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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HYDRAULIC MACHINES - FRANCIS TURBINE
PRESSURE FLUCTUATION TRANSPOSITION

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
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eration on all questions concerning standardization in the electrical and electronic fields. To this
Hition to other activities, IEC publishes International Standards, Technical Specifications, Techpical
cly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publicatien(s)
ration is entrusted to technical committees; any IEC National Committee interested in the subject d
barticipate in this preparatory work. International, governmental and non-governmental organization
he IEC also participate in this preparation. IEC collaborates closely with the International Organiz
lardization (ISO) in accordance with conditions determined by agreement between-the two organiz

lormal decisions or agreements of IEC on technical matters express, as nearly _as.possible, an inte
bnsus of opinion on the relevant subjects since each technical committee~has representation
sted IEC National Committees.

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

der to promote international uniformity, IEC National Committees undertake to apply IEC Pul
parently to the maximum extent possible in their national ahd regional publications. Any divergence
FC Publication and the corresponding national or regional publication shall be clearly indicated in t

tself does not provide any attestation of conformityt independent certification bodies provide cq
Esment services and, in some areas, access to |IEC marks of conformity. IEC is not responsiblg
Ces carried out by independent certification bodies®

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

bbility shall attach to IEC or its directors\ ‘employees, servants or agents including individual exp
bers of its technical committees and |[EC National Committees for any personal injury, property da

damage of any nature whatsoeven.whether direct or indirect, or for costs (including legal fé
hses arising out of the publication,use of, or reliance upon, this IEC Publication or any other IEC Puj

tion is drawn to the Normative\references cited in this publication. Use of the referenced public]
bensable for the correct applieation of this publication.

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

in task of IEC\technical committees is to prepare International Standards. In excsd
stances, a‘fechnical committee may propose the publication of a technical speci

end and
Reports,
). Their
ealt with
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rnational
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t of IEC
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between
he latter.
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ations is

bf patent
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fication

despite‘repeated efforts, or

required support cannot be obtained for the publication of an International StTndard,

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide whether
they can be transformed into International Standards.

IEC TS 62882, which is a Technical Specification, has been prepared IEC technical committee
4: Hydraulic turbines.
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The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
4/375/DTS 4/398/RVDTS

Full information on the voting for the approval of this technical specification 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 ||nr~h9ngnr’l until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data telfated to

the spdgcific document. At this date, the document will be
e recopnfirmed,

e withdrawn,

o replaced by a revised edition, or

e ameénded.

IMPORTANT - The 'colour inside' logo on the cover-page of this publication indicates
that if contains colours which are considered to be“useful for the correct understanding
of its|contents. Users should therefore print thissdocument using a colour printef.
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INTRODUCTION

With the increased amount of renewable energy that is being added to the electrical grid in the
form of wind and solar, in addition to new energy in the form of nuclear, the grid needs to
integrate more hydropower generation with flexible operation to balance loads. To meet this
challenge, the hydraulic stability of the machine has become more and more important.

The ¢

urrent document provides a technical

specification for Francis turbine pressure

fluctuations. This document aims to describe pressure fluctuations, their phenomena and
related problems, to define the relationship between model and prototype fluctuations, to
identify methods to predict pressure fluctuations in prototypes through transposition of model

measu

In this
turbine

ramants and ta csiiaaest notential mitiaations.
eSS —aRe—+0-SHggest+potehtaHtigatHeRs-

jocument, the term "turbine" refers to Francis turbines and pump-turbine opérati

This document excludes all matters of purely commercial interest, except those inex
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vithin the conduct of the tests.
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HYDRAULIC MACHINES - FRANCIS TURBINE
PRESSURE FLUCTUATION TRANSPOSITION

ope

IEC 62882, which is a Technical Specification, provides pressure fluctuation transposition
methods for Francis turbines and pump-turbines operating as turbines, including:

This dgcument is limited to normal operation conditions. Hydraulic stability phenomena
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model and prototype transducers and to define the similitude condition between mo

pro

pre
cor

disq
the
int
fred
disq
pro
disq
sim

ideItification of potential resonances in test rigs and prototypes;

rqblems;

racterization of the phenomena covered by this document, including but not|Jinited to

r-blade vortices, draft tube vortices rope and rotor-stator interaction;

nonstration that both operating conditions and Thoma numbers (cavitation con
primary parameters influencing pressure fluctuations;

bmmendation of ways to measure and analyse pressure fluctuations;

tification of methods, to transpose the measurement resdlts’from model to proto
ide ways to predict pressure fluctuations in prototypes baséed on statistics or exp¢

otype;

sentation of pressure fluctuation measurements comparing the model turbine 3
esponding prototype;

ussion of parameters used for the transposition from model to prototype, for eX
peak to peak value at 97 % confidenee interval, the RMS value or the standard dg
he time domain and the relation_gf main frequency and the rotational frequency
uency domain obtained by FET;

ussion of the uncertainty~Nof the pressure fluctuation transposition from m
otype;

ussion of factors which influence the transposition, including those which car
ulated on the model-fest rig such as waterway system and mechanical system;
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suglgestion of pessible methods for mitigating pressure fluctuation;
definition of the limitations of the specification.
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document.

blishment of the transposition methods for different types of pressure fluctuatior

arman vortices, transients, runaway speed and speed no load are excluded fr
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bmmendation of a data acquisition system, including the type and mounting posjition of
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This document provides means to identify potential resonances in model test rigs and prototype
turbines. Scaling-up resonance conditions are not treated in this document. When resonance
exists, the transposition methods identified in this document do not apply. Under these
conditions, the relationship between model and prototype pressure fluctuations cannot be
determined.

This document is concerned neither with the structural details of the machines nor the
mechanical properties of their components, so long as these characteristics do not affect model
pressure fluctuations or the relationship between model and prototype pressure fluctuations.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60193:2019, Hydraulic turbines, storage pumps and pump-turbines — Model acceptance
tests

3 Terms,. definitions. symbols and units

For the| purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization}at the following
addrespes:

e |EQ Electropedia: available at http://www.electropedia.org/

e IS Online browsing platform: available at http://www.iso.org/obp

The coptracting parties shall, in advance of the test, agree to ¢larification in writing of any term,
definition or unit of measure in question.

3.1 General terms and definitions

Entry|number Term Definition

3.11 Point item established/by-one or more consecutive sets of readings andjor
recordings at unchanged operating condition and settings, sufficiept to
calculate thetperformance of the machine at this operating conditi¢n and
these settings

3.1.2 Test collection of points that is adequate to establish the performance ¢f the
machine over a specified range of operating conditions
3.1.3 Hydraulic performance parameters attributable to the machine due to hydrodynamic
performance effects
3.1.4 Main hydraulic subset of the hydraulic performance parameters, i.e. power, discharge

performanGe‘data | and/or specific hydraulic energy, efficiency, pressure fluctuation, qteady-
state runaway speed and/or discharge?

3.1.5 Additional data subset of hydraulic performance data, which can be determined fof
information on the model®

3.1.6 Guarantees specified performance data contractually agreed to

a8 Thelinfluence of cavitation shall be considered.

b The [prediction of the corresponding prototype data is less accurate than that achievable for the main
hydraulic performance data, due to application of approximate similarity rules.

3.2 Units

The International System of Units (SI, see ISO 80000-4 [193]1) has been used throughout this
document.

All terms are given in Sl base units or derived coherent units2. The basic equations are valid
using these units. If other units are used for certain data which are not coherent Sl units, proper
consideration shall be provided. Examples of non-coherent units include kilowatt instead of watt

1 Numbers in square brackets refer to the Bibliography.

2 N=kgms?2 Pa=kgm's?2 J=kg'm2s?2 W=kgm?s3


http://www.electropedia.org/
http://www.iso.org/obp
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for power, kilopascal or bar instead of pascal for pressure, min-! instead of s-! for rotational
speed. Temperatures may be given in degrees Celsius since absolute temperatures (in kelvins)
are rarely required.

Any other system of units may be used, but only if agreed in writing by the contracting parties.

3.3 Overview of the terms, definitions, symbols and units used in this document

Subclause Title
3.3.1 Subscripts and symbols
3.3.2 Geometric terms
3.313 Physical quantities and properties
3.34 Discharge, velocity and speed terms
3.35 Pressure terms
3.316 Specific energy terms
3.3J7 Height and head terms
3.388 Power and torque terms
3.3)9 Efficiency terms
3.3.10 General terms relating to fluctuating quantities
3.3.11 Fluid dynamic and scaling terms
3.3.12 Dimensionless terms
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3.3.1 Subscripts and symbols

Entry number Subscript or Definition
symbol

3.3.1.1 1 high pressure? section of the machine to which the performance
guarantees refer

3.3.1.2 2 low pressure? section of the machine to which the performance
guarantees refer

3.3.1.3 11 high pressure measuring sections®

3.3.1.4 2', 2", low pressure measuring sections®

3.3.1.5 H subscript denoting values related to a given head

3.3.1.6 sp subscript denoting values of quantities such as rotational speed,
discharge, etc., for which other quantities are guaranteed

3.3.1.7 max or min subscript denoting maximum or minimum values of any term

3.3.1.8 P subscript denoting values related to the full size maehine

3.3.1.9 M subscript denoting values related to the model

3.3|1.10 ref subscript denoting values related to a specCified reference condifion

3.3|1.11 opt subscript denoting the best efficiency,point

3.3|1.12 amb subscript referring to surrounding.atmospheric conditions

3.3|1.13 pl subscript denoting values related\to the operating conditions of jthe

prototype in the plant

3.3[1.14 R subscript referring to runaway conditions

3.3|1.15 B subscript referring to.the runner blade of a machine
3.3|1.16 G subscript referring to the guide vane of a machine

3.3|1.17 a subscript referring to an axial component of force or torque
3.3(1.18 r subscriptsreferring to a radial component of force or torque
3.3(1.19 m meridiaonal direction in a rotating system

3.3[1.20 u rotational direction in a rotating system

3.3|1.21 X, Y, Z subscript referring to machine coordinates

3.3]1.22 th subscript referring to theoretical value

3.3]1.23 h subscript referring to hydraulic value

a8 The|terms "high presstre™ and "low pressure" define the two sides of the machine irrespective of fhe flow
direftion and therefereare independent of the mode of operation of the machine.

b Whgnever possible; these sections should coincide with section 1; otherwise the measured values $hall be
adjusted to seéction 1.

¢ Wh¢gnever possible, these sections should coincide with section 2; otherwise, the measured values $hall be
adjusted to’section 2 (see IEC 60193).
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3.3.2 Geometric terms and definitions
Entry number Term Definition Symbol Unit

3.3.2.1 Area net cross-sectional area normal to nominal flow A m?2
direction

3.3.2.2 Surface area total area of a surface (of the runner, flow S m?2
passages, etc.)

3.3.2.3 Guide vane opening average shortest distance between adjacent guide | a m
vanes (at a specified section if necessary)

3.3.24 Guide vane angle average vane angle measured from the closed a °
position

3.325 Reference diameter reference diameter of the hydraulic machine (see D m
Figure 1)

3.3|2.6 Number of runner number of runner blades Zg -

blades
3.3|2.7 Number of guide number of guide vanes Zg -
vanes

3.3|2.8 Length scale ratio ratio of representative prototype to model lengths® | 4, -

3.3]2.9 Level elevation of a point in the system above the z m
specified reference datum®

3.3..10 Dimension corresponding model and prototype,dimension L m

2 In nermal cases, this is the reference diameter of the machine. In ‘cases where it is difficult to vefify this
refefence, then another significant length may be taken.

b

Usug

Ily mean sea level.

Detail X

\

IEC

Figure 1 — Reference diameter of Francis turbine



https://iecnorm.com/api/?name=670a996c2127142f5568c885a1aa56e4

IEC TS 62882:2020 © IEC 2020

- 17 -

3.3.3 Physical quantities and properties terms and definitions
Entry number Term Definition Symbol Unit
3.3.3.1 Acceleration due to local value of gravitational acceleration at the g m-s-2
gravity place of testing as a function of altitude and
latitude (see IEC 60193)
3.3.3.2 Temperature temperature of water in Celsius (see IEC 60193) | @ °C
3.3.3.3 Density mass per unit volume of water (see IEC 60193) | p, Py kg-m™
3.3.34 Vapour pressure absolute partial pressure of saturated vapourin |p, . Pa
(absolute) a medium where liquid and gaseous phases of a
body are in thermodynamic balance®
3.335 Dynamic VISCOsIty quantity characterizing the mechanical 7 Pas
behaviour of a fluid (see ISO 80000-4)
3.3.3.6 Kinematic viscosity ratio of the dynamic viscosity to the density of a | v n2-g-1
fluid (see IEC 60193)
a8 pis gommonly used instead of P
b The Japour pressure depends only on the temperature.
3.3.4 Discharge, velocity and speed terms and definitions
Entry humber Term Definition Symbol Unit
3.3.41 Discharge (volume volume of water per unittime passing through 0 m3.s-1
flow rate) any section in the system
3.3.4.2 Mass flow rate mass of water flowigg through any section of the | (pQ) gs’
system per unit time?
3.3.4.3 Measured discharge volume of water per unit time flowing through 0, or n3-s-1
any measuring section 0,
3.3.4.4 Discharge at reference | volume“of water per unit time flowing through Q,0rQ, | m3s!
section the reference section 1 or 2
3.3.45 Leakage flow volumetric loss as illustrated in Figure 3 q m3.s-1
3.3.4.6 Mean velocity discharge Q divided by area A of the cross- v m-s
section
3.34.7 Angular speed radians per second w ad-s™!
3.3.4.8 Absolute velocity velocity measured in stationary reference frame | ¢ m-s
3.34.9 Pecipheral velocity peripheral velocity at the reference diameter: u s’
u=nDn
3.3}4.10, Relative velocity velocity measured in moving (including rotating) | w n-s’
reference frame
3.314.24 Rotational cpnnr{ number of revgolutions per unit-time 5 -1
3.3.4.12 Discharge at the best best efficiency discharge at a given head Oopt.H m3-s-1

efficiency

a2 Both p and Q shall be determined at the same section and at the conditions existing in that section. The mass
flow rate is constant between two sections if no water is added or removed.
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3.3.5 Pressure terms and definitions
Entry number Term Definition Symbol | Unit
3.3.5.1 Absolute pressure static pressure of a fluid measured with reference to | p,, ¢ Pa
a perfect vacuum
3.3.5.2 Ambient pressure absolute pressure ambient air? Pamb Pa
3.3.56.3 Gauge pressure difference between the absolute static pressure of a | p Pa
fluid at the reference level of the pressure
measuring instrument and the ambient pressure at
the place and time of measurement:
P = Pabs ~ Pamb
3.3.5.4 Peak-to-peak value difference between the maximum and minimum F Pa
of pressure values of a pressure fluctuation signal which is
fluctuation with a determined with the aid of probability distribution
97% confidence applying counting methods and assuming a
interval probability (e.g. 97 %).
Note 1 to entry: Values occurring outside of this
probability are ignored.
2 Valdes for standard atmosphere are given as a function of elevation in IEC 60193:
3.3.6 Specific energy terms and definitions
In the International System of Units, mass (kg) is one of.the base quantities. The energy per

unit mgss, known as specific energy, is used in this deCument as a primary term.

The teqm "head", which is energy per local unit weight, has the disadvantage that weight is a

force which depends on the local value of acceleration due to gravity g, which changes
tude but also with altitude. Nevertheless; it will remain in use because it is very cd
Therefgre, both related energy terms are_listed, the specific energy terms in 3.3.6 an

with lat

terms ip 3.3.7. They differ only by the fagtor g.

mainly
mmon.
d head

Entry pumber Term Definition Symbol Unit
3.3.6.1 Specific hydraulic specific energy of water available between the E J-kg™!
energy of machine high and low pressure reference sections 1 and
2 of the machine, taking into account the
influence of compressibility (see IEC 60193)
3.3.6.2 Suction/specific specific potential energy at section 2 Eg J-kg™!
potential~eénergy of the | corresponding to the difference between the
machine reference level of the machine and the
piezometric level at section 2 (see IEC 60193)
3.3.6.3 Net positive suction absolute specific energy at section 2 minus the NPSE J-kg-1
specific energy specific energy due to the vapour pressure p,
referred to the reference level of the machine
3.3.6.4 Thoma number dimensionless term indicating the conditions of o -
cavitation under which the machine operates?
3.3.6.5 Plant Thoma number value of the Thoma number at the operating Oy -
conditions of the prototype (see IEC 60193)
a8 |t is expressed as the ratio of net positive suction specific energy NPSE to a specific hydraulic energy E (see
IEC 60193).
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3.3.7 Height and head terms and definitions
Entry number Term Definition Symbol Unit
3.3.71 Net head H=Elg H m
For the definition of E, see 3.3.6.1.
3.3.7.2 Suction height Z,=E g Zg m
For the definition of £, see 3.3.6.2.
3.3.7.3 Net positive suction NPSH = NPSE | g NPSH m
head
For the definition of NPSE, see 3.3.6.3.
3.3.24 Reference level of the [ elevation of a point of the machine taken as : m
machine reference for the setting of the machine
(see Figure 2)
3.3]7.5 Cavitation reference elevation of a point of the machine taken as z, m
level reference for cavitation evaluation during model
tests
3.3{7.6 Reference level of the | elevation of a pressure measuring device (see Z\ m
pressure measuring IEC 60193)
instrument
3.3]7.7 Distance between the I =2~ 2y Zm m
reference level of the
machine and the
reference level of the
instrument
3.3]7.8 Velocity head based den,uz u2/2g den’u m
on runner speed
i -, 2
3.3]7.9 Velocity head based denm_ u,?/2g den’u1 m

on runner speed at
inlet diameter

Datum

Figure 2— R

ererence level o e

IEC

rancis turbine
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3.3.8 Power and torque terms and definitions

Entry number Term Definition Symbol Unit
3.3.8.1 Hydraulic power hydraulic power available for producing power: P, W
Py = E(pQ)q
3.3.8.2 Mechanical power of | mechanical power delivered by the turbine shaft, P w

the machine (power) | assigning to the hydraulic machine the
mechanical losses of the relevant bearings and
shaft seals (see Figure 3)

3.3.8.3 Mechanical power mechanical power dissipated in guide bearings, Pl W
losses thrust bearings and shaft seals of the hydraulic
machine
3.3/8.4 Shaft torque torque applied to the shaft of the hydraulic T N-m
machine and corresponding to the mechanical
power of the machine
3.318.5 Mechanical power of | mechanical power transmitted through the Pl w
runner coupling of the runner and the shaft
Turbine
. . I 4 I
Coupling of the runner/impeller T
and the shaft P
P g“m
= L
g’
e <o
N =
P
m
O
IEC

NOTE 1
g=4q *+{
0,=01tq
Py = E(pP)q

P=P,APLn

NOTE 2| Fhe formulae ignore the compressibility of the water.

NOTE 3 For detailed analysis of internal losses, refer to IEC 60193.
NOTE 4 The disk friction losses and leakage losses (volumetric losses) are considered as hydraulic losses in 3.3.9.1.

These "disk friction losses" are the friction losses of the outer surfaces of the runner/impeller not in contact with the
flow Q. passing the runner/impeller blades.

Figure 3 — Flux diagram for power and discharge
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3.3.9 Efficiency terms and definitions

Entry number Term Definition Symbol | Unit
3.3.9.1 Hydraulic efficiency ratio of mechanical power of the runner to the N -
hydraulic power:
m=Pn! P,
3.3.9.2 Mechanical efficiency | , =P/ P Tm -
3.3.9.3 Efficiency n="PIlP,=n,n, n -

3.3.10 —6 P efimiti tati " " titi

IEC 60p94 and IEC 60193 provide a reference for terms relating to these quantitigs. The
following table lists the terms relevant to this document, some of which are illustratedin Figure 4.
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Entry number Term Definition Symbol
3.3.10.1 Discrete quantity quantity represented by a sequence of its X
momentary values
3.3.10.2 Discrete quantity value of the quantity n X,
3.3.10.3 Number of samples total number of discrete quantities
3.3.10.4 Number of samples in a time total number of discrete quantities used in N
window the time window duration w
3.3.10.5 Mean value algebraic sum of the discrete quantities b
divided by the number of samples
N
2
X=1
N
3.3{10.6 Fluctuation of quantity oscillatory variation of a quantity X referred to its Xt
mean value during a time interval Az previously
selected
3.3{10.7 Maximum value maximum value in a chosen time interval ma
3.3{10.8 Minimum value minimum value in a chosen timerinterval min
33109 Standard deviation root-mean-square value of the déviation .
(effective value referred to of a set of numbers from the méan value of
the mean)
3.3.10.10 Root-mean-square value Xims
3.3.10.11 Peak-to-peak value Apr = Xoax =~ Xmin AXpF
3.3.10.12 Peak-to-peak value with a difference between the maximum and AXpF 97%
97% confidence jnterval . ) . . '
minimum values of a signal which is determined
using a probability distribution function for a
given probability value (e.g. 97 %)
Note 1 to entry: This function is estimated by
applying statistical counting. The signal values
outside of the corresponding confidence interval
are excluded.
3.3.10.13 Amplitude maximum value of a sinusoidal quantity X(¢): A
y, — 1 4.
2 PP
3.3.10.14 Time time interval t
3.3.10.15 Sampling time interval time interval between two consecutive At
samples
3.3.10.16 Frequency inverse of period s (Hz) S
3.3.10.17 Sampling frequency inverse of the sampling time interval Js
(sampling rate) Ss=11At
3.3.10.18 Time window duration selected time window for frequency analyses by | ¢,
Fourier transform methods:
t,=N, - At
3.3.10.19 Frequency resolution frequency interval between two consecutive Af
values in the discrete Fourier transform
Af=11¢,=f 1N,
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Entry number Term Definition Symbol
3.3.10.20 Signal record time duration period of time during which a signal from a transducer | ,
is recorded (in seconds) r
(acquisition time)
3.3.10.21 Synchronous pressure pressure fluctuation in the same phase over a .
fluctuation cross section perpendicular to the nominal flow psyn
direction
3.3.10.22 Asynchronous pressure pressure fluctuation phase which varies over a ~
fluctuation cross section perpendicular to the nominal flow pasyn
direction
IEC
X A ‘
x
0
X
0
ANl s * X
IEC IEC

a) A pressure fluctuation signal over a defined signal recording time (¢,). A minimum of five window time lengths (z,)
shall be included in each signal record time duration.

b) The signal transformed into the frequency domain using Fourier analysis. The frequency resolution (4f) required
for each analysis is determined by the speed of rotation of the machine.

c) Using probability distribution, each measure point from Figure 4a) is cumulated, and extreme deviations from the
mean fluctuation are removed. A 97 % interval of confidence is illustrated in this figure.

Figure 4 — lllustration of some definitions related to fluctuating quantities
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3.3.11  Fluid dynamic and scaling terms and definitions

Entry Term Definition Symbol Unit
number
3.3.11.1 Reynolds number ratio of inertia forces to viscous forces: Re -
Re=Du/v
3.3.11.2 Froude number @ square root of the ratio of inertia forces to gravity | Fr -
forces:
1/2
Fr= £
gD
3.3.11.3 Weberrurmber b ratio of inertia forces to surface tension forces: We =
12
72
We = |:7p L* d }
o
where

v is the velocity
o* is the surface tension
p is the density

L is a linear dimension

3.3.11.4 Euler number ratio of pressure forces to inertia forces: Eu -

Eu :A—g
pv
where

Ap is the differential pressure

3.3.11.5 Mach number ratio of flow yelocity to local speed of sound: Ma
Ma = vla

where

Wwis-the fluid velocity

u is the pressure wave propagation velocity

3.3.11.6 Strouhal number dimensionless number describing oscillating flow | St
mechanism:

St = fL/v
where

fis the frequency of fluctuation

L is the characteristic length

v is the fluid velocity

a8 See SO 80000-1T7T[194].

b Other definitions of these numbers can be found in relevant scientific works.

3.3.12 Dimensionless terms and definitions

Machine performance may be characterized by dimensionless terms based on £=1, D=1 and
p=1oronn=1,D=1and p=1.

The units are: # (m); D (m); E (J-kg="); n (s71); p (kg:m=3); T (N-m); P (W); O (m3-s~1).

The relations of these dimensionless terms to other existing definitions are given below.
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Entry Term Definition Symbol Relations
number
3.3.12.1 Speed factor nD ngp 1
E%S =05
EnD
3.3.12.2 Discharge factor o, Ocp 0
D205 = %D
EnD
3.3.12.3 T fact T,
orque factor T, ED _ To _ Py
pD°E Ep 2mng,
3.3.12.4 Power factor? D P =0__n _ (turbine)
m L=~ == LI
p1D2E15
_ %o
=—— (pump)
Thp
P
nD 3
= =P _n
15  'nD'ED
EnD
= 2migplgp
3.3.12.5 Thoma number NPSE o o
E :ELD = Tp/tEp
nD
3.3.12.6 Cavitation coefficient NPSE %np G
252 =0k  =——
n<D nD n2
ED
3.3.12.7 Specific speed 1% Nae 05 Qot;s
— 5 _ _=n
o5 "ep%eD e
3.3.12.8 Factor of pressure P Pe
fluctuation pE
3.3.12.9 Coefficient of pressure 7 Prb
fluctuation 22
pn<D
3.3.1210 | Relative discharge 0, O4 rel
Qopt,H
3.3.12411 Frequency coefficient fln Jn
a8 Refg¢rence is madéito'the mechanical power of the runner/impeller, usually measured on the model.

4 Delscription of pressure fluctuation phenomena

4.1 General

Pressure fluctuations are a natural occurrence in hydraulic machinery and can be of both
periodic and stochastic nature. They are influenced by machine design, operating conditions
and by the dynamic response of the water conduits and rotating components. Pressure
fluctuations are actually a part of hydroacoustic phenomena involving unsteady pressure and
flow velocity distributions. They can result in fluctuations of shaft torque, rotational speed,

hydraulic loads, etc., as well as vibrations of the machine.

Low frequency disturbances are of special interest because they can propagate to the whole

water conduit and the rotating parts of the electric machine.

The draft tube surge of Francis turbines and reversible pump-turbines is perhaps the most
commonly identified phenomenon among low frequency pressure fluctuations. In these
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machines, an outlet swirl motion can develop at the runner low pressure side, inducing pressure
fluctuations. In addition, cavitation can change the natural frequencies of the hydraulic system.

Turbine runners give an excitation at the rotational frequency multiplied by the number of runner
blades, usually defined as the blade passing frequency. Due to the interaction of the runner
blades with the guide vanes, stay vanes or spiral case, higher frequencies may be generated
as multiples of the blade passing frequency.

Stochastic pressure fluctuations due to turbulent flow separation or intermittent pressure pulses
due to vortex breakdown can take place in the extended operating range.

fluctua
most cq
time an
identifi

NOTE1
propose
because

NOTE2

ion in each specific case. Table 1 shows a simplified fluctuation classification
bmmon modes that will be explained in more detail through 4.2 to 4.4. Examples/of
d frequency domain evaluations have also been added in Annex A to. assist y
Cation.

Table 1 is not a complete catalogue of all possible fluctuation modes. Some modes have been re
in various publications but are not included in the table, because they afe-either not very co
they are not currently well understood.

m,n and k are local integers of arbitrary values in Clause 4.

mode of

of the
typical
ith the

orted or
mmon or
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4.2 Pressure fluctuations overview

Figure 5 shows a graphical representation of the pressure fluctuation modes that are treated in
this document with corresponding discharge ranges. For a specific turbine, each fluctuation
mode usually covers a smaller range than indicated in this diagram.

1 High load

2 Best operation

|
]
3 Upper part load _
|
[ ]

4 a, 4 b Part load, one thread

4] c Part load, several threads

Fluctuation mode

5 Deep part load

6 Rotor/stator interaction

0 025 05 075 1 1,25 15
Relative discharge Q/Qopt "

IEC
Figure 5 — Discharge range for the various fluctuation modes

Table 1 contains more detailed information for each-mode. Figure 6 illustrates typical opleration
associated within a given mode and the corresponding location on a hill chart. Figure 7| shows
a wateffall diagram of the fluctuations, which\is’a common way to present the data.
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Figure 6 — Effﬁ,ency hill chart with pictures of swirling flow
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NOTE

43

Francig
dischai
vortex

velocity
of the t

I

The numbers 1 to 5 correspond to the modes.in Table 1.

Figure 7 — Example .of*a waterfall diagram of pressure
amplitudes measured in the draft tube cone

Seneral description of-draft tube flow in Francis turbines

turbines operating at off design conditions may present instabilities in terms of pr
ge, rotational speed and torque. These phenomena are strongly linked to ca
cores in the draft tube that are induced by swirling flow at the runner outlet. The a

¢ of the flow\within the turbine can be decomposed as the sum of the peripheral
Lurbine 1-and of the relative velocity w and is given by:

c=u+w

pssure,
vitating
bsolute
elocity

NOTE In 4.3, subscript 1 refers to the high pressure side of the runner, subscript 2 refers to the low pressure side
of the runner.

Velocity triangles at the inlet and outlet of a Francis turbine runner corresponding to operation
at optimum operating conditions are illustrated in

Figure 8. The absolute velocity at the outlet ¢, is usually designed to be nearly axial at the
best efficiency point. The influence of the discharge on the velocity triangle at the runner outlet
is illustrated in Figure 9. For discharges lower than the optimum discharge, the flow at the
runner outlet contains a positive (i.e. in the runner rotation direction) absolute circumferential
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velocity ¢,, , while for discharges larger than the optimum discharge, the circumferential
velocity ¢, is negative.

As illustrated in Figure 9, the swirl below the turbine features either a precessing helical vortex
rope for part load conditions or an axisymmetric vortex rope, with one or more elongated cells
for full load conditions. The cavitation developing in the draft tube modifies the hydrodynamic
characteristics of the draft tube flow, thereby modifying the natural frequencies of the entire
hydraulic system. The volume of the gaseous vortex rope increases when the Thoma number
o is reduced. As a result, the natural frequencies of the hydraulic system decrease with the
Thoma number. During part load operation, the interaction between the synchronous part of the
excitation and the system natural frequencies may result in forced response hydroacoustic
resona LA -] GIIC.I.l ;Ildubc Ad ouU UG”Ud dlaft tubc oulyc Glld U:UUtIIUG: }JUVVCI OVV;IIy. Dul;lly lel |Oad
operatipn, the resulting axisymmetric vortex rope developing in the draft tube may, undes|certain
conditipns, start breathing as a result of the hydroacoustic system self-excitation. This
phenomenon occurs when the hydraulic system damping becomes positive, -resulting in a
system| instability. Possible resonances or system self-excitations are directly linked| to the
hydraulic system hydroacoustic characteristics. Their risk of occurrence therefore cannot be
directly transposed from the model test to the prototype and requires specific methodplogies
for detailed analysis and prediction (see Annex E).

(0]

T2

»
‘2 — 0]
NZ

IEC

Figure 8 — Velocity triangles at inlet and outlet of the runner blade
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Figure 9 — Influence of the discharge on’the circumferential
component of the absol locity

N\
4.4 Detailed description of pressure fluctuatiQ)\phenomena

4.4.1 Mode 1: Pressure fluctuation in hiﬁ\%ad

N

4.4.1.1 General characteristics .\Q)

During [full or overload operation, the,@/itation rope may act as an energy source under|certain
conditipns. This leads to self—excite.q.pressure oscillations in the whole hydraulic system| These
pressure fluctuations can be harmful to the mechanical and hydraulic system. Depending on
the turpine relative location i e hydraulic circuit, the turbine discharge may oscillgte and
generale power swings. The frequency of the pressure fluctuation is usually lower than the
rotational speed and co@onds to one of the hydro acoustic system natural frequencies.

4.41.2] Model @rexamples

See Figure A d Figure A.2. The positions of pressure fluctuations transducers are|shown
on Figure his mode occurs when the turbine is operating with discharges that arg larger
than th efficiency point. In this mode, the draft tube cavity has an axisymmetrid shape
with orlz several elongated cells. There is no precession of the rope in the draft tube and

therefore no asynchronous component is present, leaving only the synchronous component.

Figure A.1 shows a case corresponding to limited high load, with O .o¢ = 1,26. This is often
close to the maximum output design limit of a prototype turbine.

Review of the frequency domain shows the 14,7 Hz (f,, = 0,85) fluctuation. There are also some
overtones and undertones present, indicating that the curve shape deviates from a perfect sine
wave. The fluctuation originates in the draft tube (p; and p,) and travels through the guide
vanes up to the spiral case with only slight reduction in amplitude, as you would expect from a
synchronous fluctuation. In the vaneless zone (p5(1) and p5(2)), we can also see 225 Hz, which

is the runner vane passing frequency. The 225 Hz fluctuation stays only in the vaneless zone
and does not travel into the draft tube or spiral case.
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Looking at the time domain, we see that the fluctuations in the draft tube (p4 and p,) are

synchronous. The shapes of the time signals are very similar in the draft tube, vaneless zone
and spiral case which is typical for synchronous fluctuations. The difference is that the vaneless
zone fluctuations have the 225 Hz runner passing fluctuations superimposed.

In Figure A.2, we see an example of a large overload, Oy .o = 1,44. This is normally far beyond

the maximum output of the prototype turbine. It is nevertheless instructive to see that for this
case the fluctuation amplitude in the draft tube is just as high as in high partial load.

In the frequency plane, we see the frequency 2,7 Hz (f,, = 0,15). This is a very distinct frequency,
with no overtones. The amplitudes in the draft tube, vaneless zone and spiral case are the same.
The vaneless zone also has the runner blade passing frequency (228 Hz) present with small
amplityde.

Looking at the time domain, we see that the fluctuations in the draft tube.{p; and p,) are

synchrpnous. The shapes of the time signals are very similar in the draft tabe, vaneleds zone
and spiral case, which is also typical for synchronous fluctuations¢-The vanelesg zone
fluctuations have the 228 Hz runner passing fluctuations superimposed-|tis also interesting to
see thg phase difference from the draft tube (p4 and p,) to the spiral'sase (p3). The spirpl case

is apprpximately 0,03 s behind the draft tube, indicating that it takes 0,03 s for the presjsure to
travel from the draft tube to the spiral case. Considering, that the speed of sound in a
vapourfwater mixture can be as low as 30 m/s, this time lag seems reasonable.

4.4.2 Mode 2: Pressure fluctuation in best operation range
4.4.2.1 General

This isjan operation around the point of best efficiency at each head. During this operation, the
flow in|the draft tube cone is roughly axial..With little flow rotation, the centrifugal for¢es are
small gand a vapour cavity will not developZin the centre of the draft tube. Thus, the fludtuation
amplitydes in the draft tube cone are generally small.

4.4.2.2 Model test examples

See Figure A.3. For this exampte, Oy s = 1,0. We see that the fluctuations in the draft thbe, p,
and p,] have small amplitudes, approximately 10 % of the highest fluctuation amplitude| There
is also [no clear dominantArequency.

It is wqrth noting_that the amplitude of fluctuations in the vaneless zone, p;g, is at its [normal
level inf this mode.

4.4.3 Mode 3: Pressure fluctuation in upper part load

4.4.3.1 General characteristics

For the upper part load range pressure fluctuations may appear in the frequency range of 1
time to 5 times the runner rotational speed and feature modulations with vortex rope precession.
It has been pointed out that for this particular operating point, the vortex rope features an
elliptical cross section which is self-rotating.

Moreover, a "shock phenomenon" may occur in the same operating range and induce structural
vibrations due to vortex rope impacts on the draft tube wall, usually in the inner part of the draft
tube bend. Upper part load pressure fluctuations may also lead to resonance with the hydraulic
system. In addition, the physical modulation process was identified to be related to the elliptical
shape of the vortex rope cross section observed at upper part load. The motion of the elliptical
vortex rope at upper part load can be decomposed into precession movement with fluctuation
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frequency Wrope and self-rotation of the vortex rope with fluctuation frequency w* as illustrated
in Figure 10. From this follows the modulation process of the pressure fluctuations.

Figuge 10 — Elliptical vortex rope precessing in the draft tube conhe at upper part|load

4.4.3.2 Model test examples

See Figure A.4. This mode is a special high frequency (f, = 1 t6'5) fluctuation produced typically
at Oy r4r = 0,7~0,95. Other fluctuation modes, in particular’mode 4, are often present together
with this fluctuation.

Visually, we see a draft tube cavity, shaped like a™rope", which is rotating in the draft tube.

In Figure A.4, Oy (¢ = 0,82. In the frequency,domain, we see two dominant frequencies for p4
and p,]| The frequency f, = 0,3 is connected to fluctuation mode 4, while f,, = 2,0 is cornected

to this /mode 3. As we see in the timesdomain, the mode 3 fluctuation is synchronous| In the
frequency domain, we can thus see it at all transducer locations with the same amplitude. In
comparison, we note that the mode*4 fluctuation is mainly asynchronous. Consequently), it has
very low amplitude upstream aof the draft tube, in p5 and ps.

4.4.4 Mode 4: Pressure fluctuation in part load
4.4.41 General

This mpde is onéeyof the most common fluctuation phenomena in hydro turbines. It can be|further
subdivided as-indicated in 4.4.4.2 and 4.4.4.3.

4.4.4.2 Modes 4.a and 4.b — Part load

4.4.4.2.1 General characteristics

Swirling flow is defined to result from both axial and vortex motion. Increasing the swirl
momentum at the inlet of the Francis turbine draft tube by reducing discharge, the draft tube
flow starts from purely steady axial flow and suddenly becomes unsteady and features a
precessing vortex. This phenomenon is known as the vortex breakdown and is expected when
reverse flow occurs along the axis. The precessing motion of the vortex induced by the swirling
flow depends on the ratio between the axial and swirl momentum and leads to pressure
fluctuations with a frequency in the range between 0,2 times and 0,4 times the runner rotational
frequency.

Furthermore, the pressure fluctuations in the draft tube can be decomposed into two
components (see Figure 11):

a) an asynchronous component;
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b) a synchronous component.

The asynchronous part of the pressure fluctuations leads to unsteady pressure forces acting
on the draft tube wall as well as on the runner itself and thus induces radial forces on the unit
shaft line. The pressure waves induced by the synchronous part may result in hydroacoustic
resonance with possible pressure fluctuations in the penstock and unit power swing. Using three
pressure transducers located in a cross section of the draft tube, it is possible to determine both
the asynchronous and the synchronous parts of the pressure fluctuations.

The asynchronous component is a local The synchronous component is a plane
pressure fluctuation at /| due to the wave at /. propagating through the
rotation of the pressure pattern with the entire hydraulic circuit
cortex p:ecessinn

IEC

Figure 11 - Decomposition between the synchronous and asynchronous
component of part load draft tube pressure fluctuations

4.4.4.2|2 Model test examples

See Figure/A.5 and Figure A.6. This mode occurs when the turbine is operating with disgharges
below the best efficiency point, in the range J ¢ = U,4~0,95. T this mode, the drait tube cavity

has a shape like a spiral shaped rope that rotates around the draft tube cone. The rotation
results in an asynchronous component of the pressure fluctuation.

Figure A.5 is for Oy s = 0,63. We see a fluctuation with f, = 0,25 and close to 180° phase
difference between p, and p,, which indicates asynchronous fluctuation. Even so, a smaller

synchronous component can be detected and is also present as a fluctuation with the same
frequency at pg(1), p5(2) and ps. In this case, the amplitude for blade passing frequency is very

small, although clearly detectable in the frequency domain for p5(1) and p5(2).

Figure A.6 is for Oy o = 0,84. For both py and p,, f, = 0,31, but in this case the synchronous
component is bigger. This explains the difference in amplitude between p, and p,, as seen most
clearly in the frequency domain. The amplitude for each pressure transducer depends on the
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phase relationship between the synchronous and asynchronous fluctuations for each particular
transducer location. We also see that the blade passing frequency has high amplitude in p5(1).

4.4.4.3
4443

Mode 4.c — Part load

A General characteristics

This mode occurs at the low end of the part load range, typically On ret = 0,4~0,6, where the
rope in the draft tube is not stable and can disintegrate into several separate threads. Each
thread will then give rise to its own fluctuation, resulting in a frequency two times to seven times
higher than the frequency during operation at mode 4.a or mode 4.b.

4.4.43

See Figure A.7, which is for Oy (¢ = 0,50. The dominant frequency for p4 is f, = 1,00, W

p2 fn =
with hi
phase

found i

the formation of several threads. As expected, the blade passing/frequency is clearly

ps(1) a

4.4.5
4.4.51

Decreaq
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outlet @
vortex

charac

frequency and result in force variations on the runner blades.
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broad frequency band. Cases are reported where the wide frequency range excited pr
ne torsional fluctuations that themselves induced resonance with the penstock
al speedand head oscillations.
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2 Model test examples

0,77. We also see that the frequency spectrum is much broader than-for the ex
gher flow, indicating larger stochastic component. It is also difficulto identify
'elationship between p, and p,. Nevertheless, a small componentwith £, = 0,21
N p3, indicating that a small synchronous component is presentthat is not conne

nd p5(2).

Mode 5: Pressure fluctuation in deep part load
General characteristics

sing the discharge of a Francis turbine “by closing the guide vanes leads
priate angle of attack of the blade at therunner inlet with flow separation occur
He suction side with possible recirculation in the inter-blade channel. This recirg
b a vortex attached at the hub and extending along the blade suction side to the
lose to the band. Depending on the cavitation Thoma number, cavitation appear
center (see Figure 12). Pressure fluctuations induced by the inter-blade vor
erized by a frequency corresponding to 10 times to 30 times the runner f

part load, the draft tube flow features random behaviour with possible vortex rops
pear and disappear‘without periodic characteristics leading to pressure fluctuatio
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SOURCE: Yamamoto, 2016 [105]

Figure 12 — Example of inter-blade vortex

IEC
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4.4.5.2 Model test examples

See Figure A.8. The discharge for this mode is normally below the turbine continuous operating
range, Oy e < 0,5. The flow in the draft tube is highly irregular and no clear frequency

component is identifiable.

Figure A.8 is for Oy (f = 0,25. In the frequency domain for p; and p,, we see the presence of
many frequencies over a large frequency range. Much of this "noise" is also present at p5, pg(1)
and pg(2). In ps(1) and pg(2), the runner blade passing frequency is present as usual.

4.4.6 Modes 6.a and 6.b: Rotor-stator interaction (RSI) pressure fluctuation

4.4.6.1 General characteristics

Francig turbines are subject to pressure fluctuations resulting from the interaction of the fotating
parts gnd the stationary parts of the machine. This rotor-stator interaction” (RSl)|is the
consequence of the interaction between the rotating flow perturbations caused by the[runner
blades|and the flow perturbations caused by the guide vanes wakes (s€e Figure 13). This
interacfion induces pressure waves propagating in the entire hydraulic) machine. As a| result,
the RS| phenomena may cause two different kinds of pressure fluctuations in the machlne:

— diametrical pressure mode rotating in the vaneless zone between the guide vane and the

runper blades;
— stampding or travelling waves in the spiral case, also known as "phase resonance”.

The firgt phenomenon may cause hydromechanics resonance between the rotating diametrical
pressufe mode and the structure of the runner or.of the head cover and may induce| strong
vibratigns, noise, crack or premature guide vanes,bearing wear. The second phenomenpn may
cause fesonance with the power house structure that generates unacceptable vibratigns and
noise. [The standing wave phenomenon may also affect the penstock, and the intgraction
between the hydraulic machine and the hydraulic circuit.

Flow field distortion due Flow field distortion due Combination of
to runner pressure field to guide vane wake both effects

= NN\
ST/

Figure 13 — Modulation process between runner blade
flow field and guide vanes flow field
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two modes numbers k4 and k, indicating the number pressure maximum and minimum of the

diametrical modes. The diametrical mode number can be computed according to the number of
runner blades Zg and the number of guide vanes Zg defined as follows:

k1 =m~ZB —}’l‘ZG and kz ZM'ZB"'I’[‘ZG

where
m and n are integers of arbitrary values.

The diametrical mode is rotating with the respective spinning speed in the stationary frame of
reference given by:

4 =m~ZB'a)B /k1 and w92 =I11'ZB'CL)B /k2
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Furthermore, the sign of the diametrical mode numbers &, and k, indicates that the diametrical
mode is rotating in the same direction as the runner when positive, and counter-rotating when
negative. It is also important to notice that lower amplitudes are expected for higher & values,
because of the high harmonic number. As a result, k5 is usually not relevant. Figure 14 presents

an illustration of the meaning of the k values. It could be mentioned that a value of £ = 0 leads
to synchronous pressure fluctuations in the vaneless gap inducing periodic axial pressure force
on the shaft line, while a value of £ = £1 leads to unbalanced rotating pressure force inducing
radial force on the shaft line.

IEC,
Figure 14 — Diametrical modes shapes representation according to & values

In a stationary frame of reference, the measured frequency «is/the runner speed times the
numbef of blades, while in a frame of reference that rotates.with the runner, the megasured
frequency is the runner speed times the number of guide xanes and/or stay vanes. Ov¢rtones
of thesg frequencies may also be present.

While rotor-stator interaction is normal in all turbines; the consequences may be serious when
they arg in resonance with hydroacoustic and/or mechanical eigenfrequencies of turbing parts.
Issues |include structural failure of runner, .spiral case and penstock, unacceptable noise
phenomena and possible fatigue.

The R$Il phenomenon is of most concern in high head Francis and pump turbines. I these
types aof turbines, the distance from“the guide vane exit to the runner blade inlet is foughly
constant over the guide vane height. As a result, the wake from the guide vane will reach the
complgte edge of the runner at'approximately the same time. In low head turbines, the djstance
between guide vane and runnér blade is larger and varies over the guide vane height. This
means |that the wake from.one system will benefit from dissipation and reach the other pystem
at diffgrent times and_different tangential position at different elevations and the priessure
variatign will be smoothéed out.

It can Be notedrthat, since the hydroacoustic and mechanical eigenfrequencies are not firectly
scalable between model and prototype, the consequences of RSI phenomena cannot be firectly
of the
sed to
oading.
Moreover, measurements in the vaneless zone make it possible to determine the excitation
source amplitude for both hydromechanical and hydroacoustic resonance evaluation.

It is also noted that the amplitude of this fluctuation mode is not related to runner outlet rotating
speed ( p,, ) as for draft tube related phenomena, but rather to the runner inlet rotating speed

( Pro, ). Itis therefore recommended to plot this fluctuation amplitude divided by Prp, VS the

relative discharge for analysis of RSI phenomena.

4.4.6.2 Model test example

See Figure A.9, where the first diagram depicts the pressure fluctuation amplitude in the
vaneless zone. The example shows the RSI fluctuation most commonly measured in model
tests. It is measured in the static frame of reference and occurs for all discharges in various
degrees. It comes from the pressure difference over the runner blade as it passes in front of a
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pressure transducer located in the head cover. Therefore, the runner blade passing frequency
can be clearly identified in this fluctuation mode.

In the time domain of Figure A.9, we can note the typical "saw tooth" shape, meaning that the
pressure increase is faster than the pressure decrease. This shape may also explain the
overtones we can see in the frequency domain for ps(1) and ps(2). We also note that this

fluctuation is localized to the vaneless zone and we do not see these frequencies in the other
pressure transducers (except the 450 Hz overtone on pj3) in the frequency domain. This
indicates that there is no significant hydroacoustic or mechanical eigenfrequencies in the
system close to the blade passing frequency.

then characterised by the guide vane passing frequency and its overtones. In somescas
stay vane passing frequency may also be relevant, although this is not common.

Pressufe measurements in the rotating frame of reference are uncommon-towever, 5
instandes of mechanical stress measurements on runners have identified the guidg vane
passing frequency.

For thelguide vane passing frequency it is very important to ensurée that vibrations and dynamic
stressgs do not exceed acceptable limits. Often this can only be achieved by apoiding
hydroapoustic and mechanical resonance with the runner. Examples are known where funners
have fdiled a very short time after commissioning due to such’resonances.

5 Specifications of pressure fluctuation measurement and analysis

5.1 General
5.1.1 Overview

The purpose of Clause 5 is to detajlchow to measure and analyse pressure fluctuatign. It is
importgnt to note that IEC 60193,,IEC 60041 and IEC 60994, respectively deal with| model
testing| prototype testing and.(vibration and fluctuation measurements. Especiglly, in
IEC 60[193:2019, 7.2 is dedicated to fluctuating quantities and 7.2.2 to pressure fluctuafions.

For prgssure fluctuation-amplitude analysis, the general use of a 97 % confidence interval is
recommended to ensgre“mutually comparable results. The standard deviation may also be
accepted if relevantiparties agree.

Consequently, \Clause 5 will underline the important points to take from these standands and
complement-them.

5.1.2 “Purposeof-themeastrements

Generally, pressure fluctuation measurements are realized with the ultimate objective to have
a prototype operating in stable conditions, free of harmful vibrations and with dynamic stress
levels compatible with the expected useful life of the machine. Model testing is mainly done to
document the design status with the objective of predicting the prototype behaviour and its
stability by comparison with similar models.

According to IEC 60193, the main measurements that shall be carried out on the model are the
following:

— relative magnitude of the pressure fluctuations within a specified operating range;

— nature of the pressure fluctuations, periodic or stochastic;

— dominant frequency of the pressure fluctuations, if any;
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— effect of corrective methods such as air admission (effectiveness and suitable location);

— intensity of the pressure fluctuations of the model compared with other models of similar
specific speed.

Even though transposition of model test results is seen to have a good predictability for some
phenomena, it is likely to encounter differences on prototype. It is therefore a good practice to
measure these values on the prototype even if the prototype is operating with acceptable levels
of vibration or if the model was operating smoothly. This could help underline problematic
operating conditions which seemed normal at first.

In cases of a rough operating machine or wide operating range, for example with pressure
fluctuation values above the guaranteed values, a detailed analysis shall be done. Dynamic
measufements and pressure fluctuations measurements should be considered.

The prototype detailed analysis test covers the same type of measurements, except thgt there
is usuallly no comparisons with models other than the homologous one.

In casg¢s with bad accessibility, other dynamic measurement methods\Can be performed to
supply root cause analysis.

51.3 Procedures and parameters to record
5.1.3.1 Model test

On the| model, the test points should cover at least the.specified discharge operating range
under ¢onstant test specific hydraulic energy valuesrand at least the minimum Thoma npumber
for a given head or operating condition. The test head values often relate to prototype $pecific
maximyim and minimum operational heads and one or several rated operational heads in plants
with lafge variations of specific hydraulic enetgy. A sufficient number of guide vane ogenings
should| be explored, particularly at part _and full-discharge, to characterize in defail the
fluctuation phenomena that occur with changes in the operating conditions. Knowing that upper
part logd happens in a narrow range of guide vane opening, the number of test points ghall be
higher where this phenomenon is expected.

5.1.3.2 Prototype measurement

On the prototype, the overall view of the pressure fluctuations is obtained by recording a
sufficight number of test points between speed no load and full guide vane opening (at least
every § % of rated power). Another way to obtain the big picture is by ramping up or dqwn the
guide ane opening-sufficiently slowly (0,1 %/s on the servo-motor stroke) over the domain of
operatipn. The Jlatter is faster but known to give pressure fluctuation amplitudes different than
those ¢btaingd-by maintaining a constant guide vane opening. Moreover, depending|on the
chosen senvo=motor slope, the apparition of the phenomenon can switch in flow (lag) or not
happen atvall. Thereafter, an additional number of test points at a constant guide vane gpening
can be'performednearthetimits-ofthenermal-eperatingrange-orcontractual-tmits—and where
amplitude of pressure fluctuation changes rapidly with flow. For each test point, the guide vane
opening shall be constant to avoid flow or head variation due to load-frequency control. If
possible, the head should be modified by starting/stopping adjacent units to measure its impact
on important pressure fluctuation test points.

For standard checks of pressure fluctuations, in case of locally high vibrations, the unit shall be
operated in this critical zone. The phenomenon shall be caught when it clearly occurs. The
turbine should be measured in small steps of guide vane openings in and around this region,
also by varying the surrounding conditions. Surrounding conditions may be including operation
of other parallel machines, varying the tail water level and so on. Measurement transducer
location shall be taken, as far and as available on the prototype.

In a less complex version to check the guarantees in sensitive operating points of a strong
vibrating unit, the site measuring range should depend on the problem, the size and the
accessibility of the prototype.
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Besides the pressure fluctuation signals, the following parameters should be recorded at the

same ti

— the
— the
— the
— the
— the

me:

head/specific hydraulic energy;

rotational speed;

trigger signal (for phase angel calculation)

absolute discharge or relative discharge by Winter-Kennedy method;

unit power;

— the upstream water level and downstream water level, the latter being used to determine

the

Thoma number;

— the
— the
— the
— the
— the

5.1.4

The lo
mentio
propos

water temperature;

air discharge measurement for air admission;

guide vane opening and/or angle, servomotor stroke;
axial loads (optional);

shaft line radial displacement

Locations of pressure fluctuation test transducers

Cation of pressure transducers should consider the neéd to capture all phen
ned in Clause 4. Figure 15 shown below is based on |[EC 60193:2019, Figure 90
es a location for these transducers.

omena
which

Table 4

the phenomena listed in Table 1 they are intended to measure.

Pa..
//.//
7
</ P,
"/
Pg
IEC
Figure 15 — Suggested locations of pressure transducers
jons to
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Table 2 — Locations of pressure fluctuations transducers

Locations Locations description Mode in Table 1 Important content

P, Draft tube cone downstream 0,3~1,0 D2 from 1~5 Key
the runner exit

P, Draft tube cone upstream 0,3~1,0 D2 from the 1~5 Key
runner exit

P Spiral case 1,2,3,4.b Key

Py Draft tube cone 90° apart from p1 or p2, 1~5 Optional
preferably two locations, the same section with
p1 and p2

Ps Vaneless zone, preferably two locations, 6.a Key.
upstream and downstream at the same diameter

Pe Penstock 1,3,4.b Optiongl

P, Draft tube outlet 1~5 Optiongl

Pg Head cover 6.a Optiongl

Py Discharge ring 1,4, 64a Optiongl

For thg purposes of this document, the measurement of pg,p,, p3 and pg is neces

determ

jne the hydraulic excitation and is identified as keydocations in Table 2. These lo

also cover the main phenomena for which transpositionyis/foreseen.

Pyisi
phase

portant to confirm the rope rotation direction1t also adds precision to the amplity
easurement. However, the rope rotation.direction is predictable from the runner 1

directign. Also, p4 and p, are sufficient to compute the phase difference. Therefore, i
considgred as necessary.

Other |

wave propagation in the waterway (pg and p;) and around the runner (pg and pg). The

these |

IEC 60

pcations could help doingymore complex analysis such as resonance prediction.

the low| pressure side (0fjthe runner. There is a great margin between both values and pir

fluctua
compa
same r

A typic

ion measurtement could vary noticeably from one elevation to the other. In o
e adequately the model and prototype values, it is important to have the sensor
blative Jevel, for example both at 0,3 times the runner diameter.

sary to
cations

de and

otation
[ is not

pcations can be considered as-optional. They can be used to add data and stlidy the

refore,

193 suggests that-p;*and p, are placed 0,3 diameter length to 1,0 diameter length from

essure
rder to
5 at the

bl docation for pg is at mid-distance between the diameter of the guide vane outlelt at full

openin

5.1.5

9 dlll.lI “IU Uutb‘l FUTIrel Ulidlllb'ib'l dt iiIU CIOWTI.

Data acquisition for pressure fluctuation measurements

The fact that pressure fluctuation is a dynamic phenomenon brings additional complexity in term
of data acquisition requirements. The system shall take into account the range of frequency
that shall be measured and should prevent potential noise to distort the signal. The range
measured frequency should allow cover of all the phenomena mentioned in Table 1.

Most of the information about signal conditioning, analog to digital conversion, sampling rate,
duration of signal record, frequency resolution and phase information is important and
discussed thoroughly in IEC 60193:2019, 7.2.1.2. The principles mentioned in this document
apply to both model and prototype.
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It is recommended to use a system that allows having synchronous measurement in all channels
or show a negligible delay (less than +10° for the phase) between channels with respect to the
phase difference at the frequency of interest. An example of such a system can be found in
IEC 60193.

The maximum permissible error of the measuring chain shall be smaller than +5 % of the
maximum measured value.

5.1.6 Transducers and calibration

As for the data acquisition system, pressure transducers and calibration methods shall be
chosen_considering the dynamic nature of pressure fluctuations. Frequency response and
sensitiyity are amongst the most important parameters to look at. Pressure transducert: type,
calibrafion and installation are discussed in IEC 60193:2019, 7.2.2.3 and 7.2.2.4. The|principles
mentioped in this document apply to both model and prototype.

An impprtant parameter to consider in the installation is the need to have amounting afllowing
the serjsor membrane to be flush with the hydraulic profile. Any chamber.-created betwgen the
sensor|and the point of measurement can trigger resonances phenomena that will pollute the
signal.| This requirement can sometimes be hard to meet, especially on the prdtotype.
Subclapse 5.3 gives some information and references about thesé cases.

Typical parameters about pressure fluctuation transducers are*shown in Annex B.

In addition, three typical calibration methods for dynamic pressure transducers are shown in
Annex [C.

5.2 Pressure fluctuation on a model turbine€
5.2.1 General

As preyiously mentioned, IEC 60193 adequately covers model pressure fluctuation testing. Any
test shpuld comply with IEC 60193:2019 and more specifically with 5.1 and 7.2.2.

Requirgments such as those mentioned in IEC 60193:2019, 5.1, and the operating rapges to
be testpd are treated adequately in IEC 60193.

Figure [16 shown beloWw is based on IEC 60193:2019, Figure 92, and provides a good ekample
on how to explore the operating range of a machine.

Eo A
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Figure 16 — Turbine hill-chart with exploration paths
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5.2.2 Homology and limitations

Pressure fluctuation scalability depends on homology between model and prototype. Therefore,
model sensor location should be installed based on the position of the prototype sensor,
accounting for the model-to-prototype scale factor. At the minimum, the homology requirement
should comply with IEC 60193 requirements. However, as stated in 7.2.2.1.2 of IEC 60193:2019,
and Clause 6 and Clause 7, numerous factors affect similitude between model and prototype
that can influence results transposition.

5.2.3 Detailed procedures
5.2.3.1 General

IEC 60/193:2019, 7.2.2.5, is dedicated to test procedures that are specific for\pfessure
fluctuation model testing.

5.2.3.2 Test specific hydraulic energy

of instrumentation; the importance of Froude similitude shall also be_ considered. Somegimes it
can idgntify the possible resonance between the model and the testrig by changing the test
specifi¢ hydraulic energy. For this topic, the recommendations_of JEC 60193:2019, 7.2.2.5.1,
can belfollowed.

Selectipn of the test specific hydraulic energy shall depend on the test conditions and th[r limits

5.2.3.3 The influence of Thoma number on pressure fluctuation

Concerning the reference level to be used, IEC 60193:2019, 7.2.2.5.2, gives some suggegstions:

"The reference level used for defining the Thomaaumber can influence the pressure fludtuation
measufements if the Froude similitude is not fulfilled. In case the Froude similitude cal}mot be
fulfilled, this reference level shall be agreed-upon (see 5.3.5.2). For vertical units, the reference
level can be at or below the low pressuréside of the runner/impeller depending on thel extent
of the gavitation vortex rope in the draft tube.”

For a pormal case, the reference’ level to use for pressure fluctuation testing shall [be the
referenice level as defined in Figure 2.

If draft|tube cavitation ¢ompliance is studied to determine whether prototype resonan¢e may
occur, the pressure fluctuation should be measured in a range of Thoma numbers thaff allows
similitude of the loecakThoma number in the draft tube at the elevation of the largest cayitation
development.

A pressure fluctuation test with variation of the Thoma number should be performed|on the
model {o‘cover for all possible power plant tailwater level range.

5.2.3.4 Air admission

Air admission can be tested on the model to verify its effectiveness to reduce pressure
fluctuations as well as provide qualitative insight into how the air flow impacts hydraulic
efficiency. Such tests give only an approximate estimation of the air admission effect to be
expected on the prototype, because the required similitude rules cannot be all respected.
Nevertheless, some basic rules are given in 5.2.3.4 to perform such tests. Air admission tests
are also useful to verify where atmospheric air admission is possible on the prototype (when
such system is planned to be used on the prototype) and to estimate roughly the maximum
possible air admission.

In addition to the typical parameters measured during pressure fluctuations tests, an air
admission test requires the following measurements, all made at the same location in the
aeration circuit.
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1) Airflow rate: This can be measured using an anemometer, a Pitot-tube or a mass flow
The preferred method is the mass flowmeter.

meter.

2) Air temperature: It should be measured as close as possible to the air admission location.

3) Air static pressure: it should be measured as close as possible to the air admission location.
This measurement will be used to estimate the static pressure at the air injection location.
To ensure an easy estimation of the static pressure at the air injection location, air velocity
between the pressure measurement location and the injection location should be limited to
a sufficiently low Mach number (typically lower than 0,4) in order to facilitate estimation of
friction losses and avoid choking of the air flow. Loss characteristic of the piping between

the pressure measurement location and the air injection location should be measured
the test when the model runner is open to the atmosphere.

before

When testing air admission on pressure fluctuation, the effect of a different air flow rateg
operating point of interest shall be tested. A sufficiently large air flow range, including
shall b¢ tested, as air flow transposition from model to prototype is not precise.

On the|model, testing air admission of pressure fluctuations is usually donewsing comp
air or atmospheric air. By doing so, in Thoma similitude, air will generallycenter in the m
every ¢perating point. This is generally not the case for atmosphefic) air admission
prototype. To have the same limit of occurrence of the aerated.vortex core on modg
prototype, it is very important to determine the pressure at the air\injection as it is suffi
estimale where there will be atmospheric air admission on the\prototype. And a low p
air admission reservoir is needed on the model but this approach is usually not nec
Using g low pressure reservoir also limits the air flow rangé/that can be tested at the labg

During [the test of air admission on pressure fluctuatiens, Thoma and Froude similitude
most impportant parameters. Reynolds and Weber similitude are neglected, though they
effect. |As it is also often not possible to respect Froude similitude, Thoma number
defined at the air injection elevation or at an ‘average elevation of the aerated vol
simplified schematic of a device that allows.air to be passed under the runner cone of a
turbinelis illustrated in Figure 17.
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NOTE:

O,1 refers to the air pressure at the entrance of the aeration conduit
0,2 refers to controlling valve for air admission

0,3 refers to the air pressure after the valve

O,4 refers to the air pressure under the runner

Figure 17 — Schematic of the axial aeration device
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During model testing, the impact of air flow rate, or air/water ratio, on pressure fluctuation can
be documented. General aeration transposition can then be approximated from the following

relationship:
r+l

% (5"

P\ En

where
@ is the air/water ratio;

y is an exponent that is used to account for the complex relationship between air absorption
and relative velocity of the gaseous and liquid phases. Experiments show this yalue [ranges

from 1 to 3.

5.3 pecial requirements and information for a prototype turbine

5.3.1 General

Generglly, model pressure fluctuation measurements are performed for guarantee chec
transpgsition of pressure fluctuations from model to prototype shall be analysed with
order t

For thi
model
It can glso be taken as a method to assess prototype pressure fluctuation.

5.3.2
Field tgsting is particularity described in IEC 60041 and IEC 60994.

In IEC

In IEC
of measurement specific to prototypes; Clause 9 addresses data acquisition and prog
issues;|and Appendix D suggests a way to estimate the critical frequency of a connectin

5.3.3

Other fhan what\s listed in 5.3.2, the most important aspect of prototype measurer
pressufe transducer connection. ldeally, pressure transducer would be flush with the
internal surface since piping length and rigidity affect fluctuation measurement. Figure 18

b compute comparable values.

5 document, the aim of prototype pressure fluctuation measurements is to ve
est results, determine operating zone limits and/verify pressure fluctuation guar

Source of information

60994:1991, 5.1.1 describes the specific test procedure; Clause 6 deals with m

Important aspects

50041:1991, 11.4.6.4 provides'information about the pressure transducers in sitg.

s. The
rigor in

rify the
Antees.

ethods
essing
g pipe.

nent is
wetted

shows

two examples for draft tube and vaneless zone. If it is not possible on site, it is imperative to
minimiIeﬁngﬂrcHWm*mWﬂmmWMmﬁmawhﬁnTtubing

rigidity.
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Figure 18 — Schematic arrangement for pressure fluctuation\transducers
Also, the position of sensors on the model and on the prototype shall be identical{ which
otherwlse would add a level of uncertainty. This is why préssure taps location shall be
considgred from the very beginning of the design stage and during construction.
If tubinlg is to be be used, theoretical estimate of the ré€sonance frequency can be calgulated

(IEC 60994:1991, Appendix D) and looked for on_ the spectrum. However, to compute a

statisti¢al value on the time signal, the distorted part.of the signal shall be removed using
pass fiJter (high frequencies, short tube length) or'by post-processing methods such
example presented in Annex D.

Pressufe taps averaged mechanically usifig a manifold shall be measured individually

a low-
as an

for the

test pufposes. This may be the case forpressure location p; (spiral case inlet). If thaf is the

case, specific resonance frequency of each individual tap can be distinguished
spectrym apart from the connecting-pipe length.

Air adnpission is a good way of mitigation. For good comparison between model and pro

on the

totype,

a tempprary way to blocktair admission, or even better control air flow, shall be considgered at

the degign stage.

Ideally|for pressdre measurement, each connecting tube shall be inclined toward tH
withouf bends,(so that air does not stay trapped. A flushing valve shall be installed to

e duct
ensure

there i$ no_air~or bubble in the connecting tubes. Automatic vents using a floating bjall add

damping _so.there shall be a valve to isolate them during the test. It is a good practice

to look

at the gpeetrum of a recording made during the opening of the flushing valve and shuttin

j it fast

to see which frequency shows up.

5.4 Analysis, presentation and interpretation of results
5.4.1 General

Analysis of pressure fluctuation results shall be carried both in the time and frequency d
IEC 60193:2019, 7.2.2.7, deals with pressure fluctuation analysis in this matter.

5.4.2 Time-domain analysis

omain.

As described in IEC 60193:2019, 7.2.2.7.1.2,the time-domain analysis is necessary due to a

certain amount of randomness in the pressure fluctuations. Therefore, it is useful to det
the total amount of fluctuation using a time-domain analysis.

ermine
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The results presented in this document were computed using the probability distribution method
based on a 97 % confidence interval as described in 3.3.10.11 and as illustrated in Figure 4.

Other analysis methods such as the standard deviation value can be used to characterize the
amount of pressure fluctuation.

5.4.3 Frequency-domain analysis

Frequency-domain analysis is useful to determine the ratio between noise and periodic
fluctuation. It allows the identification of dominant and important frequencies, and helps to
associate the measurement with the phenomena described in Table 1. It also allows the
identification of potential resonances. It is useful to compare the spectrum of the model and
prototype for the same relative discharge to ensure the measured relative frequencies _pre the
same.

Spectriim analysis using fast Fourier transform (FFT) is recommended. Typical FFT pargmeters,
such ap time window size and overlap weight, are discussed in IEC 60193352019, 7.2(1. The
quality |of the analysis will depend on the data sampling time.

5.4.4 Non-dimensional frequency and pressure
All medsured parameters mentioned in 5.1.3 can be useful in catfying on analysis necegsary to

achieve the goals of the measurements mentioned in 5.1.2,~in particular, the predigtion of
prototype behaviour from model data.

The following dimensionless parameters, which are defined in Clause 3, should be analysed as
proposgd in 7.3, 7.4 and 7.5 of this document tosrepresent adequately pressure flugtuation
amplitydes and frequency with respect to discharge or rotational speed:

Jov PnD QH,reI
These flimensionless parameters are useful for pressure fluctuation comparisons and sdale-up.

5.4.5 Presentation and interpretation of pressure fluctuations

IEC 60[193 covers in detail the presentation and interpretation of pressure fluctuation refsults.

However, some emphasis should be made on certain elements, such as the dimensjonless
parameters mentioned in 5.4.4.

Figure |19 shows a typical plot showing the pressure fluctuation coefficient versus felative
dischailge.
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Figure 19 — Typical plot showing pressure’fluctuation coefficient
versus relative discharge

Amongpt other things, these parameters are *useful for analysing pressure flugtuation
amplitudes in the context of:

— scaling;

— comparing operation at different heads;
— compare different machine.

Waterfall diagrams are useful when working in both the frequency and time domain. They can
be useful to help:

— visyalizing main frequencies;
- ideItifying resonance;

— identifying pressure fluctuation phenomena.

Also, aphalysing-.the pressure fluctuation signal in the time domain can be used to provid¢ a first

interpretation of results, which is useful for:
_ COVIWWWW

— identifying phase shifts;

— identifying dominant frequencies.

Typical examples of these analyses are included in Annex A.

6 Identification of potential resonances in test rig and prototype

6.1 General

Hydroacoustic or hydromechanical resonance may occur at both the reduced scale model and
on prototype scale. Hydroacoustic resonance may occur if a flow induced excitation frequency
matches one of the hydroacoustic system natural frequencies, while hydromechanical
resonance may occur when a flow induced excitation frequency matches a mechanical structure
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natural frequency. Moreover, at prototype scale, hydroelectrical resonance may occur if a flow
induced excitation frequency matches an electrical system natural frequency. At the prototype
scale, any of the aforementioned resonances may lead to extreme levels of pressure
fluctuations, mechanical vibration or power fluctuations which may prevent safe and reliable
operation and put the hydroelectric power plant at risk. At reduced model scale, possible
resonances are usually not harmful for the installation as the exposition duration to such
resonance remains short or can be avoided by operating parameter modification. However,
possible resonance may lead to large pressure fluctuations amplitudes raising the question of
its possible risk of occurrence at the prototype scale, while the direct transposition is normally
not possible. Therefore, it is important to be able to identify when such a resonance occurs at
reduced scale to discard the corresponding high pressure fluctuations amplitudes and avoid
any misinterpretation. At the prototype scale, itis important to find ways to predict and anticipate
possibi resonance,and pluviu'c ways—to idclltify it—whenmitoccurs—and—for—troubtes looting
purposes. It is important to mention that, as the test rig and prototype waterways and
mechanical structure are not homologous, a direct transposition of resonance phenomena is
not pogsible, and therefore they require appropriate tools and methodology to-analyse them
and prgdict them both in model and prototype.

In casg resonance occurs, the system response amplitudes are strongly affected by the system
characfteristics parameters and damping, and by the excitation source:frequency, amplityde and
pattern[ As far as hydroacoustic resonance is concerned, it could be illustrated considering an
elementary hydroacoustic oscillator; nevertheless, the following/conclusions apply to apy kind
of resdnance. The hydroacoustic system of Figure 20 comprisés a hydraulic resistgnce R,
inductgnce L and capacitance C, modelling respectively) hydraulic losses, inertja and
compliance effects. The harmonic response of this system.subject to pressure excitation|[source
H(t) evjdences high pressure amplitudes when the excitation frequency matches the system's
natural|frequency, while the pressure amplitude reduces when the relative damping increases.

Consequently, as far as resonance phenomena.dare concerned, to avoid high system regponse
amplitude, it is recommended to:

— avoid a match between the system natural frequency and excitation source frequéncy to
avoid resonance;

— redpice the amplitude of the exgitation source;

— increase the system damping:
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a) With undamped natural frequency wy b) With corresponding harmonic response

for different relative damping y

Figure 20 — Elementary hydroacoustic oscillator
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6.2 Identify resonance in test rig

If, due to the development of cavitation vortex rope in the draft tube, a resonance between the
model and the test rig is suspected, it is recommended to conduct the measurements under
different agreed test specific hydraulic energies, thus changing the hydraulic excitation
frequency. By varying the value of the test specific hydraulic energy, the Froude number value
also changes and modifies the pressure field in the draft tube. This influences the volume of
the cavitation vortex rope if the Thoma number value is kept constant. In that case, a decrease
or increase of the test specific hydraulic energy yields a decrease or increase of the Froude
number value and consequently an increase or decrease of the cavitation vortex rope volume,
respectively. The influence of the cavitation vortex rope volume on suspected resonance can
also be investigated by varying the value of the Thoma number, the test specific hydraulic

l bei l t tont
energyrvardeoehgKepteonstant

Modifying the test specific hydraulic energy requires a different model rotational speed apd thus
it modifies the excitation source frequency, while the modification of the cavitatioh conditions
modifigs the system hydroacoustic natural frequency. Both modifications result’in a mismatch
betwegn the excitation frequency and the system natural frequency with(the aim to bring the
system| out of resonance and demonstrate the origin of large pressure fluCtlation amplifudes.

6.3 ossible resonance and self-excited pressure fluctuation in prototype
6.3.1 General

All prepsure fluctuations phenomena which may develop’ within Francis turbines or|pump-
turbinep, which are described in Table 1, may lead to-pessible resonance. Typical respnance
that can be encountered at the prototype scale and ways to predict and analyse them are
described in 6.3.

The firgt step of identifying possible resonanceé.at prototype is to compare some prototype data
with refluced scale model data. If significant-differences are found on a specific operating range,
resonahce might be expected and requires-more detailed analysis. The second step conjsists in
using gxperimental methods and datacas well as numerical tools to provide a clear explanation
of the fesonance root cause. Once the root cause is identified, one may refer to sudgested
means |of mitigations provided in.Clause 8.

6.3.2 Draft tube vortexirelated resonances and self-excited pressure fluctuation in
prototype

At highl load operation;“the axisymmetric cavitating vortex rope may lead to hydraulic system
self-exgitation. Depending on the turbine relative location in the system, mechanical|torque
fluctuations maynalso arise and induce active power fluctuations. This phenomenon, which is
not of fpbrced«esponse resonance type, arises when the damping of one or more system jnatural
frequencies_becomes positive. Thus, the characteristic frequency of the pressure osci|lations
correspgonds to one of the hydroacoustic system's eigenfrequencies which are strongly gdffected
by the cavitation compliance developing in the drait tube.

The prediction of the system full load self-excitation remains challenging, and available
numerical models and experimental methods are mostly used for troubleshooting purposes. For
this purpose, identification of the key hydroacoustic cavitating draft tube parameters, such as
the vortex rope compliance and bulk viscosity using either CFD computation with cavitation
models or test rig experimental identification methods, are possible ways to address full load
stability assessment at the prototype scale. Moreover, coupling 1D hydroacoustic models with
3D unsteady CFD with cavitation models has made it possible to reproduce satisfactorily the
full load self-excitation phenomenon. However, such kind of simulation is rather complex and
requires significant computational effort. In cases where full load surge is found on both model
and prototype, the related operating conditions may differ and the frequencies are usually
different because of the different hydraulic waterways.
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At part load operation, hydroacoustic resonance between the synchronous part of the pressure
fluctuations induced by the cavitation vortex rope and the hydraulic system may occur at a
frequency corresponding to the vortex rope precession frequency of 0,2 times to 0,4 times the
runner rotation frequencies. At upper part load, excitation frequencies between 1 time to 5 times
the runner rotation frequencies can also be expected. In case of hydroacoustic resonance,
standing wave will develop in the entire waterways and will be characterised by a phase shift
between two pressure fluctuations recorded at two different locations. These two transducers
should be located either close to zero or to 180° depending the transducer location along the
waterway and the order of the mode excited by the standing wave. The pressure transducer
should not be located at a pressure node. In addition, it has to be remembered that the
hydroacoustic eigenfrequencies are affected by the number of units in operation which
represent different boundary conditions depending on whether they operate or not and by the
Un|t Th UlTla IIuIIIIUUI, IU tilc IIUt hcau‘ alld tali VthUI bUIIuI;t;UIIb. rVIiUICUVCI, tilU pUbbilUiC lcSU|tIng
mechanical torque fluctuations may also induce active power fluctuations if hydroglectric
resonapce with the generator and related electrical system takes place. Indeed, §ynchronous
generators are featuring a local mode of oscillation also known as "generator natural frequency"
comprised in the range of 0,7 Hz to 2 Hz. Then, considering part load excijtation freguency
between 0,2 times to 0,4 times the runner rotation frequencies, a wide range_of hydro upit may
potentiglly be subject to hydroelectric resonance (see Figure 21). Genefally, the active power
fluctuations are affected by the electrical configuration, the voltage-regulator and pjpssible
power $ystem stabiliser. In practice, the operation below 50 % of the unit nominal power |s often
prohibited.

The prgdiction of possible hydroacoustic resonance under partload operation can be addressed
by identifying the key hydroacoustic parameters either experimentally during model tesfing, or
by CFI) computation and then by computing the prototype hydroacoustic natural frequencies
and chgecking possible resonances in case of matchiwith the draft tube synchronous pfessure
fluctuations frequency. A forced response analysiscefithe hydroacoustic system would algo help
to assdss the influence of the excitation source location on the risk of resonance. Howeyer, the
predictlon of the corresponding pressure fluctuation amplitudes remain a challenging fask as
the exditation source amplitude and the system damping remains difficult to quantify properly.
Hydro€llectric resonance assessment weuld require forced response analysis includ|ng the
generator and electrical system modelling, in order to evaluate the resulting amplitude of active
power fluctuations. Annex E is an example about forced response analysis for Francis turbines
operatipng in part load conditions.

Electro-mechanical

Part load vortex rope pulsation ranges for:
modes range
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Source: Silva, 2016 [164]

Figure 21 — Part load vortex rope in the draft tube and its fluctuation frequency range
and corresponding risk of resonance with the generator local mode of

oscillation valid for both Fyjq = 50 Hz and F;4 = 60 Hz

At deep part load operation, the stochastic nature of the flow developing in the draft tube leads
to broad band excitation. Then possible inter-blade vortices can take place in the runner
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channels. The broad band excitation may lead to hydromechanical resonance with several
different mechanical structures while inter-blade vortices with frequency range typically
between 10 times to 30 times the runner rotations may lead to runner blades hydromechanical
resonances. FEM structural analysis accounting for water added mass effect as well as for
water compressibility enables to predict the structural eigenfrequencies of the turbine
components; however, possible resonance with broad excitation remains difficult to predict as
it depends on the excitation amplitudes and on the system damping. Nevertheless, these
methods can be very effective in case of troubleshooting. Inter-blade vortex resonance can be
addressed by identifying the excitation source amplitude and parameters either using CFD
computation or on-board pressure measurement on the runner blades, or computing the
structure's eigenfrequencies including the water effects.

6.3.3 Rotor-stator interaction (RSI) related resonance

Rotor-dtator interaction may lead to hydromechanical resonance between the RSI"pfressure
fluctuations generated in the vaneless zone with several different turbine meehanical |or civil
structufes on the stationary frame or the rotating frame. Hydroacoustic resonance with the spiral
case of with the penstock is also possible.

If the dpminant excitation frequencies can be easily predicted with analytical methods bgdsed on
the nurmmber of guide vanes and runner blades, the prediction of hydromechanical resonpance is
more challenging as it requires both the structural and excitation pattern and frequencies to
coincide with the same number of diametral nodes to 4ead to resonance congitions.
Nevertheless, FEM structural analysis accounting for ,water effect combined with CFD
compufation enables to fairly address pressure fluctuations amplitudes and structure|forced
responge.

The prediction of hydroacoustic resonance with“the spiral case also known as the| phase
resonance can be fairly addressed with hydreacbustic models. However, it requires p good
estimafion of the spiral case pressure wavepropagation speed which is usually lower than in
penstogks. Moreover, the possible resonapce with the penstock remains difficult to predict and
to quantify as it corresponds to very high order hydroacoustic mode due to the high RSI
excitatijon frequency range. Also, a miror difference in penstock wave speed significantly|affects
the reslilts. Nevertheless, it could be.an efficient tool for troubleshooting when some pargmeters
can be|calibrated with on-site measurements.

6.3.4 Resonance with fluctuation modes not treated in this document

Pump-furbines and high;head Francis turbines operated at speed no load may be subjected to
hydromechanical instabilities that result from the interaction of the waterways hydraulid inertia
and thp unit rotating inertia which are linked through the hydraulic machine torqyie and
dischange S-shape characteristic. A negative slope of the torque characteristic at rgnaway
conditipn (zerotorque) leads to stable conditions while a positive torque slope leads to upstable
behavipur of-the unit characterised by a period of oscillation of the rotational speed and head
typically ranging from 10 s to 20 s. Such system self-excitation may lead to difficulties|for the
unit synchronization with the power network. Under given circumstances, the pump-turbine may
act as energy source and excite also some waterways natural frequencies. The system stability
can fairly be addressed with 1D model including the waterways, the hydraulic machine four-
quadrant characteristic and the unit rotating inertia.

During the speed no load operation, stochastic flow may develop in the vaneless zone and
propagate in the stationary and rotating frame and may lead to possible resonance with turbine
mechanical structures. Rotating stall may also take place in the pump-turbine at speed no load
or pump at part load operation. The corresponding pressure fluctuation frequency is usually
below the runner rotational speed and may lead to hydroacoustic resonance with the manifold
and waterways, especially during emergency shutdown in both turbine and pump operation
modes. These problematics can be addressed by combined CFD and FEM with water influence
analysis, but it requires significant computational resources as the prediction of exact flow
patterns in the S-shape regions remains challenging. Combined 1D and 3D CFD computations
enable to address resonance with waterways.
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Hydromechanical resonance between von Karman vortices developing at the trailing edge of
stay vanes, guide vanes or runner blades and the corresponding mechanical structure may
occur. FEM computation of the concerned mechanical structure taking into account water effect
enables to predict fairly the structural natural frequencies, while excitation frequencies can be
estimated in a first approximation based on a Strouhal number and an effective trailing edge
thickness (geometric trailing edge thickness corrected with the displacement thickness of the
boundary layer). If such resonance is suspected, CFD enables to compute von Karman vortices
frequency more accurately according to the specific geometry and enable to evaluate dynamic
amplification factors. A 2D CFD approach is usually sufficient to compare different profile
excitation characteristics. Usually, the modification of the trailing edge shape enables to reduce
significantly excitation source amplitude and solve resonance problems. Efficient trailing edge
modifications such as Donaldson or symmetrical 30° profile have been applied successfully.

7 Transposition method and procedure

71 General

Prototylpe pressure fluctuation values may be calculated by converting~tHe model tept data
accord|ng to the general similarity laws and comparable installation conditions of sensors$ within
the hydraulic flow passage. The appropriate conversion procedures are described in 7.2 to 7.5.

7.2 Parameters influencing transposition
7.21 Model test head

For the reduced scale model test, it mainly ensures<hydrodynamic similarity and kinematic
similarity between model and homologous prototype besides geometry similarity. For other
similitude numbers, it is hard to satisfy simultaneously. Apart from the runner diametef, there
is a significant difference between the model.turbine test head and prototype operating head,
which rlepresents a difference in Reynolds number, Froude number and Weber number.

Investigations of pressure fluctuations were made in high, medium and low specific| speed
Francid turbines. The investigations, cevered six typical operation conditions, including oyerload,
full loafl, best operation range, partload, deep part load and no load condition. It wag found
that the test head had little influence on the Francis turbine draft tube and vanelesjs zone
pressufe fluctuation (modes 1 t6 6) when the Thoma number was kept constant.

7.2.2 Thoma number

The THoma numbérican have a substantial influence on pressure fluctuation amplitude and
even the pressute fluctuation frequency spectrum. In the prototype, the Thoma number may
vary in different operating conditions. It is recommended that pressure flugtuation
measufeménis in model tests are performed at representative Thoma number for| actual
operatipqy

There is currently no perfect agreement on which the Thoma number best serves the purpose
of transposition from model to prototype. Two competing claims are:

— Thoma reference elevation taken at guide vane centreline;

— Thoma reference elevation taken in the middle of the draft tube cone. This elevation
approximately corresponds to the centre of the draft tube vortex.

It is recommended that the involved parties agree on which reference elevation to use for each
particular model test.

An example of the influence of Thoma number on pressure fluctuation is shown in Annex F.
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7.2.3 Froude number

The Froude number affects the distribution of cavitation in the flow as it determines the pressure
gradient relatively to the size of the machine (see 5.2.3.2). The Froude number is usually
smaller on the prototype than in the model. Due to the difference of Froude numbers, the vortex
rope on the scale model is more narrow and longer than on the prototype. Figure 22 a) and
Figure 22 b) are examples of the influence of the Froude number on the pressure fluctuation on
a spiral case and upstream cone of model turbine, respectively, for a given Thoma number.

Bo I J‘“\.\ Poo JLM"“\

3 0,1
M ' Ocp/Opp ooy = 0833 fin ]

Nep/Mep opt = 1 IEC

a) At the spiral case b) At the upstream cone

Figure 22 — Waterfall diagram of the pressure fluctuations as function
of the frequency and Froude number for a given Thoma number

7.3 Relevant quantities for transposition
7.3.1 Fluctuation frequency

The frequency is transposed by the frequency coefficient:

fn,P = fn,M

7.3.2 Fluctuation amplitude

The pressure fluctuation amplitude in the draft tube, vaneless zone and spiral gase is
transpqsed as:

(ﬁnD )P - (ﬁnD )M

For comparison of different designs regarding pressure fluctuation in the vaneless zone, it is
more appropriate to use D, instead of D for normalization:

(ﬁnD1 )P =(13nD1 )M

7.4 Transposable types of fluctuations

The frequency of pressure fluctuations can normally be transposed from model to prototype
with good accuracy.
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In favourable conditions for the model tests and in case that no significant interaction with the
external system is present, pressure fluctuation amplitudes may be transposed from the model
to the prototype.

Due to interaction with external systems, the detailed analysis of prototype pressure fluctuation
amplitudes including risk of resonance would require a dynamic response analysis of the full-
size machine layout, including water conduits, manifold, gate chambers, tailrace tunnels, etc.
Due to the complexity of the prototype plant configuration, it is in practice very difficult to make
such analysis on a comprehensive numerical model including all relevant system components.
A proposed methodology for risk assessment is given in Annex E.

Pressu&wmwwmmmwas" draft
tube priessure fluctuations attached to the vortex rope precession, do not interact with\fhe rest

of the hydraulic or electromechanical system, and thus may be transposed relatively well by
just applying the appropriate scale factors. Other examples are pressure fluctuations|due to
interacfion of runner/impeller blades and guide vanes.

Other ¢omponents, such as the "synchronous" part of draft tube pressure‘fluctuation, |always
interac] with the rest of the system and cannot normally be directly transposed. Items concerned
are, fof instance, the fluctuations of turbine intake pressure, discharge, and shaft totque. A
method about synchronous pressure fluctuation transposition is shown as Annex G.

7.5 I?tatistical analysis of model and prototype transpaosition accuracy
In ordef to quantify the accuracy that may be expected-fer'transposition of pressure flugtuation

amplityde, a statistical analysis of model and prototypetest results on several power plapts has
been dpne. Table 3 to Table 5 show the statistical accuracy of the transposition.

Tdble 3 — Accuracy for transposition of fluctuation amplitude in draft tube cone

QH Average value of Standard deviation of 2 x standard deviation of
o AOPU" ADip gz, ADo s ADp gz,
0,p5~0,60 0,07 0,14 0,28
0,60~0,95 0501 0,09 0,17
0,p5~1,15 0,01 0,05 0,10
1,115~1,40 0,00 0,12 0,23

Table 4 ~Accuracy for transposition of fluctuation amplitude in vaneless zone

[ON Average value of Standard deviation of 2 x standard deviation of
Flow
QoptH o ~ ~
ADop gre, Ao 73 Apop gre,
0,25~0,60 -0,10 0,11 0,21
0,60~0,95 -0,09 0,13 0,25
0,95~1,40 -0,09 0,06 0,11
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Table 5 — Accuracy for transposition of fluctuation amplitude in spiral case

QH Average value of Standard deviation of 2 x standard deviation of
Flow éoptH AN A" A”
Prib 97% Dp97% Prib 97%
0,25~0,60 0,05 0,11 0,22
0,60~0,95 -0,03 0,08 0,16
0,95~1,15 -0,04 0,05 0,10
1,15~1,40 -0,06 0,06 0,11

The stzlztistical definition of accuracy is that 95 % of observed prototype pressure flug
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There is no single mitigation that addresses all types of draft tube pressure fluctuations.

des are expected to fall within the measured value of corresponding model/pr
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details of the statistical analysis can be found in Annex H.
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Draft tube vortex phenomena
General

aracteristics of the vortex rope give rise to préssure fluctuations within the drg
Depending on the nature of the vortex rope,.the resulting fluctuations can be sto
c. Periodic motion of the vortex rope gives rise to forced pressure oscillations wif

swings, vertical displacement of the\runner and shaft, as well as disturbanc
te back through the penstock. The’well-defined motion of the vortex rope can r
ency that matches the natural frequency of the hydraulic system, thereby leadi
hce condition that amplifies the-existing pressure fluctuations.

| mitigation techniques™c¢an be used to reduce draft tube pressure fluctuati
cing the vortex rope size and/or frequency. A brief description of the most ¢
ons for draft tube pressure fluctuations are provided in 8.1.2 to 8.1.5.

Draft tube fins

be fins can be used to reduce pressure fluctuations by reducing the swirl in thg
of draft tube during off-design operation. The main effect of draft tube fins on th
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synchronous fluctuation. Fins of this nature are typically comprised of narrow extensions that
are oriented vertically on the inside wall of the draft tube cone. Figure 23 provides an example
of typical fin placement in the draft tube cone and the influence on draft tube pressure
fluctuations.
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Figure 23 — Example of fins in the draft tube and influence on-the
pressure fluctuations

Hition of draft tube fins influences turbine efficiency by impacting-the flow charact
tion losses within the draft tube. In general, the use of draft'tube fins decreases
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Draft tube with a.central column

be surges canlalso be reduced by means of other types of draft tube inserts. PI

bn. Figure.24 illustrates the central column concept.
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Figure 24 — Example of the draft tube with centrahcolumn extension

This dgsign was probably inspired by the much older Maedy cone. The central column aJso has
some gffect on the pressure source. There is a considerable lateral force of the vortgx rope
acting ¢on the central tube; therefore, sufficient radial\support is essential. Stress concen{rations
at locations where radial struts join the draft tubé<wall and central tube are possible problem
areas tp be considered.

A varidtion of the central column conceptsinvolves extending the runner cone into the upper
portion|of the draft tube. Examples of runner cone modifications are shown in Figure 25.

IEC

Figure 25 — Typical runner cone extensions used for reducing
draft tube pressure fluctuations

8.1.4 —Air admission

Air admission or air injection downstream of a Francis or pump-turbine operating as a turbine
can be an effective way to mitigate a variety of draft tube pressure fluctuations. The presence
of the air can help to damp the asynchronous component of the pressure fluctuation. Air can
also influence the acoustic characteristics of the component, thereby altering the draft tube
natural frequency. For this reason, air can be used to reduce pressure fluctuations related to
resonance.

In practice, there are two primary methods of air admission used for draft tube pressure
fluctuations. These methods are often referred to as central aeration and peripheral aeration
and correspond to where the air is being introduced into the water passage. Each method has
a unique piping system that transports air from outside the turbine to the air injection location
located within the water passage. lllustrations of common central and peripheral aeration
configurations are provided below in Figure 26.
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Figure 26 — Central and peripheral air admission locations for draft'tube pressure
fluctuations on a radial flow turbine
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Natura| air admission sometimes removes flow instability by ‘manipulating the hydraulic
transm|ssion behaviour — in particular by lowering the draft tube.natural frequency. Thig effect
can algo be counterproductive in certain cases because a, reésonance of the synchronous draft
tube flyctuation may be produced by air injection in a pump{urbine or Francis turbine with rather
high sybmergence.

Dependling on turbine characteristics, it is often ne¢éessary to add inserts into the draft tupe, like
tripods|or pipes protruding from the draft tube wall. lllustrations of a tripod or central aerating
pipe arg provided in Figure 27.

IEC

a) With a tripod b) With a perforated pipe

Figure 27 — Central air admission

8.1.5 AVR or PSS parameter tuning

An average voltage regulator (AVR) and possible power system stabilizers (PSS) acting on the
excitation system of the generator rotor have a significant influence on the generator local mode
of oscillation also known as the "generator natural frequency". Therefore, if significant active
power fluctuations arise in case of hydroelectric resonance between a draft tube induced
pressure fluctuations and the electrical system, it is possible to adjust specifically the
parameters of the AVR and PSS devices in order to modify the generator local mode of
oscillation to reduce the amplitudes of active power fluctuations. Such parameter tuning will
however have no impact on the hydraulic system pressure fluctuations.
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8.2

Runner inter-blade vortex

To some extent, the limits of occurrence can be pushed back by adequate layout of the runner
blade profile. If the range of operating heads in a Francis turbine is extreme, the occurrence of

inter-b

lade vortex at partial load and high head may become unavoidable.

As an example, in a large plant, the maximum head is 2,6 times higher than the minimum head.
At very high head — about 125 % of best efficiency head —, the operation becomes very rough
and extremely noisy. In such a case, air injection upstream of the runner is often highly effective
in vibration and noise abatement.

8.3

The combination of blade numbers Zg and guide vane numbers Zg shall be selected) ca

Depen

Blade interaction

ding on this combination, different mode shapes of vibration will occur. Inadequat

refully.
e blade

numbef selection can lead to unwelcome fluctuation, vibration, and noise. In.S§ome cases, the

consequences may go as far as to necessitate replacement of the runner hy.@nother o
different blade numbers Zg.

If excitation levels are high, it is advisable to avoid resonance between the possible m

pressu
runner
of the
dynam

betwegn the guide vane and runner blade exterior edge has an important influence
disturbpnces created by RSI. This explains the particular importance of RSI in pump t
and high-head Francis turbines. In nonregulated¢machines — storage pumps and mu

e excitation due to blade row interaction and the corresponding vibration modes
| The consequences of resonance are most severe if the inteéraction occurs atalo
runner harmonic k. However, the ultimate criteria for,*acceptability are vibrati
c stress levels rather than the presence or absencé’of resonance. The radial cle

ne with

bdes of
of the
W order
bn and
arance
on the
irbines
tistage

pump thrbines —, it may be possible to increase the'radial gap between the runner and diffuser.

Some

lean arjgle. The impact of the runner pressure pulse with the stator is then distributed

longer

magnitide of the disturbance averaged across the height of the flow channel is reduced.

8.4

In the
are th
mecha

fleduction of the intensity of interaction may be obtained by increasing the runne

time interval as the rotor-stator, blades are not exactly aligned. At the same tir

Operation restriction

vorst case, the opérating range shall be restricted. Pressure fluctuation measur
¢n coupled with\.other parameters which have fluctuation limits beyond wh
nical integrity,of-the machine and the electrical stability of the grid are impacted.

I blade
over a
he, the

bments
ch the
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Annex A
(informative)

Example of pressure fluctuation records

Annex A shows some typical records of pressure fluctuations. Figure A.1 to Figure A.9 include
three diagrams as follows.

a) A diagram showing the pressure fluctuation coefficient, p,p, as a function of relative flow,
On ret- I this diagram, the point in question is circled. This diagram gives a quick overview
of where in the operating zone we are and what type of fluctuation mode can be expected.

b) A diagram in the frequency domain showing the p,p as a function of fluctuation frequency.

Thip diagram is obtained by performing a fast Fourier transform (FFT) on the.timé gignals.
This diagram contains data for the relevant pressure transducer locations in a waterfall
format. The f/n relationship for the dominant frequency is also noted.

NOTE For measuring points P5(1) and P5(2): the pressure fluctuation coefficient is based on the rurner inlet

dianmeter (D) instead if the runner nominal diameter (D). This pressure fluctuation coefficient is called ﬁnm.

c) A djagram in the time domain of the same signals as those under the frequency domain.
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Higure A.1 — Example 1: a case corresponding to‘mode 1 (a limited high load
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Figure A.2 — Example 2: a case corresponding\to mode 1 (a large overload)
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Figure A.3 — Example 3: a case corresponding to mode 2



https://iecnorm.com/api/?name=670a996c2127142f5568c885a1aa56e4

IEC TS 62882:2020 © IEC 2020 -71-
2
0,7
0,6
T e
o5 \. [
e nfn* = 1,21
0.4 8 nlp* = 1,04
03 == n/n* = 1,07
’ == nin* = 0,94
0,2 e nln* = 1,27
—o— Dev test
0,1 —— (19
Q
0 0 20 40 60 80 1(')0 1'20 140 - qgl/'
QH,ref (%) % IEC
&V
&%
Q/C)
A\
Q O\
03 - \Q
z i ‘\\?}
02 ! ‘ﬂ“"‘!\@i
. | D
Sy
o1l | o A TN~ T
.................................... P51y
o A Y T o T
N
O Frequency [HZ] 400 500” P
Q.QQ IEC
O
3
NS



https://iecnorm.com/api/?name=670a996c2127142f5568c885a1aa56e4

-72 - IEC TS 62882:2020 © IEC 2020

Time [s]
IEC

NOTE [)in =0,3; fIn = 2,0.

Figure A.4 — Example 4 : a case corresponding to mode 3
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Figure A.5 — Example 5 : a case corresponding to mode 4.a and 4.b
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Figure A.6 — Example 6: a case corresponding to mode 4.a and 4.b
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Figure A.7 — Example 7: a case corresponding to mode 4.c
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Figure A.8 — Example 8: a case corresponding to mode 5.b
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Figure A.9 — Example 9: a case corresponding.to mode 6.a
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Annex B
(informative)

Typical pressure fluctuation transducers parameters for model test

It is recommended to adopt high resolution dynamic pressure transducers for measurement of

the mo

del turbine pressure fluctuation .

The typical parameters listed below correspond to a transducer typically used for different

model

high re
pressu
rising t
resona
low fre
non-lin

The frdquency range of the transducers should be such that thé eomplete frequency |

interes

When designing the signal path of transducers and amglifiers, it should reduce the im

circum

temperpture variation. Take care of shielding and grounding properly. Join and con
termingl should have reliable mechanical and electtical stability.

The pa

changgs with head and expected maximum,pressure):

pressu
resona

non-lin

locations:

solution: 1 % pE
€ measuring range: > 70 kPa
me: <5 us

ht frequency: > 200 kHz
juency response: <1Hz
barity: 2% FS

can be measured.

stance on the signals, such as being far away” from the power line, to av

rameters listed below correspond to.a transducer typically used for a prototype

€ measuring range: 70 mbar to 100 bar
hce frequency: > 2 kHz
earity, hysteresis and repeatability: <2%FS

and of

pact of
bid big
hecting

(range
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Annex C
(informative)

Pressure transducer dynamic calibration

C.1 Fast valve opening method

Figure C.1 is the schematic diagram of jump pressure standards with a quick open valve method.
Because of its large pressure range and long holding time of pressure platform, this method is
suitable for the sensitivity and low frequency characteristics of pressure transducers.

D —————

— Signal

conditioning
Standard pressure transducer p, Data acquisition
-— and Output deyice
II_D' analysis system
1
B

o | Lower pressure E_> Signal

[ Py —=

chamber conditioning TI

— Y

Fast open valve
\ Calibrated pressure transducers

Pys Por -oor Y

Pressullization .
system High pressure chamber Digital pressure gauge

Figure C.1 — Pressuré transducer dynamic calibration schematic diagram
with fast open valve method

IEC

C.2 [Rotating valve' method

Figure [C.2 presefnts an example of a facility to perform a dynamic calibration of a pfessure
transddycer with-the rotating valve method. The facility is a closed loop system which ifgcludes
a feedipg pump, a linking pipe to a test section instrumented with several pressure trandducers
flush mounted at the same elevation then connected to a rotating valve, a flow contrgl valve
and an—arvessetthatsuppty thefeedingpump—The Totatiomatspeedof theTotatmg—valve is
controlled in order to generate pressure fluctuations in the test section over a wide frequency
range, while a flow control valve enables to adjust the discharge of the test loop and thus the
amplitudes of the pressure fluctuations in the test section. The test section should include a
reference pressure transducer provided with supplier dynamic calibration. Simultaneous
acquisition of pressure time history from the test pressure transducers and reference pressure
transducer enables to compute the transfer function between the test and reference pressure
transducers for frequency response evaluation.
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ure C.2 — Pressure transducer dynamic caIiQ ion with rotating valve meth

N\
N
Electrical spark method (%)
)

te an impulse excitation in water,‘@ectrical spark plug can be used (see Figuf
Fe transducers and a spark plugs\shall be flush mounted on the wall on the flan
ssel fully filled with water. Tests performed with the discharge of a 1,55 uF ca
4,3 kV voltage supply in a\$ short time (Ar < 25 us) generate a discharge en|
broducing a rapid increas%m the water temperature. The explosive growth of a
produces a pressure v@y traveling towards the pressure transducers at the sf
The impulsive exgitation of test and reference pressure transducers over

IEC

od

e C.3).
ge of a
pacitor
ergy of
vapour
eed of
A wide

cy range enable compute the transfer function for frequency response evaluation.

IEC

Figure C.3 — Spark plug used as to generate an impulse excitation
in water for pressure transducer dynamic calibration
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Annex D
(informative)

Proposed remote pressure measurement fluctuation correction

General

Pressure transducers are, ideally, mounted flush with the wetted internal surface (local sensor).
It is not always possible to do this. If a sensor is mounted at the end of a connecting pipe
(remote sensor) |ts peak -to- peak value |s |anuenced by the first tublng natural frequency Tubes

are gepe

embed
either |
the rap
frequer
study fi

the loc
the spi

D.2

The gdg
measu
tap, flU
frequer

For a
dampin

(Psenso
where
L is
kf 19
Zi i

jed in concrete, and their Iength can be from 1 m to 30 m. The natural frequern
pbe evaluated knowing the tubing mechanical characteristics or measured_by 'fe
id closure of the drainage valve. From there, one can remove the distorted par
cy domain and compute the peak-to-peak value in the time domain. Annex D is
br the spiral case inlet pressure that is often measured remotely. In(Annex D, j

al case.

Correction method theory

al is to characterise the wave propagation in the\tube to remove the distort
ed at the tubing end (pressure sensor), to obtaifthe pressure at the other end (pt
sh with the wetted internal surface in thejpenstock). The analysis is made
cy domain.

homogenous tube, wave propagation is essentially characterised by the spe
g ratio. Pressure (Ptap) and speed (Vtap) at the pressure tap are linked to the p

) and speed (V, ) at the sensor by the following transfer function:
I sensor

Piap cos(ka) Z, sin(ka) (Psensorj

1 jsin(ka)/Zf cos(k L)

4
f sensor

Vtap

the tubing“ength between pressure the tap and sensor;

the conmiplex number characterizing wave propagation in the tube;

the fluid impedance.

sHameter,

cy can
cording
L in the
a case

Plocal 1S

bl pressure fluctuation in the spiral case, py to p, is the remote pressure fluctuation in

ed part
essure
in the

ed and
essure

D.1)

Since the tube is closed at the sensor end, Vgg,sor iS Zero. Pressure at the tap is therefore

related

to the pressure at the sensor by Formula (D.2).

Dtap = Cos(ka)psensor

The wave number k; is related to the speed propagation ¢; by Formula (D.3).

where

ks = ”f(1+j”f)

(D.2)

(D.3)
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f is the frequency;

c¢¢ is the wave speed propagation in the tube (4Lfy,);

fya s the tube resonance frequency (open-closed tube).

and

where

ne dec
f 27 fy4

dec is the decay constant;

q

4

ng

q

4

kg

The tul]
becaus

generates a damped sinusoidal wave form as given in Formula (D.5),

where

p(t) i

N

4

q

The idg
error is

D.3

Measu
tubing
standst

g the phase shift at 1 = 0.

the damping ratio;

determined by generating a water hammer with the drainage valve.

e frequency response is therefore measured. The water hammer signal'may be ¢
e the sensor can saturate, or it can simply characterize the tubg@-,The water h

—dec t

p(t) = Acos(27x f14t + @) e

the pressure as a function of time;

the initial amplitude of the envelope;

ntification of f;, and dec in the-resulting signal makes it possible to compute
made on the correction because kL does not depend on L.

Measuring and estimating tube frequency response

ing the tube freguency response can be made by recording the rapid closure
drainage valve/ Figure D.1 presents typical results of such records when the u
ill. Each drainage valve was opened and closed one after the other.

(D.4)

lipped,
ammer

(D.5)

kf. No

of the
nit is in
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Figure D.1 — Typical results obtained by shutting off drainage valve

Variables f;, and dec can be calculated-Using a curve fitting tool. In this particular example,
Table D.1 presents the results.

Table D 1= f;,and dec calculated for p, to p,

Locations i dec
(Hz) (1/s)
Py 26,12 2,869
P2 18,43 3,714
P3 18,68 4,051
Py 26,25 3.195

These frequencies are near the ones estimated knowing the tube mechanical characteristics.
The following verification ensures the obtained frequencies are not way off.

In Formula (D.3), ¢ depends on water temperature, pressure, air content, tube stiffness, etc.
For cylindrical tubing, which is almost always the case, ¢ is derived from Formula (D.6).

— =41
cg ¢ Ee (D6)
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where

¢ is the thermodynamic speed of sound in water;

P s the water density;

E  is the modulus of elasticity of the wall (Young’s modulus);

e is the wall thickness;

D

. is the connecting pipe internal diameter.

Formula (D.6) is a simplified one based on the following assumptions: axial strain (Poisson
effect) and wall mass inertia are neglected, and wall deformation does not involve hydro-elastic

interactiorrs:

For thi$ case study, Table D.2 shows tubing mechanical properties and computed\first jnatural
frequencies using Formulae (D.3) and (D.6).

Table D.2 — Estimated frequencies based on tubing mechanical-characteristi¢s

Variabje Unit Definition P1, P4 P2, Ps3 Sourge
e m-s~! | Thermodynamic sound in water. 1428 1428 Belogol’skiilat 5 °C
and 1450 kPa
P kg-m=3 | Water density. 1000 1 000
E GPa Young’s modulus of wall. 200 200
Di m Internal diameter of pipe. 0,0118 11 | 0,0118 11 | 5/8” outer diameter
e m Wall thickness. 0,002 032 | 0,002 032 | Cedule 80
L m Length of tubing connecting theisensor to 15,25 20,94 Estimated bpsed
the penstock. on drawingg
cs m-s! Velocity of wave propagation in the 1387,5 1387,5
connecting piping.
cs 1 41 Hz 1°! tubing natural\frequency (calculation). 22,8 16,6
cs 141 Hz 1°! tubing natural frequency (test). 23,4 171

Natura| frequencysis,'estimated to be 22,8 Hz for short length tubes (p4, p, = 15,25 m) and
16,6 Hz for longef.ones (p,, p3 = 20,94 m).

NOTE $ince D, is small, these estimated frequencies are only 3 % smaller than those calculated |with the
thermodynamiic speed of sound in water.

D.4 Pressure fluctuation correction

Figure D.2 shows the time signal and the frequency content of pressure signals p; to p,
measured remotely along with p,,.5 measured flush with the penstock. We notice clearly the
pressure amplification at around 26 Hz for p, and p, and around 18 Hz for p, and p3. This
behaviour is not seen with local pressure tap p,,.5- Table D.3 presents the peak-to-peak in the
97 % confidence interval of all signals along with the error with respect to p; .-
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Table D.3 — Peak-to-peak value on the raw signals

IEC

d (D.4)

Locations Ap Error
(kPa) (%)
pIc)(:al 292
Py 334,9 14,7
P2 342,2 15,0
P3 339,2 13,8
Py 326,3 10,1
260 T T T T T 100 T T T T T
— p1 (kPa — Moduleyp1 (kPa
— p2 (kPa — Module” p2 (kPa
Ji%ﬁﬁ: — Moddie B3 ke
— plocal (kPa) 90 - — muve' plocal (kPa)
200 1 1
80 2
160 1
70+ <,
)
1po | 13 ]
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©
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I f\
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Hz
Figure D.2-= Signal and spectrum of four remote sensors and one local sens:
Using thesestimated tubing length L, ¢; and n;were calculated using Formulae (D.3) an
(L can he anything since it cancels out in the Inrnr‘pce) and are shown in Table D 4

Table D.4 — Wave speed and damping ratio

Locations L “ "
(m) (1/s)
Py 15,25 1593,3 0,017 5
P2 20,94 1543,7 0,032 1
P3 20,94 1564,6 0,034 5
Py 15,25 1601,3 0,019 4
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The correction is done in the frequency domain as explained in Clause D.2. A sample of
MATLAB®3 is included here for information.

YEft=fftshift (fft(Y)); % Y is the pressure signal

[

n=numel (Y); % n is the number of array elements
T=dt*n; % dt is the sampling period

df=1/T;

if ~mod(n,?2);

f
else

f
end
kf=2*¢

= df*(-n/2:n/2-1); % n 1is even
= df*(-(n-1)/2:(n-1)/2); % n is odd

ixf/cfx (143i*nf): 2 equation 3

fP=co{
Ycorrs

Figure

amplifi
obtaine

ploca (kPa)

(kf£'*L) .*Yfft; % equation 2
ifft(ifftshift (£P), 'symmetric'); % corrected pressure signalk

D.3 shows the exact same time signal as Figure D.2, but with corrected signals. P

tation was removed successfully. Table D.5 present the peak-to-peakK 97 %

d on the corrected signals.

250 T T T T T T 100 T T T T T T
[——pTCorT (KPa ( ——VIodule: pICor (KPa
— p2corr (kPa \ — Module: p2corr (kPa
p3corr (kPa Module: p3corr (kPa
__ pdcorr @Pa / —Module: p4corr kPa§
— Piocal (kPa) 90 - N\ — Module: Piocal (kPa)
200 :
80t | AN -
150
70 | ]
100 o\
% 60 + -
[}
(8]
o
50 ¢ 1250 1
k)
3
3
ol {= 40 1
30 + 1
_50 .
20 I 1
-100 | \ ,I
10| | 1
I
Ry = VAN A .
10627035 04 05 06 07 08 09 0 5 10 15 20 25 30
s Hz

35

Figure D.3 — Signal and spectrum of four remote sensors (corrected)
and one local sensor

essure
values

IEC

3 MATLAB is the trademark of a product supplied by MathWorks. This information is given for the convenience of
users of this document and does not constitute an endorsement by IEC of the product named. Equivalent products
may be used if they can be shown to lead to the same results.
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Table D.5 — Peak-to-peak value on the corrected signals

Ap error
Locations
(kPa) (%)
pIocal 292,0

Py 291,8 -0,1

P2 292,0 0,0

P3 294,2 0,7

P4 292,1 0,0

D.5 [Limitations

This correction works on measuring tubes having the same material‘over its length. For
heterogeneous material (half steel, half plastic), more errors were neted after correction.

The tubing shall be outside the penstock; otherwise, the remaot€ pressure sensor senges the
pressufe in the penstock (at the tap) and the pressure fluctuations along all the tubing Iength.
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Annex E
(informative)

Forced response analysis for Francis turbines
operating in part load conditions

E.1 General

Francis turbines operating in part load conditions experience cavitating vortex rope in the draft
tube result|ng from the sW|rI|ng flow of the runner outlet This precessmg vortex rope induces

convec

compohent propagates through the entire hydraullc circuit and corresponds to the resp

the hyq
frequer
rotation

machine and the turbine itself acting as excitation source.

Two methodologies to assess the Francis turbine part load resonafice risk are prese
Annex E. One is a systematic methodology based on detailed modelling of the hydro
power plant and the other is a simplified approach based on the fiydfoacoustic propertie

hydrau

E.2 [Systematic methodology based on detailed’'modelling of hydroelectr

E.2.1

The tes

Aronous
bnse of

raulic system to a momentum excitation source located in the draft tube. elbow. The
cy of the vortex rope precession comprises between 0,2 times and 0,4 times the furbine

al speed. There is a risk of resonance between the hydraulic circuitfthé synch

ic system.

power plant

Description of the test case

t case features a Francis turbine, a;penstock and a draft tube (see Figure E.1).

ronous

nted in
lectric
5 of the

C

The hydraulic power plant is equipped with a Francis turbine of 5 MW under a maximum head

of 100 mWC. The main characteristics of the unit are given in Table E.1 and the perfo

mance

hill chart is described in Figure E.2. In this study case, the Francis turbine is operated at 60 %

of the nated operating condition.

The pepstock is charactérized by a length of 300 m, a wave speed of 1 250 m/s and a di
of 1,2 m. The friction factor A is equal to 0,012 for an equivalent roughness of 0,1 mm.

For resonance+iSK assessment purposes, the Francis turbine draft tube can be p|
modell¢d by a\pressure source excitation in series with two pipes [176]. The draft tube
| to 40,;m and the diameter is equal to 1,2 m. For this test case, the diameter of the
Hraft tube is assumed to be constant However to obtaln a more accurate moq

is equ
in the ¢

numerit

ameter

roperly
length
B pipes
el, the

raft tube

and the convectlve terms of the momentum equation [171] For a glven operatmg pomt the
wave speed a and the bulk viscosity 4’ depend on the cavitation volume of the vortex rope.
These parameters can be estimated with the methodology presented in Annex G. Usually, the
wave speed of the liquid-gas mixture drops to very low values with respect to the cavitation
rope volume [175]. In this study case, the response of the hydraulic system to a momentum
excitation source is analysed for wave speed values between 50 m/s and 100 m/s. The bulk
viscosity is assumed to be constant and equal to 20 000 Pa-s.


https://iecnorm.com/api/?name=670a996c2127142f5568c885a1aa56e4

- 94 — IEC TS 62882:2020 © IEC 2020

IEC

Figure E.1 — SIMSEN 4 model of the test case
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IEC

Figure E.2.='Performance hill chart of the Francis turbine for
different guide vane openings

Table E.1 — Francis turbine parameters

Rated power P [MW] 5
Rated discharge 0, [m®/s] 5
Rated net head #, [mWC] 100
Rated rotational speed N, [rpm] 750
Reference diameter D, [m] 0,846
Specific speed Nq [-] 53

E.2.2 Modelling of the hydraulic power plant

By assuming uniform pressure and velocity distributions in the cross section and neglecting the
convective terms, the one-dimensional momentum and continuity balances for an elementary

4 SIMSEN is the trademark of a product supplied by Power Vision Engineering. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of the product named.
Equivalent products may be used if they can be shown to lead to the same results.
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pipe filled with water of length dx, cross section 4 and wave speed a (see Figure E.3) yield to
the following set of hyperbolic partial differential equations [181]:

oh a0
ot gA Ox

where

[174,179]. The RLC parameters of this equivalent scheme are given by Formul

20| dx d 4.
R ‘ ‘ ' L= & ~_8 2dx
2.g-D-A g4 a

A is t:[e local loss coefficient;

D ist

The hy
corresf
introdu

e diameter of the elementary pipe.

ond respectively to energy losses, inertia* and storage. An additional dissip3
ced and represented in the electrical J<shaped circuit by a hydraulic resistanc

considér the internal processes breaking thesthermodynamic equilibrium between the ca

volume

where

,Ll"
Pw
A and g

g

and the surrounding liquid:

is the bulk Viscosity;
is the water density;

Ix are-the section and the length of the pipe element, respectively;
is_the gravity acceleration.

(E.1)

icheme
pads to
ivalent
h (E.2):

(E.2)

draulic resistance R, the hydraulic inductance L and the hydraulic capacitance C

tion is
<] Ru to
vitation

(E.3)

The modetofapipeoffengthr £ s Tmadeof = series of 7, etementsbasedomthe—equivalent
scheme of Figure E.3. The system of equations relative to this model is set-up using Kirchoff

laws [1

76],[180].
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Figure E.3 — Elementary hydraulic pipe of length dx and its‘equivalent circuif
This electrical analogy of the hydraulic model describes the dynamic behaviour as a firgt order
differential equation system in the matrix form:
A% o S
[A]E+[B(x)} x=V(x) (E.4)
where
[4] and [B(})J are the state global matricés of dimension [n x n];
% and V(@) are respectively the ‘state vector and the boundary conditions vector|with =
components.
The lingarization of the system ef equations is described by Formula (E.5), where linearigzed [B]
becomes [B,]:
[4]49% 4[B,]-6% =0 (E.5)
dt
The eigepvalues s, = o + j, of the system can be calculated from Formula (E.6):
-1
det{[1)5+[4] T ]) -0 (E.6)

By solving Formula (E.6), the eigenmodes shapes with related eigenfrequencies can be
predicted. The real part of the eigenfrequency corresponds to the damping « while the imaginary
part corresponds to the fluctuation of oscillation w. Finally, the damping ratio is defined by
Formula (E.7):

o

77:—

(E.7)
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Besides this modal analysis, the risk resonance assessment can be completed by a forced
response analysis. This method allows the identification of the contribution of each eigenmode
into the system response which depends on the system boundary conditions and the excitation
source location [172]. With the forced response method, Formula (E.4) becomes:

[A]il—f=[B(})J~}+[C]~U+V(x,U) (E.8)

where

U is the input vector with p components; [C] is the input matrix of dimension [nxp] .

Combirluing forced response analysis with eigenmodes computation, the system response to
hydraulic excitation induced by the cavitation vortex rope in the turbine draft.tube ran be
investigated.

E.2.3 Forced response analysis of the test case

The foliced response of the hydraulic system to a momentum excitation source located in the
draft tupe is illustrated for wave speeds between 50 m/s and 100 m/s (Figure E.4 to Figufe E.6),
while typical values can be derived from reduced cavitation compliance [173]. The resppnse to
the exditation is analysed at three different locations:

of the penstock;

ave speeds, the third eigenmode of thehydraulic power plant is present in the vortex
rope eXcitation range around 4,1 Hz (see Figure E.7 to Figure E.9). This eigenmode has pa small
interaction with the draft tube (see Figure E,10). For a wave speed between 50 m/s and 60 m/s,
a second, third eigenmode is present in the vortex rope excitation range with a higher intgraction
with the draft tube (see Figure E.11). For a wave speed equal to 100 m/s, the second eiggnmode
is idenfified in the vortex rope excitation range and has a strong interaction with the draft tube
(see Figure E.12).

1000 | 1000 T
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—*—PIPEZ1-HPC8 ~e-PIPEZ1-HPC8
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01

Magnitude [v.u]
Magnitude [v.u]

0,1 [ :: anv"' a

001 |t 001 ¥

0,001 ? 0,001

0,000 1 0,000 1 L I
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Rated frequency ]lfn [ Rated frequency flf’1 H
IEC

Figure E.4 — Forced response for a = 50 m/s (left) and « = 60 m/s (right)
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Figure E.5 — Forced response for a = 70 m/s (left) and « = 80 m/s (right)
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Figure E.6 — Forced response for a<='90 m/s (left) and « = 100 m/s (right)
a=50m/s a=60m/s
D o Eigenpulsation w Damping ratio n E'{(:D’equency f D. a Eigenpulsationw | D ration | Eigenfreqyency f
[rafl/s] [rad/s] [ ot [Hz] [rad/s] [rad/s] [-] [Hz]
-0,250 9 7,7720 -0,0322 1,236 9 -0,287 264 9,194 072 4 -0,0312 1,463 3
-2,030 3 13,162 3 50,1507 2,094 8 -1,957 107 2 13,331 3704 -0,1437 2,1218
-2,0238 23,038 5 0,087 2 3,666 7 -1,986 942 7 254792911 -0,0775 4,055 2
-2,1959 26,2810 -0,083 0 41827 -2,148704 7 28,498 0107 -0,0750 4,535 6
-5,3927 37,647 9 -0,140 4 5,9918 -2,186407 8 38,629479 1 -0,056 4 6,148 1
-2,4130 38,640 4 -0,062 2 6,149 8 -5,422 247 2 45,317 8342 -0,1180 72126
-2,2954 50,9418 -0,0450 8,107 6 -2,343784 6 51,048 880 8 -0,045 8 8,124 7
-10,678 5 51,1985 -0,200 0 8,148 5 -10,534723 1 61,897 998 9 -0,165 5 9,851 4
-15,994 2 61486 9 -0,244 1 9,7859 -2,3717628 62,749 5518 -0,0377 9,986 9
-2,3035 62,755 4 -0,036 7 9,987 8 -2,375737 73,966 071 6 -0,032 1 1,7721
-21,717 8 70,568 6 -0,2822 11,2313 -15,912077 5 74,603 543 3 -0,204 2 1,8735
-2,313 2, 73,933 9 -0,0313 11,766 9
IEC
Figu T= a= a= ght)
a=70mls a=80m/s
D. o Eigenpul. w D ration | Eigenfreq y f D. o Eigenpulsation w D. ration | Eigenfreq y f
[rad/s] [rad/s] [-] [Hz] [rad/s] [rad/s] [-] [Hz]
-0,4340 10,4950 -0,0413 1,6703 -0,828 4 11,5391 -0,0714 1,836 5
-1,765 6 13,597 1 -0,1277 2,164 0 -1,3216 14,091 2 -0,093 0 22427
-2,0436 25,822 0 -0,0787 4,1097 -2,053 6 25,964 6 -0,078 6 41324
-1,9813 32,666 6 -0,060 4 5,199 1 -1,855 8 36,402 5 -0,050 8 5,793 6
-2,1839 38,906 7 -0,056 0 6,1922 -2,187 6 39,7316 -0,054 9 6,323 5
-2,436 4 50,664 8 -0,048 0 8,063 5 -2,199 5 50,942 1 -0,043 1 8,107 7
-5,1700 53,267 9 -0,096 2 84778 -4,763 8 60,464 9 -0,078 3 9,623 3
-2,3436 62,826 3 -0,037 3 9,999 1 -2,787 5 63,068 2 -0,044 1 10,037 6
-10,3352 72,578 7 -0,139 6 11,5513 -2,3919 73,988 0 -0,032 3 11,7755
-2,4735 73,9510 -0,033 4 11,769 7 IEC

Figure E.8 — Damping and eigenfrequency for ¢ = 70 m/s (left) and a = 80 m/s (right)
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a=90m/s a=100 m/s
D: ing a Eigenpulsation w Damping ration | Eigenfreq y f D ing a Eigenpulsation w | D: ing ratio n Eigenfrequency f
[rad/s] [rad/s] [-] [Hz] [rad/s] [rad/s] [-] [Hz]
-1,3233 12,016 0 -0,108 8 19124 -1,5823 12,1829 -01277 1,939 0
-0,7759 15,116 7 -0,0512 24059 -0,4697 16,406 9 -0,028 6 26112
-2,047 4 26,089 9 -0,078 0 41523 -2,027 0 26,2297 -0,076 8 41746
-1,968 2 37,969 6 -0,0517 6,043 1 -2,034 2 38,3379 -0,052 9 6,1017
-1,9432 42,6211 -0,0455 6,783 4 -1,7438 46,363 3 -0,037 6 7,3790
-2,1945 51,2187 -0,0428 81517 -2,1893 51,7471 -0,0422 8,2358
-2,309 4 62,467 7 -0,036 9 9,942 0 -2,2194 62,784 2 -0,0353 9,992 4
-4,8409 68,403 6 -0,0704 10,886 8 -2,696 9 73,157 4 -0,036 8 11,6434
-2,558 5 74,299 6 -0,034 4 11,825 1 -4,397 5 76,746 8 -0,057 1 12,214 6
IEC
Figu - i i = = ght)
v
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Figure E.10 — Eigenmode for « = 50 m/s and{eigenfrequency f= 4,18 Hz
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Figure E.11 = Eigenmode for « = 50 m/s and eigenfrequency f= 3,67 Hz
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Figure E.12 — Eigenmode for « = 100 m/s and eigenfrequency f = 2,61 Hz
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E.3 Simplified approach based on the hydroacoustic properties of the
hydraulic system

E.3.1 General

The methodology to assess Francis turbine part load resonance risk presented in Clause E.2 is
based on detailed modelling of hydroelectric power plant and requires specific simulation tools
to be addressed. At any stage of the project, it is useful to dispose of a simplified methodology
to evaluate potential resonance risk. At part load operation, the frequency of the cavitating
vortex rope precession is equivalent to between 0,2 times and 0,4 times the turbine rotational
speed and corresponds to a forced excitation of the entire hydraulic system including the turbine
itself. Resonance occurs if the part load excitation frequency matches one of the hydraulic
systen] natural frequencies. A first estimation of the hydraulic system natural frequenc|es can

be achijeved based on the hydroacoustic properties of the hydraulic system such as_pipe|length,

cross section area and wave speed.

E.3.2 Cavitating draft tube first natural frequency

Figure E.13 presents the simplified hydroacoustic model of the frictionless’cavitating draft tube
composged of the cavitation compliance Cpt and of the draft tube indéictance Lyt given py:

I € 4pt ]
Cor=""5" ILpr=—>-
apT g 4pT

where
It is the equivalent draft tube length [m];
ApT is the mean draft tube cross section.area [m?2];
apTt is the mean cavitating draft tube*Wave speed [m-s-];
g is the acceleration due to_gravity [m-s-2];

and whlere the mean cross section area of the draft tube can be calculated based on eqyivalent
inductgnce approach enabling to calculate the equivalent cross section area as follows:

liot
Aeq = °

u ZL
Ai

IEC

Figure E.13 — Draft tube modelled with cavitation compliance and draft tube inductance
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Assuming that the draft tube is connected downstream to an infinite reservoir and that the
turbine runner represents an infinite hydraulic resistance upstream the draft tube, the first
natural frequency of this system is given by [63]:

_ 1 1 _ 1 apt (E.9)
=2 Vot -Cor  2:7 ot

When the draft tube is connected to a downstream tailrace pipe (see Figure E.14), the inertia
of this pipe is dominant and the corresponding simplified model includes the draft tube cavitation
compliance Cpt and the tailrace pipe inductance Lty given by:

R
L1r =
g 4R
where
ITR ig the tailrace pipe length [m];
ATR ig the tailrace pipe cross section area [mZ2].
ITR’ ATR
LDT

~ T

| = 0 SOOI 7« SRR - |:> c..

| e

Tailracepipe

IEC

Figure E.14 — Simplified model of a cavitation draft tube connected to a tailrace|pipe
composed by cavitation compliance of the draft tube and
downstream inductance of the tailrace pipe

Assum|ng again that the tailrace pipe is connected downstream to an infinite reservoir al]nd that
the turbine runner+epresents an infinite hydraulic resistance upstream the draft tube, the first
natural|frequency.of this system is given by [1]:

1 1 1 apT

fo=g———=5" _ (E.10)
=R DT = 7 ADT
\/1DT'1TRTR

The tailrace pipe may also include the inertia characteristics of the draft tube.

E.3.3 Hydraulic circuit natural frequencies

To estimate the higher order natural frequencies of the hydraulic circuit including the cavitation
draft tube, it is possible to model the piping system comprised between the upstream reservoir
and downstream reservoir, or surge tanks, by an equivalent pipe (see Figure E.15),
characterized by a total length /;; and an equivalent wave speed agq, given by:
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n
hot
Lot :zlz‘ dequ = —,

i i

The total length /;; and an equivalent wave speed agq, shall include the draft tube length /pt
and the draft tube wave speed aprt.

Neglecting inlet or outlet singular losses, the upper and lower reservoirs or surge tanks

correspond to constant pressure boundary conditions. Therefore, the wave length of equivalent
pipe k natural modes ehalnnq is gi\/nn hy [172]'

2
j’k :;'ltot with: k = 1, e, N

The cofresponding natural frequencies are then given by:

Aequ dequ
fi=— =k (E.11)
Ao 2-lot
AvA
g 1 L. a
tot” “equ
I
O Turbine
/4
A —Z R
12, ay - |:>
I - - \_—

or Yot /a

IEC

Figlre E.15 — Hydraulic system modelled by an equivalent pipe and correspondi
modes shapes for the first and second natural frequencies

5
Q@

E.3.4 Example of applications

The calculation of the system natural frequencies based on Formulae (E.9), (E.10) and (E.11)
is applied 1o three different hydraullc systems to evaluate part foad resonance fisk. These
hydraulic systems presented in Figure E.16 include:

— hydraulic system 1: an upper reservoir, a penstock, a Francis turbine, a draft tube, a
downstream reservoir;

— hydraulic system 2: same as hydraulic system 1 with adjunction of a tailrace pipe with the
same diameter as the draft tube;

— hydraulic system 3: same as hydraulic system 1 with adjunction of a tailrace pipe with a
different diameter than the draft tube.

The hydraulic system 1 is identical to the system presented in Clause E.2 and is also modelled
in SIMSEN to compute reference eigenvalues to compare with simplified analytical methods.
The parameters of the hydraulic systems 1 to 3 are summarized in Table E.2. According to the
Francis turbine rotational speed, the vortex rope pressure fluctuation frequency is expected to
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be comprised between 2,5 Hz and 5 Hz. If one of the hydraulic system natural frequencies falls
into this interval, resonance could take place.

Hydraulic system 1

Draft tube

Turbine
Penstock

IEC

a) Hydraulic system 1: with penstock, Francis turbine

Hydraulic system 2, 3

Draft tube

1

{

I

I . .

]Tallrace pipe .
I

|

I

Penstock

(. . IEG
b) Hydraulic systems 2 and 3: with additional tailrace pipe
Figure E.16 — Hydraulic systems 1, 2 and 3
Table E.2 — Parameters of the hydraulic systems 1, 2 and 3
Penstock Turbine Draft tube Tailrace pipe

L 30pm Py 5 MW L 10m L 100 m
D 14m o, 5 md/s D 12m D 12mand2n
a 1450 m/s H, 100 m a 50100 m/s a 1250 m/s
A 0,012 Ny 750 r/min A 0,012 A 0,012

Do 0,864 m

Ny 53

fexct 2,5 Hz to 5 Hz

The parameters of the equivalent pipes of the hydraulic systems 1, 2 and 3 computed with draft
tube wave speed of 50 m/s and 100 m/s are provided respectively in Table E.3, Table E.5, and
Table E.7. The related natural frequencies computed based on Formulae (E.9), (E.10) and (E.11)
which are compared with the results of eigenvalue calculation as described in Clause E.2 are
provided respectively in Table E.4, Table E.6, and Table E.8 with the corresponding errors. The
range of prototype draft tube wave speed selected for this analysis has shown to provide rather
good results with site measurements for couple of test cases. The wave speed can also be
deduced from the reduced cavitation compliance [3]. The first natural frequency f; is computed

with Formula (E.9) for hydraulic system 1 and with Formula (E.10) for hydraulic systems 2 and
3. The natural frequencies f; to fg are then calculated according to Formula (E.11). Resonance

has already been found up to the 5t hydraulic system natural frequencies; this is why the first
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six natural frequencies have been computed. In principle, the higher the order, the higher the
relative damping, reducing the amplitude of the hydraulic circuit to a forced excitation.

The analysis of the errors obtained for the natural frequencies f, to fg shows for each hydraulic
system a rather good agreement between the analytical approach and the eigenvalue
calculation with a maximum error of 14 %. Regarding the natural frequencies f; and f;, which
are both compared with the first natural frequency obtained by the eigenvalue calculation, it
could be noticed that for the hydraulic system 1 without tailrace pipe, better agreement is found
with the natural frequency f; computed with Formula (E.11) even if the frequency f; computed
with Formula (E.9) gives the right order of magnitude. However, for the hydraulic systems 2 and
3, very good agreement is found for f; with Formula (E.10), while Formula (E.11) leads to very

large
frequer
risk. If
more d
measu
tests.

In Tabl
resona
in bold
part lo
measu
the res

Table

calculation for the three first natural frequencies’f;, f>, and f3 of the hydraulic systems

featurin

corresy
system
system
betwee
frequer

ifferences ior j,. Iherefore, in practice, it 1s recommended 0 computie both
cies fy and f1, and also the natural frequencies up to fg, and to check possibleres

such a risk is identified, it is recommended to perform additional investigations v
etailed approach of Clause E.1, in order for example to anticipate possible mi
es during the design phase, which can be also analysed during reddeed scale

e E.4, Table E.6 and Table E.8, the natural frequencies which can potentially
hce with draft tube vortex rope excitation in the range of 2i5)Hz to 5 Hz are high
The hydraulic system 1 is the simplified model of a pratetype unit which suffe
hd resonance between the cavitating vortex rope andthe 3rd natural frequend
ements showed a resonance frequency value of 3,8 Hz, which is in good agreeme
ults from Table E.4.

E.9 presents the pressure mode shapeiobtained by eigenvalue and eige

g respectively 1, 2 or 3 pressure antinodes. It could be noticed that the modes f;

ond to elastic pressure mode shapges. For the first natural frequency, for the hy
1, the pressure mode shape features also an elastic mode shape, while the hy
2 is characterized by a rigid celumn mode shape, similar to surge tank mass 0s¢
n the tailrace pipe and the.draft tube compliance. It explains why the value of
cy is better captured with\Formula (E.10) than with Formula (E.11).

Table E.3 — Parameters of the equivalent pipe of the hydraulic system 1

natural
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ith the
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lead to
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bnt with
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and 2
and f3
draulic
draulic
illation
natural

L a D

System 1 [m] [m/s] [m]

Penstock 300 1250 1,2

Draft tube 10 50 1,2
100

Equivalent pipe 310 704,5 1,2
911,8
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Table E.4 — Estimation of the natural frequencies f to f; of the hydraulic system 1

based on Formulae (E.9) and (E.11) and comparison with results obtained with
eigenvalue calculation and corresponding errors

Analytical calculation Eigen calculation Error
System1
a_DT_min a_DT_max a_DT_min a_DT_max a_DT_min a_DT_max
folHz] 0,80 1,59 1,24 1,94 -36 % -18 %
f1IHz] 1,14 1,47 1,24 1,94 -8 % -24 %
folHz] 2,27 2,94 2,09 2,61 9% 13 %
f3Hz] 344 444 367 447 7% 8%
f4lHz] 4,55 5,88 4,18 6,10 9% A %
S5[Hz] 5,68 7,35 5,99 7,38 -5 % 0[%
AL k| 6,82 8,82 6,15 8,24 1% 7%

NOTE | The natural frequencies which can potentially lead to resonance with draft tube(vortex rope excitption in
the ranpe of 2,5 Hz to 5 Hz are highlighted in bold.

Table E.5 — Parameters of the equivalent pipe of the hydraulic system 2

L a D A

System2 [m] [m/s] [m] [m2

Penstock 300 1250 1,2 1.1

Draft tube 10 50 1,2 1,1
100

Tailrace 100 1250 1,2 1,1
Equivalent pipe 410 788,5
976,2

Talle E.6 — Estimation'of the natural frequencies f, to f; of the hydraulic system 2

based on Formulae (E.10) and (E.11) and comparison with results obtained with
eigenvalue calculation and corresponding errors

Analytical calculation Eigen calculation Error
System1
a>DT_min a_DT_max a_DT_min a_DT_max a_DT_min a_DT_mg3gx
JolH%] 0,25 0,50 0,27 0,55 7% -8 %
f41[HZ] 0,96 1,19 0,27 0,55 256 % 116 %
f5[HZ] 1,92 2,38 2,04 2,10 -6 % 13 %
13lHZ] 2,88 3,57 2,53 4,05 14 % -12 %
J4IHZ] 3,85 4,76 4,12 4,88 7% 2%
/5[Hz] 4,81 5,95 4,87 6,18 1% -4 %
JsHz] 5,77 7,14 5,16 6,36 12 % 12%

NOTE The natural frequencies which can potentially lead to resonance with draft tube vortex rope excitation in
the range of 2,5 Hz to 5 Hz are highlighted in bold.
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Table E.7 — Parameters of the equivalent pipe of the hydraulic system 3

L a D A

System3 [m] [m/s] [m] [m?]

Penstock 300 1250 1,2 1,13

Draft tube 10 50 1,2 1,13
100

Tailrace 100 1250 2,0 3,14
Equivalent pipe 410 788,5
976,2
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Table E.8 — Estimation of the natural frequencies f, to f; of the hydraulic

system 3 based on Formulae (E.10) and (E.11) and comparison

with results obtained with eigenvalue calculation
and corresponding errors

Analytical calculation Eigen calculation Error
System1
a_DT_min a_DT_max a_DT_min a_DT_max a_DT_min a_DT_max
folHz] 0,42 0,84 0,42 0,81 0% 4 %
f41[HZ] 0,96 1,19 0,42 0,81 129 % 47 %
f5[Hz] 1,92 2,38 2,04 2,10 -6 % 13 %
f5lH] 2,88 3,57 2,55 4,03 13 % -11%
falH7] 3,85 4,76 4,12 4,72 7% 2%
f5IH] 4,81 5,95 4,84 6,14 1% 3%
f6lH7] 5,77 7,14 6,16 6,55 -6 % 9 %
NOTE | The natural frequencies which can potentially lead to resonance with draft.tubge vortex rope excitption in
the ranpe of 2,5 Hz to 5 Hz are highlighted in bold.

calculation for the three first natural frequencies fy, f, and f;
of the hydraulic systems 1 and 2

Table E.9 — Pressure mode shape obtained by eigenvalue and eigenvector

Hydraulic system 1

Hydraulic system 2

8 TN TN

N Rl

1 N d® g | T Ve NMa
h ;% \\0/7 ;J;%} \/7 2
Nop— v — 47| N mr—s= — 4
R L X
i DN VAR N o \/\Z.ﬁﬁ\_gélgi
E.3.5 Limitations of the methodology

The proposed methodology has given good results for a simple hydraulic system with a single
branch hydraulic layout. For systems with parallel branches, as a first approach, the parallel
branches can be modelled by a single branch with equivalent parameters to obtain a first order
of magnitude of the system natural frequencies. However, the real system will feature much
more complex and numerous eigenvalues, due to the hydraulic system asymmetry, change of
diameters and all bifurcations which are neglected in a single branch approach.
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Annex F
(informative)

Influence of Thoma number on pressure fluctuation
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The model pressure fluctuation test is always carried out at plant Thoma number. However, at
prototype operating conditions, the tail water level varies at a wide range as a function of
discharge and environmental conditions. This will cause the model test Thoma number to
deviate from the prototype. Figure F.1 represents the influence of Thoma number on Francis
turbine pressure fluctuation at the part load condition and rated condition. Figure F.1a) and
Figure F.1b) are the influence of the Thoma number on Francis turbine draft tube pressure
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onding influence analysis in the time domain, in which the X-axis is the
cy dimensionless by the rotation frequency » and the Y-axis is the pressure)flug
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Figure F.1 — Influence of Thoma number on pressure fluctuation
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d) Frequency distribution at rated load
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Ngp/Mep opt = 1 IEC
a) At the spiral case inlet b) At the upstream,cone

Figure F.2 — Example of waterfall diagram of the pressure fluctuations
as function of the frequency and Thoma number

From Higure F.1 and Figure F.2, it can be found that Thoma number does not just have a
substantial influence on Francis turbine draft tube pressure fluctuation but also on the freguency
component distribution. So, when studying the pressure fluctuation similarity between| model
and prototype, the influence of the Thoma number should beconsidered.
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Annex G
(informative)

C 2020

Transposition of synchronous pressure fluctuations from model to
prototype for Francis turbines operating at off-design conditions
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Figure G.1 — Peak-to-peak value of pressure fluctuations as a function of the discharge

factor measured on the model and the corresponding prototype

In G.1.2 to G.1.6, a methodology for predicting the synchronous pressure fluctuations at the
prototype scale is described. It is based on 1-D numerical models of hydraulic circuits and
reduced scale model tests.

G.1.2

Step 1: 1-D numerical modelling of both the test rig at the model scale and the

corresponding hydropower unit operating in off-design conditions

Unsteady numerical simulations of hydroelectric systems require a proper one-dimensional (1-
D) modelling of each hydraulic component. 1-D hydroacoustic numerical models of both the test
rig at the model scale and the hydropower plant generating unit shall be established [188]. An
example of a layout of a test rig 1-D hydroacoustic model is given in Figure G.2 [186],[187].
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Source: Landry 2015 [187]

Figure G.2 — Layout of EPFL test rig PF3 1-D hydroacoustic model

The cayitation vortex rope developing in a Francis turbine draft tube operating in part Idad and
full loadl conditions shall be properly modelled to takeyinto account the additional compressibility
and digsipation induced by the presence of a gaseous volume in the draft tube, as well the
excitatijon pressure source induced by the precession of the vortex at part load. More adjanced
modelg [183] can be used to take also into account the divergent geometry of the draft tybe and
the convective terms of the momentum-g@uation. The corresponding equivalent electfical T-
shaped circuit is given in Figure G.3.

RJ2 L2  -RJ2S, S,-Rf2 L2 RI2

Source: Landry et al. 2016 [186]

Figure G.3 — Electrical T-shaped representation of the cavitation vortex ropé
developing in Francis turbine draft tube in part load conditions

Also, there are some researches about the additional terms modelling the presence of the
cavitation vortex rope [183], [186]:

¢ An additional dissipation, which is introduced and represented in the electrical T-shaped
circuit by a hydraulic resistance R, to take into account the internal processes breaking the

thermodynamic equilibrium between the cavitation volume and the surrounding liquid:

_ M (G.1)

" pygAdx
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where
u" is the bulk viscosity;
Pw is the water density;

A and dx are the section and the length of the pipe element, respectively;
g is the gravity acceleration.

An additional compressibility introduced by the presence of a cavitation volume in the draft
tube, modelled by the cavitation compliance C;:

oV
C—= 2
) (G.2)

where
h |is the piezometrical head.

It implicitly defines the local wave speed « in the draft tube if the compliance of the draft
tube, including the wall and the water volume, is assumed negligible compared|to the
cavjtation compliance:

_ gAdx

a2

Ce (G.3)

A momentum excitation source §,,, modelling the{periodical momentum excitation |source
indliced by the processing vortex rope at part load.conditions.

A mass flow gain factor, modelling the variation of the cavitation volume with respec to the
dis¢harge, which is however often neglected-at part load conditions.

All thege parameters shall be first identified, on the reduced scale model and, then, trangposed

to the prototype scale.

G.1.3 Step 2: Experimental identification of the parameters of interest on the reduced

scale model

G.1.3.1 Identification of hydroacoustic parameters modelling the cavitation vortex

rope

For a g|ven operating\point, the wave speed o and the bulk viscosity u'" can be experimentally
identified on the reduced scale model by modal analysis. An external excitation system injecting
periodital discharge fluctuations at a given frequency and with a given amplitude can he used
(see Fjgure-"G:4 [186]). Pressure sensors are installed throughout the test rig to ¢apture
accurajely, the forced harmonic response of the hydraulic circuit to the external excitatjon. By
changingsystematically the excitation frequency, imposed by the frequency of the rotatinig valve,
it is possible to identify the first eigenfrequency and the corresponding forced harmonic
response of the hydraulic circuit to the external excitation.
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Source: |andry et al. 2016 [186].

Figure G.4 — Excitation system and 3D cut-view of the rotating valve

The idgntification of the wave speed a is based on the link between its value and the Value of
the frictionless eigenfrequency of the test rig. Simultaneously, thelbulk viscosity u'’ is identified
by quantifying the amount of energy injected in the test rig. by the excitation systgm and
measufing the forced harmonic response of the test rig by{ressure sensors located thrgughout
the pipgs.

The wgve speed and bulk viscosity are simultaneously adjusted in the 1-D numerical model of
the tegt rig to obtain numerical results equivalent to the experimental ones in tgrms of
eigenfrequencies and forced harmonic response*of the test rig [186], [187].

Both hydroacoustic parameters are identified for a large number of Froude and Thoma nyimbers
at two [distinct part load operating points and defined two dimensionless numbers [1§6]: the
dimensionless wave speed 1 and the dimensionless bulk viscosity M’’, as follows:

2
a
=P (1)
Pcone ~ Py
M o @)
Deone ~ Dy

where

Pcone 1S the mean pressure in a reference section of the draft tube cone;

Jo is the first eigenfrequency of the hydraulic circuit.

It was demonstrated that the relation between these dimensionless parameters and the void
fraction B in the draft tube can be approximated by single power functions that are valid
whatever the value of the speed factor, discharge factor, Thoma number and Froude number
for a given machine.

G.1.3.2 Identification of the excitation source frequency and amplitude at part load

For a given part load operating point, the excitation frequency induced by the vortex, i.e. its
precession frequency, can be identified directly by spectral analysis of the pressure signals
measured during the modal analysis of the test rig.
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To identify the amplitude of the momentum excitation source, a methodology based on the
comparison between experimental and 1-D numerical results is proposed [187]. For a given
operating point, the amplitude of the excitation source is adjusted in the 1-D numerical model
to obtain a numerical forced harmonic response of the test rig excited by the precession of the
vortex equivalent to the experimental one. More details are given for the identification and the
modelling of this excitation source in the 1-D numerical model [187].

G.1.3.3 Expression of the precession frequency and hydroacoustic parameters as a
function of the swirl number

Predicting the synchronous pressure fluctuations on the complete operating range of the
prototype requires the identification of the hydroacoustic parameters and the precession

freque1_t‘t'h_l_l‘ﬁ_l_l_ﬁ_b_l—l'—l_l_l§cy Of the voriex at the model scale for a wide number of operating points to_tgke into
account the influence of both the speed and discharge factors.

However, it is shown for a given test case that the influence of both parameters fan be
repres¢nted by a single parameter, the swirl number [184]. An analytical expr€ssion of the swirl
numbef as a function of the speed and discharge factors has been definedas follows:

21
S—"ED?(E—E) (G.6)

where
QI(E)D is the discharge factor in swirl-free conditions.for a given speed factor.

By plotting the Strouhal number of the precession, frequency as a function of the swirl number,
the data collapse in one single linear curve with a certain level of dispersion, as illustrfated in
Figure [G.5, whatever the value of the speed:factor.

For the| precession frequency, the lawdinking the Strouhal number and the swirl number|can be
in thedry directly transposed fromy the model to the prototype scale, since the preg¢ession
frequency only depends on the.gperating conditions of the machine. Since the law linking the
Strouhal number with the swirl number is simple, few measurements at the model scalg would
enable|the prediction of the precession frequency on the complete part load operating range of
the mathine.
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Source: Favrel et al. 2018 [184].

Figure G.5 — Strouhal number of the precession frequency as
a function of the swirl number computed with Formula (G.6)

As illustrated in Figure G.6 a), if the Strouhal number of the first eigenfrequency is expressed
as a function of the swirl number, all the data collapse in one single power curve. Similar results
are obtained for the hydroacoustic parameters, as illustrated in Figure G.6 b).
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(a) Sfrouhal number of the first eigenfrequency of (b) Wave speed in the draft tube determinfed in
the test rig the 1-D model
Source: Favrel et al. 2019 [185].
Figurg G.6 — Strouhal number of the first eigenfrequency of the test-rig as a function of
swirl number (a), the wave speed in the draft tube determined in the 1-D model| (b)
It is important to notice that all the data shall be obtain for a given NPSH-level and [Froude
numbef on the prototype. To take into account the influence of both the Froude number and the
NPSH-|evel, the dimensionless wave speed and bulk viscosity~can be used and expregsed as
a funct|on of the swirl number [186].
G.1.4 Step 3: Transposition of the hydroacoustic parameters from model to
prototype
If the operating conditions on the prototype and.the model are in similitude, i.e. the samg value
of spedd factor, discharge factor, Froude and, Thoma numbers, it can be assumed that the void
fraction in the draft tube 8 is conserved bétween both scales. If these conditions are fulfilled, it
can bel demonstrated by a dimensionless analysis [187] that the wave speed and the bulk
viscosily can be transposed from theimodel scale to the prototype scale by using the following
relations:
ap = ay Dp p (G.7)
Dy
= (222 2 Som (G.8)
Dy mv fop
where

the subscripts M and P refer to the model and the prototype scales, respectively.

For the dimensionless wave speed and bulk viscosity, these are assumed to be conserved on
the prototype for similar operating points. The corresponding wave speed and bulk viscosity
can be determined at the prototype scale if the pressure in the cone on the prototype is known,
which can be achieved by 1-D numerical simulation of the generating unit.

The amplitude 4 of the momentum excitation source Sy, can be transposed by using the following
relation:

_ 4 P
o =

(G.9)
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G.1.5 Step 4: Prediction of the precession frequency and eigenfrequencies at the
prototype scale

For a given NPSH-level and Froude number, the precession frequency can be predicted by
transposing directly the law linking the Strouhal number and the swirl number.

For the computation of the eigenfrequencies of the prototype at a given operating point, the
transposed hydroacoustic parameters shall be first injected into a 1-D numerical model of the
generating unit. The eigenfrequencies can then be computed by conducting an eigenvalue
analysis of the non-linear hydraulic system [182].
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Source: fFavrel et al. 2019 [185].

Figurp G.7 — Predicted values of precessionfrequency and first eigenfrequency at the
prototype scale as a function of theoutput power of the generating unit

To illugtrate the methodology, the predicted values of the precession frequency and the first
eigenfrequency at the prototype scalé:are given in Figure G.7 as a function of the output power
for a given test case [185]. These fresults are valid only for given values of ngp and NP$H. For

these gonditions, the occurrence ‘of resonance conditions was predicted for an outpuf power
equal tp 65 % + 2 % of the rated value.

G.1.6 Step 5: Prediction of pressure fluctuations at the prototype scale

Finally| to predictsthe synchronous pressure fluctuations of the machine at a given operating
point, all the hydroacoustic parameters shall be injected into the 1-D numerical mode| of the
hydroppwer generating unit, including the excitation source that shall be placed |at the
appropriatée_location in the 1-D model.

A 1-D time simulation of the dynamic behaviour of the generating unit enables finally the
prediction of the pressure fluctuations through the complete hydraulic circuit.

G.2 Concluding remark: use of the local cavitation coefficient for
transposition from model to prototype

The methodology presented in Annex G was applied to a 444 MW Francis turbine hydropower
unit in the framework of the HYPERBOLE European research project (ERC/FP7-ENERGY-
2013-1-Grant 608532). The vortex precession frequency (excitation frequency) was correctly
predicted on a wide range of part load operating conditions (from 0,47 to 0,7 x P ,.4). However,

the predicted values of the first eigenfrequency of the hydropower unit, calculated assuming
Thoma number similitude between model and prototype, were slightly different from the values
measured on-site [185]. As a result, the difference between the predicted and the observed
resonance conditions was equal to 7,3 % + 2 % of the rated power.
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This difference is then explained by the non-equivalent energy losses in the draft tube between
model and prototype, which makes the use of Thoma number as a similitude parameter less
appropriate. A local cavitation coefficient based on the pressure value measured directly at the
draft tube cone wall, i.e., next to the vortex rope, is then proposed as a better similitude
parameter. It is defined as:

y = Pcone ~ Pv
nD pwn2D2
where
Pcone IS the mean pressure In a reference section of the draft tube cone;
Dy is the vapour pressure.

For thdg HYPERBOLE project test case, the hydropower unit's first eigenfrequency valles are
predicted from 0,47 P 4104 10 0,7 P 510 Making use of the local cavitation coefficient as pfessure

similitude parameter instead of the Thoma number. The pressure wave speed Oy in the
cavitating draft tube cone of the prototype is calculated using two approaches:

1) making use of the identified pressure wave speed 0, at\the reduced scale model and
trapsposing directly assuming swirl number X, and Froude number similitude;

2) making using of the non-dimensional pressure wavespeed I1 defined with the reduced scale
moflel tests and assuming swirl number and X, similitude only, Froude similitude begoming

unrjecessary.

The eigenfrequencies of the hydropower unitiare then computed by injecting the transposed
value df the wave speed into a 1-D numerical model of the hydropower unit. As illustrjated in

Figure [G.8, both approaches to calculater 0.,, making use of the local cavitation coefficient,

p1
lead to|very accurate predictions of the'first eigenfrequency of the hydropower unit at part load
conditipns.

70
—F— Measured

0. | Sol g — Us?ng a,, and St,, d
—31—Using I1 and S,

150 - .

£ ho- 1
Teve! e Teve! e
- R
201 :
10 T T T T T T T T T T

IEC

Figure G.8 — Comparison between observed and predicted values of the precession
frequencyfrope and the first eigenfrequency f; of a 444 MW hydropower unit

(HYPERBOLE project test case)

The similitude in terms of the local cavitation coefficient is used for the prediction of the
eigenfrequencies [189].
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As illustrated by the hill chart of Figure G.9, assuming a constant pressure in the draft tube
cone, p.f leading to a constant value of X,p on the prototype, resonance conditions are

expected to occur at a constant swirl number. Consequently, the active power output p, where
resonance is observed will vary according to the current conditions of head on the prototype.
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Figure| G.9 — Hill chart comparing the measured and the predicted resonance conditions
assuming a constant pressure value in‘the draft tube cone of the prototype
output

Resongnce is expected to occur at a constant swirl number, but with a different power|

on the prototype [189].
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Annex H
(informative)

Statistical analysis of pressure fluctuation data

H.1 Normalizing step for the comparison of data

The measured pressure fluctuations in a reduced scale model and in the corresponding
homologous prototype are represented as curves depending on the discharge factor Oy and for
a different net head H (Figure H.1). To compare the data, the discharge factor is normalized by
the begt efficiency discharge factor at a given head. This leads to a horizontal shittin] all the
curves|(Figure H.2).

Finally| the pressure fluctuations are normalized by pn2D? and are represented|by p,p|for the
vanelegs zone, the spiral case and the draft tube cone (Figure H.3).

Figure H.4 represents the way to compare in the same scalable pattern‘the pressure fluctpations
of diffefent models and the homologous prototype.
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Figure H.4 — Comparison of pressure fluctuations of model and prototype
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H.2

-121 -

Collected data

Eighteen test cases (models and prototypes) were collected from partners, and are summarized
in Table H.1, The corresponding figures are presented in Clause H.3.

Table H.1 — World hydropower plant references

Nation Number of power plant references Specific speed Nqp
Canada 6 [0,15 to 0,16]
China 9 [0,12 to 0,23]
Frafice T U,2%
Noryway 1 0,06
Sweden 1 0,18
H.3 [Draft tube zone phenomena
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Figure H.5 — Set of pressure fluctuation of models and prototypes
for draft tube analysis
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