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C O R R I G E N D U M  1

Correction dans le texte anglais uniquement

Correction dans le texte anglais uniquement

Page 16

Dans le tableau, au paragraphe 2.3.1.7 (Limites),
remplacer les signes représentatifs existants par
les nouveaux signes suivants:

. . . à ne pas dépasser 

 . . . à atteindre        ou

Page 3

CONTENTS

In the title of subclause 4.1, instead of

. . . provision for the test . . .

read

. . . provision for test . . .

Page 13

In clause 1, Scope and object, change the
numeration in order to obtain (as on page 12):

1 Scope and object

1.1 Scope

1.1.1 This International Standard . . .

1.1.2 Model tests, when used . . .
1.1.3 Tests of speed . . .

1.2 Object

1.3 Types of machines

Page 17

In the table, subclause 2.3.1.7 (Limits), replace the
existing symbols by the following new symbols:

. . . not to be exceeded

. . . to be reached        or
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Correction dans le texte anglais uniquement

Page 30

Dans le tableau, au paragraphe 2.3.6.5, sous
«Terme» (deuxième colonne), au lieu de

. . . . pompe à débit

lire

. . . . pompe à débit nul

Page 34, figure 5b

Dans la partie supérieure du schéma, déplacer les
deux équations existantes afin de les situer ensemble
à droite, au-dessus du schéma décrivant un «Groupe
à axe horizontal», comme suit:

Z1 = z1´ – z1
Z2 = z2´ – z2

Page 36, figure 5c

Dans la bordure de droite du schéma, à la hauteur
de la pointe de flèche, ajouter l’équation suivante:

z1 = z2

Page 29

In the table, subclause 2.3.6.4, third column, in the
sixth line, instead of

. . . and g
g g

= −
+3
2

4

read

. . . and g =
+

3 4

2

g g

Correction in the French text only.

Page 35, figure 5b

In the upper part of the diagram, rearrange the two
existing equations so as to place them together, on
the right-hand side, above the diagram describing a
“Horizontal shaft unit” as follows:

Z1 = z1´ – z1
Z2 = z2´ – z2

Page 37, figure 5c

Add, at the right-hand side of the diagram, level
with the arrowhead, the following equation:

z1 = z2
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Page 84, figure 14

Dans le schéma, au lieu de «constant», lire partout
«constante».

Page 86

6.2.3.2 Erreurs aléatoires

Dans l’avant-dernière ligne de la page, au lieu de

. . . dépend de la combinaison des lectures et de
la combinaison de l’erreur aléatoire . . .

lire

. . . dépend de la combinaison de l’erreur
aléatoire . . .

Page 128

10.2.3.2 Prescriptions complémentaires

Au cinquième alinéa, au lieu de

Annexes F et G de l’ISO 3354:

lire

Annexes H et J de l’ISO 3354:

Correction dans le texte anglais uniquement

Correction dans le texte anglais uniquement

Correction in the French text only

Correction in the French text only

Page 129

10.2.3.2 Additional requirements

In the fifth paragraph, instead of

Annexes F and G of ISO 3354:

read

Annexes H and J of ISO 3354:

Page 141

10.2.5.6 Computation of discharge

In the eighth line of text, instead of

m is the coefficient . . .

read

m is a coefficient . . .

Page 195, figure 34b

In the legends below the diagram, on the right-hand
side; in the first line, instead of

. . . (geodesic . . .

read

. . . (geodetic . . .

third line, instead of

zB´ = zB´ – zB . . .

read

ZB´ = zB´ – zB . . .
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Page 204, figure 37

Même correction qu’en page 34 (voir ci-dessus)

Page 206, figure 38

Même correction qu’en page 36 (voir ci-dessus)

Page 212

Dans l’équation encadrée au haut de la page, après
le H, ajouter un signe égal (=); au lieu de

Page 205, figure 37

Same correction as on page 35 (see above)

Page 207, figure 38

Same correction as on page 37 (see above)

Page 213

In the framed equation at the top of the page, after
the H add an equal sign (=); instead of

E g H
p p v v

g z z= ⋅
−

+
−

+ ⋅ −
( ) ( )

( )
abs abs

1 2 1
2

2
2

1 2
2

lire read

E g H
p p v v

g z z= ⋅ =
−

+
−

+ ⋅ −
( ) ( )

( )
abs abs

1 2 1

2

2

2

1 2
2

Page 214

Dans l’équation située juste au-dessous de la
figure 41 au lieu de

Page 215

In the equation following figure 41, instead of

NPSE g NPSH
p p v

g z z= ⋅ =
−

+ + ⋅ −2

2

2

( )
( )

abs
2

va
2

2

r 2
2ρ

lire read

NPSE g NPSH
p p v

g z z= ⋅ =
−

+ − ⋅ −2

2

2

( )
( )

abs
2

va
2
2

r 2
2ρ

Correction dans le texte anglais uniquement Page 219, figure 42

In the legends under the diagram, instead of

d = 3 mm à 6 mm

read

d = 3 mm to 6 mm
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Page 228, figure 45a

Sous le schéma, dans la formule pour pM enlever
un ∆ afin de lire:

Page 229, figure 45a

In the third line of the legends half-way up the
diagram, instead of

∆p = differential-pressure

read

∆p = differential pressure

Under the diagram, in the formula for pM, delete
one ∆ in order to read:

pM = p1 + ρ ⋅ g ⋅ h1 = p + ρoil ⋅ g ⋅ (h2 – h1) + ρ ⋅ g ⋅ h1 + ∆p

Page 256

Sous l’équation (4), dans la dernière formule de
la page, aligner les indices; au lieu de

cos
( )

ϕ s

s s

P w

U I
=

⋅ ⋅
as 2

3

lire

cosϕ s

s s

P

U I
=

⋅ ⋅
as(2w)

3

Page 280

Dans la légende de la figure 58, au lieu de

– Dimension du bâti . . .

lire

– Dimensions du bâti . . .

Correction dans le texte anglais uniquement

Page 308

14.4.2 Mesures auxiliaires

Dans la première ligne, au lieu de

. . . à ±5 % près, . . .

lire

. . . à ±5 % près environ, . . .

Page 257

Under equation (4), in the last formula on the
page, align indices; instead of

cos
( )

ϕ s

s s

P w

U I
=

⋅ ⋅
as 2

3

read

cosϕ s

s s

P

U I
=

⋅ ⋅
as(2w)

3

Correction in the French text only

Page 303

In the penultimate line of the page:

instead of “ou”,  read “or”.

Correction in the French text only
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Page 322

Paragraphe 15.2.1.1, deuxième alinéa, dernière
ligne, au lieu de

. . . n, théoriquement égale à . . .

lire

. . . n est théoriquement égal à . . .

Page 356

Dans les première et troisième lignes du texte
juste au-dessous du tableau C1, au lieu de «Y » et
«Y r » lire Yr

Page 398

Annexe H

Dans le titre, à la deuxième ligne, au lieu de

. . . DE L’ÉNERGIE MÉCANIQUE

lire

. . . DE L’ÉNERGIE MÉCANIQUE
MASSIQUE

Page 323

Subclause 15.2.1.1, second paragraph, last line,
instead of

. . . n theoretically equal to . . .

read

. . . n is theoretically equal to . . .

Page 357

In the first line and third line of text, just below
table C.1, instead of “ Y ”and "Y r ” read Yr

Correction in the French text only

Mars 1996 March 1996
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41 © IEC	 — 9 —

INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIELD ACCEPTANCE TESTS TO DETERMINE
THE HYDRAULIC PERFORMANCE OF HYDRAULIC TURBINES,

STORAGE PUMPS AND PUMP-TURBINES

FOREWORD

1) The formal decisions or agreements of the IEC on technical matters, prepared by Technical Committees on which all the National
Committees having a special interest therein are represented, express, as nearly as possible, an inte rnational consensus of opinion on the
subjects dealt with.

2) They have the form of recommendations for international use and they arc accepted by the National Committees in that sense.

3) In order to promote international unification, the I E C expresses the wish that all National Committees should adopt the text of the I EC
recommendation for their national rules in so far as national conditions will permit. Any divergence between the I E C recommendation
and the corresponding national rules should, as far as possible, be clearly indicated in the latter.

PREFACE

This International Standard has been prepared by IEC Technical Committee No. 4: Hydraulic turbines.

It replaces the second edition of IEC 41, the first edition of IEC 198 and the first edition of IEC 607.

The text of this standard is based on the following documents:

Full information on the voting for the approval of this standard can be found in the Voting Report indicated in
the above table.
The following IEC publications are quoted in this standard:

Publications Nos. 34-2	 (1972): Rotating electrical machines. Part 2: Methods for determining losses and efficiency of rotating
electrical machinery from tests (excluding machines for traction vehicles).

34-2A (1974): First supplement: Measurement of losses by the calorimetric method.

185	 (1987): Current transformers.

186	 (1987): Voltage transformers.
Amendment No.1 (1988).

193	 (1965): International code for model acceptance tests of hydraulic turbines.
Amendment No.1 (1977).

193A	 (1972): First supplement.

308	 (1970): International code for testing of speed governing systems for hydraulic turbines.

497	 (1976): International code for model acceptance tests of storage pumps.

545	 (1976): Guide for commissioning, operation and maintenance of hydraulic turbines.

609	 (1978): Cavitation pitting evaluation in hydraulic turbines, storage pumps and pump-turbines.

805	 (1985): Guide for commissioning, operation and mainten ance of storage pumps and of pump-turbines

operating as pumps.
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ISO standards quoted:

Publications Nos. 31-3	 (1978): Quantities and units of mechanics. Amendment 01-1985.

748	 (1979): Liquid flow measurements in open channels – Velocity-area methods.

1438-1 (1980): Water flow measurement in open channels using weirs and Ventu ri flumes-Part 1: Thin-plate
weirs.

2186	 (1973): Fluid flow in closed conduits – Connections for pressure signal tr ansmissions between primary
and secondary elements.

2533	 (1975): Standard Atmosphere. Addendum 01-1985.

2537	 (1988): Liquid flow measurement in open channels –Rotating element current-meters.

2975:	 Measurement of water flow in closed conduits – Tracer methods.

2975-1 (1974): Part I: General.

2975-2 (1975): Part II: Constant rate injection method using non-radioactive tracers.

2975-3 (1976): Pa rt III: Constant rate injection method using radioactive tracers.

2975-6 (1977): Part VI: Transit time method using non-radioactive tracers.

2975-7 (1977): Part VII: Transit time method using radioactive tracers.

3354	 (1988): Measurement of clean water flow in closed conduits – Velocity area method using current-meters
in full conduits and under regular flow condi tions.

3455	 (1976): Liquid flow measurement in open channels – Calibration of rotating-element current-meters in
straight open tanks.

3966	 (1977): Measurement of fluid flow in closed conduits – Velocity area method using Pitot static tubes.

4373	 (1979): Measurement of liquid flow in open channels – Water level measuring devices.

5167	 (1980): Measurement of fluid flow by means of orifice plates, nozzles and Venturi tubes inserted in
circular cross-section conduits running full.

5168	 (1978): Measurement of fluid flow–Estimation of uncertainty of a flow-rate measurement.

7066:	 Assessment of uncertainty in the calibration and use of flow measurement devices.

7066-1 (1989): Part 1: Linear calibration relationships.

7066-2 (1988): Part 2: Non-linear calibration relationships.
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FIELD ACCEPTANCE TESTS TO DETERMINE
THE HYDRAULIC PERFORMANCE OF HYDRAULIC TURBINES,

STORAGE PUMPS AND PUMP-TURBINES

SECTION ONE – GENERAL RULES

Scope and object

1 Scope

1.1 This International Standard covers the arrangements for tests at the site to determine the extent to which
the main contract guarantees (see 3.2) have been satisfied. It contains the rules governing their conduct and
prescribes measures to be taken if any phase of the tests is disputed. It deals with methods of computation
of the results as well as the extent, content and style of the final repo rt.

1.2 Model tests, when used for acceptance purposes, are dealt with in IEC 193 with Amendment No. 1, first
supplement 193 A, and in IEC 497.

1.3 Tests of speed governing systems are dealt with in IEC 308.

2 Object

The purpose of this standard for field acceptance tests of hydraulic turbines, storage pumps or pump-
turbines, also called the machine, is:

– to define the terms and quantities which are used;

– to specify methods of testing and ways of measuring the quantities involved in order to ascertain the
hydraulic performance of the machine;

– to determine if the contract guarantees which fall within the scope of this standard have been fulfilled.

The decision to perform field acceptance tests including the definition of their scope is the subject of an
agreement between the purchaser and the supp lier of the machine. For this, it has to be examined in each
case, whether the measuring conditions recommended in this standard can be realized. The influence on
the measuring uncertainties, due to hydraulic and civil conditions has to be taken into account.

If the actual conditions for field acceptance tests do not allow compliance with the guarantees to be
proved, it is recommended that acceptance tests be performed on models (see 1.1.2).

3 Types of machines

In general, this standard applies to any size and type of impulse or reaction turbine, storage pump
or pump-turbine. In particular, it applies to machines coupled to electric generators, motors or motor-

generators.

For the purpose of this standard the term turbine includes a pump-turbine functioning as a turbine and the

term pump includes a pump-turbine functioning as a pump. The term generator includes a motor-generator
functioning as a generator and the term motor includes a motor-generator functioning as a motor.
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1.4 Reference to IEC and ISO Standards

IEC and ISO Standards referred to in this standard are listed in the preface. If a contradiction is found
between this standard and another IEC or ISO standard, this standard shall prevail.

1.5 Excluded topics

1.5.1 This standard excludes all matters of a purely commercial interest except those inextricably bound up with
the conduct of the tests.

1.5.2 This standard is concerned neither with the structural details of the machines nor with the mechanical
properties of their components.

2. Terms, definitions, symbols and units

2.1 General

The common terms, definitions, symbols and units used throughout the standard arc listed in this clause.
Specialised terms arc explained where they appear.

The following terms arc given in 5.1.2 and Figure 11:

1) A run comprises the readings and/or recordings sufficient to calculate the performance of the machine
at one operating condition.

2) A point is established by one or more consecutive runs at the same operating conditions and unchanged
settings.

3) A test comprises a collection of data and results adequate to establish the performance of the machine
over the specified range of operating conditions.

The clarification of any contested term, definition or unit of measure shall be agreed to in writing by the
contracting parties, in advance of the test.

2.2 Units

The International System of Units (SI) has been used throughout this standard*.

All terms are given in SI base units or derived coherent units (e.g. N instead of kg • m • s- 2). The basic
equations arc valid using these units. This has to be taken into account, if other than coherent SI Units are
used. for certain data (e.g. kilowatt or megawatt instead of watt for power, kilopascal or bar (= 10 5 Pa)

instead of pascal for pressure, min -1 instead of s- 1 for rotational speed, etc.). Temperatures may be given
in degrees Celsius because thermodynamic (absolute) temperatures (in kelvins) are rarely required.

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

2.3 List of terms, definitions, symbols and units

2.3.1 Subscripts and symbols

The terms high pressure and low pressure define the two sides of the machine irrespective of the flow
direction and therefore are independent of the mode of operation of the machine.

* See ISO 31-3.
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Sub-clause Term Definition Subscript

symbol

2.3.1.1 High pressure

reference

section

The high pressure section of the machine

to which the performance guarantees refer

(see Figure 1)

1

2.3.1.2 Low pressure

reference

section

The low pressure section of the machine

to which the performance

guarantees refer (see Figure 1)

2

2.3.1.3 High pressure

measuring

Whenever possible these sections

should coincide with section 1:

1', 1", ...

sections otherwise the measured values shall

be adjusted to section 1

(see 11.2.1)

2.3.1.4 Low pressure

measuring

Whenever possible these sections

should coincide with section 2:

2', 2", ...

sections otherwise the measured values shall

be adjusted to section 2

(see 11.2.1)

2.3.1.5 Specified Subscript denoting values of

quantities such as speed, discharge

etc. for which other quantities are guaranteed

sp

2.3.1.6 Maximum Subscripts denoting maximum max

Minimum or minimum values of any term min

2.3.1.7 Limits Contractually defined values:

— not to be exceeded ffffK

O

—to be reached F
2.3.1.8 Ambient Subscript referring to surrounding atmospheric conditions amb

IEC 362/91

Figure 1— Schematic representation of a hydraulic machine
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2.3.2 Geometric terms

Sub-clause Tenn Definition Symbol Unit

2.3.2.1 Area Net cross sectional area normal to

general flow direction

A m2

2.3.2.2 Guide vane

opening

Average vane angle measured from

closed position* or average

a degree

shortest distance between

adjacent guide vanes (at a defined

position, if necessary)

a m

(see Figure 2)

2.3.2.3 Needle

opening

Average needle stroke measured

from closed position'

s m

(impulse

turbine)

2.3.2.4 Runner

blade

opening

Average runner blade angle measured

from a given position*

0 degree

2.3.2.5 Level Elevation of a point in the system

above the reference datum

z to

(usually mean sea level)

2.3.2.6 Difference

of levels

Difference of elevation between

any two points in the system

Z m

lEC 363/91

Figure 2 — Guide vane opening (from closed position)

* Under normal working oil pressure.
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2.3.3 Physical quantities and properties

Sub-clause Tenn Definition Symbol Unit

2.3.3.1 Acceleration

duc to

gravity

Local value of g as a function

of altitude and latitude of

the place of testing

g m • s-2

(see Appendix E, Table EI)

2.3.3.2 Temperature Thermodynamic temperature; O K

Celsius temperature r9 = O — 273,15 r9 °C

2.3.3.3 Density Mass per unit volume 9 kg • m-3

a)	 Values for water are given in B w kg • m-3

Appendix E, Table EII (g is commonly

used instead of e w)

b)	 Values for air are given in

Appendix E, Table EIII. Usually

the value of air density at

the reference level of the

machine (see 2.3.7.10)

is used

0, kg • m-3

c)	 Values for mercury are given in p jig kg • m-3

Appendix E, Table EIV

2.3.3.4 Specific

volume

Volume per unit mass. Used only for

water in this standard

11g m3 • kg-1

2.3.3.5 Isothermal

factor

Factor characterizing a thermodynamic

property. Values for water are given

in Appendix E, Table EV

a m3 - kg-1

2.3.3.6 Specific The rate of change of enthalpy per cR J .kg-1 • °C-1

heat unit mass with change in temperature or

capacity at constant pressure. Values for water

arc given in Appendix E, Table EVI

J • kg-1 • K-1

2.3.3.7 Vapour

pressure

(absolute)

For purposes of this standard the

absolute partial pressure of the

vapour in the gas mixture over the

liquid surface is the saturation

vapour pressure corresponding to the

temperature. Values for distilled

water arc given in Appendix E, Table EVII

p v, l'a

2.3.3.8 Dynamic

viscosity

A quantity characterising the

mechanical behaviour of a fluid

µ Pa • s

(sec ISO 31-3)

2.3.3.9 Kinematic

viscosity

Ratio of the dynamic viscosity to the

density: v = L
e

v m2 • s-1
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2.3.4 Discharge, velocity and speed terms

Sub-clause Term Definition Symbol Unit

2.3.4.1 Discharge
(volume flow rate)

Volume of water per unit time flowing through any section
in the system

Q m3 • s-1

2.3.4.2 Mass flow rate Mass of water flowing through any section of the system
per unit time. Both e and Q must be determined at the
same section and at the conditions existing in that section

(eQ) kg • s -1

Note. – The mass flow rate is constant between two
sections if no water is added or removed.

2.3.4.3 Measured
discharge

Volume of water per unit time flowing through any
measuring section, for example 1' (see 2.3.1.3 and

Q1, or Q2, m3 • s-1

2.3.1.4)

2.3.4.4 Discharge at
reference section

Volume of water per unit time flowing through the
reference section 1 or 2

Q1 or Q., m3 • s-1

2.3.4.5 Corrected
discharge at
reference section

Volume of water per unit time flowing through a reference
section referred to the ambient pressure
(see 2.3.5.2) e.g.

Q1 c or Q2c m3 • s-1

Q1c — (eQ)llepamb
(sec 3.2.3) where gip.mb is the density at ambient
pressure and the water temperature at the reference
section

2.3.4.6 No-load turbine
discharge

Turbine discharge at no-load, at specified speed and
specified specific hydraulic energy and generator not
excited

Qo m3 • s -1

2.3.4.7 Index discharge Discharge given by relative (uncalibrated) flow
measurement (see Clause 15)	 -

Q; m3 • s-1

2.3.4.8 Mean velocity Discharge divided by the area A v
m •. s-1

2.3.4.9 Rotational speed Number of revolutions per unit time n 3-1

2.3.4.10 No load turbine
speed

The steady state turbine speed at no load with governor
connected and generator not excited

no s-1

2.3.4.11 Initial speed The steady state turbine speed just before a change in
operating conditions is initiated (see Figure 3)

n 1 s-1

2.3.4.12 Final speed The steady state turbine speed after all transient waves
have been dissipated (see Figure 3)

n r s-1

2.3.4.13 Momentary

overspeed of a
turbine

The highest speed attained during a sudden specified load

rejection from a specified governor setting
(sec Figure 3)

n s -1

2.3.4.14 Maximum
momentary
overspeed of a
turbine

The momentary overspeed attained under the most
unfavourable transient conditions (in some cases
the maximum momentary overspeed can exceed the
maximum steady state runaway speed)

m max
s-1

2.3.4.15 Maximum steady
state runaway
speed

the speed for that position of needles or guide vanes
and/or runner/impeller blades which gives the highest
value after all transient waves have been dissipated with
electrical machine disconnected from load or network and
not excited, under the maximum specific hydraulic energy

n R max
s-1

(head). The runaway speed particularly of high specific
speed machines may be influenced by cavitation and thus
depends on the available LAPSE (see 2.3.6.9)
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i

ntni

1EC 364/91

Figure 3 — Variation of turbine speed during a sudden load rejection

2.3.5 Pressure terms

Sub-Clause Tenn Definition Symbol Unit

2.3.5.1

2.3.5.2

2.3.5.3

Absolute
pressure

Ambient pressure

Gauge pressure

The static pressure of a fluid measurement with
reference to a perfect vacuum

The absolute pressure of the ambient air

The difference between the absolute presssure of a
fluid and the ambient pressure at the place and time
of measurement:

gabs

Pamb

p

Pa

Pa

Pa

P — paba — Pamb

2.3.5.4 Initial pressure The steady state gauge pressure which occurs at a
specified point of the system just before a change in
operating conditions is initiated (see Figure 4)

p; Pa

2.3.5.5 Final pressure The steady state gauge pressure which occurs at a
specified point of the system after all transient waves
have been dissipated (see Figure 4)

p r Pa

2.3.5.6 Momentary The highest/lowest gauge pressure which occurs at a pm Pa
pressure specified point of the system under specified transient

conditions (see Figure 4)
p; Pa

2.3.5.7 Maximum/ The momentary pressure under the most unfavourable P, max Pa
minimum
momentary
pressure

transient condition –p m min
Pa
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a)      

— 27 —                                                                    

Pf                               

Pi

IEC 36519!

Figure 4a — Variation of pressure at the turbine high pressure reference section
a) when a specified load is suddenly rejected
b) when a specified load is suddenly accepted

Pf

IEC 366191

Figure 4b — Variation of pressure at the pump high pressure
reference section during a power failure

b)
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2.3.6 Specific energy terms

In the International System of Units the mass (kg) is one of the base quantities. The energy per unit
mass, known as specific energy, is used in this standard as a primary term instead of the energy per local
unit weight which is called head and was exclusively used in the former IEC 41 and 198.

The latter term (head) has the disadvantage that the weight depends on the acceleration due to gravity
g, which changes mainly with latitude but also with altitude. Nevertheless, the term head will still remain
in use because it is very common. Therefore both related energy terms are listed, the specific energy terms
in this sub-clause and the head terms in 2.3.7. They differ only by the factor g, which is the local value of
acceleration due to gravity.

The symbol for specific energy at any section of flow is the small letter e; the symbol for the difference
of specific energies between any two sections is the capital letter E. The same applies to h and H.

Sub-clause Term Definition Symbol Unit

2.3.6.1 Specific energy The energy per unit mass of water at any section e J - kg-1

(m2 . s-2)
2.3.6.2 Specific

hydraulic energy
of machine

Specific energy of water available between the
high and low pressure reference sections of the
machine, taking into account the influence of the
compressibility

E J • kg-1

Pabst — Pabst	 v2	 v21 	 2E =	 +	 + 9 (z1 — z2)Q	 2

1	
22 • +.with T.	 2	 and g .	 2

Note. – The value of gravity acceleration at the
reference level of the machine (see 2.3.7.10) may be
assumed as T.
The values of el and e2 can be calculated from

pabsl and pabs2 respectively, taking into account 491
or 492 for both values, given the negligible influence
of the difference of the temperature on e

2.3.6.3 Specific
mechanical
energy at

Mechanical power transmitted through the coupling
of the runner(s)/impeller(s) and shaft (see Clause 14)
divided by mass flow rate:

Em J • kg- 1

runner(s)/
impeller(s

p
Em	 "	 (for Pm ,	 2.3.8.4)=	 see

(eQ)1

2.3.6.4 Specific
hydraulic energy
of the plan t

Specific hydraulic energy available between head
water level and tailwater level of the pl ant
(see Figure 6)

Eg J • kg-1 

It is given by:
2

v23 — v4pa h ,3 — Pahs4E =	 +	 +(z3 — z4)B	
e	 2

-J. e.2^4	 93294with	 and 9_

The water density at ambient pressure may be
assumed as e-

• Figures 5a, 5b (reaction machines) and 5c (impulse turbines) illustrate some common cases of application of the basic formula for
the specific hydraulic energy. The applicable simplified formula is given under each figure. Measurement methods for the evaluation
of the specific hydraulic energy of the machine arc described in detail in Clause 11.

• • See Appendix F.
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Sub-clause Term Definition Symbol Unit

2.3.6.5 Zero-discharge
(shut-off)
specific hydraulic
energy of the
pump

Pump specific energy at specified speed and specified
guide vane and runner/impeller blade settings with high
pressure side shut-off

E0 J • kg-1

2.3.6.6 Specific
hydraulic energy
loss

The specific hydraulic energy dissipated between any two
sections

EL J • kg-1

2.3.6.7 Suction specific
hydraulic energy
loss

The specific hydraulic energy dissipated between the
tailwater level and the low pressure reference section of
the machine (see figure 41)

ELs J • kg-1

2.3.6.8 Suction specific
potential energy
of the machine

Specific potential energy corresponding to the difference
between the reference level of the machine (see 2.3.7.10)
and the piezometric level at section 2:

E J • kg-1

Es = 92 (z,. — z2, ) = 92 Zs (see Figure 7)

2.3.6.9 Net positive
suction specific
energy

Absolute specific energy at section 2 minus the specific
energy due to vapour pressure per ', referred to the
reference level of the machine according to Figure 7

NPSE J • kg-1

—	
2L2Paba2	 Pva	

**NPSE =	 +	
92(z r — z2)e2	 2

2.3.7 Height and head terms

Sub-clause Term Definition Symbol Unit

2.3.7.1 Geodetic height
of plant"*

Difference in elevation between headwater level and
tailwater level of plant (see Figure 6)

Z g m 

2.3.7.2 IIcad Energy per unit weight of water at any section

h = e/g

h m

For definition of e, see 2.3.6.1

233.3 Turbine or pump
head

H = En

For definition of E, see 2.3.6.2

H m

2.3.7.4 Plant head*** H = Eg /gg H m 

For definition of Eg , see 2.3.6.4

2.3.7.5 Zero-discharge Ho = Eo /79 He m

(shut-off) head of
pump

For definition of E0 , see 2.3.6.5

2.3.7.6 head loss HL = EL/9 HL m

For definition of EL , see 2.3.6.6

• See 2.3.3.7 and Appendix E, Table EVII.

" For definition of cavitation factor a, sec IEC 193A and 497.

•• Figure 6 shows the relationship between geodetic height of plant and plant head.
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Sub-clause Term Definition Symbol Unit

2.3.7.7 Suction head loss IILs = ET's "Ls m
9

For definition of ELs , see 2.3.6.7

2.3.7.8 Suction height
Es

Zs = —	 (see Figure 7) Zs m
92

For definition of Es , see 2.3.6.8
NPSE

NPSH2.3.7.9 Net positive
suction head

NPSH in=
92

For definition of NPSE, see 2.3.6.9

2.3.7.10 Reference level
of the machine

Elevation of the point of the machine taken as
reference for the setting of the machine as defined in

z r m

Figure 8

1EC 367/91

Figure 5a – Low-head machines – Determination of specific hydraulic energy of machineIECNORM.C
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Water column manometers arc applied at point 1 and 2.

/	 _ ^
(Pabst	 (

E_ JII _ 
	 ^abŝ-  +  vl 

2 
v2  + J( z l — z2)

The compressibility of water is neglected because the difference of pressure between 1 and 2 is small
therefore:

P1=P2= P

Hence:
Pabs 1 = P . J(zl , — z1) + pambl,

Pabs2 = P - 9(z2, — z2) + pamb2,

Pamb1 , — pamb2 , — — ea . 3(z1 , — z,,)

and therefore the simplified formula is:

J • (	 )• t 	 Pa J (v^—v;)—^	 (1 Oa ^ 	 (vj— v') E 	 z l ,—z2 ,	 1— 	 +	
2	

r• Z 1— ^ +	
2

The water density at ambient pressure may be assumed as 13.

Vertical shaft unit
	

Horizontal shaft unit	
EEC 368/91

Figure 5b — Medium and high-head machines — Determination of specific hydraulic energy of machine

Pressure gauges manometers are applied at points 1 and 2.

E = .5H = (Pabs l i/abs2  + (vl
z V:3) -+ J(z 1 — z2)

^ 	
2 

The difference in ambient pressure between 1' and 2' is neglected because Z is small compared to H,
therefore:

Pambl' = pamb2 i — Pamb

Since both Z1 and Z2 are small compared to H, it may be assumed that:

Pl	2Z1 • = Z 	 and	 Z2 
e 

= Z2
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hence:

T	 = P1 , + Z1 • el ' 9 + pamb where p 1 , is the gauge pressure measured at 1'abs, 

pab, = P2' + Z2 • e2 .-Ù-2'9 + pamb where p2, is the gauge pressure measured at 2'

and therefore the simplified formula is:

E = (Pl i — P2')	 (y? — v?) _ ^P1^ — P2^)	 lvï — v3) – 	 I ^ (z1 , – z2,) }	 2	 –	 1 g Z + 	
2–

Figure 5c – Pelton turbines with vertical axis – Determination of specific hydraulic energy of machine

Case of non-pressurised housing.

It is conventionally assumed that the low pressure reference section corresponds to the plane at elevation
z, and that the pressure inside the housing is equal to the ambient pressure in the case of non-pressurised
housing.

)(Albs ^ — Pabs^	 lvl — vi)	 (E
2 

+	 + 9 l-1 - -2)

The difference in ambient pressure between 1' and 2 is neglected because Z is small compared to II,
therefore:

Pambl i = Pamb2 = Pamb

For the same reason it is assumed that:

Z • P 1 =Z

hence:

Pabst = Pi , + Z • 91 ' 9 + Pamb where pl, is the gauge pressure measured at 1'

Pabst = Pamb
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2E = pl'-F ^ • (z 1, '21+ ^ 
=p'+^ •Z +vï

2

3

3 and 4 refer to the
water levels at the outer
boundaries of the plant

Reference datum 
^ = Z3—Z4

9

Z4

0

IEC 370/91

Eg = 93-4' Hg- 	 +	 2	 + 93-4(z3— z4)
-	 e3-4

(pabs3 — pabs4 )	 (v3 — vi) 

41 © IEC — 39 —

As z 1 = z2 and assuming v 2 = 0, the simplified formula is:

Figure 6 - Hydroelectric plant - Determination of specific hydraulic energy E g and head Hg of plant
through geodetic height of plant Zg

The general formula is:

Assuming ^	 9s +Q4 = -,
g Js-4 = 2

Pabs3 — Pabs4 - —e a • 9 •
	 - z4);

assuming y3 = y4 = 0

and n3 i__ = =+ =   water density at the ambient pressure, the formula becomes:

Aa 

1 r	 n

Eg=J•(z3 -z4)' [1—
^ J

=9•Zg • I1 —=1
L	 E/

where n a is assumed equal to air density at the reference level of the machine.

Conversely:

Eg =E ^^ where
+ turbine

- pump
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Pva)
 _

(pamb2r — va) + v; 

g_
g2	 2

(pamb.,r — Pva)	 v2

r — z2 , ) =	 + 2 
g2'Z S

°2

41 © IEC — 41 —

Reference level of
the machine
(see 2.3.7.10)

0 

IEC 371/91

Figure 7 — Net positive suction specific energy, NPSE, and net positive suction head, NPSI-1

Water column manometer is applied at point 2.

(Pabs
2	

— Pva) v;
NPSE = g2 NPSH =	 +	 g2 • (z r — z2^2 

e2

With:

Pabs2 — e2 ' g2 • (2.2i — z2) + pamb2i

the simplified formula becomes:

where Zs is positive if the level 2' is lower than the reference level of the machine and vice versa.
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Reference datum0

6) f)

0 	 Reference datum

41 © IEC	 — 43 —
a)
	

b)
	

0
	

d)

1FC 3721910° < a < 90°

a) Radial machines, such as Francis turbines, radial (centrifugal) pumps and pump-turbines; for multistage
machines: low pressuré stage.

b) Diagonal (mixed-flow, semi-axial) machines with fixed runner/impeller blades and with runner/impeller band.
c) Diagonal (mixed-flow, semi-axial) machines with fixed runner/impeller blades, without runner/impeller band.
d) Diagonal (mixed-flow, semi-axial) machines with adjustable runner/impeller blades).
e) Axial machines, such as propeller turbines, tubular turbines*', axial pumps and pump-turbines with fixed

runner/impeller blades.
,fl Axial machines, such as Kaplan turbines, tubular turbines**, axial pumps and pump-turbines with adjustable

runner/impeller blades.
g) Pelton turbines.

Figure 8 – Reference level of turbines, pumps and pump-turbines*

2.3.8 Power terms

Note.— All electrical power terms are defined in Clause 12.

Sub-clause Tent Definition Symbol Unit

2.3.8.1 lIydraulic power The hydraulic power available for producing power Ph W
(turbine) or imparted to the water (pump)

Ph = E(0Q)1 f OPh

2.3.8.2 Hydraulic power
correction

Correction term to be evaluated after a relevant
analysis according to contractual definitions and local
conditions*** (see 9.2.3)

API, W

* The reference level of the machine zr does not necessarily correspond to the point with maximum cavitation.

** The term "tubular turbines" includes bulb, pit, rim generator and S-type units.

*** Example: if a small discharge q is taken from the system upstream of section 1 in a turbine and this water is contractually
chargeable to the hydraulic machine, the hydraulic power is: Ph = E(2Q) 1 + E(eq)
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Sub-clause Term Definition Symbol Unit

2.3.8.3 Mechanical
power of the
machine (Power)

The mechanical power delivered by the turbine shaft
or to the pump shaft, assigning to the hydraulic
machine the mechanical losses of the relevant
bearings (see Figure 9)

P W

— For a turbine:

P=Pa + Pb+ Pc +Pd + Pe— Pf

where:

Pa	 is the generator power as measured at the
generator terminals

Pa W

Pb 	are the mechanical and electric losses in the
generator, including windage losses (see 12.1.2.1)

Pb W

Q

Pc	 are the thrust bearing losses due to generator. Pc W
In the case of a common thrust bearing, the bearing
losses shall be attributed to the turbine and generator
in proportion to the thrust of each on the bearing (see
12.1.2.2)

Pd 	are the losses in all rotating elements external
to the turbine and to the generator, such as flywheel,
if any, gear, pump impeller in air, if any, etc. (see

Pd W

12.1.2.3)

Pe	 is the power supplied to any directly driven
auxiliary machine (see 12.1.2.4)

Pe W

Pf	 is the electric power supplied to the auxiliary
equipment of the turbine (e.g. for the governor) if the
contract specifies this to be chargeable to the turbine

Pf W

— For a pump:

P=Pa—(Pb+Pc+Pd+Pe)+ Pf

where:

Pa	 is the power to the motor as measured at the
motor terminals

Pa W

Pb 	are the mechanical and electric losses in the
motor, including windage losses (see 12.1.2.1)

Pb W

Pc	are the thrust bearing losses due to the moto r. Pc W
In the case of a common thrust bearing, the bearing
losses shall be attributed to the pump and motor in
proportion to the thrust of each on the bearing (see
12.1.2.2)

Pd	 arc the losses in all rotating elements external
to the pump and to the motor, such as flywheel, if any,
gear, starting turbine runner, turbine runner rotating
in air, etc. (see 12.1.2.3)

Pd W

Pe	 is the power supplied to any directly driven
auxiliary machine (see 12.1.2.4)

Pe W

Pf	 is the electric power supplied to the auxiliary
equipment of the pump (e.g. for the governor) if the
contract specifies this to be chargeable to the pump

P1 W
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Sub-clause Term Definition Symbol Unit

2.3.8.4 Mechanical
power of
runner(s)/
impeller(s)

Mechanical power transmitted through the coupling
of the runner(s)/impeller(s) and the shaft (see
demonstrative sketch Figure 9):
— in the case of a turbine:

Pm W

Pm=P+ PLm+ Pf
— in the case of a pump:

Pm =P — PLm — Pf

2.3.8.5 Mechanical
power losses

Mechanical power dissipated -in guide bearings, thrust
bearing and shaft seals of the hydraulic machine. See
also 2.3.8.3 (Pc)

PLm W

2.3.8.6 Zero-discharge
(shut-off) power
of the pump

Pump power at specified speed and at specified guide
vane and impeller settings with high pressure side
shut-off

P0 - W

2.3.9 Efficiency terms

Sub-clause Term Definition Symbol Unit

2.3.9.1 I lydraulic
efficiency

— Fora turbine:
Pm 	 Em

n h
_	 _

nh	
Ph	 E± Pp^E m

— For a pump:

Ph	 m
n h = — _Pm	Em

2.3.9.2 Mechanical
efficiency

— For a turbine: n m=	
P

Pm
n m —

—Fora um	 P"'pump: 	 P

2.3.9.3 EfficiencyY — Fora turbine:	
P

n= — = nh' nm n —

.:1,'
 h

—For a pump: n = 
	 =nh' nm

2.3.9.4 Relative
efficiency

Ratio of the efficiency at any given operating
condition to a reference value

tiret

2.3.9.5 Weighted average
efficiency

The efficiency calculated from the formula:

w1 7/1 + w2 7/2 + W3 773 + "'

nw —

77 
= /pi +w2.+ w3+...

where n1 , 712 , 773 , ... are the values of efficiency at
specified operating conditions and w1 , w2 , w3 , ...
are their agreed weighting factors respectively

2.3.9.6 Arithmetic
average
efficiency

The weighted average efficiency (2.3.9.5) with
w1 = w2 = w3 = • • •

n a —

' The disk friction losses and leakage losses (volumetric losses) are considered as hydraulic losses in the formulae in 2.3.9.1. The
"disk friction losses" are the friction losses of the outer surfaces of the runner/impeller not in contact with the active flow.
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Coupling of the runner/impeller
and the shaft

IEC 373/9I
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Turbine
	 Pump

Ph = E• (e• Q) 1 assuming

P = Pm — PL., assuming

Volumetric efficiency

I-lydraulic efficiency')

Efficiency

Turbine

4	 =q' +q^r

(2 1 	 =Qm+q

LPh =0

P1	 = 0

^„	 = Q`"
Q 1

nh	 — 
Pm

Ph

r)	 = P—
Ph

Pump

Q 1

Ph = E • (e • Q), assuming	 OPh

P = Pm + Pi, ,n assuming	 Pt

 

q

Q1

Q m
Ph

77h = pm

n = P
Ph

=e +
e

^

= Qm - q

=0

=0

The formulae ignore the compressibility of the water.

1) The disk friction losses and leakage losses (volumetric losses) are considered as hydraulic losses in this formula. This "disk
friction losses" are the friction losses of the outer surfaces of the runner/impeller not in contact with the active flow Qm.

Figure 9 —Flux diagram for power and discharge (example)
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3. Nature and extent of hydraulic performance guarantees

3.1 General

3.1.1 A contract for a regulated or non-regulated* machine should contain guarantees covering at least power,
discharge, efficiency (see 3.2.5), maximum momentary overspeed and maximum/minimum momentary
pressure, maximum steady state runaway speed (reverse runaway speed in case of a pump).

In the case of a pump the guarantees may also cover the maximum zero-discharge specific hydraulic
energy (head) and the zero-discharge power, the latter one with impeller rotating in water and/or in air, for
the specified speed.

These guarantees are considered as main hydraulic guarantees (see 3.2) and fall within the scope of this
standard. Other guarantees (see 3.3) are not covered by this standard.

3.1.2 The purchaser shall arrange for the supplier of the machine to be provided with true, full and acceptable
data covering all basins, inlet and outlet structures, waterways between the points of intake and discharge
and all parts and equipment relating thereto, all the driven or driving machinery whether electric or not and
the revolving parts thereof, and all governors, valves, gates and allied mechanisms.

3.1.3 The purchaser shall be responsible for specifying the values of all the parameters on which guarantees
are based, including water quality and temperature**, specific hydraulic energies of the pl ant (see 2.3.6.4)
and specific hydraulic energy losses (see 2.3.6.6), for the study of the plant, particularly the correct inlet
and outlet conditions of the machine and for the co-ordination of what concerns the interaction between
the machine and the waterways. Should the operational and guaranteed ranges differ, he shall indicate the
limits of the operation.

3.1.4 If the electric generator or motor is to be used for measuring turbine or pump power (see 2.3.8.3), such
electric generator or motor and its auxiliaries shall be given appropriate tests. It should be a condition of
the contract that the supplier of the hydraulic unit or his representative shall have the right to be present
at such tests. A certified copy of the generator or motor test calculations and results shall be given to the
supplier of the hydraulic machine.

3.2 Main guarantees

3.2.1 Practical plant operation

Practical plant operation usually involves some variation in specific hydraulic energy (head). Therefore
specifications shall state the specific hydraulic energies to which guarantees shall apply.

For practical reasons a transient test may not be conducted at the same time as a steady-state performance
test.

* A regulated machine is a machine in which the flow is controlled by a flow-controlling device such as guide vanes, needle(s),
and/or runner/impeller blades. A single regulated machine is a regulated machine with one flow-controlling device; a double regulated
machine is a regulated machine with two flow-controlling devices. A non-regulated machine is a machine in which no flow-controlling
device is provided.

** If the water temperature during the acceptance test is significantly different from the specified value (e.g. more than 10°C),
the relevant scale effect should be taken into account.
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3.2.2 Power

Power guarantees may be required at one or more specified speeds for:

a) a regulated turbine: power to be reached at one or more specified specific hydraulic energies (see Figure
10 a);

b) a non-regulated turbine: power to be reached and power not to be exceeded over a specified specific
hydraulic energy range* (see Figure 10 b);

c) a non-regulated/regulated pump: power not to be exceeded over a specified specific hydraulic energy
range (see Figure 10 c).

3.2.3 Discharge

Discharge guarantees may be required at one or more specified speeds for.

a) a regulated turbine: discharge to be reached at one or more specified specific hydraulic energies (see
Figure 10 a);

b) a non-regulated turbine: discharge to be reached over a specified specific energy range (this guarantee
is usually replaced by the corresponding power guarantee, see 3.2.2 b) and discharge not to be exceeded
(see Figure 10 b);

c) a non-regulated/regulated pump: discharge over a specified specific hydraulic energy r ange, including,
values to be reached or not to be exceeded** (see Figure 10 c).

The guaranteed discharge may be referred to the ambient pressure (see 2.3.4.5).

3.2.4 Efficiency

3.2.4.1 Regulated turbine efficiency guarantees may be required at one or more specified speeds and specific
hydraulic energies:

a) at one or more individual specified powers or discharges or as a curve (see Figure 10 a);

b) as weighted average efficiencies*** over a range of power or discharge;

c) as arithmetic average efficiencies*** over a range of power or discharge.

3.2.4.2 Non-regulated turbine or non-regulated/regulated pump efficiency guarantees may be required at one or
more specified speeds:

a) at one or more individual specified specific hydraulic energies or as a curve (see Figures 10 b and 10 c);

b) as weighted average efficiencies*** over a specified r ange of specific hydraulic energies;

c) as arithmetic average efficiencies*** over a specified range of specific hydraulic energies.

3.2.5 Choice of power, discharge and efficiency guarantees

It is recommended that the contractual agreements avoid fixing more than one guarantee for correlated
quantities; for instance, in the case of a regulated turbine efficiency shall be guaranteed versus discharge
or power, but not versus discharge and power.

• For the contractual limits of the power corresponding to the specified specific hydraulic energies, see 6.3.1.

** For the contractual limits of the discharge corresponding to the specified specific hydraulic energies, see 6.3.2.

*** Weighted or arithmetic average efficiencies and a series of individual efficiencies shall not normally be guaranteed
simultaneously.
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3.2.6 Maximum momentary overspeed and maximum/minimum momentary pressure* , **(see 2.3.4.14 and
2.3.5.7 )

Maximum or minimum momentary pressure and maximum momentary overspeed should be guaranteed
over the whole operating range, generally in accordance with IEC 308.

Since the characteristics of the hydraulic and electric machines, the governor and all or part of the
conduit system may be involved in the determination of the maximum overspeed and maximum/minimum
momentary pressure, manufacturers shall be supplied with all relevant information.

3.2.7 Maximum steady state runaway speed (see 2.3.4.15)

Guarantees should be given that the maximum steady state runaway speed (maximum reverse runaway
speed in case of a pump) will not exceed specified values under conditions to be specified in the contract
(e.g. specific hydraulic energy, net positive suction specific energy, etc).

It is generally recommended to avoid this test (see 7.1.2.2).

3.2.8 Maximum zero-discharge specific hydraulic energy and zero-discharge (shut-off) power of a pump (see
2.3.6.5 and 2.3.8.6)

In the case of a pump a guarantee should be given that the zero-discharge power – with watered and
dc-watered impeller – and the maximum specific hydraulic energy will not exceed a specified value for the
specified speed.

3.3 Other guarantees

Additional guarantees may be given; the following are guarantees covered by other IEC publications.

3.3.1 Speed governing systems

Acceptance of speed governing systems should be carried out in accordance with IEC 308.

3.3.2 Cavitation pitting

The amount of cavitation pitting should be guaranteed subject to the limitation that the unit will be
operated only within the prescribed ranges of power, discharge, speed, duration, water temperature and net
positive suction specific energy (NPSE). Recommendations on this subject are dealt with in IEC 609.

* This standard deals only with speed and pressure va riations associated with specified sudden load rejection (turbine) or power
failure (pump). The most unfavourable transient conditions appearing in the definitions at 2.3.4.14 and 2.3.5.7 shall be specified in
the contract.

** For superimposed pressure fluctuations, if any, see 7.1.1 and 8.2.2.
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Figure 10b—Non-regulated turbine

n
P	 71

n = nsp = constant

See0	 2.3.1.7

41 © IEC — 57 —

n = nsp = constant
E =Esp = constant

P(orQ	 IEC 374/9I

Emin	 Esp	 Emax

Figure 10c—Pump

Note. — Usually only a pa rt of the guarantees here described are required.

Figure 10 — Guarantee curves

IEC 37619!
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4. Organisation of test

4.1 Adequate provision for test

It is recommended that attention should be given to provisions for testing when the plant is being
designed. This applies particularly to the arrangements for measuring discharge and specific hydraulic
energy. It is suggested that during ,the design stage of the plant and the machines to be tested, provision is
made for more than one method of measuring discharge and pressure (or free water level). The methods of
measurement should be fully covered in the specifications and in the contracts.

The conditions should also be considered when a prospective purchaser, or the engineers, submit an
enquiry to possible suppliers. It should be stated at this time that the acceptance tests shall be performed in
accordance with all applicable requirements of this standard. Any anticipated deviation from this standard
should be clearly stated.

4.2 Authority for test

Subject to the provisions of the contract, both parties shall have equal rights in determining the test
methods and procedures and in selecting all test personnel. The test may be entrusted to experts who
hold independent positions with respect to both parties. If so, they and the Chief of test together with
the contracting parties shall have final authority in selecting all other test personnel.

4.3 Personnel

The selection of personnel to conduct the test and procedures in connection therewith are matters of
prime importance.

4.3.1 Chief of test

A Chief of test shall be appointed by agreement between the two parties. He should be competent to
supervise all of the calibrations, measurements and calculations necessary to determine the performance
of the machine. He shall exercise authority over all observers. He shall supe rvise the conduct of the test in
accordance with this standard and any written agreement made prior to the test by the contracting parties.
He shall be responsible for the calibration of all test instruments and for all test measurements. He shall

report on test conditions and be responsible for the computation of results including the determination of
the measurement uncertainties and the preparation of the final report. On any question pertaining to the test
his decision, subject to the provisions of 4.5.1, 4.7.6 and 4.9.1, shall be final.

4.3.2 Choice of personnel

The testing team shall have the necessary competence and experience for the correct installation and

utilization of the measuring equipment.

4.3.3 Presence at test

Both purchaser and supplier of the machine shall be entitled to have representatives present at all tests in
order to verify that they are performed in accordance with this standard and any prior written agreements.

4.4 Preparation for test

4.4.1 Submission of drawings and relevant data

All drawings of importance for the test and all relevant data, documents, specifications, certificates and
reports on operating conditions shall be placed at the disposal of the Chief of test.
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4.4.2 Inspection on site

Shortly before the start of the test, the unit and all test equipment shall be subjected to thorough
inspection by representatives of both parties and the Chief of test to ensure that conditions are such that the
performance of the machine may be judged equitably (see also 4.8). It shall be verified that:

a) all machinery is complete and according to specifications;

b) the scales indicating the opening of the guide vanes and/or runner/impeller blades, where applicable, or
the opening of nozzles and deflectors are calibrated and the relationship between openings is correct.
The scales shall have sufficient resolution and will be accessible throughout the test. Provisions shall
exist to block effectively the guide vane or nozzle openings during each point to promote stability and
accurate repetition of openings;

c) no water passages are obstructed or restricted by any foreign matter;

d) no wear has taken place on vital parts, particularly in the form of cavitation damage to runners/impellers,
guide vanes, nozzles or other water passage components and/or damage to wearing rings or labyrinths,
that could have a significant effect on efficiency;

e) all pressure taps, piezometric tubes and connecting pipes have been properly formed and located and
are clear of obstruction.

4.4.3 Measurements before test

The dimensions of the conduit at and between measurement sections, when required, shall be measured
accurately before the unit is operated.

A main bench mark for levels shall be established. All secondary bench marks (levelling reference
points) in the specific hydraulic energy measuring system shall be referred to it. All bench marks shall be
retained undisturbed until the final report has been accepted.

When the indirect method of power measurement is used, the results of the generator/motor efficiency
test should preferably be available prior to the hydraulic machine performance test. In case such information
is missing the guaranteed values of generator/motor for losses may be used for preliminary computation of
the results.

4.5 Agreement on test procedure

4.5.1 Approval of procedure

The test programme and procedure shall be prepared by the Chief of test, taking into consideration the
plans previously prepared according to 4.1. All arrangements and plans shall be submitted to both purchaser
and supplier in ample time for consideration and agreement. Approval or objection shall be given in writing.

4.5.2 Date of test

The acceptance test shall not take place until the commissioning tests, including speed and pressure
variation trials, have been conducted. See also IEC 545 and 805.

It is for the purchaser to decide, with respect to plant operation and flow conditions, on the date of the
acceptance test. This shall be within the contract guarantee period and preferably within six months after
the machine has been handed over to the purchaser, unless otherwise agreed by both parties in writing.
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4.5.3 General programme

The general programme shall be drafted by the Chief of test and shall include particulars concerning
the following items:

4.5.3.1 Specific hydraulic energy for acceptance test

In those cases where guarantees are given for more than one specific hydraulic energy the general
programme shall state at which value or values of specific hydraulic energy the acceptance test shall be
carried out, on the basis of the purchaser's instructions.

4.5.3.2 Machines to be tested for efficiency

The contract shall specify whether several or only one of a group of identical machines are to be tested
with regard to efficiency. The general programme shall specify the actual machine or machines to be tested.
If only one is to be tested, it is recommended that the machine shall be chosen by mutual agreement between
purchaser and supplier.

4.5.3.3 Extent and duration of test

The general programme shall include a statement on the number of points to be taken and the
corresponding operating conditions. The number of points to be obtained depends on the nature and extent
of the guarantees and shall be decided by the Chief of test. Prescriptions on the number of points, the mode
of machine operation and other related items which shall be included in the general programme are detailed
in 5.1 for the steady state performance test and in 7.1 for the transient operation test.

4.6 Instruments

4.6.1 Identification of instruments

The maker, serial number or other identification, and owner of each instrument shall be stated in the
final report.

4.6.2 Calibration of instruments

All instruments, including electrical instrument transformers, shall be calibrated before the test and both
purchaser and supplier may witness their calibration. Whether calibrated on or off site, the validity of all
calibrations shall be verified by the Chief of test. In the c ase of an off-site calibration, a valid certificate,
acceptable to both the purchaser and the supplier, shall be provided. All necessary correction and pre-test
calibration curves of the ins truments to be employed shall be available before any test is carried out.

Unless omitted by agreement, all calibrations shall be repeated after completion of the test. The dates
and places of all calibrations shall be stated in the final report. The institutions that have performed the
calibrations shall state in writing whether the variations between pm- and post-test calibrations are within
acceptable limits. If such is the case, their arithmetical means shall be used in the computation of the final
results. If not, either a special agreement shall be made as to how any disputed values shall be used or the
test shall be repeated.

4.7 Observations

4.7.1 Observation sheets

Observation sheets which clearly indicate the items to be measured shall be prepared for use at each
of the various s tations. A sufficient number of copies of the observa tion sheets shall be prepared and each
party to the test shall immediately be handed a complete set. These obse rvation sheets shall:
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a) record the power plant designation and the serial number of each machine to be tested and the serial
numbers of the instruments as well as any other essential information to identify all instruments and
their location;

b) record the positions of all nozzles needles, runner/impeller blades, and/or adjustable guide vanes;

c) record all readings made at each observation station and the time at which each reading was taken,
together with any circumstances deserving attention;

d) be signed by the particular observer;

e) provide for other necessary signatures (see 4.7.5);

f) be examined by, and copies given to, all parties before the end of the test.

4.7.2 Instrument readings

All readings of direct-reading instruments shall be taken during the same period of time and the
frequency of the reading shall be decided by the Chief of test. Care shall be taken that the time interval
between readings does not coincide with the period, or any multiple thereof, of any steady state oscillations
in the instrumentation or machine under test. Visual averaging is to be avoided, if possible, because this
inevitably introduces some personal bias (see also 5.2.1). All readings for the preliminary test (5.1.3) shall
be taken with the same care and accuracy as for the acceptance test.

4.7.3 Instrument recordings

Instrument recordings (analog or digital) may be used provided that the accuracy and resolution of
the records are comparable to or better than instantaneous readings of direct reading test instruments. All
recordings shall be averaged or interpreted under the direct supervision of the Chief of test, using the most
suitable and accurate techniques.

4.7.4 Preliminary calculation

After completion of the test, the readings and recordings shall be examined by both parties and
representative results shall be provisionally computed on site using the pre-test calibrations. All errors
or inconsistencies thereby discovered shall be eliminated or taken into account. Only on this basis may the
test be terminated and the test instruments removed (see 4.6.2).

4.7.5 Signing of readings and recordings

The test recordings shall be signed by the Chief of test and by representatives of both parties.

4.7.6 Procedure in case of dispute or repetition

If there is any dissatisfaction with the test for clearly explained reasons stated in writing, the dissatisfied
party shall have the right to demand additional tests. Agreement at this stage shall not preclude either party
from expressing dissatisfaction with the test when the final results are available. In such case, either party
and/or the Chief of test may demand a repeat test. If final agreement as to the conduct of such a test cannot
be reached, the matter shall be referred to an independent arbitrator acceptable to all parties.

The contract should fix the responsibility for the cost of any repeat test.

4.8 Inspection after test

If requested by either party or the Chief of test, the unit and all test equipment shall be available for
inspection within two days after completion of the test. A request for this inspection should be made as
early as possible and, in any case, before the completion of testing.
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4.9 Final report

4.9.1 Preparation of final report

The Chief of test shall be responsible for the preparation of the final report. A draft form of the repo rt

shall be submitted to both the purchaser and supplier to obtain the approval of both parties on all items
including calculations and presentation of results. Any dissatisfaction shall be resolved by both parties
with each having equal rights in determining the final contents of the report. In case of lack of agreement,
the matter shall be referred to an independent arbitrator acceptable to all parties.

4.9.2 Content

The final report shall include at least all the topics listed below but not necessarily in this order.

a) Object of test.

b) Records of all preliminary agreements pe rtinent to the test.

c) Personnel taking part in the test.

d) Identification, characteristics and description of the machine.

e) Description of associated equipment or works, for example pipelines, valves, gates, intake and outlet
passages, and their condition, with drawings where appropriate.

f) Particulars concerning service conditions of the machine, for example operating hours, power, discharge
and water levels from commissioning date up to the beginning of the acceptance test.

g) Comments on inspection of machine.

h) Details of performance guarantees.

i) Description of all test equipment including serial numbers, calibrations, and all checks made pertaining
to the test (see 4.7.1).

j) Test procedures.

k) Detailed calculations, preferably tabulated, from the o riginal rough data to the final curves for at least
one point. All diagrams or their copies used, such as Gibson pressure-time diagram, salt-velocity curves,
current-meter velocity distribution, etc. shall be included.

1) Daily log of the events of the test.

m) The tabulated results of all measurements including necessary intermediate data, the results of
calculations for the specific hydraulic energy, discharge and power, the conversion of the values
measured to the specified conditions ESP and nsp , the determination of the efficiency of the generator
or motor and the calculation of turbine or pump efficiency.

n) An evaluation of the random and systematic uncertainties of each measured quantity and a calculation
of the total uncertainty of data derived from combined measurements.

o) Graphs showing the principal results.

p) Discussion of the test results on the basis of the test graphs:

1) for regulated turbines at specified speed and at each specified specific hydraulic energy:

– efficiency-power or efficiency-discharge;

– power-discharge;

– discharge and power-guide vane or needle opening.
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2) for non-regulated turbines or pumps at specified speed:

– efficiency-specific hydraulic energy;

– discharge-specific hydraulic energy (pumps) or power-specific hydraulic energy (non-regulated
turbines).

In the case of machines with adjustable runner/impeller blades and adjustable guide vanes, curves shall
be drawn for different blade/vane settings to indicate how the cam control for the optimum relationship
was determined.

q) Comparison with guaranteed values and conclusions: unfavourable influences during the test shall be
reported.
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SECTION TWO – EXECUTION OF TEST FOR THE DETERMINATION
OF THE STEADY STATE PERFORMANCE OF THE MACHINE

5. 'l'est conditions and procedure

5.1 General test procedure

5.1.1 Methods of measurement

The methods to be used for the measurement or computation of discharge, power, specific hydraulic
energy, efficiency, speed and losses shall be stated in the general programme. They are described in Clauses
9 to 14.

An additional index discharge measurement is recommended to overcome any difficulties that may arise
from the chosen method. The index test methods are described in Clause 15.

5.1.2 Number of points, runs and readings

A performance curve such as that illustrated by Figure 10 a requires a minimum of six and preferably
eight or ten points. Each point will be obtained from one or more runs (see 2.1 and 5.1.3). The number
of measurements taken during a run depends upon the methods of measurement used, but for a statistical
treatment (see Appendix C and D) at least five readings of direct-reading instruments per run are to be taken
over an agreed time or over the duration of any time-based measurements. Figure 11 shows an example of
a test schedule.

The interval of time during which all instantaneous readings and inst rument recordings are made for
each run shall generally be the same for each point. For some types of measurement such as the transit
time method of discharge measurement, the time necessary to complete a run may vary significantly with
discharge. It may then be appropriate to adjust the time interval between instantaneous readings so that
each run contains the same number of readings or at least an agreed minimum number of readings. The
sole exception is for any pressure-time method diagrams which shall be started within approximately 15 s
after the last instantaneous reading or the end of recording of the other quantities.
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RUN

.	 I	 .
Readings or recordings 

Specific
hydraulic
energy 

\

POINT	 TEST

)           

Power     

One or more runs
per point
(operating conditions
unchanged)

Discharge

For example
eight points
to establish
a test curve

IEC 377191

Note. — The number of points to establish a curve, the number of runs per point and the number of readings per run depend on many
factors (test methods, local conditions, type of machine, etc.) and shall be decided by the Chief of test. When Method A (sec 5.1.3.1)
is used, one run is sufficient for one point.

Figure 11— Example of a test schedule
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5.1.3 Recommended test procedures

Two procedures are recommended. The first (Method A) consists of testing a number of points over a
range of operating conditions and drawing performance curves through them. The second (Method B) is
based on testing several times one or a few specified operating points. Both methods may be supplemented
as necessary by index tests.

For Method A, the quality of the measurements is judged by the deviations of the points from the
best smooth mean curve drawn through them. For Method B, not applicable when test conditions can be
maintained constant for a short time only, the quality of the measurements is judged by the deviations of
the results of the individual runs from their arithmetical mean value at the operating point considered.

If a guarantee is given for peak efficiency, but the corresponding operating conditions arc unknown
or unspecified, a preliminary index test shall be carried out to determine these operating conditions, after
which the necessary complete runs shall be made (see also 5.1.4).

A preliminary test should be carried out to instruct all participants in their respective duties and to
verify satisfactory operation of all test equipment or to correct or improve it, if necessary. During both
the preliminary and acceptance tests, all possible cross-checks of data and results should be carried out
to reduce or eliminate errors. Provisional results should be calculated and plotted as fas t as the data are
gathered. These running plots of discharge and power versus gate opening for turbines or discharge and
power versus specific hydraulic energy for pumps may reveal testing errors or abnormalities in the operating
characteristics of the machine which require further investigation. It may not be practicable to include all
of the instrument corrections in the provisional results.

5.1.3.1 Method A

This method shall be used when performance curves over a range of operating conditions must be
obtained (see also Appendix D) or when the test conditions can be maintained constant (see 5.2.1) only for
a short time. The test programme shall define:

a) the range of operating conditions to be covered by the test;

b) the number and sequence of operating points to be tested;

c) the guide vane/needle, runner/impeller blade and speed settings;

d) any supplementary index test to be made.

5.1.3.2 Method B

This method may be used only if the operating conditions can be maintained constant (5.2.1) over the
whole test time necessary to establish the machine performance at the operating point specified (see also
Appendix C).

The test programme shall define the minimum number of runs, but in no c ase shall the number be less
than five at the same operating conditions. If tests at more than one operating condition are required, each
of them shall have the same number of runs.
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The test programme shall also define:

a) the number and sequence of operating points to be tested;

b) the guide vane/needle, runner/impeller blade and speed settings;

c) any supplementary index test to be made.

5.1.4 Particular procedure for double regulated turbines

Efficiency and power tests shall be made with the optimum relationship between guide vane and runner
blade openings.

The optimum relationship can be established either during acceptance test or by previous index test.
In this case, the optimum relationship must be established under the same hydraulic conditions as for the
acceptance test, using for each of at least five blade openings, at least five different guide vane openings.

5.1.5 Particular procedure for single regulated or double regulated pumps

If possible, tests of these machines shall be carried out over the specified range of specific hydraulic
energy and discharge. Efficiency and power tests shall be made with the openings of guide vanes and/or
runner/impeller blades adequate to check the contract guarantees. These openings must be established
under the same hydraulic conditions as for the acceptance test. In the case of a double regulated pump
the relationship between guide vane and impeller blade openings can be established during the acceptance
test or by a previous index test.

When adequate changes in water levels are not possible, discharge throttling and/or speed variation, if
possible, may be used to obtain the necessary range of specific hydraulic energy.

5.2 Test conditions to be fulfilled

A run is considered valid if the following test conditions are fulfilled.

5.2.1 Fluctuations and variations during a run (see 2.1)

Fluctuations arc defined as high frequency (more than 1 Hz) changes in the values of specific hydraulic
energy, rotational speed, discharge or power about average values.

Some form of linear damping should be employed to eliminate the fluctuations and to read longer period
changes (variations), which constitute the proper readings for the determination of the average value. In
the case of sudden changes, the run cannot be considered valid. Variations of specific hydraulic energy,
rotational speed and generator/motor power shall be such that the readings lie within the following limits
during a run:

a) the variations of power shall not exceed ±1, 5 % of the average value of power;

b) the variations of specific hydraulic energy shall not exceed ±1% of the average value of specific
hydraulic energy;

c) the variations of rotational speed shall not exceed ±0, 5 % of the average value of rotational speed.

5.2.2 Deviations of average specific hydraulic energy and rotational speed from specified values during a run

(sec 2.1)

A departure of the average values of specific hydraulic energy E and rotational speed n measured during

a run from their specified values Esn, nsp is defined as deviation.
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n = nsp = constant
X = measured point
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E
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In all cases the deviations must lie within the limits defined under a) and b) below:

0, J7 <  
nl^  < 1, 03

n.sp / VEsp

In no case shall the values of 	 fall outside the values defining the operating range.

0,80 < E < 1,20
ESP

and 0,90 < n < 1,10
nsp

For conversion of test results to specified conditions see 6.1.2.

5.2.3 Net positive suction specific energy (see 2.3.6.9) and tailwater level during the measurement of a point
(see 2.1)

5.2.3.1 For a reaction machine the net positive suction specific energy, NPSE, shall not fall below the value
specified in the contract.

If the actual average specific hydraulic energy and/or speed deviate from the specified values, it is
necessary to have the curve of minimum guaranteed value of NPSEIE as a function of E. The actual value
of NPSE/E shall not fall below the curve (see Figure 12).

5.2.3.2 For impulse turbines, the highest tailwater level shall not exceed the maximum level specified in the
contract.

Emin Emax E
1EC ?78/91

Figure 12 — Curve of minimum guaranteed value of NPSE/E.
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Non-regulated turbine
Guaranteed curves at nsp constant
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6. Computation and analysis of results

6.1 Computation of test results

6.1.1 Computation of a point

For each run the arithmetic average value of the readings and recordings is computed for each measured
quantity (n, Q, E, P); on the basis of these values the performance is calculated applying the necessary
conversions and corrections (see 6.1.2).

In the case of multiple runs the performance results, obtained as indicated above, are averaged to
establish the point.

6.1.2 Conversion and correction of test results to specified conditions

Figure 10 shows the guarantee curves. For the regulated turbine a guarantee curve is usually given for
each specified specific hydraulic energy (Figure 10 a); on the contrary, for the non-regulated turbine and for
the pump only a value for guaranteed quantities (efficiency for instance) is given for each specified specific
hydraulic energy (Figures 10 b and 10 c). Provided that the conditions described at 5.2 are fulfilled, test
results are valid. The method to calculate a point is explained at 6.1.1.

If the guaranteed discharge is referred to the ambient pressure (sec 3.2.3), the measured value must
be converted to this condition (see 2.3.4.5). If the average specific hydraulic energy En and/or rotational
speed n deviate from specified values ESP and nsp during a run, a conversion must be made using affinity
laws, assuming that the conditions of these laws arc fulfilled. The following formulae and procedures can
be adopted:

6.1.2.1 Non-regulated turbine and pump; if n nsp:

n	

nna;	

En

En s
 — 

( 2

; n 	
Pasp
	 nn	 ^P	 na) ;

Qn r/nsp = rin

Figures 13 a and 13 b represent the guarantee curves and the shifting of measured quantities Q, P, converted

to nsp'

a) b)

Figure 13 — Conversion of a measured point to the specified rotational speed

!EC 379/91
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6.1.2.2 Regulated turbine: if E„	 Esp and/or n # nsp , there are three possible cases:

a) in some rare cases it is possible to meet the relation n =  
n
P and to avoid corrections outlined

under c) by adjusting the speed if E # Esp and/or the specific hydraulic energy if n # nsp.

Conversion formulae are:

QE,p — ( 
Esp 

\

\ 1/2

QE	 EJ
3/2

P 'p - (EEp )E

nEsp,nsp = 71E,n

b) when the adjustment described above is not possible, and if 0, 99 <  n/ E  < 1, 01, no correctionnsp/ Esp —

(see c)) is necessary and the conversion formulae given at a) are used.

c) when the adjustment described at a) is not possible and if  n/ E  is outside the range given at b),
nsp/ Esp

it is necessary to make — in addition to conversion — a cor rection.

For this purpose it is necessary to have — in addition to the efficiency guaranteed curves corresponding to
the different specified specific hydraulic energies —the relevant portion of the efficiency hill diagram (see
Figure 14). In the case where the efficiency guarantees are given only for a specified specific hydraulic
energy, it is necessary to have the portion of the efficiency hill diagram included between maximum and
minimum specific hydraulic energies of the operational range. A previous agreement should be reached
between purchaser and supplier on this matter.

If n # nsp and E # Esp , the first thing to do is to convert point A n into Ann. using the formulae
described in 6.1.2.1. As En3p # Esp, the next step is to shift Ann. the line corresponding to Esp in
Figure 14, following a cons tant opening method (A2). Other modes of shifting (i.e. at constant discharge
A 1 , or at constant efficiency, A3) may be agreed upon between the parties.

Efficiency shall be corrected by the formula:

7/Esp ,n3p = +

where n = measured value and An = difference between efficiency in A 2 for instance, and efficiency
in A	 according to efficiency hill diagram.

„3p

Esp is known, QE3p nsp and nE3p nap 
arc determined as explained before, PE3p ,,3p is consequently

calculated.
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Regulated turbine

Emax

Esp

En sp

Emin

Guaranteed curves
at nsp constant
An sr. —. A t	 Q = constant
An sp -+ A2	 a = constant
An 5p - ∎ A3	 n = constant

Qn5p 
OE n w 	

LEC 380/91

Figure 14 – Correction of a measured point to specified conditions

6.1.3 Test curves

– For regulated turbines:

values of n shall be plotted against PEppolar, or QE n$p; values of PnsP 
shall be plotted against

Enp.

– For non-regulated turbines and for pumps:

values of Qnsp , Pnsp and n shall be plotted against Ensp.

Conversion to specified values is given in 6.1.2.
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6.2 Uncertainties in measurements* and presentation of results

6.2.1 Definition of error

The error in the measurement of a quantity is the difference between that measurement and the true
value of the quantity.

No measurement of a physical quantity is free from uncertainties arising from systematic errors and
random errors. Systematic errors cannot be reduced by repeating measurement since they arise from
the characteristics of the measuring apparatus, the installa tion, and the operation conditions. However,
a reduction in the random error may be achieved by repetition of measurements since the random error
of the mean of n independent measurements is times smaller than the random error of an individual
measurement (see Appendix C).

6.2.2 Definition of uncertainty

The range within which the true value of a measured quantity can be expected to lie with a suitably
high probability is termed the "uncertainty of the measurement". For the purposes of this st andard, the
probability to be used shall be 95 % level.

6.2.3 Types of errors

There are three types of error which must be considered:

— spurious errors;

— random errors;

— systematic errors.

6.2.3.1 Spurious errors

These are errors such as human errors, or instrument malfunction, which invalidate a measurement:
for example, the transposing of numbers in recording data or the presence of pockets of air in leads from
a water line to a manometer. Such errors should not be incorporated into any statistical analysis and the
measurement must be discarded. Where the error is not large enough to make the result obviously invalid,
some rejection criteria should be applied to decide whether the data point should be rejected or retained.

Unless otherwise agreed, the Grubbs test described in Appendix B is recommended for testing possible
outliers; other tests, such as the Dixon test given in ISO 5168, may be used by agreement.

It is necessary to recalculate the standard deviation of the distribution of results after applying the outlier
test if any data points are discarded. It should also be emphasized that outlier tests may be applied only
if there is an independent technical reason for believing that spurious errors may exist: data should not be
thrown away lightly.

6.2.3.2 Random errors

Random errors are caused by numerous, small, independent influences which prevent a measurement
system from delivering the same reading when supplied with the same input value of the quantity being
measured.

The measurements deviate from the mean in accordance with the laws of chance, such that the
dis tribution usually approaches a normal dis tribution as the number of measurements is increased.

The random error is influenced by the care taken during measurements, the number of measurements
and the operating conditions. The scatter of readings observed during a point results from the combination
of the random error arising from the instrumentation and of the influence of the operating conditions.

* See ISO 5168.
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6.2.3.3 Estimation of the uncertainty associated with random error

Statistical methods for estimating the uncertainty associated with random error are discussed in
Appendices C and D.

When the sample size is small, it is necessary to correct the statistical results that are based on a normal
distribution by means of Student's t values, as explained in these appendices. Student's t is a factor which
compensates for the uncertainty in the standard deviation increasing as the sample size is reduced.

The uncertainty corresponding to a level of 95 % is written (f,,)ss•

An agreement prior to the test shall specify the maximum permissible value ±f,. of the uncertainty
bandwidth due to random errors. If more than 5 % of the results are outside this range, an accurate analysis
will be made and the measurements will be repeated or a new value of the uncertainty bandwidth due to
random errors will be agreed.

6.2.3.4 Systematic errors

Systematic errors are those which cannot be reduced by increasing the number of measurements if the
equipment and conditions of measurements remain unchanged.

The systematic error of a measurement depends partly on the residual error in the ins trument or
measuring system at the start of the test. At that time, all removable errors will have been eliminated by
calibration, careful measurement of dimensions, proper installation, etc. The error still remaining is called
systematic error (bias) and always exists, however small.

The systematic error is largely controlled by the choice of measuring method, and the operating
conditions; for example, the value of the kinetic energy calculated with the mean velocity can differ from its
true value if the velocity dis tribution at the measuring section is not sufficiently regular. Systematic errors
do not affect the repeatability of measurements during a test.

Prior to any test, an agreement should be reached on an expected band of systematic uncertainty within
the range given in the first column of Table AI, Appendix A. It must be emphasised that the values for
systematic uncertainties listed in the second column are expected uncertainties when the measurements
are made in normal conditions by experienced personnel with an apparatus of high quality, in accordance
with the provisions of the standard. The actual value of systematic uncertainty usually depends on many
factors, some of which can only be evaluated after the test. A review of these factors shall be made and
an agreement between the parties concerned established whether the expected uncertainties have to be
changed on technical grounds or not.

6.2.3.5 Estimation of the uncertainty associated with systematic errors

The uncertainty associated with systematic errors cannot be assessed experimentally without changing
the equipment or conditions of measurement. This change can indicate an order of magnitude of the
systematic error and should be applied whenever possible. The alternative is to make a subjective judgement
on the basis of experience and consideration of the equipment involved.

The first step in the estimation of this uncertainty is to identify those aspects of the measurement that
can affect its value; the second step is to allocate uncertainty limits to allow for each of these effects. This
may be donc, in part at least, by statistical analysis*.

• See for example ISO 5168.
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If the error has a unique known value then this shall be added to (or subtracted from) the result of
the measurement and the uncertainty in the measurement due to this source is then taken as zero. If the
systematic error of a measuring device is unknown but its error limits (class of accuracy) are specified, the
interval between them may be assumed as the systematic uncertainty of that device with a confidence level
better than 95 %.

Systematic errors usually are considerably larger than random errors for the highest quality field test.

Actually, notwithstanding the difference exposed above between systematic and random uncertainties,
the probability dis tribution of the possible values of each systematic component is essentially gaussian
and the systematic uncertainty fs is computed from the individual systematic uncertainties by the root-
sum-squares method; for example, the systematic uncertainty of efficiency (f n ) s is computed from the
individual systematic uncertainties in discharge (f Q )s , specific hydraulic energy (fE )s and power (fp)s
by:

l.f)s = i t(fQ )s + (fE)s + (fP)s11/2

See also Clause A2 of Appendix A.

6.2.4 Total uncertainty

The total uncertainty in a measurement (ft ) is obtained by combining the systematic (fs) and random
(fr) uncertainties (see 6.2.3.3 and 6.2.3.5). It defines a range within which the true value is assumed to
have a probability of 95 % to lie, and any point in this range is equally valid.

Given the same type of probability dis tribution of the systematic and random uncertainties (see 6.2.3.5),
they can be combined by the root-sum-squares method. The total uncertainty is thus given by:

ft = (fg + fi )"2

6.2.5 Analysis of results

The method of analysis and presentation of results described hereafter with particular reference to
comparison with guarantees is recommended. Appendix A contains estimates of systematic uncertainties;
Appendices C and D provide enough informa tion to make simple estimates of random uncertainties;
Appendix B describes a method for rejecting outliers.

6.2.6 Presentation of results

Taking into account the to tal uncertainties calculated as explained in 6.2.4, each measured point should
be represented on a diagram by an ellipse. The axes of this ellipse represent the to tal uncertainty, at a
confidence level of 95 %, in the two quantities chosen as coordinates of the diagram. Any point within this
ellipse is equally valid.

If a curve is guaranteed (guarantee given within a range of powers, for ins tance), an uncertainty band
corresponding to the upper and lower envelopes of these ellipses is superimposed to the best fitted curve
drawn through the test points (see Appendix D). All the points within this band are equally valid and thus
this band constitutes an accep table bandwidth for comparison with guarantees.

In some cases, for example, when the guarantee curve is plotted against specific hydraulic energy, the
limits of the to tal uncertainty bandwidth can be obtained by reducing the ellipses to their principal axis.
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6.3 Comparison with guarantees

The comparison with guarantees shall be made by the following methods using the total uncertainty
bandwidth (see 6.2.6) and taking into account the contractual limits (see Figures 10 a, 10 b and 10 c).

6.3.1 Power (see 3.2.2)

6.3.1.1 Regulated turbine

Figure 15 shows the guaranteed curve of the power to be reached against the specified specific hydraulic
energy. In this example, the guarantee for power is not fulfilled in the range A.

Figure 15 – Regulated turbine

6.3.1.2 Non-regulated turbine

Figure 16 shows the guaranteed curve of the power against the specified specific hydraulic energy and
the result of the comparison with the measured curve, taking into account the bandwidth corresponding to
the combination of total uncertainties.

As shown in this figure, the specified limits with regard to specified specific hydraulic energies a re
defined – if not otherwise agreed – by a lower limit kPsp and a higher limit (k + 0, 1)Psp , k being a
mutually agreed value lying somewhere between 0,9 and 1,0; normally the value of k is 0,95. The choice
of k must be compatible with the power specified limits corresponding to E mir, and Emax , if any. In Figure

16, the guarantee is not met in the range A.
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Guaranteed curve
Measured curve

X Measured point

O	 See 2.3.1.7

IEC 382/91

n = nsp = constant
--- Measured curve

X Measured point

0	 See 2.3.1.7

IEC 383/91
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Figure 16 –Non-regulated turbine

6.3.1.3 Regulated/Non-regulated pump

Figure 17 shows the guaranteed specified limit of the power against the specified specific hydraulic
energy and the result of the comparison with the measured curve, taking into account the bandwidth
corresponding to the combination of total uncertainties. In this example, the guarantee for power is not
fulfilled in the range A.

Figure 17 – Pump
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Esp	 Esp	 Emax	 E	 1EC 385/91

Figure 19 – Non-regulated turbine

Emin

— 97 —41 © IEC

Emin 1EL^ 384/91Esp	 Emax	 E
Figure 18 –Regulated turbine

6.3.2.2 Non-regulated turbine

6.3.2 Discharge (see 3.2.3)

6.3.2.1 Regulated turbine

The guarantee
is met

n =nsp = constant
Guaranteed curve

-- Measured curve
X Measured point

fE 	 f E • E

n = nsp = constant
Guaranteed curve

--- Measured curve
X Measured point

r^4

Q i See 2.3.1.7

r

fQ • Q

fQ • Q

Q The guarantee
is met
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rt = nsp = constant

Guaranteed curve

— — — Measured curve

X Measured point

0	 See 2.3.1.7

Figure 20 –Pump
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6.3.2.3 Non-regulated/regulated pump

As shown in figure 20, the specified limits with regard to specified specific hydraulic energies are defined
– if not otherwise agreed – by a lower limit kQsp and a higher limit (k + 0, 1)Q 5 , k being a mutually
agreed value lying somewhere between 0,9 and 1,0; normally the value of k is 0,95. The choice of k shall
be compatible with the discharge specified limits corresponding to Emin and Emax , if any. In Figure 20 the
guarantee is not met in the range A.

6.3.3 Efficiency (see 3.2.4)

6.3.3.1 Regulated turbine

The measured efficiency 77 is plotted with the uncertainty bandwidth against the turbine power P or
discharge Q (see 3.2.4.1) converted as necessary to correspond to the specified specific hydraulic energy
and speed (see 6.1.2).

If the guaranteed power or discharge is exceeded on test, the supplier may have the option of naming a
power or a discharge attained but not greater than 10 % above the guarantee power (see 6.3.1) or discharge
(see 6.3.2) as a basis for determining the average efficiency (see Figure 21). This new reference power or
discharge will be subject to any limitation specified in the contract. These newly chosen values of power
or discharge may be used to reduce the amount of penalty, but not to increase the amount of premium.
The newly chosen power or discharge shall be considered as reference power or discharge for all other
guarantees (maximum momentary overspeed, maximum/minimum momentary pressure, cavitation pitting,
etc.); the chosen rate of increase shall be applied to all the powers (discharges) corresponding to the other
specified specific hydraulic energies, except those not tolerated by the electric machine.
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Measured curve

X Measured point
New guaranteed
curve

IEC 387/91

The guarantee of efficiency
is met

n = nsp = constant
E = Esp = constant

Guaranteed curve
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Figure 21— Regulated turbine

a) If the guarantee is given at one or more individual specified powers or discharges or as a curve (see
3.2.4.1 a)) , it is met if, at the specified speed and specified specific hydraulic energy, the guaranteed
single values or the guaranteed curve lie below the upper limit of the total uncertainty bandwidth over
the specified power (or discharge) range (see Figure 21a), b) and c)).

Figure 21 a — Regulated turbine
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Guaranteed curve
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P (or Q)	 lEC 389/91

Figure 21 b – Regulated turbine

Figure 21 c –Regulated turbine

b) Alternatively, if the guarantee is given as a weighted or arithmetic average efficiency (see 3.2.4.1 b) and
c)), the guarantee is met if, at the specified speed and specific hydraulic energy, the guaranteed average
efficiency is exceeded by the average efficiency calculated at the same specified powers (or discharges),
using the upper limit of the total uncertainty bandwidth.

6.3.3.2 Non-regulated turbine

The measured efficiency rl is plotted with the uncertainty bandwidth against specific hydraulic
energy E (see 3.2.4.2), converted – if necessary – to correspond to the specified speed (see 6.1.2).

a) If the guarantee is given at one or more individual specified specific hydraulic energies or as a curve
(see 3.2.4.2 a)), it is met if, at the specified speed, the guaranteed single values or the guaranteed curve
lie below the upper limit of the total uncertainty bandwidth over the specified specific hydraulic energy
range (see Figure 22).

b) Alternatively, if the guarantee is given as a weighted or arithmetic average efficiency (see 3.2.4.2 b) and
c)), the guarantee is met if, at the specified speed, the guaranteed average efficiency is exceeded by the
average efficiency calculated at the same specified specific hydraulic energies using the upper limit of
the total uncertainty bandwidth.
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--- Measured curve
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IEC 391/91
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Figure 22 - Non-regulated turbine

6.3.3.3 Pump

The measured efficiency 77 is plotted with the uncertainty bandwidth against specific hydraulic energy
E (see 3.2.4.2), converted – if necessary – to correspond to the specified speed (see 6.1.2).

a) If the guarantee is given at one or more individual specified specific hydraulic energies or as a curve
(see 3.2.4.2 a)), it is met if, at the specified speed the guaranteed single values or the guaranteed curve
lie below the upper limit of the total uncertainty bandwidth over the specified specific hydraulic energy
range (see Figure 23).

b) Alternatively, if the guarantee is given as a weighted or arithmetic average efficiency (see 3.2.4.2 b) and
c)), the guarantee is met if, at the specified speed, the guaranteed average efficiency is exceeded by the
average efficiency calculated at the same specified specific hydraulic energies using the upper limit of
the total uncertainty bandwidth.
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The guarantee of
efficiency is not
met in A and B

n = nsp = constant

Guaranteed curve
-- — Measured curve

X Measured point
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^
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Esp	 E 	 E

Figure 23 — Pump

rECC 392/91

6.3.3.4 Penalty and premium

If the contract provides for a penalty (or a premium) for lack (or excess) of efficiency, the amount of this
penalty (or premium) shall be calculated from the difference between the guaranteed efficiency curve or
guaranteed average value and the upper (or lower) limit of the total uncertainty band, this difference being
taken into account in case of a guaranteed curve only within the r ange where the guarantee lies outside the
uncertainty band (see zones A and B of figure 23).
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SECTION THREE – EXECUTION OF TEST FOR THE DETERMINATION
OF THE TRANSIENT CHARACTERISTIC OF THE MACHINE

7. Test conditions and procedure

7.1 Test conditions

7.1.1 General

Transient operating conditions (e.g. load rejections, power failure etc.) cause pressure and speed
variations dependent on the type of machine and on the movement of the shut-off devices (i.e. guide
vanes, needles and/or valves). In addition, superimposed pressure variations and fluctuations of significant
magnitude, not directly attributable to operational ch anges, can occur in some applications (e.g. pump-
turbines). In these cases, they should be the subject of a separate guarantee in the contract.

The test should be performed, if possible, under the specified worst conditions. For each pl ant the worst

conditions should be determined carefully and agreed upon before the test.

7.1.2. Speed variations

7.1.2.1 Momentary overspeed

The definition is given in 2.3.4.13.

For most turbines, maximum momentary overspeed (see 2.3.4.14) will occur following sudden load
rejection when power is being reduced to zero.

7.1.2.2 Steady state runaway speed

Regulated machines are normally protected from fu ll runaway speed condition through an adequate
closing device. Accordingly for most machines, steady state runaway speed is not normally reached and
runaway speed therefore may be considered as an unusual or extraordinary condition.

Unless otherwise agreed, it is recommended not to carry out steady state runaway speed tests. If carried
out they should be performed at reduced specific hydraulic energy in order to keep the physical stress of the
machines – particularly of the electrical machinery – low in comparison with the stress which may occur
at tests under the full specific hydraulic energy.

For non-regulated machines and for regulated machines with shut-off devices which have long closing
times, steady state runaway speed will normally be exceeded during load rejection which is performed
during commissioning. Therefore a separate steady state runaway test is not necessary.

7.1.3 Pressure variations

The maximum momentary pressure on the high pressure side and the minimum momentary pressure
on the low pressure side of a turbine normally occur during the shut-down operation when a specified
load is reduced to zero. The minimum momentary pressure on the high pressure side and the maximum
momentary pressure on the low pressure side normally occur during the opening movement of the shut-off
device beginning from zero or from no-load opening.

For pumps, the minimum pressure on the high pressure side and the maximum pressure on the low

pressure side occur during a power failure.

Unless otherwise specified the momentary pressure shall be measured at the reference sections.
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7.2 Test procedure and instrumentation

7.2.1 General requirements

Since the pressure and speed variations depend on the movement of the shut-off devices, all three
quantities shall be recorded simultaneously.

7.2.2 Measurement of speed variations

Instrumentation for measurement of speed variations shall be capable of attaining a measurement total
uncertainty of ±1, 0%.

7.2.3 Measurement of pressure variations

Electrical pressure transducers or spring-type indicators may be used for recording pressure variations.
The measuring devices shall be insensitive to mechanical vibration and shall be connected directly (flush) to
the penstock wall whenever this is possible. If the instrument cannot be directly connected to the penstock,
the piping shall be as short and straight as possible and made of metal. Flexible tubes are not allowed.

Air shall be purged out of the piping before measurement. Purchaser and supplier shall agree upon
an upper frequency limit up to which pressure fluctuations shall be accounted for. The measuring chain
including transducer and piping shall reproduce fluctuations with frequencies lower than the limit without
distortion by damping or resonance in the measuring tap. Fluctuations with higher frequency shall be
removed by appropriate filtering.

The basis of the limiting frequency for the filter is given by the specific frequency characteristics of the
hydraulic system.

The maximum permissible value of measurement total uncertainty shall be ±100 x p—° ,25 % (where p
is in pascals).

8. Computation and analysis of results

8.1 Conversion of results

In those cases where it is not possible to perform the test under specified conditions, the measured values
shall be converted by calculation. This conversion can be made in a simplified and approximate manner, if
the following conditions are fulfilled:

a) for pressure variation:

0, 9ESp < E < 1,1E8p

b) for speed variation:
0, 9ESp < E < 1,1ESp

and
0, 9PSp < P < 1, 1/35p

c) the closing time is greater than 1,5 times the period of the pressure waves in the penstock;

d) the guide vane (needle) opening, the runner/impeller blade opening in case of a double regulated
machine, and the closing time are approximately the same as for the specified condi tions.
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The following formulae shall be applied only for regulated reaction turbines excluding pump-turbines
operating in turbine mode. For impulse turbines, only the formula for conversion of pressure rise is
applicable.

If before measurement
E=KE•Esp and P=Kp•Psp

the variations 1 psp and Onsp , which are to be expected under specified conditions, can be calculated from
the measured values of the pressure variation Op = pm — pi and speed variation An = rim — n; (see
Figures 4a, 4b and Figure 3) as follows*:

_ Op	 KÉ^2
Opsp ,.. IiE12 and Onsp ^ On 

KP

8.2 Comparison with guarantees

8.2.1 Nature and extent of guarantees

Guarantees for the limits of the momentary pressure (see 2.3.5.6 and 2.3.5.7) and of the momentary
overspeed (sec 2.3.4.13 and 2.3.4.14) of the hydraulic machine are given for the whole range of specific
hydraulic energy E under the worst operating conditions (see 3.2.6).

8.2.2 Fulfilment of guarantees

The guarantees are fulfilled if, taking into account the measurement total uncertainties (see 7.2.2 and
7.2.3) and tolerances, if any**:

a) the values measured under or converted to the specified worst conditions are within the guaranteed
limits;

b) the measured values are within the limits obtained by interpolation from the guarantee.

In the case of superimposed pressure variations and fluctuations, (see 7.1.1) their
interpretation and applicable tolerances have to be stated in the contract.

"Basis for the formulae:
under steady state conditions the following relations arc approximately valid within a narrow range:
for a Francis turbine for example:

Q ti ao • E"2 ; T ti ao (where T is the closing time); P Q • E a.o • E3t2

For pressure variation Ap ti Q/Ts E112.

For speed variation On ti P • Ts ti aô • E312 P2 • E-3/2_

The expressions of Apsp and A nsp arc obtained from the above relations, combined with E = Kg • Esp and P = K,, • Psp.

**The inexact prediction of the interaction between hydraulic machine and water ways may require a tolerance on the guarantees
to be stated in the contract; otherwise this tolerance shall be zero.

Examples of tolerance arc:
— momentary overspeed: 10% of the guaranteed speed variation, including the measurement uncertainty;
— momentary pressure: A(Opsp) _ (K • Apsp)°'5
where:
K = 5 000 Pa
0 (spsp ) = tolerance of the guaranteed pressure variation in pascals including the measurement uncertainty.
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Em 	P
= rlh'rlm—

E fOPhE Pm
Pm

Ef OPhEm

Pm 	 Pm

Em 	 P?7— r!h' r1m -

for a turbine,

for a pump.
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SECTION FOUR — METHODS OF MEASUREMENT

9. Introduction

9.1 Efficiency

A field acceptance test on a hydraulic machine in accordance with this standard aims at comparing the
achieved hydraulic perform ance with the guarantees given by the supplier. This involves the evaluation of
absolute values of specific hydraulic energy, discharge, mechanical power, rotational speed and efficiency.

Efficiency may be calculated from the mechanical power P exchanged with the electrical machine and
the hydraulic power Ph exchanged with the water. According to the definition given in 2.3.9.3, the efficiency
of the hydraulic machine is:

rI = Ph

71 = Phi P

for a turbine,

for a pump.

The determination of the hydraulic power and of the mechanical power is dealt with in 9.2 and 9.3.
respectively. This method involves the measurement of discharge (see Clause 10), specific hydraulic energy
(see Clause 11), electrical or mechanical power (by direct method) (see Clause 12) and rotational speed
(see Clause 13).

Efficiency may also be obtained in a more direct way from the water temperature increase due to the
losses, using the thermodynamic method (see Clause 14). Efficiency is then expressed as:

The basic advantage of the thermodynamic method is represented by the fact that it does not require the
measurement of the discharge.

Besides these methods, an index test is often conducted on site. In normal conditions, such a test gives
only relative information on the discharge and thus on the efficiency. However, when the relative discharge
measuring method is calibrated by an absolute method of discharge measurement, the index method may
be further used to extend an acceptance test to running conditions for which the uncertainty of the absolute
measurements becomes too large. In such cases, the index test (see Clause 15) can be considered as a part
of the field acceptance test.

9.2 Hydraulic power

9.2.1 Definition

The definition of hydraulic power is given in 2.3.8.1.

Its evaluation requires knowledge of the specific hydraulic energy of the machine and of the mass flow
rate through the high pressure reference section (subscript 1).

The formula is: Ph = E(eQ) 1 f OPh.
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9.2.2 Mass flow rate

The mass flow rate (see 2.3.4.2) at reference section 1 may differ from that at the measuring section,
due to the transfer of water to or from the system between these two sections. All transfers not necessary
to the proper operation of the unit shall be stopped during the measurements (stilling period included) to
avoid increased uncertainty and multiple measurements of discharge.

Account shall be taken of the remaining transfers.

9.2.3 Hydraulic power correction

9.2.3.1 Analysis of correction

The correction term OPh will be evaluated after a relevant analysis of contractual definitions and local
conditions. As a rule, hydraulic power transfer necessary to the proper operation of the hydraulic machine
shall be charged to it.

This analysis shall be conducted taking into account:

– whether the auxiliary discharge is injected in or taken from the main circuit before or after the discharge
measuring section and before or after the machine;

– whether the auxiliary discharge is used or not for the proper hydraulic machine operation;

- whether the machine operates as a turbine or as a pump.

For example, any water taken off between the discharge measuring section and a machine in turbine
mode and not used for the turbine operation will induce a negative contribution to Ph.

9.2.3.2 Evaluation of correction

The mass flow rate of transferred water and the relevant specific hydraulic energy shall be used for
evaluating each correc tion. This relevant specific hydraulic energy may differ from E, especially in multi-
stage machines.

Since such transfers are generally a small fraction of the main discharge, a simple evaluation will be
sufficient and will have no significant effect on the measuring uncertainty. It is recommended that all water
transfers are specified in the contract and may be checked at time of test.

Since most transfers necessary to the cor rect operation of the machine are needed for specific purposes
(for instance, cooling of the bearings), and therefore the relevant losses are measured or easily evaluated,
a specific measurement for IXPh evaluation will then seldom be necessary.

An approximated value of transfer specific hydraulic energy may also be used.

9.2.3.3 Case of the thermodynamic method

Whenever the thermodynamic method is used, the hydraulic power is not needed for the evaluation of
the efficiency. However, if there are water transfers, it is necessary to take them into account (sec 14.5.3).
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9.2.4 Water density

The density of water shall be determined for the pressure and the temperature prevailing in the discharge
measuring section. Values of pure water density are tabulated in Appendix E, Table EII. In some cases, it
may be necessary to measure the density of water, for example by a static method (see 11.4.7.1).

9.3 Mechanical power

Normally the power (mechanical power of the machine) is determined electrically by measuring the
generator output (active output power) or motor input (active input power) and taking into account the
mechanical and electrical losses in the electrical machine, and all the other losses specified in 2.3.8.3. This
method is called indirect. In the case of small units of low capacity the direct method may be used; it
consists of determining the power at the hydraulic machine shaft by means of devices measuring torque
and rotational speed and taking account of the relevant losses (see 2.3.8.3). The direct method has to be
used for hydraulic machines which are not directly coupled to an electrical machine.

Considering the development of torque measuring techniques, it is recommended that the Chief of test
makes an analysis of the feasibility and of the expected uncertainty of the direct method.

All the elements necessary to determine the mechanical power by the indirect method are given in 12.1:
electrical power measurement (12.1.1) and measurement or calculation of the various losses (12.1.2). The
mechanical power measurement by the direct method is dealt with in 12.2.

10. Discharge

10.1 General

The measurement of discharge in a hydroelectric or pumped storage plant can be performed with the
desired accuracy only when the specific requirements of the chosen method are satisfied. It is therefore in
the interest of the parties involved to select the method (s) to be used for an acceptance test at an early stage
in the design of the plant because later provision may be expensive or even impracticable. It is suggested
that provision be made for two methods, for instance one method for gross discharge measurement and
another giving information on the flow patterns.

10.1.1 Choice of the method of measurement

10.1.1.1 The choice of the method (s) for measuring discharge may dictate the conduct and duration of the
performance test. Some of the factors that may affect this choice are:

a) limitations imposed by the design of the plant;

b) cost of installation and special equipment;

c) limitations imposed by plant operating conditions, for example draining of the system, constant load or
discharge operation, etc.

10.1.1.2 The discharge measurement for an IEC acceptance test shall be made by an absolute method.
Nevertheless, it may be useful to resort to relative methods (index methods) either to gain supplementary
information or to make easier some operations (see 15.1.3).
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The absolute methods described in this standard (see 10.2 to 10.8) are: the velocity-area method by
means of current-meters or Pitot tubes, the pressure-time method (Gibson method), tracer methods either
by transit-time or dilution measurement, standardized thin-plate weirs, standardized differential pressure
devices, and volumetric gauging. In addition Appendix J describes the acoustic method which is optional.
Moreover, the thermodynamic method of efficiency measurement (see Clause 14) permits discharge to be
obtained as a derived quantity from efficiency, specific energy and power measurements.

Relative methods such as the Winter-Kennedy method, non-standardized differential pressure devices,
non-standardized weirs or flumes, certain simple forms of acoustic method or local velocity measurement
with a single current-meter may be used to obtain a rela tive value of the discharge or even an absolute value
if they are calibrated in situ by comparison with an absolute method. Some of these relative methods are
described in Clause 15.

10.1.1.3 Only the velocity-area method by means of current-meters or Pitot tubes and to some extent the acoustic
method using several paths provide information on the flow pattern.

10.1.2 Accuracy of measurement

10.1.2.1 Clause 10 presents all 	 requirements for satisfactory measurements and estimates the systematic
uncertainty to be expected when these requirements are satisfied.

A method of measurement is described in detail only when no standardized procedure exists elsewhere.
Whenever possible, reference has been made to existing s tandards, especially to those published by
the International Organization for Standardization (ISO) which are particularly suited to the precise
requirements of this test standard. In some cases, the prescriptions of ISO Standards have been
supplemented by. a few additional requirements which appear necessary for the particular scope of this
test s tandard.

10.1.2.2 The actual values of systematic and random uncertainties shall be evaluated taking into account
the whole measuring system and the operating conditions. The total uncertainty shall be calculated in
accordance with 6.2.

10.1.2.3 Frequently the accuracy achieved by the chosen method can be estimated only after the results of the
tests at the given plant have been analysed (see 6.2.3.4). The numerical values of systematic uncertainty
indicated in this clause are to be used only as guidance. They are valid only:

– with the best conditions of measurement;

– if all individual requirements are satisfied; and

– if the testing and analysis are carried out by qualified and experienced personnel.

If these conditions are not satisfied, there may be an unpredictable increase in both the systematic and
random error of the discharge measurement.
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10.1.3 General requirements

10.1.3.1 Steadiness of the flow

Whatever the method used, a discharge measurement for acceptance test is valid only if the flow is
steady or nearly steady during each run. It may be assumed steady if the variations in generator or motor
power, in specific hydraulic energy and in rotational speed are gradual and do not exceed the values stated
in 5.2.1. If these requirements are satisfied, the mean value of the discharge calculated over the whole run
shall be used; if they are not satisfied, the run shall be repeated, unless a sufficient period of time within
the run duration may be found, during which the steadiness of all the quantities involved is satisfied.

As far as possible, the individual readings of the discharge should be plotted against time to assess the

nature and the extent of possible pulsations.

10.1.32 Leakage, infiltration or diversion

As far as possible, leakage, infiltration or diversion of water shall be avoided between the measuring

section or the measuring length and the relevant reference section. If this cannot be avoided, the incoming
or outgoing flow shall be measured with an appropriate accuracy.

Whenever a surge tank is connected to the waterway between the measuring section and the machine,
water level oscillations should normally be allowed to damp out before a run is initiated. Should this be
difficult due to the length of the waterway (and accordingly to the settling time), discharge measurement

can however be conducted, provided care is taken of the net volume of water exchanged between the duct

and the surge tank within the duration of the measurement (for allowable varia tions of specific hydraulic

energy, see 5.2).

10.2 Current-meter method

10.2.1 Principle of velocity-area method

The velocity-area method requires a number of propeller-type current-meters located at specified points
in a suitable cross-section of an open channel or closed conduit. Simultaneous measurements of local mean

velocity with the meters are integrated over the gauging section to provide the discharge. The water must be

sufficiently clean, such that dissolved or suspended matter will not affect the accuracy of the meter readings

during the test. Some integration techniques which may be used to compute the discharge assume velocity

distributions that closely approximate known laws, especially in the neighbourhood of solid boundaries. If

these techniques are used, it is essential to select a measuring section where this hypothesis is likely to be

approximately fulfilled.

The method may be used.at any suitable measuring section in:

– a closed conduit or penstock;

– an intake structure;

– an upstream or downstream open channel (headrace or tailrace).

If an open channel is to be used, it must be an artificial channel of well-defined cross-section. Natural
streams are excluded for tests under this st andard.
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Test arrangements, procedures and limitations will depend to some extent on the characteristics of the
selected measuring section. General requirements applicable to all measuring sections are given below.

14.2.2 General requirements

10.2.2.1 Duration of measurement

Measurements for each current-meter position shall last at least 2 min. If variations (see 5.2.1) in the
water velocity are present, a run shall include at least four cycles of these variations. This may have an
influence on the entire test programme. The duration of variations may be determined by observing the
speed changes of the current-meters for 10 to 15 min for at least two typical conditions of operation.

10.2.2.2 Number of measuring points

The number of current-meters shall be sufficient to ensure a satisfactory determination of the velocity
profile over the whole measuring section. A single-point measurement is not permitted under this standard.
See also ISO 3354, 4.4.1 to 4.4.3.

At least 13 measuring points shall be used in a circular penstock, one of which shall be the cent re point of
the section. The number of measuring points per radius, Z, excluding the centre point, may be determined
from 4//R < Z < 5- /R where R is the internal radius of the conduit in metres. For any given number
of current-meters, it is preferable to increase the number of radii than to increase the number of current-
meters per radius, but care must be taken to avoid excessive blockage. Centre blockage can be reduced
by cantilevering the radial supporting arms from the conduit wall. If this is done, only a single arm need
extend to the centre of the conduit. Little advantage is gained by measurements on more than 8 radii or at
more than 8 points per radius, excluding the centre point.

At least 25 measuring points shall be used in a rectangular or trapezoidal sec tion. If the velocity
distribution is likely to be non-uniform, the number of measuring points, Z, shall be determined from:

243A<Z<36321

where:

A is the area of the measuring sec tion in square metres

If the conduit or channel is divided into several sections, measurements shall be made simultaneously
in all sections.

10.2.2.3 Types and general requirements of current-meters

Only propeller-type current-meters shall be used. The electrical impulses of the propeller rotation shall
be transmitted by cables to the counting and recording device in such a way that the momentary speed
of rotation of the propeller can be checked during and after the run. The current-meters shall fulfil the
applicable requirements of ISO 2537. All meters shall be capable of withstanding the water pressure and
the time of submergence without change in the calibration. It may be necessary to reduce the time of
submergence where the water is hard.
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Current-meter propellers shall be not less than 100 mm diameter except for measurements in the
peripheral zone where propellers as small as 50 mm may be used. The distance from the trailing edge
of the propeller to the leading edge of the mounting rod shall be at least 150 mm.

The angle between the local velocity vector and the axis of the current-meter should not exceed 5° . When
larger angles are unavoidable, self-compensating propellers which measure directly the axial component
of the velocity shall be used but only at angles for which they have been designed and calibrated (see 6.1.5
in ISO 3354).

The response of a current-meter can be affected by the axial and transverse components of the turbulence
of the flow, and this effect cannot be taken into account during the calibration which is carried out in still
water. Thus it is recommended to select the types of propeller which are the less sensitive to turbulence
(propellers with a high moment of inertia).

10.2.2.4 Calibration of current-meters

Subject to the requirements stated below, all current-meters shall be calibrated in accordance with
ISO 3455.

The current-meters shall be calibrated with the same type of mounting and mounting rod as that used
during the test. If the current-meters are mounted on vertical rods during calibration, these shall extend at
least 150 mm below the propeller shaft. It is desirable to calibrate several current-meters at the same time
mounted at the same distance as will be used during the test.

The range of calibration velocities shall, if possible, cover the r ange of local velocities during the test. A
normal calibration range is from 0,4 m/s to 6 m/s or even 8 m/s, the upper limit often being set by vibration.
If extrapolation of the rating curve beyond 20% of the maximum calibration velocity is necessary, it shall
be done only by mutual agreement and with the understanding that uncertainty in the measurement has
been increased. Self-compensating propellers shall be calibrated at angles up to the maximum obliquity of
the flow expected during the test and up to the maximum expected test velocity, the rela tive direction of
the mounting rod and the oblique flow being respected; no extrapolation is permitted.

The estimated systematic uncertainty at 95% confidence level, due to current-meter calibration, should
normally be less than 0,5% for velocities between 0,4 m/s and 6 m/s. Above and below those velocities,
a greater uncertainty should be expected, depending on the characteristics of the calibration s tation and of
the propellers.

Notwithstanding the fact that 4.62 requests calibration before a test, this may be considered as fulfilled
if the current-meters are regularly calibrated showing consistent results. The time between calibrations
depends on the duration and character of use of the current-meters. Three hundred hours of running time
under favourable water condi tions may be taken as a guide.

The Chief of test shall ascertain that no damage has occurred during the test, particularly deterioration
caused by shocks, corrosion or abrasion. A calibration of a current-meter is imperative after the test only
if it would seem to have been damaged.

10.2.3 Measurements in closed conduits (penstocks)

10.2.3.1 General

ISO 3354 shall apply subject to the restrictions given in 10.2.2 and 10.2.3.2.
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10.2.3.2 Additional requirements

The accuracy required by this standard requires that specified subclauses of ISO 3354 be amended and
supplemented as follows:

Subclause 4.3 of ISO 3354: The direct measurement of signal frequency to obtain the rotational
speed of the propeller is allowed, only if the resulting resolution meets
the required accuracy.

Subclause 6.3.5 of ISO 3354:	 A statistical calibration shall be permitted only if it is explicitly stated
in the contract.

Subclause 7.2.3 of ISO 3354:	 This subclause shall not be applicable for acceptance tests under this
standard.

Annexes F and G of ISO 3354:	 It may be expected that several components of error, as estimated
in those annexes, could be slightly reduced owing to the stringent
requirements of this standard and the care that must be exercised in
making the measurements.

10.2.4 Measurements in short penstocks or intake structures

10.2.4.1 General

A penstock is defined as short if the straight length is less than 25 diameters.

No existing standard deals with discharge measurements in short penstocks or intakes, especially for
low-head plants. ISO 3354 may be used as a guide especially the clauses stating general requirements and
those dealing with rectangular cross-sections. Also applicable are the general requirements of 10.2.2 of
the present standard. The main difficulty with this type of gauging arises from the fact that the measuring
section may be located in a short converging conduit with uneven and/or unstable velocity dis tributions as
well as oblique flow to the current-meters. Attempts should be made to remedy these difficulties either by
a straightening device (see 10.2.4.2) or by special measuring techniques (see 10.2.4.3).

10.2.4.2 Bell-mouth nozzle

A temporary bell-mouth nozzle (see Figure 24) may be installed at the entrance to the intake structure.
The advantages are:

– a straight and parallel flow;

– a more nearly uniform and stable velocity distribution;

– an increase in both the mean velocity and local velocities near the walls which increases the accuracy
at low loads;

– a better measuring section than can be had in an open approach channel since the area is constant and
depth measurements arc eliminated.

The disadvantages are:

– the cost and difficulty of fabricating and installing such a structure;

– that the flow through the modified intake may ch ange the performance of the machine. The available
tests indicate this to be of little consequence;
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– that the turbulent boundary layer thickness may be less than the distance from the wall to the outermost
current-meter. This thickness shall be determined by test or calculation* and the discharge in the
peripheral zone shall be computed with due regard to the actual velocity distribution.

Figure 24 – Temporary nozzle or bell mouth placed in the intake of a low head turbine

10.2.4.3 Measurements in converging flow

Measurements in converging conduits with velocities ob lique to the cross-section shall be allowed only
by mutual agreement of the parties to the test. Gauging methods have been devised to improve the accuracy
but they require highly-experienced personnel and it is difficult to predict the systematic and random errors

which may arise.

In one method, the plane cross-section is replaced by an equipotential surface perpendicular to the
streamlines. The surface may be determined by hydraulic or aerodynamic similitude or by electrical
analogy. The current-meter axes are then aligned with the assumed velocity direction at each measuring
point.

*The thickness, 5, of the turbulent boundary layer may be calculated by:

S = 0,37x / (vr / yr'2

where:
is the dis tance along the conduit from inlet to measuring section

v is the mean velocity, and
y is the kinematic viscosity
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Another method uses a plane cross-section together with an exploration of the angularity of the velocity
field. During preliminary tests, at each measuring position, the current-meter is aligned successively in two
known directions and the velocities are measured. Caution shall be taken to keep the propeller closely to
the same location. This may imply moving the supporting frame.

The actual direction of the velocity is calculated from these measurements and the angular response
curve of the propeller. After that, each current-meter is aligned as closely as possible with the computed
direction of the velocity at each position and the final measurement is made. Since individual adjustment
of each current-meter may be difficult, some angularity may remain, that must be accounted for in the
calculations.

The angular exploration is conducted for two load conditions of the machine, or more, if it appears that
the velocity directions change with load.

Self-compensating propellers (see 10.2.2.3) are best suited for this method, provided they fulfil other
requirements. Normal propellers may be accepted if the flow is two-dimensional in the converging section.

10.2.4.4 Direct integration method

This method is described in 7.2.2 and 73.2 of ISO 3354, and shall be allowed only by mutual agreement
of the parties to the test. In a rectangular conduit, a vertical or ho rizontal row of meters is moved
across the cross-section at constant speed (see Figure 25). Any influence of the transverse velocity on
the measurements may be estimated by reversing the direction of motion of the supporting frame and by
measurements with the frame at rest in several typical locations. These check runs should be made at several
different flow rates. Special equipment is required for this method because the meters-must be translated at
constant speed and must also be free of vibrations.

Supplementary stationary measurements near the invert or ceiling may be required if these areas cannot
be swept by the moving frame. Usually this method is advantageous only in conduits of very large cross-
section.
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10.2.5 Measurements in open channels

10.2.5.1 General

Current-meter measurements may be made only in artificial channels (see 10.2.1). Usually these are
rectangular or trapezoidal in cross-section. For this reason, ISO 748 is not applicable as it stands because it
does not meet the standards of accuracy for tests under this standard. Specific sections which may be used
are referenced below. In addition to the general requirements stated in 10.2.1, the following subclauses give
the particular requirements that shall apply to measurements in open channels.

10.2.5.2 Choice of measuring section

In addition to the minimum requirements stated in 6.1 of ISO 748, the measuring section shall have
both width and depth greater than 0,80 m or eight times the diameter of the propeller. If necessary, the flow
pattern at the measuring section may be improved by the insta llation of one or more of the devices shown in
Figure 26. The measuring section shall be at least ten times its hydraulic radius* downstream of the nearest
device except the submerged roof whose main purpose is to better define the section. Some of these devices
arc effective in suppressing surface waves which increases the accuracy of the depth-measurement.

I	 M -

"-h°
-	 - —	 ^

`

L11-- -- --	 - — --
--^

	 - -- Q° - - --

—  - ----- - —_.--

V —4.,
..Q,.	 ._

-+.—

R = racks

F = rafts

T = submerged roof

M = measuring section

IEC 39!/91

Figure 26 – Means for stabilizing flow in an open channel

10.2.5.3 Distribution of measuring points

The same requirements as for rectangular cross-sections in closed conduits shall apply (see 10.2.2.2 and
4.4 in ISO 3354), i.e. a minimum of 25 measuring points located at the intersections of 5 horizontal and 5
vertical lines.

Measuring points shall be closer to one another in the zones of steeper velocity gradient, i.e. near the
walls, bottom and water surface. Points shall normally be spaced so that the difference in velocities between
two adjacent points does not exceed 20 % of the greater of the two velocities. The minimum current-meter
spacing shall not be less than d + 30 mm, where d is the outside diameter of the propellers. The distance
from the axis of the nearest current-meter to any wetted surface shall be within 0, 75 d minimum to 200 mm
maximum. The axis of the topmost current-meter in each row shall be at least one propeller diameter below
the free water surface.

*Hydraulic radius is defined as the ratio of the wetted cross-sectional area to the wetted Perimeter.

F
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10.2.5.4 Mounting of the current-meters

All current-meters shall be rigidly attached to the mounting rods with the propeller axes exactly
perpendicular to the plane of the measuring section. The stiffness of the mounting structure shall be
adequate to prevent meter vibrations. The structure shall also offer a minimum stable drag and minimum
interference with the current-meter operation.

The current-meters may be used as a stationary battery mounted on a number of parallel rods over the
whole measuring section. This may produce a significant blockage effect in channels of small cross-section.
Alternatively, a single vertical row of meters mounted on a travelling winch (see Figure 27) or a horizontal
row mounted on a frame (see Figure 25) may be moved to successive stations in the measuring cross-
section. Since this requires steady flow (see 10.1.3.1) over a considerable length of time, any va riations in
the mean velocity shall be monitored over the whole run by at least one fixed current-meter or by an index
measurement of discharge (see Clause 15).

10.2.5.5 Depth measurement

The water depth is determined using one of the methods described in 11.5. Variations in water depth
shall not exceed ±1% of the average depth and shall be monitored over the whole duration of each run.

10.2.5.6 Computation of discharge

The general method of computation prescribed in 8.3 of ISO 3354 for the computation of discharge in
conduits of rectangular cross-section shall be used with measurements in open channels. The extrapolation
formula for velocities in the peripheral zone:

vx = va(x/a)i /m

where

vx	is the velocity at a distance "x" from the nearest wall

va	is the velocity at the considered extreme measuring point (at a distance "a" from the nearest wall)

m	 is the coefficient depending on the wall roughness and on the flow conditions

is applicable near the sides and bottom but not near the free surface where the velocity profile shall be
extrapolated by continuity. With trapezoidal cross-sections, the first integration shall always be made along
the vertical lines and the second integration by plotting over the width the product v d (see Figure 28), where:

F	 is the mean velocity on a vertical line,

d	 is the water depth on the same vertical.
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Figure 28a — Determination of partial discharges by graphical integration of the measured local velocities 

!EC 397191

Figure 28b — Determination of total discharge by graphical integration of the partial discharges obtained in a)

Figure 28 Example showing discharge measurement in a slightly trapezoidal canal

10.2.6 Uncertainty of measurement (see 10.1.2)

The accuracy in a discharge measurement made by current-meter gauging depends essentially on
factors related to the flow (regularity of the velocity distribution, swirl or obliquity, turbulence, periodic
fluctuations), the quality of the measurements (number and distribution of the measuring points and
blockage effects) and method of discharge calculation. The uncertainty in current-meter calibration and
uncertainties in all measurements shall be estimated and stated.

With good measuring techniques and flow conditions, the estimated systematic uncertainty at 95%
confidence level should be about:

– in closed conduits ±1	 to 11,5%

– in intakes with bell mouth ±1	 to ±2%

– in intakes without bell mouth 11, 2 to ±2%

– in open channels with rectangular sec tion ±1, 2 to ±2%

– in open channels with trapezoidal section ±1, 4 to 12, 3%
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10.3 Pitot tubes

10.3.1 General

Pitot tubes may be used to measure the dynamic pressure, from which the local velocity may be obtained,
at each of a sufficient number of points in the cross-section to permit computation of the discharge by the
velocity area method. Since the dynamic pressu re varies with the square of the velocity, the accuracy of
measurement decreases rapidly with decreasing velocity. In practical terms this restricts the use of Pitot
tubes to flow in closed conduits where the velocity is not too low and the water is free of suspended matter.

10.3.2 Standardized Pitot tubes

ISO 3966 covers the design, installation and use of standardized Pitot static tubes. Only the clauses
relating to incompressible fluid shall be used for testing under this standard. Any significant blockage
effect must be taken into account. The ISO st andard gives all the necessary guidance for the selection and
installation of Pitot static tubes, choice of measuring section, and the computation of the discharge and its
uncertainty. ISO 3966 shall be used only with the standardized Pitot static tubes described therein which
are equipped with a single total pressure tap and one or more static pressure taps. Such tubes may be used
uncalibrated and the flow coefficient assumed to be unity. The local velocity v i is given by:

vi = ^20p^P

where:

Op; is the difference between the total or stagnation pressu re and the static pressu re as measured with the Pitot tube located
at point °i"

With good measuring techniques and flow condi tions, the estimated systematic uncertainty at 95%
confidence level (see 10.1.2) should be about 1,5 to 2,5%.

Total uncertainty in discharge measurement may be estimated by annex G of ISO 3966.

10.3.3 Non-standard devices

Numerous devices are available that operate on the same general principle as the Pitot static tube. Among
these arc:

– The simple Pilot tube provided with a single total-pressure tap. The average static pressure shall be
obtained from four equally-spaced taps in the conduit wall, so located that the frame supporting the
Pitot tubes will not affect the static pressure measurement. Energy losses between the to tal and static
pressure measurement planes must be taken into account.

– Devices in which the measured differential pressure is increased by locating one pressure tap in a region
of low pressure, either pointing downstream or opening into the throat of a small Venturi tube.

– Tubular diametral rods which are self-supporting with the to tal, static or trailing taps bored in the rod
itself.

The flow coefficients of all non-standard devices shall be established by careful calibration over the
range of velocities encountered during the test. Usually the discharge may be obtained by the same method
of integration as for current-meters or standardized Pitot static tubes. Larger measurement uncertainties
may be expected due to limited knowledge of the effect on these devices of such phenomena as turbulence,
obliquity of velocity, pressure and/or velocity gradients, blockage effect, etc.

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41 © IEC — 147 —

10.4 Pressure-time method

10.4.1 Principle of the method

This method of discharge measurement (often called "Gibson method") is based upon Newton's law
and the derived laws of fluid mechanics, which give the relation between the force due to the change of
pressure difference between two sections and the acceleration or deceleration of the mass of water between
these sections due to a gate* movement. Although this method is theoretically valid both for turbine and
pump operation and for closure or opening of the gate, it is in practice only used in c ase of discharge cut-off
in turbine operation.

The following is a simplified way of describing the pressure-time method principle.

In a fluid without friction, a change of velocity dv/dt in a conduit of constant cross-section A, of a mass
of fluid pLA would lead to a differential pressure Ap between the upstream (subscript u) and downstream
(subscript d) cross-section of the considered length L:

p dtLA = —A4 where Op = pd — Pu

If t is the time during which the velocity ch anges and if is the pressure loss due to the friction between
the two sections, we obtain:

t
f 	

sr
A

J 
dv = — L  (Ap+e)dt

0	 0

Thus the discharge Q before the gate begins to close is given by:

tr
Q=	 (Ap+ e)dt+ Avt

PL J 
The discharge q = Avt after the end of the closure is the leakage flowing past the gate and shall

be determined separately with the machine running. This determination does not generally need a great
accuracy, since it represents a small po rtion of the discharge Q to be measured.

A pressure-time graphical or numerical recording of the pressu re wave passage is obtained by gradually
closing the gate in a continuous movement and the change of pressure between two measuring cross-
sections is integrated along the time scale.

Several variants of this method have been developed which differ only in instrumentation and
computation technique of the pressure-time integral and by the use of separate or differential recordings
(see 10.4.3 and 10.4.4).

* "Gate" is used here for any closing device (guide v anes, needles, valve, etc.).
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10.4.2 General requirements

10.4.2.1 Conditions of validity

The general conditions to be fulfilled for the use of this method are:

a) No intermediate free surface shall exist between the two pressure measurement sections.

b) The leakage through the closed gate in the test conditions shall not be greater than 5% of the discharge
being measured and shall be measured within an accuracy of 0,2% of that discharge.

c) In the multiple intake sections, simultaneous independent pressure-time recordings shall be taken.

d) Within the measuring reach the conduit shall be straight and have a constant cross-section and not
present any significant irregularity. The distance between the two measuring sections shall not be less
than 10 m.

e) The cross-sectional areas of the conduit and the length of the measuring reach between the two cross-
sections shall be measured in the field with sufficient precision to determine the pipe factor F (see
10.4.3.2.2.0) within an accuracy of 0,2%. Construc tion drawings may be used only as a check of field
measurements.

J) The sum of the pressure loss between the two measuring sections and of the dynamic pressure, at the
maximum discharge to be measured, shall not exceed 20% of the average change in differential pressu re
as recorded while closing the gate.

The differential pressure transducer or Gibson device should be located so as to have nearly equal
lengths of connecting tubing to the upstream and downstream piezometer taps.

h) Pressure diagrams in which the running line A-A is above the static line 0-0 (in Figure 29 negative
value of C) are considered dubious.

i) For each test run the determination of the discharge requires the measurement of the temperature of the
water and of the mercury in the case where a Gibson apparatus is used, within an accuracy of ±1 °C.

10.4.2.2 Location of pressure taps

At least four pressure taps, between 3 and 6 mm in diameter, shall be installed at each measuring section
in a plane normal to the axis of the conduit (in conduits less than 4 m in diameter, only two taps may be
used). For circular conduits, the pressure taps shall be located at equal angles from each other and no
tap shall be located near the top or the bottom of the measurement section. For rectangular conduits, the
pressure taps shall be located at the quarter points of the vertical walls. All taps shall be constructed as
specified in 11.4.3 and located as specified in 11.4.1. In no case shall a pressu re tap be located at a distance
less than 2D (D being the diameter of the conduit) from a significant irregularity of the conduit.

10.4.2.3 Connecting tubing

The pressure taps of each measuring sec tion shall be connected through individual valves to a common
header suitably located for connection to the pressure-time apparatus. To reduce the damping due to friction,
all connecting tubing shall be as short as possible, non-elastic and of sufficient diameter (e.g. at least 18 mm
for liquid-column manometers or 8 mm for pressure transducers).

All pressure connec tions and piping shall be verified to be tight against leakage and all piping between

pressure taps and the pressure-time apparatus shall be free of air. Periodic inspec tions and flushing of the

piping shall be performed before each run.

The general requirements given in 11.4.4 shall apply.

â)
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10.4.2.4 Checking of the pressure measurements

To ensure the necessary accuracy in the recorded pressure-time diagrams, flow conditions in the conduit
shall be such that, at each measuring section, the difference between the pressure measured at any one tap
and the average of the pressures measured at all taps shall not exceed 20% of the dynamic p ressure. The
average of the readings from any pair of opposite taps shall not differ from the average from any other pair of
taps in the same cross-section by more than 10 % of the dynamic pressure. This may require consideration of
such items as velocity distribution, length of straight run of the conduit and wall condi tions at the individual
taps. If any pressure tap appears to be in error, the source of the discrepancy shall be determined and
removed. If this is not possible, the tap shall not be used for the measurements. A minimum of two taps
shall be used in each measuring section.

These checks shall be carried out before the test begins. The special instrumentation required for that
shall be immediately dismounted in order not to disturb the arrangement of the test apparatus and its
connecting tubing (see 10.4.2.3).

10.4.3 Differential pressure-time method

10.4.3.1 Generalities

In this variant, the change in differential pressure between two sections of measurement, that is affected
only by the changes in friction and in momentum between these two sections, is recorded. The effects of
changes in friction outside of the test sections and in intake or surge tank water level are present at both
measurement sections and are thus eliminated.

In addition to the requirements specified in 10.4.2.1, the product of the length between the two pressure
- measurement sections and the mean velocity in the pipe when the unit is carrying full load shall be not less

than 50 m2/s.

The discharge which is to be measured shall be fixed by means of the load limiting device or preferably
by blocking the gates in the required position and waiting until stable conditions are established (see
4.4.2 b)). The pressure-time function can then be obtained by gradually closing the gates in one continuous
movement and recording the resultant time dependent change in differential pressure.

The recording times before thé beginning and after the end of the movement of the gate shall be not less
than 20 s each.

Before the test a calibration of the measuring system has to be done. At each run the zero point of the
measuring system and the calibration when using transducers have to be checked.

10.4.3.2 Differential mercury pressure-gauge (Gibson apparatus)

10.4.3.2.1 Principle of the apparatus

This was the first measuring system used for the pressure-time method. This apparatus delivers a
pressure-time diagram in the form of a photographic record of the mercury level movement in a U-tube

manometer. The integral f Ap • dt is thus obtained by planimetry.
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10.4.3.2.2 Evaluation of the diagram (see Figure 29)

All lengths, heights, distances and areas shall be in a coherent unit system.

a) Draw a horizontal line 0-0 representing the zero line of the apparatus and of the diagram.

b) Draw a horizontal line A-A representing the mean pressure loss under running conditions before the
gate closure begins.

c) Draw a horizontal line F-F representing the mean final pressure loss due to leakage after the gate has
been closed and coincident with the median line of the afterwaves following closure. (This line F-F is
nearly identical to the line 0-0).

d) Measure on line F-F the distance B representing the half-period of the afterwaves and subtract from B
a correction f taking into account the slot width of the photographic recorder.

e) Measure the heights H above line F-F of the peaks of two adjacent afterwaves and compute their ratio
E:

Hi

E H.

j) Compute:

-= (B f) 
arctg(27r/1nE) 

D 
7r

and subtract distance D from a point N where the falling edge of an afterwave intersects the line F-F. The
point M so obtained defines the end of the diagram.

g) Draw a trial recovery line GPM as shown by the dotted line on Figure 29.

h) Measure with a planimeter the area AT of the diagram referred to the line GPM. This area may be
subdivided into several segmental areas A1 , A2 , ... , An as shown in the figure. A slot correction
determined by multiplying the vertical rise of each segmental area by the effective slot width shall
be deduced from each of these areas.

i) Compute the discharge Q by:
g AT

Q = SyF +q

where:

s and y are calibration constants of the diagram (respectively the length corresponding to 1 s and the height corresponding to
a water column of 1 m)

F	 is the pipe factor (ratio LIA of the length of the measuring reach to the cross-sectional area of the conduit)

q	 is the leakage flow past the closing device

j) Determine a new recovery line assuming that at a given time t i the remaining pressure loss is given by:

Ci =C(1—ri)r

where:

C	 is the pressure loss before the beginning of the closure (difference between lines 0-0 and A-A)

is the exponential factor of Q in the pressure loss expression (x = 2 for pipes where the Reynolds number is greater
than about 5 x 106 ; for lower values of Re, x shall be determined in each case)

r^ = 	 a'	
with a = ^ A k and AL = gFsy

AT + AL	 k-1	 g
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1 second interval	
1EC 398191

Figure 29 – Example of pressure-time diagram (Differential diagram method
• using Gibson apparatus)
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k) Compute a new value of the discharge by the procedure described in h) and O. If two successive values
of Q are within a relative difference of 0,1 %, stop the calculation and the last value found shall be taken
as the total discharge at the moment the gates began to close. If not, go to)) and compute Q again.

10.4.3.3 Differential transducers

Differential transducers of small inertia permit recording of the pressure-time function more accurately
and allow computer calculation.

10.4.3.3.1 Measuring system requirements

a) The measuring system natural frequency shall be ten times larger than the main frequency present in
the pressure-time signal.

b) The time response of the measuring system shall be less than 10 -2 s.

c) The linearity of the measuring system over the whole measuring range shall be better than 2 x 10-3.

d) Digital recording of the pressure-time function requires a data acquisition frequency greater than or
equal to 50 readings per second.

e) No overload of the measuring system shall be present in a pressure-time function record.

f) The measuring system shall be calibrated on the site under line pressure equal to mean static pressure
at the highest measuring section at zero flowrate.

g) Low pass filters or pressure damping devices, if any are used to suppress high frequency fluctuations,
shall not alter the integral of the differential pressure.

h) The data processing system shall not introduce errors greater than 0,05 % of the mean differential
pressure and 1 ms.

z) The measuring system must not be temperature sensitive or must be maintained at constant temperature
to avoid thermal shift and other problems.

10.43.3.2 Computation of discharge

The differential pressure measurements delivered by the transducers are numerically recorded and

processed in a computer.

The discharge shall be computed by:

i
A

Q =
PL 

(Op + di +
o

The computer program, with all relevant information, shall be placed at the disposal of all the parties to

the contract.
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10.4.4 Separate diagrams method

10.4.4.1 Mode of operation

In this variant of the pressure-time method, the changes in pressure at two measurement cross-sections
of the penstock are recorded separately. It is also possible to use only one measurement section referred
to the intake free surface, but such a method can only be used where a surge chamber is not provided and
where the length of the penstock, for which the calculation of the pipe factor is difficult (intake bell-mouth,
etc.) does not exceed 2 % of the whole length.

In addition to the requirements specified in 10.4.2.1, the length of penstock between the two pressure
measuring sections shall be not less than 50 m and the pipe factor F of the penstock from the surge chamber
to the lower measuring section shall be not less than four times that from the surge chamber to the upper
measuring section.

The mode of operation is practically the same as previously described in 10.4.3.

The equipment used in this case is shown schematically in Figure 30 and comprises:

– a water pressure measuring device at each measurement section;

– a calibration device for the pressure measuring device;

– a time measuring device;

– measuring devices of the water level and of its variation in the surge chamber;

– a recording device.

All parts of the pressure measuring and recording devices shall conform to the requirements stated in
10.4.3.3.1.

The following must be recorded on each run:

– the calibration diagrams of the measuring pressure device before and after the gate closure;

– the pressure-time diagrams before, during and after this closure (at least four pressure waves shall be
recorded after the completion of the closure);

– the surge chamber water level-time diagram or the steady-state level after closure, when only one .
measuring section is used.

At least five recording measurements shall be made for each point.

10.4.4.2 Computation of discharge

a) Planimetric method: The discharge shall be calculated from the following formula:

(A 	 A \
Q = ^ T

d 	 Tu
/) + 4

F ydsd yu S

where the symbols used are the same as in 10.4.3.2.2 and the subscripts u and d refer to the diagrams
at the upstream and downstream sections respectively.

The total net areas AT. and ATd of the pressure-time diagrams in both measurement sections are
obtained by planimetry, after determination of the recovery line accounting for the pressure loss by

a process similar to that described in 10.4.3.2.2 and for the water level variation in the surge chamber
if any.
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b) Numerical method: In order to avoid planimetry, programs of calculation by digital computer arc
available which determine the recovery line, the total net area and thus the discharge. It is necessary
to divide the diagrams into about thirty segments having equal time intervals, these intervals being the
same for both the upstream and downstream diagrams. The computation shall be repeated a number of
times until the difference between two successive approximations of the discharge becomes less than
0,1 %.

10.4.5 Uncertainty of measurement

The pressure-time method requires especially good instrumentation and a highly qualified staff of
specialists to conduct the tests and to carry out the computations and estimate the uncertainty in the results.
Under favourable conditions, an overall uncertainty, at the 95 % confidence level, of about ±1, 5 % to ±2 %
may be expected when using the computerized differential method and ±1, 8 % to ±2, 3 % in other cases.

There are some reasons to believe that applying the pressure-time method in conduits less than 1 m in
diameter leads to overestimating the discharge.

Pressure calibration device

Penstock
	 Synchronization

signal

Pressure measuring
device

Time measuring device

Recording
device     

Pressure calibration device

Pressure measuring device

	 I	 Water turbine

Pressure
measuring
device        

Penstock	
1EC 399/91

Figure 30 – Pressure-time measurement by separate diagrams method. Arrangement of apparatus
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10.5 Tracer methods

10.5.1 General

Three basic methods exist: two, the "constant-rate-injection method" and the "integration (sudden
injection) method", use the dilution principle and the third, known as the "transit-time method", is based on
a measurement of the time taken for a tracer to travel a specified distance between two cross-sections in a
pipe or in an open-channel. However, in the present state of knowledge, and for the purpose of this standard,
only the constant-rate-injection method and transit-time method, in closed conduit, arc recommended.
Moreover, the transit-time method is to be preferred to the cons tant-rate-injection method, due to the
spurious and random errors which can a rise when using the latter.

Standards are available for these methods using both radioactive and non-radioactive tracers. Reference
is made where appropriate in the sub-clauses below to those standards which can be used, within the limits
given, for acceptance tests on hydraulic turbines and storage pumps. The methods are particularly suitable
where there are relatively long lengths of penstock available or where additional mixing of the tracer may
be obtained by inclusion of the machine in the measuring length or the installation of mixing promoters
(e.g. turbulators), as the machine alone does not provide sufficient mixing.

10.5.2 Constant-rate-injection method

10.5.2.1 Principle of the method

The principle of this method of discharge measurement is the continuous injection of a tracer into the
main water flow at a steady measured rate and the determination of the resulting concentration of tracer,
relative to its initial concentration, at a point far enough downstream to ensure thorough mixing.

It is not necessary to know the geometric characteristics of the pipe but it is essential to ensure that
reverse or side currents do not exist which could abort some of the tracer. Also, concen tration of the tracer
in natural water must be constant and not exceed 15 % of the concen tration at the sampling point during
injection of the tracer.

The discharge Q can be determined from:

. .C1 —C2
Q 4 C -C2	 0

where:
Q is the discharge to be measured
q is the discharge of tracer solution injected
Co is the initial concentration of tracer in natural water
C is the concentration of tracer in the injected fluidt 
C2 is the concentration of tracer at the sampling station

10.5.2.2 Application of the method

Radioac tive and non-radioactive tracers can be used, provided the recommendations and procedures
described in Parts 1, 2 and 3 of ISO 2975 are applied.
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10.5.2.3 Uncertainty of measurement (see 10.1.2)

The ISO standard referred to in 10.5.2.2 gives all the necessary requirements for a successful
measurement but does not give a specific limit on the uncertainty of the resulting measurement. It is required
to estimate the individual sources of systematic errors in each of the component measurements and combine
these with the random errors by the method given to obtain an estimate of the total uncertainty.

When applying these methods to the measurement of the discharge through hydraulic machines during
acceptance tests, it is important that the strictest limitations given in the relevant standard are observed.
Suitable tests must be carried out to check that the tracer and measurement equipment are suitable for the
particular conditions of the insta llation and the flow distribution in the measuring length is acceptable.

With good measuring techniques and flow conditions, the estimated systematic uncertainty at 95 %
confidence level should be about ±1 % to ±2 %.

10.5.3 Transit-time method

10.5.3.1 Principle of this method

The transit-time method (formerly called the "Allen salt velocity method") is based on the measurement
of the transit time of "labelled" fluid particles between two cross-sections of the conduit a known distance
apart.

Labelling of the fluid particles is achieved by injecting a tracer into the flow a sufficient distance
upstream of the two measurement cross-sections (i.e. detector positions) and the transit time is determined
from the difference of the mean arrival times of the tracer at each of the detector positions. The discharge
Q is then given by:

Q=V

where:
V is the volume of the pipe between the detector positions
t is the mean transit time of the labelled particles

The geometric characteristics of the pipe must therefore be measured accurately to obtain the volume V.

However, an advantage of the method is that the tracer concentration within the pipe need not be known;
it is only necessary for the recorded signals of the passage of the "labelled" particles past each detector
position to be proportional to the tracer concentration-, the proportionality constant being immaterial.

10.5.3.2 Application of the method

Radioactive and non-radioac tive tracers can be used, provided the recommendations and procedures
described in Parts 1, 6 and 7 of ISO 2975 are applied.

All the requirements specified in that standard are necessary for the successful use of the methods for
the measurement of discharge for acceptance tests on hydraulic turbines and storage pumps. In particular,
Annex A of ISO 2975-6 sets out the detailed conditions for the use of a salt solu tion as the injected

tracer together with specifications of the injec tion "pop" valves, the detector electrodes and the associated
electrical circuits for detecting and recording the changes in conductivity of the water with the passage of

the "labelled" particles.
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10.5.3.3 Uncertainty of the measurement (sec 10.1.2)

The ISO standard referred to in 10.5.3.2 gives all the necessary requirements for a successful
measurement but does not give a specific limit on the uncertainty of the resulting measurements.

It is required to estimate the individual sources of random and systematic errors of the component
measurements listed in the standard and combine these with the random errors by the method given to
obtain an estimate of the total uncertainty.

With good measuring techniques and flow condi tions, the estimated systematic uncertainty at 95 %
confidence level should be about ±1 % to ±1, 5 %.

10.6 Weirs

10.6.1 Principle of measurement

The discharge is measured by interposing a thin plate weir in a free surface flow, by observing the head
over the weir and by employing a unique functional relationship between the discharge and the head over
the weir. In order to have the best known relationship, only rectangular weirs without side contraction sharp
crested, with complete crest contraction and free overflow shall be used.

The basic formula for calculating the discharge is due to Poleni and can be written as:

Q = 3Cb 2gh3/2

where:
Q is the discharge
C is the discharge coefficient
6 is the length of the weir crest (perpendicular to the flow)
g is the acceleration due to gravity
h is the measured upstream head over the weir

10.6.2 Description of the measuring device

The plate constituting the weir shall be smooth and plain, particularly on its upstream face, and shall
remain unaltered for the whole duration of measurements.

This weir plate shall preferably be made of metal which can resist erosion and corrosion. It shall be
rigid, watertight and perpendicular to the walls and to the bottom of the channel.

The surface of the weir crest shall be a horizontal, flat and smooth surface, perpendicular to the upstream
face of the plate: its intersection with the upstream face shall be straight and form sharp edges, free from
burrs or scratches. Its edge width e perpendicular to the upstream face shall be within 1 mm and 2 mm. If
the weir plate is thicker than the allowable crest width, the downstream edge shall be chamfered at a 45°
angle.

Complete aeration of the nappe shall be secured. The ven tilation must be sufficient to keep the air
underneath the nappe at approximately atmospheric pressure. The cross-sectional area of the ventilation
holes must be at least 0,5 % of the product of the length of the weir crest b times the height, s l , of the weir
above the water level in the downstream channel (see Figure 31).

During the test, the condition of the crest and the shape of the nappe shall be checked to avoid unsuitable
conditions such as an adhering nappe, disturbed or turbulent flow or surging.
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D = h + p
Detail A

p = height of weir
h = head over the weir
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10.6.3 Conditions of installation

The weir is commonly located on the low pressure side of the machine, and care shall be taken to ensure
that smooth flow (free from eddies, surface disturbances or significant amounts of entrained air) exists in
the approach channel. There shall be no loss or gain of water between the machine and the weir.

When the weir is located on the outlet side of the machine being tested, it shall be far enough from
the machine or the discharge conduit outlet to enable the water to release its air bubbles before reaching
the weir. Stilling screens and baffles shall be used when necessary to give a uniform velocity distribution
over the whole of the cross-section. Disturbed surface or undercurrents, or asymmetry of any kind, must
be corrected by suitable screens.

The approach channel shall be straight and of a uniform cross-section and with smooth walls for a length
of at least 10 times the length of the weir crest b. If stilling screens or baffles are used, they shall be located
at a distance upstream of the weir greater than the length prescribed above. Along this length, the bottom
slope must be very small (< 0, 005). A desilting sluice can be installed if required, but it shall not disturb
the regular flow of water along the upstream face of the weir.

e

r	 w	 sr	 4 Or w	 P	 v	 S,"" • ssr •Z•7 . [EC 400191

Figure 31– Sketch of a rectangular sharp-crested weir

The sides of the channel above the level of the crest of the weir shall extend without discontinuity at
least 0, 3 hma. downstream of the plane of the weir.

Before beginning the tests, it is advisable to check the velocity dis tribution in the approach channel by
current-meter survey. Figure 32 shows some typical examples of velocity dis tributions.

10.6.4 Measurement of head

The head h above the crest shall be measured upstream of the weir at between three and four times the
maximum head. For measuring h the number of measuring points uniformly spaced across the weir channel
shall be as follows:

Length of crest b	 Number of measuring points

For	 b< 2 m	 2

	

2m<b<6 m	 3

	

b > 6 m	 4 at least
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a)

^
	

d)
LEC 401/91

Note.— The velocity distributions a) and b) provide examples of observed normal distributions which are clearly accep table.

The velocity distributions c) and d) show appreciable departure from normal distribution which can lead to results at the
limit of the specified uncertainty.

Figure 32 — Examples of velocity distributions in the approach channel
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However this number may be reduced to a minimum of 2, where approach velocities arc small and the
velocity distribution is particularly regular.

Measurements of the head at each point of measurement shall not differ by more than 0,5 %. If they
do, every endeavour should be made to meet this requirement by installing screens, baffles or rafts. The
arithmetic mean of all the head measurements shall be used for computing the discharge.

Head measurement may be made with point or hook gauges (see 11.5.4.2) with optical sighting or
electrical contact or by floats (see 11.5.4.3). These devices shall be placed in stilling wells at the sides of
the approach channel, communicating through special pressure connections terminating in taps that are
flush with the channel wall , 3 mm to 6 mm in diameter and at least twice the diameter in length (see
11.5.4.8). The water in the stilling well shall be purged from time to time to ensure that its temperature is
within ±2 °C of that in the approach channel. If it is not practicable to use stilling wells then pointe gauges
may be used directly in the channel, but twice the number of measuring points given above shall be used
and at least two independent observations made of each reading.

In all cases, several readings of the head at each measuring point shall be made at regular time intervals
to check that steady flow conditions have been established.

Before and after each series of measurements, the zero height shall be accurately checked. For this
purpose, a pointer shall be provided with its point set exactly level with the crest of the weir and fixed
permanently in the approach channel or alternatively in the stilling or float well where provided.

When the flow may be interrupted the ze ro setting may be checked using either a dumpy level and a staff
or a straight edge and a spirit level when the channel is empty (see Figure 33a) or using a special device
directly fixed to the crest, the water level being reduced slightly under the crest level (see Figure 33b).

A zero check based on the level of the water at zero discharge is liable to serious errors from surface
tension effects and shall not be used.

IEC 402/91

Figure 33 a — Weir zero setting with empty channelIECNORM.C
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Detail of the apparatus in the "crest level setting" position
IE7C 103/91

Figure 33 b – Weir zero setting in still-water condition
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10.6.5 Discharge formulae

Among many empirical formulae which have been proposed to express the head-discharge relationship,
the SIA formula (Swiss Society of Engineers and Architects – 1924), the Rehbock formula (1929), the
Kindsvater-Carter formula (1959) and the IMFT formula (Fluids Mechanics Institute of Toulouse – 1967)
appear to be preferred*.

Each of these was determined under special experimental condi tions and shall be used only within the
ranges covered by the experiments. Even then, the differences between the values of discharge calculated
by the various formulae may be several per cent.

Ii► such circumstances, the following average formula shall be used for calculating the discharge:

Q = (o4o77+oo497) b	 11312

within the following dimensional restrictions:

b >0,40m

p>0,30m

0,0Gm<	 h<0,â0m

0,15 < h  < 1, 00

The use of the limiting value of more than one parameter at the same time shall be avoided.

10.6.6. Uncertainty of measurement (see 10.1.2)

The accuracy of measurements made with a rectangular thin-plate weir depends on the accuracy of the
head and crest length measurements and on the accuracy of the discharge coefficient used. It is therefore
desirable that, whenever possible, the weir should be calibrated under the existing conditions of installation

and use.

If such a calibration is not carried out and no mutual a greement has been made by the parties for using
one of the experimental formulae given above, the discharge shall be computed by the average formula
given in 10.6.5.

With the dimensional limitations prescribed above, this formula keeps the uncertainty (at 95 %
confidence level) due to the discharge coefficient bias within ±1, 5 %, providing the weir complies with
the prescribed conditions throughout the duration of the tests.

Differences in approach velocity distribution, bluntness of crest, excessive roughness of the upstream
face of the weir or imperfect ventilation under the nappe can seriously affect the head-discharge

relationship.

Outside the range of the above limitations on b, p and h, the uncertainty of the discharge coefficient can

increase greatly. This is especially true whenever h/p is below 0,25.

With good measuring techniques and flow conditions, the estimated systematic uncertainty at 95 %
confidence level should be about ±1, 7 % to ±3 %.

*These formulae can be consulted in ISO 1438-1.
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10.7 Standardized differential pressure devices

10.7.1 Principle of the method

This sub-clause deals with the method of discharge measurement which consists in installing in the
conduit a device (orifice plate, nozzle or Ventu ri tube) creating a constricted cross-section and measuring
the pressure difference so generated. It does not deal with piezometric control devices, such as the Winter
Kennedy method, which provide only a relative or index value of the discharge (see Clause 15).

10.7.2 Field of application

The method of discharge measurement by differential pressure devices is the subject of ISO 5167,
supplemented by ISO 2186, concerning the pressure signal transmission.

These standards give all necessary di rections concerning the design and the setting of the primary
element, the choice of the section of measurement, the value of the flow coefficient, the computation of
discharge and its uncertainty. These standards apply only in the range of pipe diameter. D and Reynolds
number ReD specified in Table I. Annex B of ISO 5167. gives guid ances on the applications of Venturi
tubes outside this range.

TABLE I – Limiting dimensions and Reynolds numbers for differential pressure devices (Values extracted
from ISO 5167)

Type of device D (mm) ReD 2)

Minimum Maximum Minimuml) Maximum

Orifice plate	 – with comer taps 50 1000 5 X 103 0o

– with D and D/2 taps or

flange taps

50 1000 3 x 103 0o

Nozzle	 –ISA 1932 50 500 2 X 104 107

–long radius 50 630 104 107
Classical Venturi tube

– with a rough-cast convergence 100 800 2 X 105 2 X 106

– with a machined convergence 50 250 2 X 105 106

– with a rough-welded sheet-

iron convergence

200 1200 2 x 106 2 x 106

Venturi-nozzle 65 500 3 X 104 2 x 106

1) For orifice plates, ISA 1932 nozzles and Venturi-nozzles, the actual minimum value of ReD depends upon the diameter D and/or
the diameter ratio dl D.

2) According to ISO 5167,

ReD =

where:
vi	 is the upstream mean flow velocity (m • s-1)
D	 is the upstream internal pipe diameter (m)
vt	 is the kinematic viscosity of the fluid (m 2 • s-1)

v1 D
vt
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10.7.3 Uncertainty of measurement

Whenever it is possible to satisfy the requirements of the ISO standards, it is unnecessary to calibrate the
apparatus as the flow coefficients indicated in the standards may be used provided their resulting accuracy is
considered sufficient. ISO 5167 gives all the data necessary to estimate the total uncertainty in the discharge
measurement. For guidance, with good measuring techniques and flow conditions, the estimated systematic
uncertainty at 95 % confidence level (see 10.1.2) should be about:

a) orifice plate, ISA 1932 nozzle or classical Ventu ri tube with a rough-cast convergence:
±1% to :E1,5%;

b) other devices: ±1, 5% to ± 2 %.

10.8 Volumetric gauging method

10.8.1 Principle of the method

The conventional volumetric gauging method is confined to low discharges, because of the size of the
tanks or reservoirs required. Therefore, it is unlikely to be applied to discharge measurements in the field.

Nevertheless, a variant of this method can be adopted for large-scale discharge measurements. It consists
in determining the variation of the water volume stored in the headwater or tailwater pond on the basis of
the variation of the water level. If necessary, provision shall be made for isolating the pond to ensure that
there shall be no inflow to or outflow from it during the measuring time.

For such volumetric measurements. there is no limi tation on the magnitude of the discharge provided
that, during a run, the change of specific hydraulic energy is less than 1 % (if not otherwise agreed) and
subject to conditions to be fulfilled (see 5.2); the measurement of the other quantities required for the
determination of the efficiency must extend over the whole period during which the change in water level
is measured. Therefore, any variations in the power and specific hydraulic energy during this time of
measurement must be taken into account.

10.8.2 Basins for volumetric measurements

10.8.2.1 Type and shape of ponds

Artificial ponds best suited for volumetric measurements are concrete basins with vertical walls (e.g.
headwater basins of pumped storage plants). With increasing size, the ponds are generally provided with
inclined concrete walls; these ponds are particularly suitable for volumetric measurements if the slope of
the walls remains constant over the whole of the measuring r ange. The shape of a basin and the slope of
the walls should be considered carefully in the planning stage of the plant if the basin is to be used for

volumetric measurements.
Natural basins arc very rarely suitable for volumetric measurements, since they cannot provide the

same accuracy as artificial ponds. Nevertheless, their accuracy can be improved by completely grubbing
the banks and smoothing them as far as possible over the expected measuring range. According to the nature
of their banks, the actual volume is larger than the geometrical volume, due to absorption or resorption of
water by the banks while filling or emptying the ponds.

10.8.2.2 Volume of ponds

The volume of the pond as a function of the water levels can be determined more accurately the

simpler the plan view of the pond and the steeper the walls. The volume can be determined by geometrical

measurement or by photogrammetry.

At the gauging stations, suitable non-corroding level markers shall be provided and their elevations

referred to the main bench mark (see 4.4.3).
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10.8.2.3 Choice of water-level range

With a pond having sloping walls and an asymmetric cross-section, it is good practice to use a
mathematical interpolation formula and an electronic data-processing system to determine the calibration
values at regular height intervals. A plot of the calibration will indicate the range of elevations best suited
for a discharge measurement. The tests should be confined to this range and the duration of each run should
be such that the uncertainty in the ch ange in volume is less than ±1 %.

10.8.2.4 Number and arrangement of measuring points

Water level measurement in the pond will be made easier and more accurate by giving careful
consideration to the arrangements for the measuring points and their approaches at the time the pond is
built.

The water level shall be measured simultaneously at least at four points judiciously located. In irregularly
shaped ponds, it is recommended that the number of measuring points should be increased sufficiently to
achieve an average value representative of the mean water level, particularly if wind occurs or if the flow
velocities in the pond are not negligible.

At each measuring point, a suitable arr angement shall be made for the intended measuring device.
In most cases, stilling pipes or wells shall be established, in which the water gauge or float is installed
(see 11.5.4.8 and 11.5.4.3). The use of a bubbler gauge using compressed air requires only minimum
arrangements (see 11.5.4.7). Staff gauges (see 11.5.4.4) may also be used either vertical (attached to the
walls or fastened on step frames according to the circumstances) or inclined along the slope of the bank; it is
then necessary to ensure an accurate reading of the levels by providing either adjustable observation s tands
or flights of stairs. It is also necessary to provide fixed level marks, as mentioned in 10.82.2, allowing
the gauges to be correlated .with each other and with the main bench mark and eventually to convert the
oblique measurements along the banks to vertical heights. Details of water level measurements are given
in clause 11.5.

10.8.3 Operation of measurement

10.8.3.1 Disturbing effects

Depending on location and size of the pond and the water level chosen for the measurements, the
influence of the wind on the actual water Ievel may be such an important factor that measurements can
be conducted only during a calm period. With the gates_ and/or shut-off valves of all machines closed, it
is possible and advisable to assess this influence by making a comparison of the water levels measured at
various points.

The arrangements prescribed in 10.8.2.4 may be sufficient to obviate errors due to small waves, but in
the event of a heavy swell or swell with a long period the measurements must be suspended until the swell
subsides.

The influence of rainfall or evaporation must be assessed, and if necessary, the measurements must be
suspended until favorable condi tions exist.

Leakage through the walls of an artificially formed pond or through the bed of a natural basin can
seriously affect the measurements. An assessment of the amount of leakage shall be made by measuring
the change in water level over extended periods of time with all machines shut down. This assessment
shall be made at a number of different heights of water in the pond or basin under conditions as nearly
as possible identical to those for the actual tests, particularly with regard to the water satura tion in the
surrounding earth. For artificial ponds, it is also possible to measure directly the leakage from the pond.

All the above considerations also apply to the possible inflow into the pond.
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Due to all the disturbing effects indicated above, the elevation of the datum of each level indicator cannot
be ascertained through elevation of the water surface with all gates closed. A careful levelling between each
datum and reference bench mark is recommended.

10.8.3.2 Duration of measurement

The duration of measurement is the time taken by the water level to cover the measuring range specified
in 10.8.2.3.

If the desired water level variation can only be obtained with an excessively long duration of
measurement, the uncertainty in the determination of the mean power and head will probably be increased.

The number of readings within the duration of a run must be so chosen that a well-defined graphical
record of the water level variation as a function of time can be prepared; these readings shall be closer
near the beginning and the end of the run. To achieve this, simultaneous measurements at all points are
imperative.

10.8.3.3 Measurement of quantities other than discharge

The pressure or water level measurements used for the determination of specific hydraulic energy,
the readings of the wattmeters for power measurement and the measurements of speed (the latter are
particularly important in pump operation) must be carried out simultaneously with the water level
measurements in the pond.

It is recommended that a series of volumetric gaugings be made for calibrating a secondary discharge
measuring device over a range of loads (see Clause 15). Index tests may be used to augment part s  of the
general test programme, to check the constancy of the discharge over the duration of a volumetric gauging
or to determine its variation during a run where the change in specific hydraulic energy is significant.

10.8.4 Analysis of the test results

The average water levels are computed from the simultaneous measurements made at the various
locations.

The mean discharge over the duration of the run is obtained from the variation of the water volume
given by the calibration table (see 10.8.23) between the water levels at the beginning and the end of the
run and the relevant measuring time.

The constancy of the flow rate over the duration of measurement shall be checked by determining the
discharge within shorter intervals of time included in the whole duration. These check values shall be
compared to the corresponding values deduced froth the index test during the same intervals of operation.

All individual readings shall be recorded in order to provide data to determine the random uncertainty.

10.8.5 Uncertainty of measurement (see 10.1.2)

For discharge measurements by the volumetric method, the uncertainty of measurement depends
primarily on the pond area or volume determination. For large ponds, only approximate values can be given
which may vary, depending on size and shape of the ponds and completeness of the methods used for the
area and elevation determinations. Therefore, it is imperative that these approximate values be checked in
consultation with those in charge of the pond calibration.

Approximate values of the uncertainty of the volume determination:

a) concrete pond with vertical walls: ±0, 5 % to ±0, 8 %;

b) concrete pond with sloping banks: ±0, 7 % to ±1, 0 %.
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In case b) the pond requires surveying by means of triangulation, established survey system,
photogrammetry and supplementary tacheometry.

For natural ponds, no information can be furnished (see 10.8.2.1).

In addition to the uncertainty due to the pond calibration, consideration shall be given to:

a) the uncertainty of the measurement of filling or emptying time;

b) the uncertainty of the water level determination, to be assessed for each run on the basis of the
measurement conditions and of the various sources of error listed in 10.8.3.1.

With good conditions, the estimated systematic uncertainty at 95% confidence level should be about
±1% to ±2%.

In the acceptance test of a pump-turbine, if the contractual guarantees give an equal weight to the turbine
and pump efficiencies, the uncertainty due to the determination of the pond areas may be to a large extent
ignored for the evaluation of the total uncertainty, provided all the measurements are carried out in the same
range of water levels.

11. Specific hydraulic energy of the machine

11.1 General

11.1.1 Object

The specific hydraulic energy of the machine is a main characteristic and it must be calculated in any
test of a hydraulic machine.

The formula enabling its evaluation is given in 2.3.6.2. Appendix F explains the derivation of this
formula.

The net positive suction specific energy is also an important characteristic and should normally be
determined. The formula is given in 23.6.9.

11.1.2 Method of determination

To determine the specific hydraulic energy of the machine, it is necessary to evaluate the specific energy
of water in the high pressure and low pressure reference sections. In practice it is not always possible to
measure the pressure at the reference sections. The absolute pressure, the mean velocity and the elevation
are then determined as near as possible to the corresponding reference sections and chosen so as to achieve
measurements of high accuracy.

Whenever possible direct pressure measurements shall be used, in particular on the low pressure side
where the measuring section should be located within the draft tube. In some cases, this method has to be
replaced by free water level measurement.

11.1.3 Steady-state conditions and numbers of readings

Readings required to determine the specific hydraulic energy shall be taken only when steady-state
conditions prevail as defined in 5.2.1 and at regular intervals, as prescribed in 4.7.2. The number of readings

and the intervals between them shall be as specified in 5.1.2. If the measurements arc recorded (graphs,
punched tape, magnetic tape, etc.), at least two di rect readings for each run should be taken for the purpose

of checking.
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11.2 Determination of the specific hydraulic energy

11.2.1 Measuring sections

11.2.1.1 General

The basic conditions to achieve an accurate determination of the specific hydraulic energy are mentioned
in 11.1.2. Requirements for a pressure measuring section are given in 11.4.1.

11.2.1.2 Shifted measuring sections

The main reason for shifting the measuring sec tion away from the reference section at the design stage
is flow perturbation from the machine itself or from the conduit and its accessories. Such a shift may also
be mandatory at the time of the test by an absence of adequate provision for testing.

The high pressure reference section of a pump is a typical case since the pressure and velocity
distribution may be such that the calculation of specific hydraulic energy from the mean values would
result in significant errors. A measuring sec tion located some conduit diameters away from the pump will
generally increase the reliability of the measurement.

A butterfly valve close to the high pressure reference section of a turbine is another difficult situa tion,
since the loss due to the valve is as difficult to assess as its effect on the measurement.

Another difficult case occurs when the high pressure side measuring sec tion in the case of a turbine
cannot be located downstream of the intake trash racks. In this c ase the calculation of the specific hydraulic
energy losses has to be agreed upon prior to the test.

When pressure taps have not been provided, and cannot be added for the test, it is necessary to locate
the measuring sections in places with access to the flow; this results quite often in using sec tions with a free
surface flow. In particular, if it is not possible to measure the pressure inside the draft tube, the tailwater
level shall be measured directly above the draft tube outlet (turbine)/inlet (pump) or as close to it as possible
in the tailrace (see Figure 40).

11.2.1.3 Specific hydraulic energy correction for shifted measuring sections

When the measuring section is not the reference sec tion, the loss of specific hydraulic energy between
the measuring section and the. reference section shall be taken into account, due consideration being given
to the flow direc tion and distribution, the relative position of the two sections and the actual kinetic
energy recovery which may take place between them. Evaluation of this loss may be based on theoretical
knowledge and practical experience.

Before a decision is made to use a shifted measuring sec tion, due consideration shall be given to the
uncertainty introduced by the loss calculation as compared to that arising from unsatisfactory measuring
conditions at the reference section.IECNORM.C
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11.2.2 Reference levels

11.2.2.1 Reference datum

The elevations shall be referred to a reference datum such as mean sea level.

11.2.2.2 Bench marks

A fixed elevation reference point called the main bench mark shall be chosen or provided at each
hydraulic machinery installation. The elevation of this bench mark shall be determined in relation to an
established reference datum (see 11.2.2.4).

An official bench mark is usually available for instance as pa rt of a national survey of elevations above.
mean sea level.

The main bench mark (see 4.4.3) must be clearly labelled to avoid any possibility of error.

If there is no bench mark available, the reference level of the machine may be chosen as the main bench
mark.

The elevations of auxiliary bench marks defining the reference levels of all the gauges shall be accurately
determined in relation to the main bench mark prior to starting the test.

All bench marks shall be retained undisturbed until the final test report has been approved.

11.2.2.3 Reference level for instrument

Each of the pressure or free water level measuring instruments shall have a mark fixed permanently to
it. The elevation of this mark zM is called the reference level for instrument. The difference between the
reference level for instrument and the bench mark is ZM = zM — xB (see Figure 34a).

An example of main elevations and heights is shown in Figure 34b.

11.2.2.4 Differences of elevations

It is only important to establish accurately the differences of elevations. The exact elevation of the main
bench mark is of secondary importance. To measure differences in elevation (height); levelling instruments
of adequate precision may be required; for small heights measuring tapes may also be used.
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z is the elevation of a point in the system above reference datum (see 2.3.2.5)
Z is the difference of elevations

ZM=zM—zB

ZM, = xM — ZB/

Zsi = zB / — ZB

Figure 34 a — Definition of reference level for instrument

IEC 4p1/91
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11.2.3 Water density

From the definition in 2.3.6.2, mean water density shall be calculated as the mean of densities at the two
reference sections.

As the temperature difference between the inlet and outlet of the machine is small, the temperature of
the water at the low pressure reference section may be used for calculating the densities involved in the
evaluation of (see 9.2.4).

11.2.4 Specific kinetic energy

The specific kinetic energy term is determined in any section, from the mean velocity of the water in that
section. The mean velocity y is the actual volume discharge passing through the measuring section divided
by the area of that section. This area shall be measured or may be deduced from construction drawings, if
the specific kinetic energy term is a small pa rt of the specific hydraulic energy.

By convention the specific kinetic energy in a reference section is taken as ec = .

The same convention is applied when the measuring section is shifted from the reference section within
the limits of the machine.

When the measuring section in the low pressure side has to be located outside of the draft tube (see
Figure 40), the calculation of mean velocity in the measuring section is explained in 11.2.5.3.2.

11.2.5 Simplified formulae

11.2.5.1 General

As indicated in Appendix F, the general formula given in 2.3.6.2 is a convenient approximation of the
exact value of the specific hydraulic energy of the machine. The relative error due to the approximation is
less than 0,02%.

For the specific hydraulic energy of the machine, variation of g with elevation is generally negligible and
can be calculated for the reference level of the machine z r (see 2.3.7.10). Further simplifications are possible
in each specific case and approximations may be introduced, for example, when the water compressibility
or the difference in ambient pressure between sections 1 and 2 can be neglected.

The simplified formulae established in this _sub-clause are typical for the described measuring
installations. Only the most common installations are reviewed. A simplified formula shall not be used
for a differing installation without a careful examination of its adequacy.

11.2.5.2 Measurements using pressure taps

11.2.5.2.1 Measurement of differential pressure.

Figure 35 shows schematically the measuring installations of the specific hydraulic energy of the
machine whenever a differential pressure device is used. This solution is specially suitable for low head
machines but can be applied to the range of head for which instruments of sufficient accuracy and sensitivity
are available.
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o

!EC 406/91

Figure 35 — Determination of specific hydraulic energy of machine through differential manometer

E= 9H = Pabsi — Pabs2 + vi 
2 

v2 +, 9(x1 — z2)

From the pressure difference measurement, one gets:

pabsl — Pabs2	 Ap e2	 e1-{- g (z2 — zM) - — (z1 — zM) ^ J

When applied to low head machines (Lp < 400 000 Pa), the compressibility of water is neglected and it
is assumed:

e1 = e2 =	 (see 11.23)

Therefore the simplified formula is:.

2Op + vi —v — 

e2	 2
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11.2.5.2.2 Separate measurement of pressures
a) Low head machines

Figure 36 identical to Figure 5a refers to low head machines, where the pressure is measured in both
sections with water column manometers.

An approximation is introduced in this case: the compressibility of water is neglected since pressure
differences are less than about 400 000 Pa. Ambient pressure may be assumed in calculating air density.

b) Medium and high head reaction machines
Medium and high head reaction machines are dealt with in Figure 37 identical to Figure 5b, pressure
being measured separately in each reference section by a pressure gauge. In this case, the difference in
elevation of the gauges contributes to a small extent in E and therefore the effect of ambient pressure

can be neglected.

c) Pelton turbines (impulse turbines)
Other simplifications are introduced when the general formula is applied to Pelton turbines (see
Figures 38 and 39; the first one is identical to Figure 5 c).

By convention, y 2 is taken as zero, elevation z2 of the low pressure reference section is the mean
elevation of all contact points of the jet axis with the Pelton jet pitch diameter and the pressure inside
the housing is assumed equal to the ambient pressure, provided the housing is not pressurized.
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Figure 36 — Low-head machines — Determination of specific hydraulic energy of machine

Water column manometers are applied at points 1 and 2.

E _ ^H _ (Pabs t — Pabst ) + (v1 — v2^ 4.-9-(z1 — z2)
— —	 2P

The compressibility of water is neglected because the difference of pressure between 1 and 2 is small,

therefore:

el= e2= e

and:
Pabs t = e • 9 (z1 , — z1) + Pambi,

Pabst = e • 9 (z21 — z2 ) + Pamb2,

Pambii — Pamb2i = 'ea . 9 (z1 , — z2')

and therefore the simplified formula is:

E 	 (z l,—z,,) I—Aa+ (vi2v2)
= • Z (1— al+ (vi 

v2)2

(1
	 \\ 	 /

The water density at ambient pressure may be assumed as T.
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Vertical shaft unit Horizontal shaft unit
IEC 368191

Figure 37 — Medium and high-head machines — Determination of specific hydraulic energy of machine

Pressure gauges are applied at points 1 and 2.

The difference in ambient pressure between 1' and 2' is neglected because Z is small compared to H,
therefore:

pambl, = pamb2, = Pamb

Since both Z1 and Z2 are small compared to H, it may be assumed that:

P1 P2
Z1'  = Z1 Z2' _ =Z 2

hence:

pabsl = p1' + Z1' Pl • 9 + pamb

Pabs2 = p2, + Z2 • e2 • 9 + Pamb

and therefore the simplified formula is:

where p1, is the gauge pressure measured at l'

where p2, is the gauge pressure measured at 2'

^ — (pl , - p2,) + 9 Z11 — z2,
(vi — vi) _ (Pl , — p2'

2
Ig Z+

2
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Figure 38 – Pelton turbines with vertical axis – Determination of specific hydraulic energy of machine

Case of non-pressurised housing.

It is conventionally assumed that the low pressure reference section corresponds to the plane at elevation
z2 and that the pressure inside the housing is equal to the ambient pressure in case of non-pressurised
housing.

(Pabs,  Pabs2) (Vi — v2) 
E _ H =	 ^	 -}	 2	 ^- g (zl  z2)

The difference in ambient pressure between l' and 2 is neglected because Z is small compared to H,
therefore:

Pambl , = Pamb2 = Pamb

For the same reason it is assumed:
Z• Al =Z

^
hence:

Pabs t = P1 1 + Z • Pl 3 + pamb where p1, is the gauge pressure measured at 1'

Pabst = Pamb

As z1 = z2 and assuming v2 = 0, the simplified formula is:

2	 z
E= e, -{- g(xl, - z2) + 2 = 

p^, 
-I g• Z} 2
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rr        

o       

Reference datum Z = Z1' — Z2 IEC 407/91

Note. — In case of multiple nozzles the reference elevation 22 is chosen as the average of the elevations of the points of contact
(2' and 2" in the sketch).

Figure 39 — Felton turbines with horizontal axis — Determination of specific hydraulic
energy of machine

Case of non-pressurised housing: the pressure inside the housing is conventionally assumed as equal to
the ambient pressure.

E _  H = (pabst ^ pabsz) + (vi 
2 

v2) + (z1 zz)

The difference in ambient pressure between 1' and 2 is neglected because Z is small compared to H,

therefore:

Pambti = Pambz = pamb

For the same reason it is assumed:

hence:

Pabs t = p1, + ( z1 , — z1) • el ' 9 + pamb. where pl , is the gauge pressure measured at 1'

Pabst = Pamb

Assuming y2 = 0, the simplified formula is:

E = i+ 9. 2z	 2
= pi' ^g•Z } 2

^

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41 © IEC — 211 —

11.2.5.3 Measurements using water levels

11.2.5.3.1 Measuring installation

Whenever the lack of pressure taps prohibits the measurement of pressure, other measuring sections
must be chosen. This situation may happen at the low pressure side of any machine, but only to low head
machines at the high pressure side.

Figure 40 referring to low head machines shows the evaluation of the specific hydraulic energy from a
measurement of the water levels. Gate chambers may be used as water column manometers. In this case,
the requirement for the size of pressure taps is not met and errors may arise from dynamic effects. When
this measuring technique is used, it shall be checked that the free water surface is not affected by high
velocities or level fluctuations. Measurement of water level shall be made at two or more locations and the
results shall comply with the requirements of 11.4.2.

11.2.5.3.2 Restrictions

The flow between the reference section and the corresponding section, where the water level is
measured, shall be free of perturbing structures, such as a trash rack. If this is not possible, the calculation
of the specific hydraulic energy has to be agreed upon, prior to the test.

The low pressure side measuring section 2' should be as close as possible to the draft tube opening (see
Figure 40).

For such measurement the water level should be measured directly above 2' and the surrounding water
surface should be free of jump, vortex and heavy back current. Water level fluctuations may be damped by
measuring wells or stilling boxes (see 11.5.4.8). To evaluate the mean velocity, the walls of the draft tube
arc supposed to extend up to section 2', delineating the fictitious area of the section.

2%

2"

1 

Y b o       
Reference datum

1EC 40d/91

Figure 40 – Low-head machines – Determination of specific hydraulic energy of the machine using
water levels
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(pabsl ,- — pabs^, )	 (412, — 4J2,) 
E = J Î =	

+	 + 9 (z1,—z„)
^	 2 ELI-1; ± EL2 -21
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(pabs	 	 Pabs2)	 (vl — v2) E = g •H 	 1	 -I-	 -I-g (z1 z2)
2 ^

Sections 1' and 2' are chosen as measuring sections.

The loss between 1 and 1', ELl_1,, is added for a turbine and subtracted for a pump with the situation
described in the sketch above. The contrary is valid for the loss between 2 and 2', EL2_,,.

The compressibility of water is neglected because the difference of pressure between 1' and 2' is small.
Therefore:

Al,= 	 = A

The simplified formula becomes:

E= j• -z2„)(1— ea

é
(v2, — v;,) 

2 	 EL1_1, ^ EL,_.'

The water density at ambient pressure may be assumed as T.

11.3 Determination of the net positive suction specific energy

11.3.1 Definition

The net positive suction specific energy is referred to the low pressure side of the machine and it is in
direct relation with the cavita tion phenomenon. Its definition and the general formula for its determination
are given in 2.3.6.9.

Its measurement may be affected by practical circumstances, in the same way as the specific hydraulic
energy of the machine. Requirements in 11.2 shall also be considered for measurement of the net positive
suction specific energy.

11.3.2 Simplified formulae

As long as the pressure can be measured in the low pressu re reference section, the general formula is of
immediate application and valid for both operating modes, pump and turbine (sec Figure 7).

When the measuring section is shifted from the low pressure reference section, requirements in 11.2.1.3
shall be carefully considered in the case of a low-head machine since the kinetic energy, and eventually
correlated losses, are significant.

Under particular circumstances, one may be forced to evaluate net posi tive suction specific energy from
tailwater level measurements, see Figure 41. In this c ase, requirements in 11.2.5.3 shall be applied.

Figure 41 shows the determination of the net posi tive suction specific energy when the pressure in
section 2 cannot be measured and the energy losses between sections 2 and 2' cannot be neglected.
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Reference level
of the machine
(see Figure 8)

41 © IEC — 215 —

o	 o

Reference datum ELs = 9 • Fits Zs = zr — z2..

1W 409/91

Figure 41— Net positive suction specific energy, NPSE, and net positive suction head,
NPSH (ELS � 0)

NPSE = g2 - NPSH = (Pabs2 — Pva) + 
2 

-f- g2 - lxr - z2)
g2

The pressure should be measured inside the draft tube (point 2) (see 2.3.6.9); in this case the above
formula is valid for both turbines and pumps.

If it is not possible to measure the pressu re inside the draft tube, the net positive suction specific energy,
NPSE, can be calculated from the tailwater level (see 11.2.5.3).

Taking into account the specific hydraulic energy losses between sections 2 and 2', the formula becomes:

(Pamb2rr — Pva) 
4 (z Z2u) ± ELSNPSE = g2 NPSH =	 -I-	 g2 r—

g2	 2

(Pamb2rr — Pva)	 412r

_	 + 
2 

g2- ZsfELs
e2

+ for turbines, — for pumps
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11.4 Pressure measurements

11.4.1 Choice of pressure measuring section

Special attention must be given to the location of the measuring section. There should be a minimum
of disturbance to the flow. Sections where the velocity pattern is distorted by an elbow, valve or other flow
disturbances outside of the hydraulic machine should be replaced if possible by other measuring sections
with better flow conditions.

The plane of the measuring section shall be normal to the average direction of flow. Its area, which is
required for computing the mean water velocity, must be readily measurable.

The measuring section should preferably be arranged in a straight conduit section (which may also be
slightly convergent or divergent) extending three diameters upstream and two diameters downstream from
the measuring section and free from any water extraction or injection active during the test. Closed branches
shall be more than five times their diameter away from the measuring section.

11.4.2 Number and location of pressure taps

Generally, for any form of section at least two pairs of opposite pressure taps shall be used. With
favourable conditions the number of taps can be reduced by mutual agreement. In the c ase of circular
sections the four pressure taps shall be arranged on two diameters at right angles to each other. The taps
shall no be located at or near the highest point of the measuring section in order to avoid air pockets and
not near the lowest point because of the risk of dirt obstructing the taps. In the case of non-circular, in most
cases rectangular sections, the taps shall not be located near the corners. If taps have to be arranged at the
top or bottom of a section special care has to be observed to avoid disturbances due to air or dirt.

Individual mean pressure measurements around the measuring section should not differ from one
another by more than 0,5% of the specific hydraulic energy of the machine or 20% of the specific kinetic
energy calculated from the mean velocity in the measuring sections. If this requirement is not fulfilled and
if it is not possible to correct the faulty tap, a mutual agreement should be reached to eliminate the faulty
tap or to select another location or to accept this deviation.

11.4.3 Pressure taps

Pressure taps should be located in inse rts of non-corroding material. Figure 42a and 42b show typical
inserts which must be installed flush with the wall of conduit.

The cylindrical bore of the pressure tap shall be 3 mm to 6 mm in diameter and have a minimum length of
at least twice the diameter. It must be perpendicular to the conduit wall and free of all burrs or irregularities
which could cause local disturbances. Preferably the edges of the openings should be provided with a radius
r < d/4 smoothly joining the flow passage. The only purpose of this rounding is to eliminate any possible
burrs.

The surface of the conduit shall be smooth and parallel with the flow in the vicinity of the bore for at
least 300 mm upstream and 100 mm downstream. In concrete passageways, the pressure taps shall be at the
centre of a stainless steel or bronze plate at least 300 mm in diameter flush with the surrounding concrete.
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/A

Non-corroding material

IEC 410/91

a)
	

b)
d = 3mmà6 nun P> 2d

 r < d/4

Figure 42 — Examples for pressure taps

11.4.4 Gauge piping

Pressure taps may be manifolded (see Figure 43), but each tap shall be separately valved so that it can be
read individually. The diameter of the connecting piping shall, be at least twice that of the tap, not less than
8 mm and not more than 20 mm. The diameter of the manifold shall be at least three times the diameter of
the tap. Special precautions shall be taken when pipes are embedded in concrete. Connection pipes should,
if possible, be of equal length, slope upward to the gauge or manometer with no intermediate high spots
where air may be trapped. Valved shall be provided at all high points for flushing out air. Transparent plastic
tubing is available for a wide pressure range and is useful in disclosing the presence of air bubbles. No leaks
shall be permitted in the gauge connection.

1 = vent

2 = liquid
manometer

3 = manifold
IEC 411191

Figure 43 a — Pressure taps connected through separate connecting pipes to manifold
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1 = vent

2 = pressure gauge

3 = drainage

4 = ring manifold

41© IEC — 221 —

fEC 412/91

Figure 43 b – Pressure taps connected through ring manifold to pressure gauge

11.4.5 Damping devices

When the pressure to be measured is fluctuating (see 5.2.1), it may be difficult to obtain correct
readings on a pressure manometer. In order to improve such conditions, suitable damping shall be provided.
However, this requires special care, because a proper damping device depending on viscous resistance
should be fully symmetrical with equal resistance to flow in both directions. A capillary tube with a 1 mm
bore and a suitable length (e.g. 50 mm to 150 mm) is recommended for this purpose because it provides
linear damping of irregular pressing pulsations. Additional damping may be obtained from an air or surge
chamber connected to the pressure line ahead of the gauge. Using an orifice plate is not recommended
because it may introduce an error due to non-linear damping. A valved bypass around any damping device
should be provided an kept open except for the short time during which readings are taken. Bending o r
pinching the connecting pipes or inserting any non-symmetrical throttling device is not permitted.

11.4.6 Measuring apparatus

Liquid column manometers and dead weight manometers are considered as primary instruments.

11.4.6.1 Liquid column manometers

Liquid column manometers are used to measure small pressures or small pressure differences (less than
3 x 105 Pa). In field tests mostly water or mercury column manometers arc used (see Figure 44a, b, c and
d). In some cases other liquids of known density may be used.

The tube of a water column manometer shall have a minimum inside diameter of 12 mm in the measuring
range to minimize capillary effects. With mercury manometers, this diameter shall be at least 8 mm.

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41 © IEC — 223 —

Manometer Gauge pressure

P2 = Pamb

Differential pressure

P2 � Pamb

P = gabs — Pamb Op = Pi — 112

a) Pot with standpipe ^d

■11	 P2
-

pm = pressure at the

reference level

Pt

a

L

b

of instrument

pm = g [eng(h2 — h i) + eh i]

h1=z1—zM

Op = g (eng — e) • (h2 — h1)

Op= 9(eng—e)'(z2 —zi)
c

V	 II

h2 = z2 — zM

maim
■ i\

Ïiiie.
C

N .c .G N

a = water a = water

Reference level for b =air b =water

instrument c = mercury c = mercury
IEC 413191 d =vent d = vent

b) Water column (standpipe)

P2

a

Not applicable

PM =g•e•h

h=z — zM

L N

P1--► 	 1►41 -

a = air

b = water

Reference level for
instrument	

_N

IEC 414/91

Figure 44 a and b — Liquid column manometers (values of 2 , eflg and ea
are given in Appendix E)
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Manometer Gauge pressure

P2 = Pamb

Differential pressure

P2 � Pamb

P = Pabs — Pamb AP = P1 —P2

c) U-Tube
d	 d

//

. ^
A. A pm = pressure at the

pt —.- IA^ !pd
. f P2

.u

reference level

of instrument
.
M

a

.
MO

^	 b
/

PM = 9[egg(h2 — h1) + ehd

hl = zl — zM

h2 = z2 — Z 

OP = 9(elig — e) • (h2 — h1)

OP= 9 (elIg —e)• (z2—zl)

c

N t' N
-c N

a=water a=water

r-,
Reference level for
instrument

- b= air

c = mercury

b = water

c = mercury
!EC +tsrot d = vent d = vent

d)Inverted U-Tube	 .

'iià
a

Not applicable

i

b

/

I
'r
■

t

AP =9h•(e—ea)
.

h= z1—z2

b

ph 1„^

N :	 .1.

11„4 f P 2

N

a = air, compressed air or vacuum

b = water

!EC 416491

Figure 44 c and d— Liquid column manometer (values of n, ells and ea
are given in Appendix E)
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11.4.6.2 Dead weight manometers

Dead weight manometers are commonly used for pressure higher than 2 x 10 5 Pa. Dead weight
manometers may be of the simple or differential piston types. The effective piston diameter de of the
former may be determined as the arithmetic mean value of the piston diameter d p and bore diameter db

and used for pressure calculation without further calibration:

de = db 2 
dp	

if	 db + 
dP 

< 0 001
^

b	 p

The pressure p measured at the lower end of the piston of a dead weight manometer loaded with mass
m is:

_ 4gm
P ^dé

Dead weight manometers must fulfil the following condi tions:

- The effective piston diameter de must be determined within the relative uncertainty

fde<5x10-4

For example, the effective piston diameter de of 10 mm must be determined with an accuracy of at least
5 x 10-3 mm.

- The friction between piston and bore must be eliminated by rotating the piston slowly
(0, 25 s-1 < n < 2 s-1).

- The cylinder must be filled with a suitable fluid, commonly by oil of low viscosity (v 10-5 m2s-1).

- An oil reserve of sufficient volume in connection with the cylinder to replenish the unavoidable oil
losses between bore and piston must be provided.

- If the weight plate is rotating with the piston the weights imposed on this plate must be balanced to
avoid oscillation of the piston.

- The dead weight manometer is to be placed on a solid base. The axis of the piston must be vertical.

- All the acting masses (weights, piston, weight plate, etc.) must be calibrated.

It is good practice to determine the effective piston area indirectly by checking against a static pressure
at zero discharge (see 11.4.7.1).

For stabilisation of the dead weight manometer it is recommended to use a setup with a compensating
device, such as:

- A dead weight manometer, which is connected in series with a differential-pressure measurement device
(e.g. transducer or liquid manometer), see Figure 45 a.

- A dead weight manometer which is connected in parallel with a force measurement device (e.g. liquid
column, spring, load cell), see Figure 45 b.

The correction curve due to these setups shall be determined either by checking them against a calibrated
dead weight manometer without compensating devices or by loading the weight plate at constant pressure

additionally with small weights of appropriate mass, so that the indicator of the compensator shows zero.

The sensitivity of a dead weight manometer in good condition is less than 100 Pa.
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Ap = differential-pressure

1 = acting masses m
2 = differential-pressure

measuring device
3 = water
4 = oil

3

—^
\

Pi 
Op

41 © IEC — 229 —

h1 = 
zi — znn

h 2 = Z2 — ZM

N
N

Reference level for instrument

pM = P1 +8 g h 1 =p +Poi1 •g• (hz — h i) +e•g•hl+ dOp

	

4• 771 • g 	 db+dP

	

P =  
/I- • d2	

with: de = 	
2e

whère:

î

lEC 417191

Figure 45 a — Dead weight manometer with stabilization by differential pressure measurement
(transducer or liquid manometer)
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where:
db + dP

with: de 
2

4•m• g

41 © IEC — 231 —

hi = Zi - ZM

h2 = Z2 - ZM.

F = compensating force
1 = acting masses, m
2 = compensating force

measurement device
3 = water
4 = oil

. ".\\\ \\.Mi ii% /%/// N

A
Reference level for instrument

pM pl -i- e g• ]t1 =P + Poit•g • (h2—h0+P •g• h l-I-
7rcl'-e

EEC 418/91

Pt ^1110'-

Figure 45 b Dead weight manometer with stabilization by force measurement (liquid column,
spring, load cell, weighbeam)
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11.4.6.3 Spring pressure gauge

This type of gauge uses the mechanical deflection of a loop of tubing (plain or spiral) or a diaphragm to
indicate pressure. Depending on the pressure to be measured the corresponding range for a spring pressure
gauge has to be selected. It may be used by mutual agreement provided the gauge is of suitable precision and
used within its optimum measuring range (usually from 60 % to 100 % of full scale) as well as calibrated
on site against a reliable standard before and after the test.

11.4.6.4 Pressure transducers

Pressure transducers are electromechanical devices in which mechanical effects produced by pressure
are converted into electrical signals.

Depending on the pressure to be measured the corresponding r ange for the pressure transducer has to
be selected.

Some advantages in using pressure transducers are:

Ease of integration into electronic data acquisition systems.

— They usually require negligible fluid flow through pressure taps thus providing rapid and accurate
response.

— Average values of fluctuating pressures or pressure differences as well as records of transient
phenomena arc easily obtained using readily available electronic equipment.

The pressure transducers should have the following characteristics:
— sufficient calibration stability;
- high repeatability, negligible hysteresis;
— low zero shift and low temperature sensitivity.

Operation with and without filters on the electronic equipment should be conducted to ascertain the
absence of bias when filters are operating.

The complete pressure transducer system must be calibrated on site under the pressure to be encountered
during the test. The accuracy of a transducer will be determined by the accuracy of the calibration. The
calibration can be done by a suitable pressure gauge, for example a dead weight manometer, provided for
checking the measurements by the transducer systems at any time during the test (see 11.4.7.3).

Another possibility is to install two similar transducer systems in parallel and to take simultaneous
readings during the test. The transducer systems are checked before and after the test and when the two
systems show different readings, a comparison with a suitable pressure gauge is recommended.

Whenever a fast response of the pressure transducer is needed, the instrument shall be connected directly
to the pressure line and all the calibration system shall be shut off during the measurements to preserve the
dynamic quality of the transducers.

11.4.7 Checking of pressure gauges

11.4.7.1 Comparison of the gauge pressure with the static pressure at zero discharge

Before and after the acceptance test, the readings of the pressure gauge pm shall be compared with the
static pressure for zero discharge. If there is a surge tank, several hours may be required to stabilize the
system.

The checking system is made by comparing (see Figure 46):

a) the absolute static pressure

Pabs1 = Pambo + TT (zo — zi ) = Pambo + A9Z0
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and

b) the pressure measurement

— 235 —

pabsl = PM + pambM — e l g l(xl — ZM) = PM + pambM

where:

pm is the gauge pressure indicated by the manometer

P = (eo + e1)/2

9 = (90 + 91)/2

It is generally assumed that g = g1.

In the case where pabsl < 4 • 10 5 Pa, it can be written: = e1.

The difference between the two above mentioned pressure measurements a) and b) of pabs1 shall be

less than 0,1 %.

The accuracy depends almost entirely on the accuracy with which the elevation zo and z 1 and the mean
water temperature have been determined. The physical properties of water (mean density, etc.) are taken
from data given in Appendix E except when density is determined by measurement at site.

With the use of an already calibrated p ressure measuring device the procedure given in this paragraph
can be used to determine the water density (see 9.2.4).

PambOi o 
////////////,

Pi

Pamb

Reference level for
instrument

oN

IEC 119/91

Figure 46 — Checking of a manometer
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11.4.7.2 Comparison with primary measuring instruments

Spring gauges and pressure transducers must be checked at least over the measuring r ange during the
test against primary instruments (see 11.4.6) or by comparison with water levels.

11.4.7.3 Running calibration

A possibility of comparison with primary instruments between each run with a permanent installation,
the so-called running calibration, is shown in Figure 47.

The spring pressure gauge or the pressure transducer to be calibrated is connected in parallel with a
deadweight manometer (or with any other primary device) to the penstock through an interface vessel, so
that before and after any run during the test, all parties may check that the gauge readings or recorded
measurements are in agreement with the primary device. The interface vessel permits operation of the dead
weight manometer with oil as required while providing for operation of the gauge or the transducer with a
medium (oil) at constant temperature.

The two modes of operation, pressure measurement with the gauge or the transducer and calibration
of the instruments with the dead weight manometer, are obtained by switching valves. For pressure
measurement, valves A and C are open, valves B, D, E and F are closed. For instrument calibration, valves
A, C and D are closed and E is open, valve F and sight glass are only used for checking the point of zero
gauge pressure. Valve D can be used to either release any trapped air from the interface vessel or fill the
vessel and pressure line with oil from a por table tank and valve B to either relieve pressure in the vessel or
adjust the interface level to the reference elevation.

If:

is the test pressure,

is a pressure just below expected test pressure,

is a pressure just above expected test pressure,

therefore: pL < PT < PH.

The procedure to be followed is:

1) Pre-calibrate the gauge/transducer immediately before the test run. This calibration does not need to
include the point of zero gauge p ressure, or to cover the full instrument range; it must, however, include

pressure pi, and pressure pH . The applied weights and respective gauge readings arc recorded, but the

gauge/transducer is not adjusted.

2) Measure the test pressure PT recorded in the usual way.

3) Post-calibrate the gauge/transducer. This is a repeat of the procedure of step 1 immediately following
the measurements.
If the elapsed time between consecutive runs is short, step 3 of the previous run can be considered to be

step 1 of the next run.

The true test pressure is determined by linear interpolation between the average values of pr ., and pH

obtained in steps 1 and 3.

Should the differences between the averages obtained in step 3 and the ones in step 1 exceed accep table

limits (see 11.6), the causes of such differences shall be determined and eliminated, and the run repeated.

The estimated uncertainty of this method is of the same order as for the primary ins trument.

PT

PL

PH
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11.4.8 Vacuum measurements

11.4.8.1 General

For tests carried out on hydraulic machines, vacuum measurements arc rarely required. Such
measurements may, for example, be required in installations without a characteristic draft tube.

11.4.8.2 Gauge piping for vacuum measurements

The gauge piping shall either be completely filled with water or, if air is used, shall be transparent
to permit observation of the water level, if present. Such pipes, when filled with water, shall be flushed
carefully and frequently between runs, to remove any air coming out of the solution or entering through
the pressure tap and to maintain the water in the gauge piping at the same temperature as in the conduit.
All piping and connections shall be airtight. Flexible pipes may be used as gauge pipes only if they cannot
be collapsed by ambient pressure.

11.5 Free water level measurements*

11.5.1 General

If it is not possible to measure the pressure in a closed section in agreement with 11.4 at the high and/or
low pressure side of the machine, free water level measurement is necessary (see 11.2.5.3)

Free water levels have to be measured also in case of discharge measurements by:

– current-meters in open channels (see 10.2);

– weir (see 10.6);

– volumetric method (see 10.8).

11.5.2 Choice of water level measuring sections

The measuring section for the determination of a free. water level shall be chosen to satisfy the following
requirements:

a) The flow shall be steady and free of disturbances. Sections where the flow velocity is influenced by an
elbow or by other irregularities should be avoided.

b) The area used to determine the mean water velocity shall be accurately defined and readily measurable.

11.5.3 Number of measuring points in a measuring section

Measurement of free water levels shall be obtained for at least two points in every measuring section or
in each passage of a multiple passage measuring section and the average of the readings is to be taken as
the free water level**.

*See also ISO 4373.
**In the case of current-meter measurements in multiple passages the average of the readings for each passage has to be taken

separately as the area of each passage depends on the free water level.
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I l .5.4 Measuring apparatus

Commonly, free water levels are measured from a reference level for the ins trument zm.

If the measuring section is inaccessible, the free water level can be measured by means of pressure
measuring apparatuses or column manometers (see 11.5.4.6).

11.5.4.1 Plate gauge

A plate gauge, consisting of a metal disk suspended from a flexible steel tape, will be found convenient
to determine the level in relation to the reference level for the instrument zn1 , at the measuring section
(Figure 48).

11.5.4.2 Point or hook gauge

Point or hook gauges may be used to determine the level of calm water, for example, inside stop-log
grooves, measuring wells or stilling boxes (Figure 49).

Reference level for
instrument zM

i

2
Nz =zM -Ix+a!

Water level z

1EC 421/91

Figure 48 - Plate gaugeIECNORM.C
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Reference level for
instrument zM

z =zM–(x +a)

co

î

Water level z

/EC I2i/9/

Figure 49 - Point and hook gauges

11.5.4.3 Float gauge

Float gauges, properly calibrated and in good working order, may be used and recommended where
the water level is variable. The float diameter should be at least 200 mm. Such gauges should be sensitive
within 5 mm when manually displaced from the true reading (resolution of ±0, 005 m).

A float diameter of 200 mm is considered adequate for use with stilling boxes 250 mm square which
often is the largest size suitable for installation in stop-log grooves.

11.5.4.4 Staff gauge

Fixed staff gauges, installed flush with the wall of the measuring section may be used where a resolution
of ±0, 01 m is sufficient.

11.5.4.5 Immersible pressure transducers

To determine the water level in measuring wells immersible transducers can be used. The transducer
indication has to be checked when no water is flowing.IECNORM.C
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11.5.4.6 Liquid column manometers

If measuring sections are inaccessible, the free water level may be determined by means of two or more
liquid column manometers. The same instruments can be used as described in 11.4.6.1 (see also Figure 44).

For the evaluation of the water level from pressure measurement, a simple stand pipe can be used in
some cases (sec Figure 50).

The pressure taps shall be constructed as described in 11.4.3.

In the case of dirty water or water with a high content of undissolved air special precautions should be
taken. It is recommended to apply the gas purge (bubbler) technique as described in ISO 4373 (sec also
Figure 51).

In the case of an inverted U-tube the second leg of the U-tube is connected to a reference vessel in which
water is maintained at a fixed level. If the free water level to be measured is above the manometer, the upper
portion for the U-tube must be unwatered by means of compressed air (Figure 44d). If, however, the free
water level to be measured is below the manometer, the levels in the two U-tube legs must be raised by
suction. The connecting tubes to the manometer must allow for ready purging to remove any air pockets
and to maintain the same water temperature throughout the system. They must be sufficiently air-tight to
avoid leakage of air into sections below atmospheric pressu re. The density of the air in the unbalanced air
column usually is negligible compared to the density of the liquid column. 

Pamb      

Water level z1                          

Reference level for
instrument zM                                                       

Z 7 =ZM+h                   !EC 423/91

Figure 50 – Stand pipe measurementIECNORM.C
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NN

Z = ZM +
P9

1 = compressed air

2 = tube end

3 = control device

4 = differential pressure
manometer
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11.5.4.7 Measurements by means of compressed air (gas purge technique)

The free water level may be determined by means of the pressure inside a tube filled with compressed
air. One end of this tube is connected to a small compressor or pressure chamber through a reducing valve
and the other (open) end is located below the water surface to be measured at a known elevation (which
can be taken as reference level for ins trument zM , see Figure 51). As the pressure loss in the tube supplying
air falsifies the measurements, this loss must be kept to a minimum (< 50 Pa). For this reason, the cross-
sectional area of the tube should be large, the tube should be as short as possible and the air volume which
flows through the tube and escapes in the form of bubbles under water should be as small as possible. The
air tube should be used only in still water, otherwise dynamic effects are liable to cause appreciable errors.

N

IEC 424/91

Note.— It may be necessary to take into account the air density in the tube whenever Op and zt — z arc large.

Figure 51– Example for measurement by means of compressed air (gas purge "bubbler" technique)

11.5.4.8 Measuring wells and stilling boxes

If the free water surface is not accessible or not sufficiently calm, measuring wells with an area of about
0,1 m2 which permit accurate and convenient measurements shall be provided. All connections shall be
normal to the wall of the measuring section and should preferably be covered with smooth perforated plates
(perforations of 5 mm to 10 mm diameter). Such coverplates must be flush with the wall of the measuring
section to eliminate any local disturbances (Figure 52). The connection between the measuring section
and well should have a passage area of at least 0,01 m 2. The total area of perforation should be in the
order of 25 % of the passage area. It is recommended that at least two measuring wells be provided at each
measuring section on opposite sides of the canal.
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Area — 0,1 m2

IEC 425/91

Figure 52 — Measuring well

11.5.4.9 Other methods

Other measuring methods may be used, for example, ultrasonic devices, as long as they meet the required
accuracy, see 11.6.

11.6 Uncertainty of measurements

11.6.1 Pressure measurements*

Absolute systematic uncertainties (at 95 % confidence level):

- Liquid column manometers
mercury/water
water/air

- Dead weight manometers
- Spring pressure gauges
- Pressure transducers

±100	 to	 ±500 Pa
±10	 to	 ±50 Pa
±(1 to 3) x 10-3p	 Pa
±(3 to 10) x 10-3pmax ** Pa

±(2 to 6) x 10 -3pmax ** Pa

11.6.2 Free water level measurements***

Absolute systematic uncertainties (at 95 % confidence level):

In the case of calm water conditions and y < 1, 5 m/s:

Plate gauges, fixed scales
- Float gauges
- Point or hook gauges
- Bubbler with compressed air
- Immersible pressure transducers

±0, 01	 to
	

±0,04 m
±0, 005	 to
	

±0, 015 m
±0, 002	 to
	

±0,01 m
±0, 005	 to
	

±0, 015 m
±(2 to 6) X 10-3Zmax **	 m

In the case 'of very turbulent flow and v > 1,5 m/s, for example near the outlet of a turbine draft tube,
the uncertainties may be considerably higher.

*These values are for turbines. It should be noted that pressure fluctuations at a pump outlet can be important and more or less
asymmetrical, so that when they arc not correctly damped (see 11.4.5), the uncertainties may be increased. •

** Z,,,ax and pmt% are full scale readings of the instrument.

Not for weir measurements.
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11.6.3 Determination of the specific hydraulic energy

For the relative systematic uncertainty fE see Appendix A.

12. Power

12.1 Indirect method of power measurement

The choice of instruments for measuring electrical power is more or less linked to the measuring method
used for the other quantities, especially for discharge measurement.

Integrating electrical instruments (watthourmeters and counters) are more suitable in those c ases where
integrating discharge measurements are made.

Power integration conducted during the period over which discharge is measured cancels the effect
of variations in the discharge and power that may occur within this period. However, beside integration
measurement, instantaneous readings should be taken to monitor the amount of the possible variations but
a higher uncertainty may be expected in these instantaneous readings.

When the pressure/time method is used for measuring the discharge, the power shall be registered before,
and up to, the beginning of the measurement (see 5.1.2).

When it is necessary to use permanently installed transformers, they should be calibrated before
installation for the conditions to be encountered during the test period (load on the secondary due to ex tra
measuring ins truments, power factor, etc.). Their actual characteristics should also be measured so that any
abnormality may be detected at the time of the test.

In order to simplify the test and to eliminate every source of error, any auxiliaries directly driven by the
machine should, whenever possible, be disengaged during the course of the test.

As discharge, specific hydraulic energy and power are functions of the rotational speed (see 6.1.2),
during the acceptance test the speed shall be measured with the required accuracy (see Clause 13).

Measurement of electrical power should be made at the terminals of the electrical machine if at all
possible. If this cannot be done, the measured power must be corrected for losses occurring between the
terminals and the measuring section (see also 12.1.2.1.2).

The power factor shall be unity if possible (i.e. cos So = 1).

In the following sub-clauses the methods for measuring all the components of the mechanical power
(see 2.2.8.3) will be illustrated. For the electrical power measurement, only wattmeters or static power
meters (or power transducers) are considered, but they may be replaced by watthourmeters or static energy
meters (or energy transducers).

Electronic meters for power, current, voltage and phase angle are suitable for use with a data acquisition
system.IECNORM.C
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12.1.1 Electrical power Pa

12.1.1.1 Methods of measurement

The following sub-clauses describe the methods of measurement for single-phase and three-phase
systems. In the latter case two- and three-wattmeter methods are described.

The three-wattmeter method is slightly better than the two-wattmeter method. In relation to the
improvement of the resulting uncertainty of turbine or pump efficiency the difference is however negligible.
The two-wattmeter method therefore is used in most cases because it requires less equipment.

At power factors (cos (p) less than 0,85 lagging, the ratio P1 /P2 of the power measured by each
ins trument using the two-wattmeter method is less than 0,5. In such cases, the three-wattmeter method
is preferred. In the case of an electrical machine with a neutral line, the three-wattmeter method has to be
used; the two-wattmeter method can be used, if the absence of current in the neutral line can be verified.

12.1.1.1.1 Single-phase system

In Figure 53 a diagram is indicated for a single-phase system:

Pap = Pas • ku • ki(1+ e)	 (1)

Pas =Üs 'Is • cos yos 	 (2)

where:

PaP	 is the primary power whose measurement is required

Pd3	 is the secondary power (measured value)

k„ and k,	 arc the rated transformation ratio of voltage and current transformers

e	 is the relative value of the correction for the measuring system established by calibrations

Us	 is the secondary voltage

73 	 is the secondary current

(Ps	 is the phase difference between secondary vectors (cos rp3 =-iJ3I3

L t	 L2

IEC 42C091

Figure 53 – Single-phase system
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The relative value E of the correction is given by the following formula (see Appendix G):

= &w r&u -l-Ei-6• tan cps
	 (3)

where:

E.,,

E u

Ei

s =si —su

si

su

is the relative value of the correction for the wattmeter or for the transducer

is the relative value of the correction for the voltage transformer ratio including the correction due to the connection
cables from transformer terminals to the measuring instruments

is the relative value of the correction for the current transformer ratio

is the difference between the phase displacement of the current transformer and voltage transformer, in radians

is the phase displacement of the current transformer, in radi ans

is the phase displacement of the voltage transformer, including the correction due to the connection cables from
transformer terminals to the measuring instruments, in radians

12.1.1.1.2 Three-phase system: two instruments or one double element ins trument (two-wattmeter method)

Al) Balanced conditions – Two voltage transformers

Figure 54 shows the measuring diagram with two single-phase instruments or with a double-clement
instrument and two voltage transformers. Under balanced conditions, which is substantially the normal
case, the power on the primary side is:

Pap = Pas(2w) • ku . ki (1 + E)	 (4)

where :

Pas(2w) = Pas1 + Pas2 = 1" •

and:

Pasl = UI cos(ços -{- /r /6),

Pair, = Us Is cos(cps — a /6),

U123 = U23s = =

IIS	 I33	 Is

Pas(2w) . . .
cosy's =

Us Is cos vs

transformers measuring U22 and II

transformers measuring U23 and I3

secondary line voltage

secondary current

■r • u3 •Is
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L1	 L2	 L3

	1 Ê	

Pas 1 Pas 2

eo
U23U12

OP

C = commutator
/EC 427/91

Figure 54 – Three-phase system: two-wattmeter method (two voltage transformers)

With the same considerations made in Appendix G, the relative value of the correction for each
measuring system, established by calibrations, is given by:

E1 = Elw + Elu + Eli — 81 • tan ços

E2 = E2w + E2u + e2i—b2 • tan Ÿrs

The relative value of the correction of the combined measuring system is given by:

= Past E1 + Past • E2 
E 

Assuming:

therefore:

k = Past

Past

_ kE 1 + E2 
6	 1+ k

Pas(2w)IECNORM.C
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In balanced conditions it is:

—tan cps

+ tan rps

and the formula for the relative value of the correction of the combined measuring system is:

E = E +^lc + E2c + 61c
-	

62c	 61c + 62c & lc — E2c 
tan Cp

W
	 2	 2.4( 2	 2^	 s

where:

ew e lw + e2w

61c — e 1u + el;

etc = e2u + e21

6 1c = 811 — Slu

8ec =82i-62u

is the relative value of the combined cor rection in case of measurement with two wattmeters

is the relative value of the combined correction for the voltage and current ratios of system 1 transformers

is the relative value of the combined correction for the voltage and current ratios of system 2 transformers

is the combined phase displacement of system 1 transformers, in radi ans

is the combined phase displacement of system 2 transformers, in radi ans

A2) Balanced conditions — Three voltage transformers

Figure 55 shows the measuring diagram with two single-phase instruments or with a double-element
instrument and three voltage transformers. Under balanced conditions, which is substantially the normal
case, the power on the primary side is:

Pap = Pas(2w) k„ • ki (1 + r) identical to formula (4) of the previous case Al,

where:

eli+ e2i +e ln. + e2„	 6]i - 2i —Sln +S2u	 (51i + 62i —S]» —S2u	 eli—e2i +el11—e2u
e=e+	 2	 +	 2v	 \	 2	 2.15	

}tall p^

(6)

where:

i __ etn + e? » 	 Sl» — 82n 

di"
	 2	 ^ 

2yJ
61,1 + e2u 	 8311 — ̂ 82n 

e2u —	 2	 2v o

5 ,,+ Sea	 el11— e211 
Stu =	 2	 2.15
S/ = San + 62u	 6.3u— e2n 
211 	 2	 2■

—if the phase voltage being measured is leading the phase voltage not being measured;

+ if the situation is reversed;

i 
— if the phase voltage being measured is lagging the phase voltage not being measured;

+ if the situation is reversed.

(5)
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Pas 2

iL 
JC.

U12
^ .

U23

A1 O

C = commutator

Pas 1
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L1
	

L2	 L3

/EC 428/9I

Figure 55 – Three-phase system: two-wattmeter method (three voltage transformers)
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B) Unbalanced conditions

The measurement of the electrical power is made in the same manner as under balanced conditions, but
the calculation of the correction has to take into account the different values of current, voltage and power
factor in the two measuring systems.

12.1.1.1.3 Three-phase system: three instruments or one three-element ins trument (three-wattmeter method)

A) Balanced conditions

Figure 56 shows the measuring diagram with three single-phase instruments or with a three-element
ins trument. Under balanced conditions, which is substantially the normal case, the power on the primary
side is:

Pap = Pas(3w) • ku • ki(1 + e)

where the secondary power is:

Pas(3w) = Pas' + Past + Pas3 = 3 Usph Is cos sos

where Usph is the secondary phase voltage and Is the secondary current.

The relative value of the correction for the combined measuring system is given by:

E— E + E tc + ^?^ + E3c b'c + b2c + 63c tanw	 3	 3	 (,0,

where:

Ew— e1w + E2w + E3w

Elc = Elu -}• E1i

E2c = E2u + E2i

E3c = E3u + E3i

61c = bli — 61u }

62c = 52i — 62u

63c = 63i — 63u

is the relative value of the combined correction in case of measurement with 3 wattmeters

arc the relative values of the combined cor rection for the voltage and current ratio respectively
of system 1, 2 and 3 transformers

arc the combined phase displacements respectively of system 1, 2 and 3 transformers, in
radians

and where the value of ça is derived from:

Pas(3w)
COS (ps = 3 Usph Is
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JL	

OD

Ui2
t

U23

Pas 1 Pas3Pas 2

C = commutator

Figure 56 – Three-phase system: three-wattmeter method
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B) Unbalanced conditions

The measurement of the electrical power is made in the same manner as under balanced conditions, but
the calculation of the correction has to take into account the different values of current, voltage and power
factor in the three measuring systems.

12.1.1.1.4 Number of readings

The number of readings shall be sufficient to permit an accurate calculation of the mean power over
the duration of the run. The number will depend on the test time and on the stability of readings. As
shown in Appendix C the random uncertainty decreases as the number of readings increases. Under difficult
conditions integrating meters are preferred.

12.1.1.2 Instrumentation requirements

12.1.1.2.1 Accuracy class of instruments and measuring transformers

Wattmeters shall be of class 0,2 or better, voltmeters and ammeters shall be of class 0,5 or better. Voltage
and current transformers shall be of class 0,2 according to IEC 185 and 186.

12.1.1.2.2 Calibration of instruments

According to 4.6.2 all instruments, including measuring transformers, shall be calibrated before and after
the test. However, one calibration may be omitted by agreement. Measuring transformers, class 0,2, have
such stability that it is normally sufficient to calibrate them either before or after the test. The transformers
shall have the same burdens during calibration and test, including additional ones, if any (see 12.1.1.2.5).

12.1.1.2.3 Wattmeter problems associated with site measurements

When measuring on site by means of wattmeters, certain problems will normally arise because the power
is not constant due to disturbances from the network and from the hydraulic machine. The disturbances
which cause the pointers of the wattmeters to move more or less quickly within certain limits can roughly
be divided into three classes:

a) Very slow variations which do no harm because the wattmeter readings can be taken as truc readings.
The reason may be, for instance, a variation of specific hydraulic energy.

b) Rapid random fluctuations when the pointers of the different wattmeters are moving in the same
direction. This phenomenon is typical of active power fluctuations.

c) Rapid random fluctuations when the pointers of the two wattmeters are moving in opposite directions,
clue to small rapid voltage fluctuations in the network, which are always present to a certain extent
depending do network conditions. The instruments should therefore be read simultaneously. To attempt a
correct reading over a long period is often very tiring and gross individual errors can easily be introduced.
Disturbances from reactive power variations are smallest when the machine is operated with manual
control of voltage.

With reference to the preceding text it is clear that the use of wattmeters when measuring on site, involves
difficulties which increase the uncertainty of the measurement. It is therefore advisable to use, in addition,
a static watt-hourmcter combined with a quartz timer. Digital wattmeters of class 0,2 or better can of course
be used. Computerised reading and integration can be applied if the program is properly checked.

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41©IEC	 — 271 —

12.1.1.2.4 Instrument transformers

Transformers shall be used solely to supply the test instruments if possible. Each transformer shall have
separate pairs of leads which are braided up to the place where the instruments are located (twisted pairs).
The real burden inclusive of leads shall always be determined for calibration purposes.

12.1.1.2.5 Voltage transformers

The cross-sectional area of the leads shall be such that the total voltage drop is less than 0,1 %. When
using modem instruments with very small power consumption it may be advisable to connect additional
burdens to the transformer terminals in order to decrease the correction factors of the transformers.

12.1.1.2.6 Current transformers

In many cases it is only possible to install special transformers for machines up to say 40 to 50 MVA.
For larger machines an agreement must be reached if built-in transformers are used; the burden shall be
adjusted to rated value, if possible. The factory calibration can then be used and no calibration after the test
is required.

12.1.1.2.7 Magnetic fields

Magnetic fields can occur in the vicinity of electrical machines, transformers, busbars, etc. which can
influence the instruments. Care must be taken to avoid such stray fields.

12.1.2 Determination of losses

12.1.2.1 Mechanical and electrical losses in the electrical machine Pb

12.1.2.1.1 Measurement

The losses – including the electrical machine guide bearing losses – shall be determined according to
IEC 34-2 and 34-2A. The test method will be chosen with the agreement of the supplier of the hydraulic
machine, who shall have the right to be present at the test.

Tests can be made in the manufacturer's workshop or on site. In the first case only component losses can
normally be determined and hence the conventional total loss by summation of component losses. Special
care must be taken to ensure that the windage losses during the workshop tests are similar to those in the
power plan t.

Often large machines can only be tested on site, normally by the calorimetric method or retardation
(Felton turbines). In that case both component losses and total losses on load can be determined in a unit
equipped with a regulated turbine.

12.1.2.1.2 Adjustment by calculation of losses in the electrical machine when testing the hydraulic machine

It is recommended that the various component losses in the electrical machine be determined.

Iron Iosses and total load losses (i.e. the sum of load losses and additional losses) arc adjusted to the
prevailing values of voltage and current during the test, by assuming that they vary in proportion to the
square of voltage and current respectively.

On load the iron losses are usually somewhat higher and the total load losses somewhat lower than the
corresponding component losses. For high capacity electrical machines losses on load may exceed the sum
of the component losses to such an extent that they should be determined by measurement at full load.
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When measuring component losses the temperature in the electrical machine is much lower than when
it is on load. No temperature corrections are however made for the following reasons. Load losses increase
and additional load losses decrease at higher temperatures. Iron losses and windage losses also decrease at
higher temperatures. For three-phase synchronous machines the total losses on load are therefore assumed
to be independent of temperature. A special agreement shall be made for single-phase generators where
the additional load losses are dominant.

Experience shows that the errors introduced by the foregoing assumptions are small, say ±2 % to 3 %,
or about the same as for a full-load calorimetric test, category A, according to clause 15 of IEC 34-2A.
Other losses in the electrical machine are taken from tests, with the exception of the excitation losses, which
are measured directly with instruments if these losses are part of Pb (case of not separated excitation).

12.1.2.2 Thrust bearing losses due to the electrical machine, Pc

12.1.2.2.1 Measurement

The losses in the thrust bearing shall be measured according to IEC 34-2A.

If direct measurement is not possible, the losses shall be estimated by agreement, either by comparison
with similar cases or on the basis of existing empirical formulae (see 12.3.1).

In the case of a combined guide/thrust bearing, the two components shall be considered as separated and
the relevant losses (measured or calculated) shall be attributed to the electrical machine or to the hydraulic
machine according to the contractual specifications.

12.1.2.2.2 Case of a common thrust-bearing

In the case of a common thrust-bearing, the relevant losses shall be attributed to the electrical machine
and to the hydraulic machine(s) in proportion to the thrust of each on the bearing.

If:

is the axial component of thrust due to the electrical machine,

is the axial component of thrust due to the turbine: hydraulic thrust acting on the runner(s) (see

12.3.3) and weight of runner(s) and shaft,

FAF is the axial component of thrust due to the pump: hydraulic thrust acting on the impeller(s) (see
12.3.3) and weight of impeller(s) and shaft,

it shall be attributed:

a)	 in case of a production binary unit:

– to the electrical machine

P 	 FAE  PcE
— FAE+ FAT c

– to the turbine

FAT 1, 	 PcTF
AE + FAT c
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b)	 in case of a pumping binary unit:

— to the electrical machine

P 
	 FAE  P

cE — FAE + LAP c

— to the pump

P 	 FAP 
cP — FAE + FAP c

c)	 in the case of a ternary unit operating as a production unit (pump being disconnected):

— to the electrical machine

j, 	 . FAE 	
PcE — FAE ,+, FAT c

— to the turbine

FAT  p
FAE + FAT c

d)	 in the case of a ternary unit operating as a pumping unit:

— to the electrical machine

— to the pump

where:

FAtot is the sum of the axial components of the weight of all rotating parts, of the thrust due to the
electrical machine and of the hydraulic thrust acting on the impellers) of the pump.

Note.— In the case of a horizontal machine, the total thrust losses may be attributed to the hydraulic machine. In the other cases, if
the axial component of the total thrust (FAT or FAp) due to the hydraulic machine is negative, the losses attributed to the
hydraulic machine will be zero, as long as FAT (or FAp) is not greater than FAE.

AEP F
eE =	 Pe

FAtot

FAPP^P 	P^
FAtot
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12.1.2.3 Losses in all rotating elements external to the hydraulic machine, Pd

12.1.2.3.1 Losses in the gear

The power losses in the gear, if any, or - more generally - in those parts of the transmission located
between the electrical machine and the hydraulic machine shall be the object of a separate evaluation
by measurement or calculations. The measurement shall be done as closely as possible, under the same
conditions as those of the main acceptance test. The losses in a gear may be determined by measuring the
heat absorbed by the lubricating oil (or by its cooling water) and by the surrounding air.

12.1.2.3.2 Windage losses of an open flywheel

Windage losses of open flywheels may be calculated approximately by means of the following formula:

Pw = 0, 35 (60n) 3D: (1 + 1, 8 B ) x 10-6 = 75, 6 n3Dâ ^1-+- 1, 8 B 1 x 10-3
Da	 Da

where:

P., is the windage losses (W)

n	 is the rotational speed of the flywheel (s-1)

Da is the outside diameter of the flywheel (m)

B	 is the width of the rim (m)

The uncertainty bandwidth of the formula is ±30 %.

12.1.2.3.3 Losses of the runner/impeller turning in air, Pw

The losses of a runner/impeller turning in air are attributed to friction and windage, excluding the bearing
losses. In some cases, for example, the case of a ternary unit with a machine, the runner/impeller of which
is turning in air during the acceptance test, or the case of a reversible unit with an impulse starting wheel
turning in air during the acceptance test, the losses due to the machine or to the impulse wheel turning in
air should be taken into account together with the bearing losses. As it is often impossible or undesirable to
uncouple the runner/impeller of the hydraulic machine from the electrical machine, it is recommended to
measure the losses of the runner/impeller turning in air, for example, by evaluating the difference between
the electrical input measured at the terminals and extrapolated to zero voltage and the losses of the electrical
machine - not excited and driven by the turbine - measured by the calorimetric method (see IEC 34-2A).

If such a measure is not possible, the losses of the runner/impeller turning in air may be generally
estimated by the following formulae depending on the type of the machine:

1)	 Kaplan turbines (blades in closed position):

Pw = 6,5 • (60 n)3 . D5 • 10-7 = 0,14 . n3 D5

where:

Pw	is the windage losses (W)

n	 is the rotational speed (s-1)

D	 is the runner outer diameter (m)

The uncertainty bandwidth of the formula is ±50%.
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2)	 Francis turbines

P,,=4 ,6•(60n)3 B D4 10-4=1O0n3• B•D4

where

PW .. is the windage losses (W)

n	 is the rotational speed (s-1)

B is the runner height (m) (see Figure 57)

D is the runner outer diameter (m) (see Figure 57)

The formula is valid for a labyrinth discharge less than 0, 8 . 10-3 of the discharge at the best efficiency
point. The uncertainty bandwidth is ±50 %.

!EC 430191

Figure 57 - Main dimensions of runner/impeller of radial machines

3) Pumps and pump-turbines

Pw= 2,3•(60n)3• B•D4• 10-4=50n3• B•D4

where:

Py„	 is the windage losses (W)

n	 is the rotational speed (s-1)

B is the runner/impeller height (m) (see Figure 57)

D is the runner/impeller outer diameter (m) (see Figure 57)

The formula is valid for a labyrinth discharge less than 0,8-10- 3 of the discharge at the best efficiency
point. The uncertainty bandwidth is ±50 %.
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4)	 Pelton turbines*

a) Horizontal axis (see Figure 58)

where

PN, is the windage losses (W)

n	 is the rotational speed (s-1)

D is the maximum outer diameter of the runner (m). Other geometrical data are defined in Figure 58

For the normal distance existing between runner and tailwater level, the influence of the
tailwater level is neglected. The uncertainty bandwidth of the formula is ±50 %.

i
BIo -,

MEC 431191

Figure 58 - Dimensions of the housing for Pelton turbines with horizontal runner axis

b) Vertical axis (see Figure 59)

/

.	

/
Pw = (60n)3•D5 (D )
	

(23 É. 413 ^^\ •10_4

22 n3 D5 (--aB )D  2/3 ( D J 413 D`

For the normal distance existing between runner and tailwater level, the influence of the
tailwater level is neglected. The uncertainty bandwidth of the formula is ±50 %

Milanese: La valutazione delle perdite di ventilazione delle giranti Pelton (Evaluation of windage losses in Pelton runners),

AEI Annual Meeting, 1984.
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IEC 432/91

Figure 59 – Dimensions of the housing for Pelton turbines with vertical runner axis

12.1.2.4 Power supplied to any directly driven auxiliary machine, Pe, and to the auxiliary equipment of the
hydraulic machine if contractually foreseen as chargeable to it, Pf

If significant, the power absorbed by the various cooling pumps, governor, etc., driven by electric motors.
shall be determined by measuring the electrical power used by the motors. In more difficult cases, the power
absorbed by pumps shall be estimated by measuring their discharge and specific hydraulic energy, taking
into account their overall efficiency, as obtained, for instance, by test-stand results. Power absorbed by
other accessories may in most cases be estimated, in view of their small magnitude.

12.1.3 Uncertainty of measurement

If proper correction is made for the measuring transformers, the resulting systematic uncertainty fp of
the measurement of the mechanical power of the machine is in the order of 10,5 % to ±1 %, depending on
the measuring conditions.

12.2 Direct method of power measurement

The direct method of measuring power on the hydraulic machine shaft by means of devices measuring
torque and speed is more suited to small units. It may have to be used, however, for hydraulic machines
which arc not directly coupled to electric machines.

It is necessary to measure the rotational speed of the machine with adequate accuracy (see Clause 13).

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41©IEC	 — 285 ----

12.2.1 Measurement by means of a brake (mechanical, hydraulic or electrical*)

These measurements require the accurate determination of the following quantities:

– rotational speed of the shaft;

– length of the brake lever,

– tare weight of the brake lever;

– force on the brake lever.

The brake shall be mounted in such a way as to minimize axial or lateral thrust on the shaft and bearings.
The power absorbed by friction in these bearings, because of the existence of such loads, cannot be charged
against the hydraulic machine but shall be placed to its credit in calculating power. If the hydraulic machine
has a vertical shaft, the brake shall be suspended so as not to impose any bending stress on the shaft.

Care shall be taken to ensure that the brake cooling fluid does not cause a parasitic torque reaction;
should it do so, it shall be taken into account in the calculations.

12.2.2 Measurement by means of a torsion dynamometer

A torsion dynamometer (or torsion tube) comp rises a length of shafting whose strain is measured by
some convenient method.

The apparatus must be calibrated before the start and at the end of the test, if possible in situ.

12.2.3 Uncertainty of measurement

The resulting systematic uncertainty fi, of the measurement of the mechanical power of the machine is
in the order of ±0,8 % to ±1,3 %, depending on the measuring systems and conditions.

12.3 Bearing losses

The losses in all the bearings should be measured by the calorimetric method in accordance with IEC
34-2A. However, if it is not possible, these losses may be calculated as a first approximation as explained
in the following sub-clauses, if the temperature and the viscosity of oil are known. Other methods exist
(e.g. Raimondi method for thrust bearing losses) and can be applied**.

• See also IEC 193.

* * Standard handbook of lubrication engineering, McGraw-Hill Book Company, New York, 1968.

Calculation methods for steadily loaded pressure fed hydrodynamic jou rnal bearings, Engineering Science Data N.66023,

I.Mech.E., London.
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12.3.1 Calculation of thrust bearing losses

The thrust bearing is loaded jointly by axial components of the weights of the different machines
(hydraulic and electrical) and their shafts, and by the hydraulic thrusts (see 12.1.2.2.2).

For a bearing with segments having:

— an outside diameter do

— an inside diameter di

so that the radial width of a segment is:

b = 0,5(d.— di)

and its tangential mean length can be assumed:

1— 0, 80 ^r(do + di) 
2N

N being the number of segments, the friction coefficient is given by the formula:

f =k
V

14 •vm
Pm .1

where:

is the dynamic viscosity of the oil (Pa•s)

vm	 is the mean speed of the thrust bearing rotating element (m • s-1):

V -M 
an(do + d )

2

is the average specific pressure on the thrust bearing (Pa):

Pm	 N•b•1

k	 is a constant depending on the shape of the segment. Its value can be considered in first approximation k =3.5 and may vary.
from 2to4.

The corresponding friction losses can be expressed by*

(FAE+ FAP+ FAT) "f 'vm

(m)

(m)

Pm

FAE + FAP + FAT 

(W)

Standard handbook of lubrication engineering, McGraw-Hill Book Company, New York, 1968.

Calculation methods for steadily loaded pressure fed hydrodynamic jou rnal bearings, Engineering Science Data N.66023,

I.Mech.E., London.
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12.3.2 Calculation of guide bearing losses

The following formulae are applicable for unloaded bearings.

a) Journal bearing:

P
_ 1 6• /^( 60n) 2 • d3 • 1 

10 -2 = 58 
µ n 2 • 

d3	 1
gb 	 b	 S

where:

µ	 is the dynamic viscosity of the oil (Pa. ․)

r1	 is the rotational speed (s-1)

d	 is the diameter of the bearing (m)

1	 is the axial length of the bearing (m)

S	 is the total diametrical clearance (m)

b) Segment bearing

P _ k N • p(60n)2•d2• 1•b 
10-3 =k• 3,6 

Nµn2 • d2 • 1 • b
gb	 S	 â

where:

k	 is a constant depending on the shape of the segment and can be considered in first approximation to range between 4
and 7,8

N	 is the number of the segments

A	 is the dynamic viscosity of the oil (Pa. ․)

n	 is the rotational speed (s-1)

d	 is the diameter of the bearing (m)

1	 is the circumferential length of the segment —°•80N . d (m)

b	 is the axial length of the segment (m)

S	 is the total diametrical clearance (m)

12.3.3 Hydraulic thrust measurement

Usually the weight of the rotating pa rts and the hydraulic thrust are given by the manufacturer.

The hydraulic thrust may be determined by measuring the axial deflection of a shaft supporting element.

The characteristic curve of thrust versus deflection may be determined by calculation. It may be checked
by applying a known load to the thrust bearing and measuring the shaft deflection relative to a fixed point,
usually located on some part of the machine foundation. The uncertainty of such a measurement is about
±20 % of the known load. With vertical shaft machines, a convenient method of calibration is to measure
the axial shaft displacement when the known weight of all the rotating parts is placed on the thrust bearing.

In the case of a hydraulically balanced thrust bearing, the hydraulic thrust can be measured directly
through the pressure in the balancing chambers.

The measurement of the hydraulic thrust is an aid in estimating the losses chargeable separately to the

electrical and hydraulic machines (see 12.1.2.2.2).

(W)

(W)
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13. Rotational speed

13.1 General

The performance of a hydraulic machine is a function of the rotational speed (see 6.1.2). Therefore the
rotational speed must be measured with the required accuracy.

13.2 Speed measurements in the case of direct measurement of power

When the power is determined by the direct method (see 12.2), the rotational speed must be measured,
for example, by means of a calibrated tachometer or electronic counter. The measurement of speed must
be made without any slip relative to the hydraulic machine shaft.

13.3 Speed measurements in the case of indirect measurement of power

When the power is determined by the indirect method (see 12.1) and the rotational speed is measured
with the same methods as for direct measurement of power (see 13.2), the same care should be used in
measurement.

It is permitted to measure the speed of a synchronous machine by means of the switchboard frequency
meter under the following condi tions:

- the system load must be steady;

- the resolution of the frequency meter must be 0,1% of the grid frequency;

- the frequency meter must be checked against a suitable precision instrument.

When the hydraulic machine is coupled to an asynchronous electrical machine, the rotational speed can
be measured by the above mentioned devices or can be calculated from the measured grid frequency and
from the measured slip of the electrical machine by the following formula:

n-	 -i•(f0tl
where:

i is the number of poles of the electrical machine

f is the measured grid frequency (Hz)

m is the number of images counted with a stroboscope synchronized with the grid during the time interval At (s)

13.4 Uncertainty of measurements

The estimated systematic uncertainty at 95% confidence level is:

- for tachometer:	 ±0,2 % to ±0,4 %;

- for electronic counter and other precision devices: 	 less than ±0,2 %.IECNORM.C
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14. Thermodynamic method for measuring efficiency

14.1 General

14.1.1 Principle

The thermodynamic method results from the application of the principle of conservation of energy (first
law of thermodynamics) to a transfer of energy between water and the runner/impeller through which it is
flowing.

The specific mechanical energy at the runner/impeller defined as in 2.3.6.3 may be determined by
measurement of the performance variables (pressure, temperature, velocity and level) and from the
thermodynamic properties of water.

To establish the efficiency, the need to measure the discharge is eliminated by using the specific
mechanical energy together with the specific hydraulic energy, as defined in 2.3.6.2.

14.1.2 Excluded topics and limitations

Due to the lack of uniformity in values measured atthereference sections of the machines, the limitations
of measuring equipment and the relatively high magnitude of the corrective terms originating from the
imperfect measuring conditions, the range of application of this method is limited and can only be used for
specific hydraulic energies in excess of 1000 J•kg- 1 (heads in excess of 100 m). However, under highly
favourable conditions, the range could be extended to cover lower specific hydraulic energies (heads)
subject to an analysis of the accuracy of the measurements.

14.1.3 Instrumentation

The technological aspects of the instrumentation have been dealt with in a general way, taking into
account the fact that the apparatus presently available varies widely and may possibly become obsolete in
the future. Because of this diversity none of them is described in detail.

The only requirements of instruments are that they satisfy the conditions stipulated in this standard
(accuracy, heat exchange, etc.).

14.2 Efficiency and specific mechanical energy

The efficiencies of machines are defined in 2.3.9.1, 2.3.9.2 and 2.3.9.3. In 2.3.9.1 the hydraulic efficiency
is written:

Em
11h- Pm/Ph— 	

PE ± P h Em
Pm

Ef PPh Em

for pumps:	 1111 = Ph /Pm =	 E m
m

The thermodynamic method allows direct measurement of the specific mechanical energy Em.

The specific mechanical energy Em deals with the specific energy exchanged between the water and
the runner/impeller. By definition Em is related to Pm (see 2.3.8.4 and Figure 9) by:

for turbines:

Pm = {P(2)1Em
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If no auxiliary discharge is added or subtracted between the reference sections, E m is calculated by:

/	
2	 2	

/
Em = E1-2 = a (7^abs1 - Pabs2) + ^p1 — 02) + 

vl 
2 

v2 
+ 9(zl - z2)

- In practice the quantities are measured at the places 11 and 21 in measuring vessels (see 14.3.1).

- The mean values of a and cp correspond then to:

Pabsll 
i 

Pabs21 and 011 2 021 

- Certain corrective terms (imperfect measurement conditions, secondary phenomena, etc.) defined in
14.6 must be taken into consideration. They are indicated by 8Em.

The practical expression of Em is therefore:

2_ 2

Em = E11 -21 = a(pabsll — pabs2l) + cp(011 - 021) + vll 
2 

v l + g (2.11 — x21) + 6Em (1)

If an auxiliary discharge is added or subtracted between the high and low pressure measuring sections
(e.g. when all or part of the loss PLm , see 2.3.8.5, is removed by an auxiliary discharge), a balance of power,
added or subtracted, allows the computation of the value of Em in agreement with the general equation.
Examples are given in Appendix H.

As the efficiency of the machine (see 2.3.9.3) is rl = r1h • ''1m , it shall be calculated taking into account
all the mechanical losses chargeable to the hydraulic machine.

14.3 Procedure for measurement of specific mechanical energy

14.3.1 General

Due to the difficulties inherent in measuring directly in the main flow, the quantities defining Em may

be measured in specially designed vessels with tappings for the determination of temperature and pressure

(see Figure 60 and 14.4.1.1). When the measuring sections are under pressure, the procedure consists of
extracting a sample discharge, generally of between 0,1 and 0, 5 x 10-3m3 • s- 1 , by a "total head" probe.

The water thus extracted is led to the measuring vessel through an insulated pipe to ensure that the heat

exchange with the exterior, estimated in accordance with the procedure detailed in 14.4.1.1, does not exceed
the limit of corrections fixed in 14.6.3. This sampling is valid if the recommendations given in 14.5.1,

regarding extraction points, are followed.

The theory of the thermodynamic method for measuring efficiency is based on the thermodynamic laws using the
thermodynamic temperature O in kelvin (K). In the case of temperature differences the temperature can be directly expressed in

degrees Celsius (°C) as 19 1 — .62 = 0 1 — 02 (see 2.3.3.2).
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Absence of free surface level
(operation under back pressure)

Free surface level

20 	

rEC 133191 ,

Figure 60 – General schematic diagram of measuring vessels

For the case where the low pressure side section is at atmospheric pressure, the temperature sensor is
placed directly in the tailrace.

For the case where the low pressure side section is at a pressure higher than atmospheric pressure
(operation under back-pressure), it may be useful, depending upon the selected operating procedure, to
reduce water pressure within the measuring vessel.

The pressure and temperature terms in equation (1) may be determined by one of the two operating
procedures described below which are practical variations of the method. The selection of operating
procedure should be based upon the machine characteristics and quality of measuring apparatus available.

The velocities y 1 and v21 are measured in the vessels.1 

The levels z11 and z21 are those of the middle points of the measuring vessels. Pressure values are
expressed with reference to these levels. In practice, provided the difference in level between the mid-
point of the measuring vessels and the reference point of the manometers does not exceed 3 m, it may be
permissible to refer the levels and pressures to the reference point of the manometers.

For the corrective terms determining 6Em see 14.6.

When more than one measuring point is being used at any measuring section, the values of efficiency
will be determined from individual connections between individual tappings. If the difference between any
two individual values of efficiency is less than 1,5%, the value of the machine efficiency is taken as the

mean of the individually measured values. Otherwise proceed as described in 14.5.4.
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14.3.2 Direct operating procedure

This is characterized by the direct passage of water from the penstock at the high pressure side of the
machine to the measuring vessel with a minimum of expansion. The pressure and temperature terms for
Em in equation (1) may be determined as follows:

5 (pabs11 — pabs2l) requires pressure gauges or transducers of high accuracy. Values of
a are given in Table EV of Appendix E.

requires thermometers of high accuracy (see 14.4.1.3). Values of cp
are given in Table EVI of Appendix E.

The thermometers shall be calibrated beforehand (see 14.3.4). Whenever this procedure is adopted, the
partial expansion operating procedure (see 14.3.3) for one test point or in situ calibration of the thermometer
will be untertaken for checking purposes.

(pabs11 — pabs2l) and (®11 — 021) are to be measured simultaneously and at regular intervals.

The range of application of this operating procedure is general.

14.3.3 Partial expansion operating procedure

An expansion valve is located in the sampling circuit between the pipe or penstock at the high pressure
side and the corresponding measuring vessel. The adjustment of this valve shall be very fine and stable so
that, by partial expansion, temperature equality is achieved in the measuring vessels at the high p ressure
and low pressure side or at the temperature sensor that is placed directly in the tailrace.

Thus, in equation (1), the term cp(ell — 021 ) becomes zero and the determination of Em essentially
entails the measurement (pabsl1 —pabs2l) with pressure gauges or transducers of high accuracy.

The thermometers shall be extremely sensitive and reliable (see 14.4.1.3). Their purpose is to record
temperature equality.

In practice, it is desirable to establish graphically or by mathematical methods (e.g. by linear regression
with a pocket computer) the relationship between (pabsll —pabs2l) and (O 11 — 021)

®21)
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Pabs 11— Pabs 21

Desired value

0 11 — 021

lEC 434191

Figure 61— Partial expansion operating procedure, interpolation

Pabs 11 — Pabs 21 Desired value    

011 -021
	►  

lEC 435191

Figure 62 — Partial expansion operating procedure, extrapolation

In many cases pabs2l is practically constant (e.g. atmospheric pressure) and only pabsll needs to
be measured. The pressure value used for calculation is that obtained by graphical or mathematical
interpolation for zero difference of temperature (see Figu re 61).
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This operating procedure is widely used, but its range of application is not altogether general:

– in the case of pumps, pressure at the low pressure side may be insufficient to ensure that the temperature
of water expanded to atmospheric pressure in the measuring circuit is at least equal to that of the water
at the high pressure side;

– in the case of turbines, temperature equality cannot be attained at high efficiency if the water temperature
exceeds about 15 °C.

In these particular cases where water temperature equality is unattainable, graphical or mathematical
extrapolation may be adopted if the range of pressure concerned is small compared with the pressure range
accurately measured (see Figure 62).

The linearity of the thermometers must be previously verified.

14.3.4 Thermometer calibration

For the application of the direct operating procedure described in 14.3.2, the temperature-difference
thermometer must be calibrated.

Figure 63 – Schematic diagram of measuring vessels for calibration of two thermometers

For calibration, two thermometers, or temperature sensors, for instance, are placed in two vessels, the
locations 11 and 12 (Figure 63) being separated by an expansion valve through which water flows after
having been withdrawn from the conduit. As the efficiency of the whole expander is zero, the transfer of
specific mechanical energy is zero and:

2	 2	
(/E = ^(	 ) 

C (0
	 0_ ) vll 2 v12 -}- ^1x 11 —Ern — ^absll — ^abs12	 p 11 — 12

1011 - ^12) - a(pabsll — paba12) + (( 14.1 — vi2)/2 + 9(z11 — z12) 
- Cp

)=0

ou
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Thus, the difference in temperature between the two vessels is calculated and the temperature-difference
thermometer can be calibrated.

For this procedure it is essential that the expansion should be progressive and stable and the vessels well
insulated from the surroundings.

The reading of the differential thermometer for a zero temperature difference must be calibrated over
a total range, which includes the water temperature in the penstock, of 5 K. For this the two thermometer
probes are placed together in water baths of at least three different temperatures within this range.

Note. — The properties of the water p, a and c (see Tables Ell, EV and EVI in Appendix E) are valid only for pure water. Suspended
matter, dissolved salt and undissolved gas can affect these values. Contents less than 0,10 g of suspended matter and 5 cm3
of undissolved gas per kg of water at atmospheric pressure have a negligible effect. In extreme situations there also exists a
certain influence on the calibration of the thermometer.

14.4 Apparatus

14.4.1 Main measurements

14.4.1.1 Sampling water circuits

Water samples from the conduit shall be taken by means of a probe fixed perpendicularly to the conduit
and penetrating into the conduit. This probe shall have a perfectly smooth orifice at its end, of diameter
equal to the internal diameter of the probe and pointing in an upstream direction. The distance of this orifice
from the internal wall of the conduit shall be at least 0,05 m.

The probe shall be designed to avoid vibration and/or rupture and marked in such a manner that the
orifice can be correctly oriented and identified.

The external diameter of the probe, in the vicinity of the sampling hole, may be in the range of 15 mm
to 40 mm, the internal diameter being at least 8 mm. The external diameter may be increased gradually
towards the wall in order to ensure sufficient mechanical strength, provided it does not influence the flow
essentially (see Figure 64).

The measuring vessels shall be designed so that the flow velocity of the water inside is very low and good
mixing occurs before the flow passes around the thermometer pockets. Particular construction arrangements
are necessary to avoid, as far as possible, heat transfer at the walls of these pockets or by the connecting
wires; for example, the wires shall be in contact with the wall under the insulation of the vessel.

The expansion orifices shall ensure a high degree of flow stability and, when adjustable, shall ensure
steady progressive variation in discharge.

Exploration of flow in the open-channelled section requires the use of a suitable device to ensure that
operating conditions are in accordance with the recommendations given in 14.5.1.2.1.

All active elements of the hydraulic circuits (pipes, expanders, vessels) shall be carefully insulated so
that the sampling flow is of constant total energy. Any imperfections in the thermal insulation shall be taken
into account by the following procedure:

a) It is assumed, as a first approximation, that the rate of heat exchange with the exterior is constant. The
measured value of specific mechanical energy varies linearly with the inverse value of the sampling
discharge.

b) The quantity Em shall be measured for at least three sampling discharges.

c) A graph of Em as a function of the inverse of the discharge permits, by extrapolation, determination of
the correction required to Em to allow for heat transfer (see Figure 65).

The above check shall be made for all points of the efficiency curve. However, if the correction is in the

order of 0,2 % on efficiency, the number of measuring points for which these auxiliary measurements shall
be made may be reduced by mutual agreement.
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It is recommended that the probe be checked in the following manner, in as much as rupture is always
possible, but difficult to see: in the absence of a sampling discharge, the pressure measured in the vessel shall
be compared with the sum of the pressure measured at the pipe wall, plus the term pv 2 /2. Any significant
difference in this comparison shall be considered as being abnormal.               

^S_a :k
iiiiJ^.                            

IEC 437/91

Figure 64 — Example of a sampling probe

Em

Em3

Em2

Em1

1	 1	 1
92	 q3	 q

!EC 438/91

Figure 65 — Example of graphic determination of the correction in Em to allow for heat transfer

14.4.1.2 Pressure measurement

It is recommended that the same manometer, pressure gauge or transducer be used for measuring Em
and E.

14.4.1.3 Temperature measurement

The accuracy and sensitivity of the temperature measuring instrumenta tion must be sufficient to provide
an indication of the temperature difference between measuring points to at least 0,001 K.

The reading of the differential thermometer for a zero temperature difference must be determined before
the test (see 14.3.4). This reading has to be checked during the test. Only small ch anges corresponding to
a difference of temperature of 0,002 K are allowed and must be taken into account if necessary.

0
q t
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14.4.2 Auxiliary measurements

A measuring tank or flowmeter is necessary for checking the sampling discharge with an accuracy of
about ±5 %.

The temperature of the water drawn off shall be continuously monitored by thermometers of at least
±0,05 K accuracy and 0,01 K sensitivity. The use of a recorder is recommended.

An apparatus shall be provided for measuring air flow and humidity to determine heat exchange with
the surrounding atmosphere when aeration of the machine is needed (see 14.6.2.2).

14.5 Test conditions to be fulfilled

14.5.1 Measuring sections and sampling conditions

The measuring sections chosen to calculate Em do not necessarily coincide with the high and low
pressure reference sections. They are chosen according to the following considerations:

— heat exchange between water and the surroundings shall be within limits (especially as indicated in
14.5.3 and 14.6.2.1);

— no significant abnormalities of energy dist ribution occur within the sections.

In accordance with 2.3.1.3 and 2.3.1.4 the measured values must be adjusted to the reference sections.

In any case heat exchange must be taken into account (see 14.6.2.1).

14.5.1.1 High pressure measuring section

14.5.1.1.1 Turbines

The tappings at the high pressure side measuring section will be set near the machine. Location of the
section in the immediate wake of a butterfly valve is prohibited.

Experience has shown that a single tapping point is generally sufficient for conduits whose diameter is
less than 2,5 m. Two points are recommended for diameters between 2,5 m and 5 m. Three or four tapping
points are recommended for a diameter larger than 5 m or for all cases where the total length of the conduit
is less than 150 m.

A minimum distance of four pipe diameters upstream of the nozzle of a Pelton turbine shall be
maintained (keeping clear of such features as bends, support vanes, etc.). In the case where there are several
jets, the part of the pipe immediately upstream of the first bifurcation is a permissible location. If this part
of the pipe is inaccessible and provided that such features as mentioned above are avoided, a tapping on
the pipe leading to one nozzle may also be suitable.

14.5.1.1.2 Pumps

At least two diametrically opposed tapping points shall be provided. Three or four tapping points are
recommended for a diameter larger than 5 m. In all c ases, different depths of penetration for the probe at
each of these points are recommended.

The section shall be located at a reasonable distance from the machine, for example five times the

impeller diameter.
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14.5.1.2 Low pressure measuring section

14.5.1.2.1 Open measuring section

The measuring section with free surface at the low pressure side of a turbine must be located at such
a distance from the runner that adequate mixing is ensured but no farther than necessary because of heat
exchange. Distances from the runner of four to ten maximum runner diameters for impulse turbines have
been found to be satisfactory.

A section with free surface at the low pressure side of a pump can be used as the measuring section
if the temperature is sufficiently constant in all points of this section. The measuring section shall be no
farther than necessary from the impeller because of heat exchange.

Exploration of temperature variation across the measuring section shall be made in at least six points. If
there is a difference of at least 1,5% between the efficiency values at any two locations, proceed as described
in 14.5.4.

14.5.1.2.2 Closed measuring section

The measuring section on the low pressure side shall be located away from the runner at a distance of
at least five times the maximum runner diameter for turbines, at least three times the maximum impeller
diameter for pumps.

a) Measuring section accessible

Three or four tapping points are recommended in the measuring section. If this section is circular,
the tapping points will be positioned at 120° or at 90° to each other. If this section is rectangular, the
tapping points will be positioned in the middle of each side, if possible.

In addition, in the case of a turbine different depths of penetration for the probe at each of these
points are recommended. If there is a difference of at least 1,5% between the efficiency values at any
two locations, proceed as described in 14.5.4.

b) Measuring section inaccessible

In this case, the only possibility for exploring the temperatures is by means of a tapping device located
inside the conduit which may be totally or partially full. This device consists of at least two tu bes which

collect the partial discharges issuing from several orifices positioned at equal intervals along each tu be.

The device should give either a single discharge or, better, an individual discharge for each tube, to
obtain information on the energy distribution.

The conditions for the use of this device giving a representative sample are as follows:

a) Diameter of orifices small compared to that of the tubes (orders of size: 7 mm for the orifices, at least

30 mm for the tubes).

b) Interconnecting piping of relatively large diameter and with smooth walls so as to satisfy condition d)

below.

c) Interconnecting piping designed to avoid heat exchange by lagging with an insulating material or
jacketing by water taken from the main flow, particularly when passing through concrete walls.
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d) The sample discharge controlled by a suitable regulating device at the outlet of the piping to a value
close to:

g=v i•A

where:

y is the average flow velocity in the measuring section

i is the number of orifices in the tubes

A is the cross section of an orifice

This discharge should be of about 0,005 m 3 . s- 1 in order to reduce the heat exchange to a negligible
value.

If there is a difference of at least 1,5% between the efficiency values at any two locations (corresponding
to two different tubes) proceed as described in 14.5.4.

14.5.2 Repetition of measurements

For each run, each of the quantities defining the hydraulic efficiency of the machine shall be subject
to repeated measurements made at equal intervals during the test, the number of readings being strongly
dependent on the stability of the measurement (about 5 to 10 readings).

14.5.3 Particular flow arrangements

Any inflow of auxiliary discharge between the high pressure and low pressure sections is not
recommended, when the mixing of this water and the main discharge may not be complete.

In each case where auxiliary discharges are added or subtracted between the high pressure and low
pressure measuring sections (e.g., leakage from the seal not led into the main discharge), particular
measuring arrangements shall be taken for balance of power (see Appendix H) in order to allow the
computation of Em as explained at 14.2.

If the low pressure side of the turbine or pump is very close to the ventila tion duct of the electric machine,
exploratory temperature measurements shall be taken at 12 points. The wall will have to be insulated if there
are deviations of the order of 0,5% in efficiency, indicative of a well-defined posi tive temperature gradient
between the centre of the section and the wall common to both flows.

14.5.4 Unfavourable operating conditions

Measurements by the thermodynamic method are not recommended under unfavourable measuring
conditions such as irregular temperature or velocity distribution in the measuring sections, unstable
temperature etc., which may occur at some operating conditions. For these operating conditions it is strongly
recommended (see 15.1.3) to use index tests as described in 15.2. The rela tive discharge measurement
should be calibrated by the thermodynamic method at favourable operating conditions.

14.6 Corrective terms

In some cases (see 14.2) corrective terms must be introduced in equation (1).
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14.6.1 Variations of temperature

It is advisable to take measurements during periods when the conduit (high pressure side of turbine, low
pressure side of pump if existing) is not exposed to strong sun light. It is also recommended that secondary
inflows should be avoided. Moreover, if the conduit supplies several units, the power of units not under the
test shall be maintained constant.

As indicated in 14.4.2, a check on the ch ange in temperature of water shall be carried out. A slow
and continuous variation of temperature, less than 0,005 K per minute during one run, is admissible.
Nevertheless, a suitable correction shall be applied to Em from the temperature variation A O/At measured

in K . s-1 and calculated as follows:

- for turbines:

- for pumps:

SEm = cp 
AO

 (ta t tb)

SEm = cp
Ot

(ta + t - tb)

where:

t is the time, in seconds, taken by the water to pass through the machine between the two measuring sections

to is the time, in seconds, taken by the water to pass from the high pressure tapping point to the corresponding measuring vessel

t b is the time, in seconds, taken by the water to pass from the low pressure tapping point to the corresponding measuring vessel

14.6.2 Extraneous heat exchange

Only heat exchange between the main flow through the hydraulic machine and surroundings will be
dealt with here. Heat exchange concerning the sampling circuit is treated in 14.4.1.1. The possibility of
heat exchange with the ventilation circuits was mentioned in 14.5.3.

14.62.1 Heat exchange through the walls

As heat exchange through concrete and rock walls is negligible, only heat exchange through metal walls
will be considered. The following correction for heat exchange with d ry air shall be applied:

SEm = ^ (
pQ^l A   Pa-

w • (Oa - Ow)

("+" for turbines, "-" for pumps)

where:

is the power exchanged coefficient, in Wm-2K-1
From experience, Pa—,a, is considered equal to 10 Wm- 2 K-1

A	 is the area of exchange surface, in m2

ea	is the ambient air temperature, in K

O„	 is the temperature of water in the turbine or the pump, in K

The possible effect of condensation from ambient air upon the machine surfaces must also be considered.
If there is considerable condensation, the resultant increase in heat exchange (not mo re than 400 %) shall

either be calculated from the air humidity or efficiently depressed by sufficient thermal insulation of the
metal surfaces by screening jackets.
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Calculation of the influence of condensation can be made with sufficient accuracy by increasing the
correction 6Em for the dry heat exchange in the proportion 0:

1
1 —kxf^i

where:

Di	 is the specific enthalpy difference, in J•kg-1

• is the difference of relative water content of the air, in kg•kg-1

k	 = 2,5 x 106 J•kg-1

The values Di and x are to be derived from the condition of the humid air surrounding the turbine and
that of saturated air at metal surface temperature and shall be taken from a normal Mollier diagram for
humid air.

14.6.2.2 Direct exchange with the ambient air

Where water and air currents are closely mixed (aeration), a correction of the mechanical energy Em

shall be applied as follows:

SEm = Pa. Qa [c
pa ' (Oa - 020) + Kw (aa - am)]

(PQ)1 t

(where "+" for turbine, "-" for pump)

where:

Qa 	 is the volumetric discharge of air (m3 s-1)

cpa	 is the specific heat of air at constant p ressure (J kg-1 K-1)

Oa	is the temperature of injected air (K)

020 is the temperature of water in the measuring section 20 (K)

K, is the water evaporation latent heat at normal atmospheric pressure (J kg-1)

as	is the ratio between steam and air masses at the injection point

is the ratio between steam and air masses in section 20

Assuming:

pa= 1,3 kgm-3

pl = 1000 kg m-3

the above mentioned formula becomes:

Cpa = 1000Jkg-1 K-1
Kw = 2, 5 x 106 J kg' 1

SEm = f Qa 1 . 1 [350 pa (Da - 020) + 545 103 (e ps Oa - ps p20 )1
Ql Pa0 Da

where:

pa	is the presssure of humid air at its contact with water (Pa)

pao	 is the normal atmospheric pressure (10 5 Pa)

e is the relative humidity of air (as a decimal value and not as a percentage)

• ea is the saturated steam pressure at temperature O a (Pa)

a20
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turbine . pump

high pressure side ± 0,2 % ±0,6 %

low pressure side ± 0,6 % ±0,4 %

–

–

of the specific mechanical energy.
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14.6.2.3 Heat exchange with still water areas

In the case of exchange with still water areas (e.g. several turbines discharging into a common tailrace)
a physical separator shall be placed in these areas in order to avoid mixing of the flow with the still water
areas which may be at a different temperature from that of the flowing water.

14.6.3 Limit of corrections

Measurement shall not be considered valid whenever the correc tions obtained from the measuring
procedures or calculations given above exceed one of the following limits in rela tion to Em:

– heat exchange between water in the sampling circuit and surroundings (see 14.4.1.1) at high pressure
and low pressure measuring sections 	 1 %

in the special case of extraction using pipes traversing concrete walls (see 14.5.1.2.2 b)) 	 1,5 %

– variation of temperature at inlet and extraneous exchange:

arithmetical sum of the corrections bEm detailed in 14.6.1 and 14.6.2 	 2%

14.7 Uncertainty of measurement

The total uncertainty in efficiency fn is obtained from the root-sum-square of random and systematic
uncertainties in the numerator and denominator of the efficiency expressions given in 2.3.9.1.

Disregarding the term:

(APh
^P E '

Pm 
m

it is:	 fil = ±OfEmr + lfEr

The systematic uncertainties fE and fEm are examined in Appendix A which also includes an example
of calculation. For the determination of Em the systematic uncertainty in the temperature difference
measurement DO exists for all methods (direct and partial exp ansion operating procedures): the value
to be expected in normal condi tions is ±0,001 K.

It is reasonable to assume that the relative systematic uncertainty in correction due to each secondary
phenomenon is in the order of 20%.

The systematic uncertainty due to the absence of exploration of energy distribution can amount to:
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15. Index tests

15.1 General

15.1.1 Object

The methods of discharge measurement described in Clause 10 are fundamental methods as they
give among others the absolute values of discharge and efficiency, which determine whether or not the
machine meets the guarantees (see 3.2). On the contrary the index tests give only relative values of the
above-mentioned quantities and are considered as secondary methods. They are normally used during the
commissioning and operation of the machine (see IEC 545 and 805) and can be considered as a part of the
field acceptance test only when the relative discharge measuring method is calibrated by a method accepted
in this standard or when it is used to determine the correct relationship between runner/impeller blade angle
and guide vane opening in the c ase of a double-regulated machine (see 5.1.4). In some cases an index test
can be used, if both parties agree, to check the power guarantee.

Except for the cases described above, the results of index tests are for information and should never
be used for assessment of penalty or bonus payments or any other contractual consequences concerning
guarantees.

15.1.2 Definitions

An index value is an arbitrarily scaled value. Relative values a re derived from index values by expressing
them as a proportion of the value at an agreed condition.

The index efficiency is calculated using the measured values of specific hydraulic energy (see 15.3.1)
and power, and the discharge, measured as an index value by an uncalibrated device. Relative efficiency is
expressed as a proportion of any index efficiency at a reference index efficiency, for example the maximum
value.

15.1.3 Applications

An index test may be used as a part of the field acceptance test for any of the following purposes:

to determine the correct relationship between runner/impeller blade angle and guide vane opening
for most efficient operation of double-regulated machines. This procedure may essentially reduce the
number of points for which the actual efficiency must be determined and thus the time needed for the
acceptance test (see 5.1.4 and 5.1.5).

– to provide additional test data during a field efficiency test. This is particularly important if the primary
method shows excessive uncertainties or falls out in a certain operating range. The index discharge
device in this case shall be calibrated by discharge field measurements performed in the favourable
operating range (see 14.5.4).

In addition to the field acceptance test, an index test may be useful also for other purposes, such as:

– to determine the performance characteristics as expressed by the relative values of power, discharge and
efficiency;

– to check the power guarantee if both parties agree;

– to extend information on performance outside the guaranteed range if the index discharge device has

been calibrated;

– to assess the change in efficiency and/or power due to the onset of cavitation resulting from a change of
suction specific potential energy and/or specific hydraulic energy of machine;
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Inner tap

Outer tap

a = 45° to 135°

# ? 120°

y<_30°

(2)	 /
IEC 439/91

fi
Figure 66 – Location of taps for Winter-Kennedy method of discharge measurement

through a turbine equipped with a steel spiral c ase
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– to assess the change in efficiency and/or power of the machine resulting from wear, repair or
modification. When using an index test for this purpose it must be noted that modifications may affect
flow patterns in the measuring sections;

– to obtain data for permanent discharge measuring instruments by assuming an absolute value of turbine
efficiency at some operating point or by calibration with field efficiency test results;

– to optimize the operation of a power station with several units;

– to compare the index curves on the prototype with the curves expected on the basis of model tests.

Index tests are of reduced value if the available operating range of the machine is not such that a
reasonable portion of the performance curve can be covered.

15.2 Relative discharge measurement

An index test does not require any absolute measurement of discharge. For the measurement of relative
discharge one of the following methods may be used.

15.2.1 Relative discharge measurement by differential pressure methods

15.2.1.1 Measurement of the pressure difference between suitably located taps on the turbine spiral case

This is the Winter-Kennedy method and discharge is usually well represented by Q = khn where it
is the reading of a differential manometer connected between the taps and n theoretically equal to 0,5
(see 15.5).
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The Winter-Kennedy method is applicable to turbines only. In installations with a steel spiral case it
requires taps located as a general rule in the same radial section of the spiral case (sec Figure 66). The outer

, tap "1" is located at the outer side of the spiral. The inner tap "2" shall be located outside of the stay vanes
on a flow line passing midway between the two adjacent stay vanes. It is recommended that a second pair
of taps be located in another radial section.

With a horizontal spiral case the taps shall be arranged in the upper half because of the better possibility
of purging. The gauge taps should not be in proximity to weld joints or abrupt changes in the spiral section.

In the application of the Winter-Kennedy method to turbines with a concrete semi-spiral case the taps
have to be located in a similar way in a radial sec tion of the concrete case as shown in Figure 67. Also here
it is good practice to locate two pairs of taps.

The outer tap 1 (or 1') shall be located sufficiently far from the corners. The inner tap 2 (or 2') shall be
located outside of the stay vanes on a flow line passing midway between two adjacent stay vanes. A third
tap 3 may be arranged on a stay vane, preferably at the elevation of the centerline of the guide vanes, or on
the roof between two stay vanes.

a = 20° to 120°
Inner taps

Figure 67 – Location of taps for Winter-Kennedy method of discharge measurement through a turbine
equipped with concrete semi-spiral c ase
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15.2.1.2 Measurement of the pressure difference existing between suitably located taps in a converging part of
the penstock

A suitable convergence must exist to give a pressure difference large enough to be measured accurately.
Discharge may be assumed proportional to the square root of the differential pressure (sec 15.5).

Two pressure taps arc required located at two cross-sections of different areas. The most stable pressure
difference will be obtained if both taps are located on the converging part of the pipe. However, the
differential pressure thus obtained is not the maximum possible and for this reason it may be preferable to
locate one tap a short distance upstream of the convergent part and the second not less than half a diameter
downstream of the convergent part.

15.2.1.3 Measurement of the pressure difference between suitably located taps in tubular turbines

In application of the differential pressure method of measuring relative discharge through a bulb unit the
taps may be located as shown in Figure 68. The tap for higher pressure may be arranged at the s tagnation
point of the bulb (point 1) or of the access shaft (point 1') and the tap for lower pressure should be located
on the wall directly upstream from the guide v anes, however with sufficient distance from their profile nose
at maximum guide vane opening (point 2 or 2'). Discharge may be assumed proportional to the square root
of the differential pressure (see 15.5).

High pressure taps

IEC 447/9l

Figure 68 – Location of taps for differential pressure method of discharge measurement through a
bulb turbine

For all other types of tubular turbines (e.g., pit turbine) analogous application may be made.
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15.2.1.4 Measurement of the pressure difference between suitably located taps in the pump suction tube

Discharge may be assumed proportional to the square root of the differential pressure.

15.2.1.5 Specifications for pressure taps and gauge piping

The pressure taps used shall comply with the dimensional requirements of 11.4.3. Since the differential
pressures to be measured may be small, special attention should be given to removing surface irregularities.

An upward sloping pipe is normally required for test purposes (see 11.4.4) since it is most easily purged.
With prolonged use, an upward sloping pipe may gradually accumulate air and thus require purging, and
for this reason where the pressure taps are to be used for a permanently operating discharge recorder it may
be preferable to locate the pressure taps below the axis of the spiral c ase (see Figure 66) and use pipework
with a continuous downward slope to the discharge recorder or differential pressure gauge. In this case a
device is recommended to collect the possible debris.

15.2.2 Relative discharge measurement by acoustic method

This method (sec Appendix J) is suitable for index testing, due to the good repeatability of measurements
and good linear characteristic. For index test applications of the acoustic method, one single-path system
or a double-plane single-path system, as shown in Figures 69 and 70, may be sufficient.

Figure 69 – Acoustic method of discharge measurement: example for single path system
(successive signal transmission)

Transducers

Transducers	
1EC 443/91

Figure 70 – Acoustic method of discharge measurement: example for double plane single path system
(synchronous or successive signal transmission)

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 60

04
1 e

d 3
.0:

19
91

https://iecnorm.com/api/?name=16accd6a4d0425295e4a05646785c31d


41©IEC	 — 331 —

15.2.3 Other methods

15.2.3.1 Measurement of the needle stroke on Pelton turbines

It may be used to give an index discharge provided that the discharge/stroke characteristic shape has
been checked by tests on a homologous model of the turbine and great care is taken to ensure that, during
the test, the needle, nozzle and support vanes are clean and in good order.

15.2.3.2 Measurement by means of one single current-meter suitably located

This index method is commonly used particularly for low head turbines.

15.2.3.3 Other methods of obtaining index discharge

Other methods may be used (for ins tance differential pressure in a bend, in a divergence etc.), provided
they give a representative value.

15.3 Measurement of other quantities

15.3.1 Specific hydraulic energy

The specific hydraulic energy of the hydraulic machine is determined in accordance with Clause 11.
When only a relative discharge by index test is measured, specific kinetic energies can only be estimated.
This may be done by assuming a value of turbine efficiency, usually the peak value, and thus estimate the
discharge.

15.3.2 Power

The power of the hydraulic machine or of the complete unit is determined in accordance with Clause 12.
In some cases it is sufficient to use the switch board instruments.

15.3.3 Rotational speed

The rotational speed of the hydraulic machine is determined in accordance with Clause 13. In some
cases it is sufficient to use the switch board instruments.

15.3.4 Machine openings

The relevant openings shall be recorded for each run.

Attention shall be given to the accurate calibration of the openings against an external scale. The
calibration should include a check that differences between individual openings are not significant.

15.4 Computation of results

15.4.1 The test da ta shall provide for each run the index discharge Q;, the specific hydraulic energy E, the power

of the machine P, the rotational speed n and the machine openings.
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15.4.2 Relative turbine efficiency is given by	 77re1 = (PIE • Qi)/(P/E • Qi)ref

relative pump efficiency is given by 	 lire] = (E • Qi/P)/(E • Qi/P)ref

relative discharge is given by 	 Qrel = QiI Qi ref

Qi ref is often estimated assuming a probable absolute value for the maximum relative efficiency, for
instance the maximum guaranteed or expected value at the same specific hydraulic energy measured during
the test.	 -

15.5 Uncertainty of measurement

If the index test is a part of the field acceptance test and absolute values are derived from relative
discharge measurements, the index discharge device being calibrated by means of an absolute method (sec
15.1.3), the total uncertainty of the calibration method becomes the systematic uncertainty of the discharge
measurement.

In other cases the systematic errors, if they are a constant percentage (although unknown•in magnitude),
do not affect the results.

The main systematic error which can affect the index test in the case of measurement of index discharge
by differential pressure methods (see 15.2.1) arises from possible deviation of the exponent n theoretically
equal to 0,5 in the equation relating index discharge to differential pressure. Various factors may produce
different exponents. The widest deviations in exponent occasionally encountered are 0,48 to 0,52 usually
under such unfavourable circumstances as low spiral velocities or semi-spiral construc tion. The effects of
these deviations in exponent n on relative discharge are shown in Figure 71.

Random errors affect the results and a sufficient number of points should be made in accordance with
the procedures set out in Appendix D.

The main systematic error which can affect the index test in the case of measurement of index discharge
by the acoustic method arises from non-linearity attributable to cross-flow effects, or changing velocity
distribution.

When using local velocity measurement with a single current-meter, the main error arises from the
possible changes in velocity distribu tion, so that the ratio of the mean flow velocity to the measured local
velocity may not remain constant when the discharge varies.
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1

—1

0,48
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—2

—3

0,4 0,6 08 10 1,2

Qi = kh", where h is the differential pressure

Qret = Qi/Qi ref

The error is arising from assuming n = 0, 5 when true value is 0,48 to 0,52.

Figure 71— Differential pressure methods —Effect of the deviation in the exponent n on the
computation of relative discharge

Relative discharge Qrei

WC 444/91
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