6 Shaft torque measuremMeNnt. ... ... 144
6.6.1 General ... . D 144
6.6.2 Methods of torque measurement.......... .o 144
6.6.3 Methods of absorbing/generating power ... 145
6.6.4 Layout of arrangement. .. ..o 145
6.6.5 Checking Of SYStEM ... e 150
6.6.6 Calibration ... e 150
6.6.7 Uncertainty in torque ric2su: 2ment (at a confidence level of 95 %) ............. 151
6.7 Rotational speed measurel en ... 152
6.7.1 LT a1 =T PPN 152
6.7.2 Methods of sreed rreasurement ... 152
6.7.3 B CKING o 152
6.7.4 Uncertair'v of measurement ... ... 152
6.8 Computat on ona presentation of test results ... 153
6.8.1 LT gL PPN 153
6.8.2 Pcwer, discharge and efficiency in the guarantee range ..............ccooeiii. 158
6.8.3 Jomputation of steady-state runaway speed and discharge......................... 171
6.9 BT Or ANalY SIS oo 176
o9, D e iNIt I ONS e e 176
3.9.2 Determination of uncertainties in model tests............coooiiiiiiiiiiii 178
C10  Comparison with guarantees ... 182
6.10.1 GBIl L.t 182
6.10.2 Interpolation curve and total uncertainty bandwidth ........................ 183
6.10.3 Power, discharge and/or specific hydraulic energy and efficiency in the
GUATANTEE FANGE oot 184
6.10.4 Runaway speed and discharge ..........c.ocooiiiiiiiii i 188
6.10.5 Cavitation gUarantees ... ..o 189
Additional performance data — Methods of measurement and results........................... 191

71 Introduction to additional data measurement............coooiiiiiiiii e 191


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

IEC 60193:2019 © IEC 2019 -5-

7.1.1 L= a1 = Y PPN 191
7.1.2 Test conditions and test procedures ....... .o 192
7.1.3 Uncertainty in measurements .. ... ..o 192
7.1.4 Model to prototype CONVEISION ....ccuieiiiiee e 192
7.2 Fluctuating quUantities ... ..o 193
7.2.1 Data acquisition and processing for measurement of fluctuating
QUANTI S .ot 193
7.2.2 Pressure fluctuations ... ... 197
7.2.3 Shaft torque fluctuations ... ... 213
7.3 Axial and radial thrust ... 214
7.3.1 LT =Y o =T Y 214
7.3.2 Hydraulic axial thrust ... 210
7.3.3 Radial thrust.......ooouiiii e 223
7.4 Hydraulic loads on control components ...........ooveiiiiiiiiii e 226
7.4.1 GBNETAL .. 226
7.4.2 GUide Vane tOrqUE ... ... T e 227
7.4.3 Runner blade torque ... s e 233
7.4.4 Pelton needle force and deflector torque ..............0 . 237
7.5 Testing in an extended operating range ..........coooiiiiiic 241
7.5.1 GENETAL .. 241
7.5.2 FoUr QUaArants ... et e 241
7.5.3 Operating modes (see Figure 116) ... e 243
7.54 SCOPE Of 1SS i e 244
7.5.5 Methods of testing in the extended operaingrange..........ccooeveiiiiiinninnennnn. 246
7.6 Differential pressure measurement in vie. < prototype index test ...................... 248
7.6.1 LT =Y o =T =Y 248
7.6.2 PUIPOSE Of 188t oeeiei i e 249
7.6.3 Execution of test........ N TP PP 249
7.6.4 Analysis of test resUltc ... 249
7.6.5 Transposition to prowotype conditions ... 250
7.6.6 UN G ANty . 250
Annex A (informative) Dimarsionless terms . ..o 251
Annex B (normative) PI. ‘sical properties, data.........ccooviiiiiiiiiiiii 253
Annex C (informativ) Cummarized test and calculation procedure ............ccooeiiiiiiininn. 261
C.1 LT o V=T = | N 261
C.2 Ag:2en.2nts to be reached priorto testing.......cooooiiiiiiii 261
C.3 Mde:, test facility and instrumentation ... 262
C.i1 Model manufacture and dimensional checks ... 262
C.2? Test facility instrumentation and data acquisition system ............................. 262
C.! Tests and calculation of the model values.............oooi 262
c.4.1 B I= TS 204 1= T TP 262
C4.2 Measurement of the main quantities during the test ..., 263
C4.3 Uncertainty of the measured quantities.........c...coooiiiiiii 263
C4.4 Calculation of the quantities related to the main hydraulic performance........ 263
C4.5 Calculation of the dimensionless factors or coefficients and of the
Thoma NUMD T .. e 263
C.4.6 Determination of ogf for the transposition of efficiency................................ 264

c4a.7 Calculation of efficiency and power coefficients referred to Repgx ................ 264


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

-6 - IEC 60193:2019 © IEC 2019

C.4.8 Correction of the model-measured values taking into account the
influence of cavitation ... 264
C.5 Calculation of prototype quantities ...........cooiiiiii i 264
C.6 Plotting of model or prototype results..........ooveiiiiiii 264
C.7 Comparison with the guUarantees ..........ccovuiiiiii i 265
C.8 Final ProtOCOl ... e 265
C.9 Final teSt FEP Ot oo e 265
Annex D (normative) The scale effect on hydraulic efficiency for reaction machines .......... 266
D.1 Basic statements and assumMpPtionS ......ccooiiiiii 266
D.2 Efficiency transposition formulae.............cooooi i .266
D.2.1 Derivation of the general formula for efficiency transposition ....................... 256
D.2.2 Amount of relative scalable losses in the range of guaranteed
EffiCIENCIES 1ovei 267
D.2.3 Determination of the effect of scaling on the efficiency of the model............ 269
D.2.4 Determination of the formula for the transposition of efficiency i-om
MOdel t0 ProtOtYPE .. e T 271
Annex E (informative) Comparison of the hydraulic efficiency transposition meth»ds of
IEC 60193 and IEC 62097 for reaction machines ............ccoccoviiiiiiinine W MR ETTN 273
E.1 IEC 60193 transposition method .........cooiiiiiiii i e e 273
E.1.1 APPLICAtIONS ... 273
E.1.2 LimitatioNS .. T 273
E.2 IEC 62097 transposition method ..........coooiiiicl i 274
E.2.1 Applications ... ) < 274
E.2.2 Limitations ........coooiiiiiiiii, . N SO P PRSP 274
Annex F (normative) Computation of the prototype rur away characteristics taking into
account friction and windage losses of the unit ... 275
Annex G (informative) Example of determinction of the best smooth curve: method of
SEPArAte SEOMENES oot e 276
G.1 GENEIAL. .. e e s 276
G.2 Principle of the method ... e 276
G.3 Choice of the minimum wiach of the intervals ..., 278
G.4 Determination of (v iNUGIVAIS ..o 278
Annex H (informative) Exai 'oles of analysis of sources of error and uncertainty
LA Z= LU= 14 o o S 279
H.1 L= 1T =Y PP 279
H.2 Example of ¢nalysis of sources of error and of uncertainty evaluation in the
me#su.ament of a physical quantity ... 279
H.2.1 T 1= = T PPN 279
H.2.2 Errors arising during calibration ..o 280
2.3 Errors arising during the tests..... ..o 281
H.] Example of calculation of uncertainty due to systematic errors in the
determination of the specific hydraulic energy, mechanical runner/impeller
power and hydraulic effiCienCY ... ..o 281
H.3.1 LY o =T Y 281
H.3.2 DS CNAIGE . e it 282
H.3.3 P I S U e 282
H.3.4 Specific hydraulic @Nergy ... ..o 282
H.3.5 P O T e 283
H.3.6 Hydraulic effiCiEnCY ... 283
H.4 Example of calculation of uncertainty due to systematic errors in the

determination of the net positive suction specific energy.........ccooooviiiiiiiinnn. 284


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

IEC 60193:2019 © IEC 2019 -7-

H.4.1 L= a1 = Y PPN 284
H.4.2 DS CNAIGE e it 284
H.4.3 P I S U e 284
H.4.4 Net positive suction specific €nergy ......ccoovvuiiiiiiiii 284
Annex | (normative) The scale effect on hydraulic efficiency for Pelton turbines................. 286
1.1 LY o =T = | P 286
1.2 Similarity consSiderations ... ..o 286
1.3 Transposition fOrMUIA ... e 288
Annex J (normative) Analysis of random errors for a test at constant operating
oo} 3 o L 1§ o] o 1= 0 .289
J.1 L= a1 =Y P S 229
J.2 Standard deviation .. ... 289
J.3 ConfidenCe IEVEIS ... 290
J.4 Student's t distribution ... 290
J.5 Maximum permissible value of uncertainty due to random errors....... ................. 291
J.6 Example of calculation ... e 292
Annex K (normative) Calculation of plant Thoma number O wveemeeemneses e e 293
K.1 Definition of pl: NPSE and NPSH ........ccoviiiiiiiiiieeeen D 293
K.2 Data needed to calculate OPIG -++memeemmemmmmmemmsnese B 294
Annex L (informative) Flux diagram of specific hydraulic enicrgy  flow and power............... 296
Annex M (informative) Synchronous and asynchronnus:co.2nvnents of pressure
] T | = | PPN 299
Annex N (informative) Natural frequency of the hydravlic system ..., 301
Annex O (informative) Calculation of axial force components...............cooiiiiiiens. 302
0.1 General......c.ccoviiiiiiiiii, ., VT PP P PP ORI PPRPPR 302
0.2 Calculating the force acting e tiie vunner crown (Fo) ..., 302
0.2.1 GENEIAl e 302
0.2.2 Pressure specific.er.2rgy 1osses due to seal clearance .............cccceeenvennnnnn. 302
0.2.3 Pressure specific energy losses through the centrifugal zones between
the stationary cndotating parts ... 304
0.24 Pressure spuific energy losses in a pressure relief/equilibrium pipe ........... 305
0.2.5 Additinnal cpecific €nNergy l0SSeS .....viuiiiiiii 306
0.3 Calculatii.1 th : force acting on the runner band (F3)..................o 307
L] o] 10T =Y 0 128 S 308
Figure 1— Schi2matic representation of a hydraulic machine................coooii, 22
Fiauia.2 - Guide vane opening and angle ... ... 22
i ‘gui> 3 - Reference diameter and bucket width ..., 24
Tigu.e 4 — Determination of o and o4 for typical cavitation curves....................................... 29
Figure 5 — Reference level of Maching ........coiiiiiii i 31
Figure 6 — Flux diagram for power and discharge............ccocoiiiiiiiiii i, 33
Figure 7 — lllustration of some definitions related to oscillating quantities.............................. 36
Figure 8 — Procedure for dimensional checks, comparison of results "steel to steel" and
application of tolerances for model and prototype ........cooviiiiiii i 51
Figure 9 — Example of spiral case and distributor dimensions to be checked......................... 54

Figure 10 — Example of draft tube dimensions to be checked...................... 54


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

-8- IEC 60193:2019 © IEC 2019

Figure 11 — Example of the dimensions to be checked on a bulb unit.............................l. 55
Figure 12 — Example of the dimensions to be checked on the runner/impeller of a

radial floWw MaChiNe ... e 56
Figure 13 — Runner/impeller of radial flow machine: examples of locations for blade

profile measuring sections for templates or measuring points for CMM ...............ccooiiiiinni. 57
Figure 14 — Runner/impeller of radial flow machine: check of outlet width and blade

profiles by means of templates as illustrated on a Francis runner ...............ccoooiiiiiiininennns 57
Figure 15 — Runner/impeller of radial flow machine: check of inlet and outlet widths

between blades (example of a pump-turbine runner)........ ..o 58
Figure 16 — Runner/impeller of axial flow machine: example of locations for blade

profile measuring sections for templates or measuring points for CMM ...................oan 58
Figure 17 — Runner/impeller of axial flow machine: definition of blade adjustment and

of blade profile t0lEranNCeS ... ...oue i e 58
Figure 18 — Pelton turbine: example of dimensions to be checked on the distributor ana

the housing of vertical and horizontal shaft machines ... 59
Figure 19 — Pelton turbine: example of dimensions to be checked on the buci:~t: and

NIOZZIES ..t a e e e 60
Figure 20 — Definition of waviness and surface roughness ................ov e, 72
Figure 21 — Low specific hydraulic energy turbine example of recomi:epded maximum

surface roughness values on the runner blades (pressure side ¢nd suction side).................. 73
Figure 22 — Relation between the setting level z; of a Francis . roinie and the cavitation
reference level Zg ... 78
Figure 23 — Dependence of ¢ values on level z for model cnd prototype.......cccoevveiiiiiinnnnnn.. 78
Figure 24 — Acceleration due to gravity g (m - 3'2) ............................................................. 98
Figure 25 — Density of distilled water p,q (k7 - m‘3) .......................................................... 101
Figure 26 — Time multiplexing data acquisifict System .. ... 106
Figure 27 — Bus operated data acquisite N syStemM ... 107
Figure 28 — Time delay ..ouni e 108
Figure 29 — Typical low-pass filtei attenuation characteristics...............c.ccooiii 109
Figure 30 — Different meas/re.nent chains and their recommended checkpoints................. 111
Figure 31 — Examples G prescure taps ..o o 120
Figure 32 — Types o pixssure manifolds: a) with separate connecting lines to manifold

and b) With FiNG Man 0la . et 121
Figure 33 — Exai~ples o experimental setup of liquid column manometers ......................... 123
Figure 34 = Deod weight manometer with compensation by pressure or force

transducer (e.;-ample of experimental Set-UpP) .....ccoiiiiiiiii 126
Fiqur~ 30 — Pressure weighbeam (example of experimental set-up).........coccooviviiiiinnnnn. 127
TIgUIR 36 - StIllING Well o e 130
Ciguie 37 — Point and hOOK QAU S ... .uiuiiiiiiiii et e e e e aaenas 131

Figure 38 — Example showing main elevations, heights and reference levels of the test
rig and MOodel MACKINE ... ..o s 134

Figure 39 — Determination of specific hydraulic energy through differential pressure
MEaSUriNG INSTIUMENT ... o ettt e 137

Figure 40 — Determination of specific hydraulic energy of the machine through
separate measurement Of QAUQE PreSSUIES .....couiiuiiiiiiiiiie e 138

Figure 41 — Determination of specific hydraulic energy of the machine through
separate measurement of pressures by water column manometers..................coi 139


https://www.stdhive.com/standards/iec-60193-ed-30-b2019-pdf/

IEC 60193:2019 © IEC 2019 -9-

Figure 42 — Pelton turbines with vertical axis: determination of specific hydraulic
energy Of the MaChING ... e

Figure 43 — Pelton turbines with horizontal axis: determination of specific hydraulic
energy of the MacChine ...

Figure 44 — Low-head machines: determination of specific hydraulic energy of the
machine USing fre@ Water IEVEIS ...

Figure 45 — Determination of net positive suction energy NPSE and net positive

SUCLION NE@d NP SH. ... e
Figure 46 — Balance arrangement ... ...
Figure 47 — Balance arrangement with gear ..o
Figure 48 — Balance arrangement with two separate frames ..............ccooeiiiiiiiiiiein e
Figure 49 — Arrangement with machine bearings and seals not in balance..........................
Figure 50 — Arrangement with lower bearing and seal not in balance .....................cco.
Figure 51 — Arrangement with intermediate bearing and seal not in balance .......................
Figure 52 — Arrangement using a torquemeter ...

Figure 53 — Arrangement using a torquemeter with machine bearings and seals in
o= = 1oL =P

Figure 54 — Arrangement using a torquemeter with machine bearings and seals not in
o= = 1oL =P

Figure 55 — Choosing the appropriate transposition method.....................co

Figure 56 — Single-regulated (Francis) model turbine: performance hill diagram
(discharge factor versus speed faCtor) ...

Figure 57 — Single-regulated (Francis) model turbine: performance hill diagram (energy
coefficient versus discharge coefficient)...... ..o

Figure 58 — Double-regulated (Kaplan) model turbine: performance hill diagram.................
Figure 59 — Single-regulated (radial) model pump: performance diagram.................cc.........
Figure 60 — Double-regulated model pump: performance diagram..............ccooveiiiiiiiiiniinneenn.

Figure 61 — Pelton model turbine: performance hill diagram (example for a six-nozzle
L= T o1 o T= ) PP

Figure 62 — Single-regulated (radial) model pump-turbine: general four-quadrant
Lo 1= Vo | = o S

Figure 63 — Reaction machines: procedure for calculating test results in view of
comparison With QUArantEEes ... ...

Figure 64 — Single-regulated turbine: three-dimensional surface of hydraulic efficiency
and curves of performance at Enp constant.............ccoooooii

Figure 65 — Single-regulated pump: performance CUrvVesS.........ccocouiiiiiiiiiiieeie e
Figure 66 — Double-regulated turbine: performance curves at E;p constant .......................

Figure 67 — Double-regulated pump: performance curves at E,p constant..........................

Figure 68 — Non-regulated turbine: performance CUrves ..........ccocoiiiiiiiiii i,
Figure 69 — Non-regulated pump: performance CUrves ..........c.coviiiiiiii i

Figure 70 — Efficiency curve correction in order to take into account cavitation
influence (e.g. tubular machines at overload operation) ...........ccocoiiiiiiiiiiiii e

Figure 71 — Francis model turbine: cavitation Curves...........ccooiiiiiii i
Figure 72 — Model pump: cavitation CUIVES .. ... e

Figure 73 — Francis model turbine cavitation curves: examples of limits for application
of transposition formula ... ..o e

Figure 74 — Runaway curves for a single-regulated turbine (Francis) ..............c.ccoocoeiiiinnl.



-10 - IEC 60193:2019 © IEC 2019

Figure 75 — Runaway curves for a single-regulated turbine (six-nozzle Pelton) ................... 172
Figure 76 — Runaway speed determined by extrapolation: example for a single-

regulated tUrbine (FranCiS) . ... e 172
Figure 77 — Influence of Thoma number on runaway speed and discharge of a single-
regulated tUrbing (FranCiS) ......oiu i e et e e e 173
Figure 78 — Influence of the Thoma number on runaway speed and discharge of a
double-regulated turbine (Kaplan) ..o 174
Figure 79 — Influence of the Thoma number on the off-cam runaway curves of a
double-regulated turbine (Kaplan) ... 174
Figure 80 — Example of calibration Curve ... 178
Figure 81 — Single-regulated maching. ..o 184
Figure 82 — Double-regulated machine ...........oooiiiiiii 184
Figure 83 — Single-regulated turbine: comparison between guarantees and

LTS T= TS U] =0 0= o £ S 185
Figure 84 — Non-regulated turbine: comparison between guarantees and

YT R0 =T 0 0= o1 PP RPTTPPPPRR 186
Figure 85 — Non-regulated pump: comparison between guarantees and measurements...... 187
Figure 86 — Francis turbine runaway speed and discharge curves: comparison between
guarantees and MeEaSUIrEMENTS ... .ot 189
Figure 87 — Model turbine cavitation curve and comparison with the guarantee on the
influence of the cavitation on the effiCienCy ..o 190
Figure 88 — Typical data acquisition System ... 194
Figure 89 — Frequency response of analogue anti-aliasing filter.................coo, 195
Figure 90 — Suggested locations of transSAUCErs.........cciviiiiiiii i 200
Figure 91 — Pump diagram with exploration paths ... 202
Figure 92 — Turbine hill-chart with exploration paths ... 203
Figure 93 — Normal pump mode operation of an nqg = 0,102 pump-turbine model ............. 205
Figure 94 — Zero discharge operation (10 % guide vane opening) of an nqg = 0,102
PUMP-TUIDING MOAEL ... e e e e e aea e 205
Figure 95 — Part load operation of an nqg = 0,321 Francis turbine model: Qnp/Qnpopt

oS A PP 206
Figure 96 — Higher part load operation of an nqg = 0,226 Francis turbine model:

QnD/QnDopt = 0,764 .......................................................................................................... 207
Figure 97 — Full load operation of an nqg = 0,173 Francis turbine model: Qnp/Qnpopt
eI TP 208
Figure 98 — Example of waterfall diagram of pressure fluctuations in the draft tube of a
Francis turbine, transSdUCEr P4 ......ooiiiiiiiiiii 209
Figure 99 — Example of summarized diagram of pressure fluctuations in the draft tube

of a Francis turbine, transducer Po ..........cccooiiiiiiiiiii 210
Figure 100 — Interaction of the external system with sources of pressure fluctuations

from the hydraulic machine ... e 211
Figure 101 — Definition of coordinate System .........ccoiiiii i 214
Figure 102 — Individual elements of axial force acting on a radial machine.......................... 216
Figure 103 — Typical testing arrangement for axial thrust measurement.............................. 218

Figure 104 — Typical calibration arrangement for axial thrust measurement ........................ 219



IEC 60193:2019 © IEC 2019 -1 -

Figure 105 — Axial force factor versus discharge factor at different constant specific

hydraulic energies in PUMP MO .. ... e e e e aeea e 221
Figure 106 — Axial force factor versus speed factor measured at different guide vane

openings in the four quadrants of a pump-turbine ... 221
Figure 107 — Typical arrangements for radial thrust measurement (horizontal or vertical

] = i PPN 224
Figure 108 — Design examples for torque measuring guide vanes.............cocceeeveeiiiinnennnnns 228
Figure 109 — Guide vane torque factor versus guide vane angle measured at different
constant specific hydraulic energies in turbine mode.............coiiiiiiiiici 230
Figure 110 — Guide vane torque factor versus guide vane angle measured at different
constant specific hydraulic energies in pump Mode..........coeiiiiiiiiiiiiie e 231
Figure 111 — Guide vane torque factor versus speed factor measured at different

constant guide vane angles in the four quadrants of a pump-turbine......................... 231
Figure 112 — Example for runner blade torque measuring arrangement using telemetry...... 234

Figure 113 — Performance and hydraulic runner blade torque characteristics of an axial
turbine measured at one constant runner blade angle g and various constant guide

VANE ANGIES (. iiiiiiii e e e e e e e e 236
Figure 114 — Pelton needle force factor as a function of relative needle stroke ................... 240
Figure 115 — Example of four quadrants operation of a radial-type pump-turbine ................ 242
Figure 116 — Chart illustrating the various operating modes............ccocoiiiiiiiiiiii e, 244
Figure 117 — S-shape characteristics in turbine brake mode ..............cooiii . 247
Figure 118 — Characteristic of a pump with positive slope range in a limited discharge

=1 1 1o = S 247
Figure 119 — Example of graphical representation of index test data...........................ocollL 250
Figure D.1 — Efficiency change in hydraulically similar operating conditions A and B

having different Re VAIUES ... 267
Figure D.2 — Variation of relative scalable 10SSEeS..........ccouiiiiiiiiiiiii e 268
Figure D.3 — Transposition curve for model efficiency using best efficiency point................ 270
Figure D.4 — Efficiency increase from constant Re)» to constant Rep................................ 271
Figure D.5 — Efficiency increase from different Rep to constant Rep.............ccccceeeei 272
Figure F.1 — Single-regulated turbine: determination of the maximum runaway speed of

the prototype taking into account the friction and windage losses of the unit....................... 275
Figure G.1 — Principle of the method of separate segments ..............coooiiiiiiiiiiincnn 277
Figure G.2 — Example of determination of intervals ..., 277
Figure 1.1 — Influence of Froude nUMDbEr ... ... 287
Figure 1.2 — Influence of Weber NUMDET ... 288
Figure 1.3 — Influence of Reynolds NUMDbBEr..........oiiiiiiii i 288
Figure K.1 — Definition for determination of net positive suction energy, NPSE, and net
positive suction head, NPSH, of a prototype machine (E| g # 0)...........cciiiii i, 293
FIgUIre LT — TUIDINE Lot ees 296
iU L 2 — PUMID it et e e et ees 297

Figure M.1 — a) Representation of asynchronous pressure pulsation and location of
pressure transducers, and b) synchronous and c¢) asynchronous parts of the pressure

£ o = S 300
Figure O.1 — Crown seal ClearancCe ... e 304
Figure 0.2 — Crown radilUs ... ..o e e e e 305

Figure O.3 — Pressure relief PiPe ... i 306



-12 - IEC 60193:2019 © IEC 2019

Figure 0.4 — RUNNEr band SEal .......c.iiiiii i e 307
Table 1 — Permissible maximum deviations....... ..o e 68
Table 2 — Maximum recommended prototype surface roughness Ra...........ccocovevieiiiniinnnnnnn. 73
Table 3 — Similitude NUMDEIS ... e 74
Table 4 — Similitude requirements for various types of model tests ..............ccooiiiinnn. 76
Table 5 — Minimum values for model size and test parameters...............cooiiiinn. 82
Table 6 — Coefficients of the Herbst and Roegener formula .............coooiiiiiiiinee, 100
Table 7 — Minimum test specific hydraulic energy .........cooviiiiiiiiii e, 102
Table 8 — Nomenclature for Figure 46 to Figure 54 ... ..o 146
Table 9 — Variables defining the operating point of a machine.................... 154
Table 10 — Summary of errors that determine total measurement uncertainty ..................... 179
Table 11 — Definition of individual force elements of axial thrust ..................cooiii, 217
Table 12 — Non-hydraulic forces influencing radial thrust measurement.............................. 225
Table 13 — Definition of quadrants and operating modes...........c..coiiiiiiiiiiiii 242
Table B.1 — Acceleration due to gravity g (m-s'2) ............................................................... 253
Table B.2 — Density of distilled water pyq (kg-m‘3) (1T 0F2) i 254
Table B.3 — Kinematic viscosity of distilled water v (m2-s~1) ..., 256
Table B.4 — Vapour pressure of distilled water pyg (Pa)..................ooo 257
Table B.5 — Density of dry air pg (KG M3 e 258
Table B.6 — Ambient pressure pgmp (Pa)........coooooiiiii 259
Table B.7 — Density of mercury PHg (kg-m‘3) ..................................................................... 260
Table D.1 = Vigf ValUBS ... 269
Table I.1 — Numerical data for surface tension o..........cooiiiiiiiiiiii e, 287
Table J.1 — Confidence leVels ... e 290
Table J.2 — Values of Student's f ... ... 291
Table J.3 — Computation of the estimated standard deviation and the uncertainty for

iGNt ODSEIVAtiONS . ceoe e 292

Table K.1 — Summary of calculated op)|c values and other relevant data ............................ 295



IEC 60193:2019 © IEC 2019 -13 -

9)

INTERNATIONAL ELECTROTECHNICAL COMMISSION

HYDRAULIC TURBINES, STORAGE PUMPS AND PUMP-TURBINES -
MODEL ACCEPTANCE TESTS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote international
co-operation on all questions concerning standardization in the electrical and electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and non-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence between
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of patent
rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60193 has been prepared by IEC technical committee 4: Hydraulic
turbines.

This third edition cancels and replaces the second edition published in 1999. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) update to methods/measuring tools currently used for checking dimensions on both model

and prototype;

b) update to requirements of accuracy in the dimensional check procedure as a result of new

technology;
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merging of tables/sections with redundant information in dimension check in 5.2;
update to methods of measuring discharge;

update to pressure fluctuation methods and terminology;

specification of measuring times for accurate pressure fluctuation analyses in the model;
redefine definition for the transposition of pressure fluctuations to prototype;
update to surface waviness requirements in prototype;

redefining methods/references in clause on cavitation nuclei content (5.7.3.2.2);
update to 7.3 and review of methods on radial thrust measurements;

update to 7.4 (Hydraulic loads on control components);

update and develop methodology in 7.5 for testing in the extended operating range;
update to 7.6 concerning index testing;

update to methods for measuring roughness;

updates to references;

updates to figures;

revision of sigma definition;

reference to new method of transposition in accordance with [IEC 62097.

The text of this International Standard is based on the following documents:

FDIS Report on voting
4/371/FDIS 4/373/RVD

Full information on the voting for the approval of this International Standard can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

reconfirmed,
withdrawn,
replaced by a revised edition, or

amended.
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HYDRAULIC TURBINES, STORAGE PUMPS AND PUMP-TURBINES -
MODEL ACCEPTANCE TESTS

1 Scope

This document applies to laboratory models of any type of impulse or reaction hydraulic turbine,
storage pump or pump-turbine.

This document applies to models of prototype machines either with unit power greater than
5 MW or with reference diameter greater than 3 m. Full application of the procedures herein
prescribed is not generally justified for machines with smaller power and size. Nevertheless,
this document may be used for such machines by agreement between the purchaser and the
supplier.

In this document, the term "turbine" includes a pump-turbine operating as a turbine and the
term "pump" includes a pump-turbine operating as a pump.

This document excludes all matters of purely commercial interest, except those inextricably
bound up with the conduct of the tests.

This document is concerned with neither the structural details of the machines nor the
mechanical properties of their components, so long as these do not affect model performance
or the relationship between model and prototype performances.

This document covers the arrangements for model acceptance tests to be performed on
hydraulic turbines, storage pumps and pump-turbines to determine if the main hydraulic
performance contract guarantees (see 4.2) have been satisfied.

It contains the rules governing test conduct and prescribes measures to be taken if any phase
of the tests is disputed.

The main objectives of this document are:

— to define the terms and quantities used;

— to specify methods of testing and of measuring the quantities involved, in order to ascertain
the hydraulic performance of the model;

— to specify the methods of computation of results and of comparison with guarantees;

— to determine if the contract guarantees that fall within the scope of this document have been
fulfilled;

— to define the extent, content and structure of the final report.
The guarantees can be given in one of the following ways:

— guarantees for prototype hydraulic performance, computed from model test results
considering scale effects;

— guarantees for model hydraulic performance.





