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CORRIGENDUM 1

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 chan
numeration in order to obtain (as on pag

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 . . .

ge the
e 12):

1.2 Object

1.2 Tyvypnaoac of machinac
2 Hrpes-of-machinres
Page 17

:shn the table, subclause 2.3.1.7 (Limits), r

eplace the

pexisting symbols by the following new symbols

.. not to be exceededizizims
...tobereache)  ofFFTIITE
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Page 29

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

+
__,andg:—ﬁ
2
read
g5t 9
.andg = 3 4

np

Page 35, figure 5b

r lesthe upper part of the diagram, rearrgnge the two
mékésting equations so as to place them together, on
odpe right-hand side, above the diagran| describing a

“Horizontal shaft unit” as follows:

21=21 -7
2= -7

Page 37, figure 5¢

eddd, at the right-hand side of the diagram, level
1: with the arrowhead, the following equatjon:

1=2
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eur

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 t
side; in the first line, instead of

Te right-hand

... (geodesic . ..
read

... (geodetic . . .
third line, instead of
75 =25 —z5. ..

read

7y =25 —z5. ..
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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

rés the framed equation at the top of the page, after

the H add an equal sign (=); instead of

E=g0

H(pabsl_ pab§)+(V12—V22)

+glz - 2)

read

E=glH=

(pabs1 - pab§) (V12 —V22)
+

+gUz- z)

Page 215

la the equation following figure 41, instedd of

NPSE= g ONPSH

(pab52 - pva) V;

+

—=+9,lz -2)
P, 2

read

NRSE=

g ONPSH

(pabsz - pva) V;

+

o) ?_gz Mz -3z)

1t

Page 219, figure 42

ln-the. Ingnnde under the di::gram, instead of

d=3mma6mm
read

d=3 mmto 6 mm
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Page 229, figure 45a

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

Ap = differential-pressure
read
Ap = differential pressure

Under the diagram, in the formula fonp delete
oneA in order to read:

Pm =Py + p g Lhy =p+ py g Khy —hy) + p g Lhy +Ap
Page 257
dgnder equation (4),Civ "the last formuld on the
page, align indices;instead of
0 P.(2w)
CoOs¢p, = —xF—
* VA O,
read
P
as(aw)
cos¢, =
Jau O,
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 323

e®ubclause 15.2.1.1, second paragraph, last line,
instead of

.. .ntheoretically equal to . . .
read

. .. nis theoretically equal to . . .

Page 357

xta the first line and third line of-{ext, jugt below
table C.1, instead of Y "and "Y' *read Y,

March 1996
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FIELD ACCEPTANCE TESTS TO DETERMINE
THE HYDRAULIC PERFORMANCE OF HYDRAULIC TURBINES,
STORAGE PUMPS AND PUMP-TURBINES

FOREWORD

1) The fofmal decisions or agrecments of the IEC on technical matters, prepared by Technical Committecs on which all the Nationpal
Committees having a special interest therein are represented, express, as nearly as possible, an intemational conscnsus of opinion.on the
subjectk dealt with.

2) They hitve the form of recommendations for intcmational use and they are accepted by the National Committecs in that scnse.

3) In orddr to promote international unification, the IEC expresses the wish that all National Committees should adopt the text of the IHC
recomihendation for their national rules in so far as national conditions will permit. Any divergence between theTEC recommendatipn
and thq corresponding national rules should, as far as possible, be clearly indicated in the latter.

PREFACE

This Jnternational Standard has been prepared by IEC Technical Committe€ No. 4: Hydraulic turbines.
It repaces the second edition of IEC 41, the first edition of IEC 198 and the first edition of IEC 607.

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

Six Months® Rule Report on Voting

4(CO) 48 , 4(C0O)52

Full.ipformation on the votin g for the approval of this standard can be found in the Voting Report indicated jn
the abovg table.
The followgng I E C publications are quoted inthis Standard:

Publichtions 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):  Volage transformers.
Amendment No.1 (1988).

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

193A (1972):  First supplement.

308 (1970):  Intcmational code for testing of speed goveming sysiems for hydraulic turbines.

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

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

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

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

operating as pumps.
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Quantities and units of mechanics. Amendment 01— 1985.

Liquid flow measurements in open channels — Velocity-area methods.

Water flow measurement in open channels using weirs and Venturi flumes-Part 1: Thin-plate

weirs.

Fluid flow in closed conduits — Connections for pressure signal transmissions between primary

and secondary clements.
Standard Atmosphere. Addendum 01 -1985.
Liquid flow measurement in open channcls — Rotating element current-meters.

Measurement of water flow in closed conduits — Tracer methods.

180 standards quoted:

Publications Nos. 31 -3 (1978):
748 (1979):
1438-1 (1980):
2186 (1973):
2533 (1975):
2537 (1988):
2975:

2975-1 (1974):
2975-2  (1975):
2975-3  (1976):
2975-6  (1977):
2975-7 (1977):
3354 (1988):
3455 (1976):
3966 (1977):
4373 (1979):
5167 (1980):
5168 (1978):
7066:

7066-1 (1989):
7066-2  (1988):

Part I: General.

Part II: Constant rate injection method using non-radioactive tracers.
Part IIT: Constant rate injection method using radioactive tracers.
Part VI: Transit time method using non-radioactive tracers.

Part VII: Transit time method using radioactive tracers.

Measurement of clean water flow in closed conduits — Velocity areamethod using current-metdrs

in full conduits and under regular flow conditions.

Liquid flow measurement in open channels — Calibration of rotating-clement current-meters
straight open tanks.

Mecasurcment of fluid flow in closed conduits ~Velocity arca method using Pitot static tubes,|

Measurcment of liquid flow in open channels — Water level measuring devices.

Measurement of fluid flow by, means of orifice platcs, nozzles and Venturi tubes inserted
circular cross-scclion conduits minning full.

Measurement of fluid flow— Estimation of uncertainty of a flow-ratc measurement.

Assessment of uncertainty in the calibration and use of flow measurcment devices.

Part 1: Linearcalibration relationships.
Part 2: Non-linear calibration relationships.

lin

in
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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 Th

thg main contract guarantees (see 3.2) have been satisfied. It contains the rules governing their conduct an
prdscribes measures to be taken if any phase of the tests is disputed. It deals with methods of cemputatiq

of

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

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

2 Obja

Lur

ag
ca

pn

3 Typg

th¢ measuring uncertainties, due to hydraulic and civil conditions has to be taken into account.

s International Standard covers the arrangements for tests at the site to determine the extent to whigh

=

lhe results as well as the extent, content and style of the final report.

Ct

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

to define the terms and quantities which are used,;

to specify methods of testing and ways of measuring the quantitics 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 gn
feement between the purchaser-arid the supplier of the machine. For this, it has to be examined in ea¢h
e, whether the measuring conditions recommended in this standard can be realized. The influence gn

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

s of wachines

In‘gtneral, this standard applics to any size and type of impulse or reaction turbine, storage puntp

or

pump-turbine. In particular, it applies to machines coupled to electric generators, molors or motor-

generaltors.

ter

For the purpose of this standard the term turbine includes a pump-turbine functioning as a turbine and the
m pump includes a pump-turbine functioning as a pump. The term generator includes a motor-gencrator

functioning as a gencrator and the term motor includes a motor-generator functioning as a motor.
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1.4 Reference to IEC and 1SO 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 Gencfal

Thc common terms, definitions, symbols and units used throughout the standard are listed in this clausg.
Spdecialised terms arc cxplaincd where they appear. '

The following terms are given in 5.1.2 and Figure 11:

1) |A run comprises the readings and/or recordings sufficient to calculage thé performance of the machine
at onc operating condition.

2) |A point is cstablished by onc or more consccutive runs at the same operating conditions and unchange
[scttings.

[=7

3) |A test comprises a collection of data and results adcduatc 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
comtracting parties, in advance of the test.

2.2 Unit§
The International System of Unit$-(SI) has been used throughout this standard*.

All terms are given in ST baSe umits or derived coherent units (e.g. N instead of kg -m - s—2). The basjc
cquations arc valid using these units. This has to be taken into account, if other than coherent SI Units afe
us¢d for certain data (c-g>kilowatt or megawatt instead of watt for power, kilopascal or bar (= 10° Pg)
ingtead of pascal for pressure, min ™! instead of s~! for rotational speed, etc.). Temperatures may be givgn
in flegrees Celsius'because thermodynamic (absolute) temperatures (in kelvins) are rarely required.

Any othiersystem 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.

* Sce1SO31-3.
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Sub-clause Term Definition Subscript
symbol
23.11 High pressure The high pressure scction of the machine 1
reference to which the performance guarantces refer
scction (sce Figurc 1)
23.1.2 Low pressurce The low pressure scction of the machine 2
reference 10 which the performance
scction guarantees refer (sce Figure 1)
2.3.1.3 Iligh pressure Whenever possible these sections 1,17, ...
: measuring should coincide with section 1:
scctions otherwise the measured values shall
be adjusted to section 1
(sce 11.2.1)
243.1.4 Low pressure Whenever possible these sections 2,2, ...
measuring should coincide with section 2:
scctions otherwise the measured values shall
be adjustcd to section 2
(scc 11.2.1)
23.1.5 Specified Subscript denoting values of sp
quantitics such as speed, discharge
cte. for which other quantitics are guaraniced
23.1.6 Maximum Subscripts denoting maximum max
Minimum or minimum valucs of any term min
2A3.1.7 Limits Contractually dcfined valucs:
%
—not to be exceeded %
O
—to be rcached %
23.1.8 Ambicnt Subscript referring to surrounding atmospheric conditions amb
Turbine
/
High presstre /
reference section .
Machine
Low pressure
/ reference section

/

/

Figurc 1 — Schematic representation of a hydraulic machine

Pump

IEC 362191
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2.3.2 Geometric terms

Sub-clause Term Definition Symbol Unit.

2321 “Arca Net cross sectional arca normal 1o A m?
general flow dircction

2322 Guide vane Avcrage vane angle measured from a degree
opening closcd position* or average
shortest distance between a | m

adjacent guide vanes (at a defined

PO iLiuu, tfrecessar Y)

(sce Figure 2)
p.3.2.3 Needle Average needle stroke measured s m
opening {from closed position*
(impulse
turbine)
.3.2.4 Runner Average runncr blade angle measurcd Jé; degree
blade from a given position*
opening
2.3.2.5 Level Elevation of a point in the system z m
above the refercnce datum
(usually mean sea level)
P.3.2.6 Differcnce Difference of elevation between: Z m
of levcls any two points in the system

IEC 363191

h o Pa S | H £E, 1 1 aaciti o
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* Under normal working oil pressure.
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2.3.3 Physical qudntities and properties

Sub-clause Term Definition Symbol Unit
2331 Acceleration Local value of g as a function g m.s™2
duc to of altitude and latitude of
gravity the place of testing
(sce Appendix E, Table EI)
2332 Temperature Thermodynamic tempcerature; S} K
Celsius temperature § = © — 273,15 9 °C
2333 Density Mass per unit volume 0 kg -m—3
a) Values for watcr are given in 0w kg -m—>
Appendix E, Table EII (g is commonly
uscd instead of ¢ )
b) Values for air arc given in e, Kg -m—3
Appendix E, Table EIIL Usually
the value of air density at
the reference level of the
machine (sec 2.3.7.10)
is used
¢). Values for mercury are given in Oitg kg -m—3
Appendix E, Table EIV
2.3.3.4 Specific Volume per unit mass. Uscd only for 1/e m? .kg—1
volume water in this standard
2.33.5 Isothermal Faclor charactcrizing a thermodynamic a " m3 -kg—!
factor property. Valucs for water are.given
in Appendix E, Table EV
2.3.3.6 Specific The ratc of change of enthalpy per cp J .kg—1.°C?
heat unit mass_With change in temperature or
capacily at constant pressure. Values for water J.kg—! . K1
arcgiven in Appendix E, Table EVI
2.33.7 Vapour For purposes of this standard the Pya Pa
pressure absolute partial pressure of the
(absolute) vapour in the gas mixture over the
liquid surface is the saturation
vapour pressure corresponding to the
tcmperature. Values for distilled
water are given in Appendix E, Table EVII
2.3.38 Dynamic A quantity characterising the n Pa .s
viscosity mechanical behaviour of a fluid
(scc ISO 31-3)
2339 Kincmatic Ratio of the dynamic viscosity to the v m2.s—1
viscosity density: v = ‘g
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2.3.4 Discharge, velocity and speed terms

Sub-clausec | Term Dcfinition Symbol Unit
23.4.1 Discharge Volume of water per unit time flowing through any section | Q m? .51
(volume flow rate) | in the system .
2342 . Mass flow rate Mass of water flowing through any section of the sysiem (eQ) kg.s—!
per unit time. Both g and @ must be determined at the
same scction and at the conditions existing in that section
Note. — The mass flow rate is constant between two
sections if no water is added or removed.
2343 Measured Volume of water per unit time flowing through any Q101 Qyr m3 .51
discharge measuring section, for example 1/ (see 2.3.1.3 and
23.1.4)
r3as Dischargeal | Voltume of Waler per thil ime Tlowing Through The U or; e
reference section reference section 1 or2
£.3.4.5 Corrected Volume of water per unit time flowing through a reference | @,_or Q,, m3 s—1
discharge at section referred to the ambient pressure
reference section (see2.3.5.2) e.g.
Qlc = (QQ)I/Qpamb
(sce 3.2.3) where 2pamb is the density at ambient
pressure and the water temperature at the reference
section
.3.4.6 No-load wrbine Turbine discharge at no-load, at specified speed and Qo m3.s—1
discharge specified specific hydraulic energy and gencrator not
excited '
.3.4.7 Index discharge | Discharge given by relative (uncalibrated) flow Q; md.s—1
: measurcment (sec Clause 15) -
2.3.4.8 Mean velocity Discharge divided by the area A v m.s™!
.3.4.9 Rotational spced Number of revolutions per unit time n s—1
.3.4.10 No load turbine The steady state turbinie speed at no load with governor ng s—1
speed connected and generator not excited
.3.4.11 Initial speed The steady state turbine speed just before a change in n; s—!
operating-conditions is initiated (see Figure 3)
P.3.4.12 Final speed The steady state turbine speed after all transient waves ng s—1
have been dissipated (sce Figure 3)
p.3.4.13 Momentary The highest speed attained during a sudden specified load | n s—1
overspeedof, a rejection from a specified govemor setting
turbing (sec Figure 3)
p.3.4.14 Maximum The momentary overspeed attained under the most 7 1 max s~1
’ momentary unfavourablc transient conditions (in some cases
overspeed of a the maximum momentary overspeed can cxceed the
wurbine maximum steady state runaway speed)
b 3415 Maximum-sicadv—t The-snced for thatposition-of needles or guide vanes " s—1
c4 T T -2 RTmIx
stalc runaway and/or runncr/impeller blades which gives the highest
speed valuc after all transicnt waves have been dissipated with
clectrical machine disconnected from load or nctwork and
not excited, under the maximum specific hydraulic energy
(hcad). The runaway speed particularly of high specific
spced machines may be influenced by cavitation and thus
depends on the available NPSE (sec 2.3.6.9)
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n Nm ng
IEC 364191
Figure 3 — Variation of turbine speed during a sudden load rejection
2.3.5 Prdssure terms
bub-Clause | Term Decfinition Symbol Unit
.3.5.1 Absolute The static pressure of a fluid measurement with Pabs Pa
pressurc reference to a perfect vacuum
.3.5.2 Ambicnt pressure | The absolute pressure of the ambicent air Pamb Pa
2.3.5.3 Gauge pressure The difference between the absolute presssure of a P Pa
fluid and the ambient pressure at the place and time
of measurcment:
P = Pabs < Pamb
2.3.5.4 Initial pressure The stcady state gauge pressure which occurs at a P; Pa
specified point.of the system just before a change in
operating conditions is initiated (see Figure 4)
P.3.5.5 Final pressure The steady state gauge pressure which occurs at 2 P Pa
specificd point of the system after all transient waves
have been dissipated (sce Figure 4)
R.3.5.6 Momentary The highest/lowest gauge pressure which occurs at a »h Pa
pressure specificd point of the system under specified transient 7o Pa
conditions (scc Figurc 4)
2.3.5.7 Maximum/ The momentary pressure under the most unfavourable | pt ., Pa
minimum transicnt conditions P Pa
mmin
momentary
pressure



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

41 © IEC

a)
|
\‘/' l
]
pi Pm Pt
b)
A .

N—— A

Pi I P pi

IEC 365191

Figurc 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
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IEC 366/

Figure 4b — Variation of pressure at the pump high pressure

reference section during a power failure
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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 cnergy per unit
mass, known as specific cnergy, is uscd in this standard as a primary term instcad of the cnergy 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 duce 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 differenge
of ppecific energies between any two sections is the capital letter E. The same applies to » and A,
Sub-clause | Term Definition Symbol ({) Unit
P.3.6.1 Specific cnergy The cnergy per unit mass of water at any section e J .kg—?
(m? 572
2.3.6.2 Specific Specific energy of water available between the E J kg™t
hydraulic cnergy high and low pressure reference sections of the
of machine machine, taking into account the influence of the
compressibility
Pabs1 — Pabs2 , V1= V3
E= 2 —meb o2 K5 (7 - 2)
with g = &1 -;m and g = 21—‘;9" b
Note. — The value of gravjty-aceeleration at the
refercnce Ievel of the machine (sce 2.3.7.10) may be
assumed as g.
The values of g, arid)g, can be calculaicd from
Paps1 and p,pse Tespectively, taking into account 9,
or 1, for boilivalues, given the negligible influcnce
of the différence of the temperature on o
2.3.6.3 Specific Mechanical power transmitted through the coupling JON J kgt
mecchanical of-the runner(s)/impeller(s) and shaft (see Clausc 14)
cnergy at divided by mass flow rate:
runncr(s)/ P, ( 238
i L. = for P_,scc2.3.8.4)
impeller(s) m = 2Q), m
2.3.6.4 Specific Specific hydraulic cnergy available between head B, J .kg™!?
Hydraulic energy water level and tailwater level of the plant
ofthe plant (scc Figure 6)
Itis given by:
Pahsa — Pahs4 112 - "’2 -
Eg= \.u—.. + o +g(23_z4)
? 2
wih ¢ = 24P and g = — 247
The walcr density at ambient pressure may be
assumed as @

* Figures 5a, 5b (reaction machincs) and Sc (impulsc wrbines) illustrate some common cases of application of the basic formula for
the specific hydraulic energy. The applicable simplificd formula is given under each figure. Measurement methods for the cvaluation

of the specific hydraulic cnergy of thc machine arc described in detail in Clause 11.

** Scc Appendix F.
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Sub-clause | Term Decfinition Symbol Unit
2.3.6.5 Zero-discharge Pump specific energy at specified speed and specificd E, J kg1
(shut-off) guide vane and runner/impeller blade settings with high
specific hydraulic | pressure side shut-off
cnergy of the
pump
2.3.6.6 Specific The specific hydraulic energy dissipated beiween any two | [5p J.kg™?
hydraulic cnergy | sections
loss ) ;
2.3.6.7 Suction specific The specific hydraulic cnergy dissipated between the By J.kg™?!
hydraulic energy tailwater level and the low pressure reference section of
loss the machine (sce figure 41)
43.6.8 Suction specific Specific potential energy corresponding to the difference E, J . kg=t
potential energy between the reference level of the machine (see 2.3.7.10)
of the machine and the piezometric level at section 2:
Eg = gy(2, — 291) = g5 Zg (see Figure7)
33.6.9 Net positive Absolute specific energy at section 2 minus the specific NPSE™| J-kg~?
suction specific encrgy duc to vapour pressure p,, *, referred to the
cnergy reference level of the machine according to Figure 7
Pabs2 — P v3
NPSE= =202 _—¥a 4 2 _g,(z —2,)*"
. 22 2
2.3.7 Height and head terms
bub-clause | Term Definition Symbol | Unit
.3.7.1 Geodetic height Diffcrence in elevation between headwater level and Zg m
of plant*** tailwater level of plant-(seé Figure 6)
p.3.7.2 Head Energy per unif-weight of water at any scction h m
h=efg
Fér definition of e, see 2.3.6.1
p.3.7.3 Turbine or pump H=E/g H m
head For definition of E, see 2.3.6.2
p.3.7.4 Plam hcad*** Hg = Es/fq' H m
For dcfinition of Eg, sce 2.3.6.4
P.3.7.5 Zcro-discharge Hy=Ey/3 H, m
(shut-offyhead of | for definition of Ey, sec 2.3.6.5
pump
23.7.6 Head loss H,=E./3 Hy, m
For dcfinition of E; , sce 2.3.6.6

* See 2.3.3.7 and Appendix E, Table EVIL
** Tor definition of cavitation factor o, sec IEC 193A and 497.
*** TFigure 6 shows the relationship between geodetic height of plant and plant head.
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Sub-clause | Term Definition Symbol Unit
2.3.1.17 Suction head loss o, = @_T_n_ ' FEL m
g
For definition of I} , see 2.3.6.7
2378 Suction height ) Z, = E, (see Figure 7) Z, m
92

For definition of E_, sce 2.3.6.8

SE
23179 Net positive NPSH = NPSE NPSH | m
suction head 92
For definition of NPSE, see 2.3.6.9
2%3F16 Referemectievet Elevattonof-the-potnt-of the-muachinetaken + m
of the machine reference for the sciting of the machine as defined in
Figure 8
e ] '
i 2z
™
i Y :
Turbine
- = =

O O- Referencée datum

1EC 367

91
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Water column manometers arc applicd at point 1 and 2.
, _ 2_ 2
E=3H= (_Pabsl _ Pabs2) + (vi > v3) +7(zy — 25)
The compressibility of walter is neglected because the differcnce of pressurc between 1 and 2 is small
thercforc:
0p=0=0¢
Hence:
Pabs, = € _{](2’1, - Zl) +pamb1,
Pabs, = 0 '?(ZZ' - z2) + Pamb,,,

pambll - pamb2l

and therefore the simplified formula is:

= =0, (21 — 221)

-2+
e

2

(v} —v3)

:3.2(1—3_3>+
5

(v] — %)

2

Reference levels
for instruments

Zy =zv— 21

“ —L
H | —1
Zy| Z1
1 D .
0 7 0
S Reference datum d} é
Vertical shaft unit
Fig

[Pressure gauges manometers arc appliced at points 1 and 2.

The watcr density at ambicnt pressurc may be assumed as p.

Reference levels
for instrumenits

Reference datum

Horizontal shaft unit

E=3H = (pab51 - pabsg)

(v —v3)

+

<

2

+7(z; — 25)

urc 5b — Medium andhigh-head machines — Determination of specific hydraulic energy of machine

1EQ

368191

The difference in ambient pressurc between 17 and 2/ is neglected because Z is small compared to H,

therefore:

Pamb1’ = Pamb2’ = Pamb

Since both Z, and Z, are small compared (o H, it may be assumed that:

Zl-%_z1 and

z,- 2=z,

4
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hence:
Pabs, = P1/ + Z1 - 01 - J + pamp, Where py, is the gauge pressure measured at 1’/
Pabs, = Par + Zo * 05+ F -+ Pamp, Where py, is the gauge pressure measured at 2’

and thercfore the simplified formula is:

_ 2 _ .2 _ 2 _ .2
E= (pys — Par) +T (2~ 290) + (vi —v3) _ (py _Pz') 472+ (vr : v3)
I 2 0 2
Reference level
for instrument L // 7 | 4
] _ i ] :
1 |
7 !
{ { .
— - s 2 -
21
Z1 Z2
. =V
) (o}
2 6 é Reference datum van}

Z2=2yv -22
IEC 369/91

gure 5c— Pelton turbincs with vertical axis — Determination of specific hydraulic energy of machine

oy

Casc of non-pressurised housing:

t is conventionally assumed that the low pressure reference section corresponds to the plane at clevaticc)I
z, 4nd that the pressure inside the housing is equal to the ambient pressure in the casc of non-pressuris

hoysing.

_ (pab51 _pabsz)

v2—wvd) _
RO

E=9-H

(S]]
)

The diffcrence in ambicnt pressure between 17 and 2 is neglected because Z is small compared to Hj,
~ thefefore: ‘

Pamb1’ = Pamb2 = Pamb

For the same reason it is assumed that:

N
| |,_.’°
Il
N

hence:
Pabs; = P1 + 2 - @1 * T + Pamp, Where py, is the gauge pressure measured at v

p absp, — Pamb
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As z, = z, and assuming v, = 0, the simplificd formula is:

=5z 4
0 2

2

pll —_ Ul

Jo e ) _ . un
2 +7- (2 —20) + 2

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

P4

III
{l!{g
SN

g
N
|
d
IS
|
I
|I||l

Z1

4 v
J\ rl\rxc
A4 o—

Reference datum:
Zg =23 — 24
IEC 370191

-~

Figurc 6 - Hydroclectric plant — Determination of specifichydraulic encrgy E g and hcad Hg of plar

through geodetic height of plant Z,

The general formula is:

Pabs; — P vi—vj
¢ abss abs) + (v3 5 vi) +73-4(23 — 23)

E. =734
8 g . Ta_s

Assuming gy, = 25
Pabsy — Pabsy, — ~Ca ‘g- (ZS - z4);

assuming vy'= v, =0
= 7 waltcr density at thc ambient pressure, the formula becomes:

and G, = 230
. an

- Qafl _ =
Eg—g-(z3—z_1)'{1—?aj—g~Zg~ll— 7

where o, is assumed cqual to air density at the reference Ievel of the machine.

+ turbinc

Convcrscly:
Eg:EiZEL where {_ pump
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Reference level of |
the machine

(see 2.3.7.10)
v oz %
/‘,.2 \\. — —‘T_, -— 2
zy
K7 /i
0 Reference datum OS—H—@ -

Zs =2 — 22
IEC 371491

Figure 7 — Net positive suction specific energy, NPSE, and net positive suction head, NPSH

Water column manometer is applicd at point 2.

N b

NPSE =g, NPSH = Fabn “Pu) L ¥

05 —92'(zr_22)

o,

With:
Dabs, = 22 gz - (22' h‘ z2) +pamb2:

the simplificd formula becomes:

D , — Dy
NPSE:( amb, p a)+

(pamb pva) 1)2
1l 2
_gzv.z_zz —____«__.—-+__.
0 (zr = 22) 02 2

to)Ss

where Z, is positive if the Jevel'2’ is lower than the reference level of the machine and vice versa.
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a)

Reference level of the machine* :li
() Reference datum 5-0
6) f)
2 /.
Reference level of the machine*
0 Reference datum
0° < a<90° IEC 372191
a) Radial machines, such as Francis turbines, radial (centrifugal) pumps and pump-turbines; for multistage

2.3.8 Pgwer terms

b)
¢
d)
e)

8)

Note. — All clectrical power terms arc defined in Clause 12.

machincs: low pressure slage.
Diagonal (mixed-flow, semi-axial) machines with fixed runnct/impeller blades and with runner/impellcr ban
Diagonal (mixed-flow, scmi-axiﬂ) machines with fixed rufiner/impeller blades, without runner/impeller bangl.
Diagonal {mixcd-flow, scmi-axial) machines with adjustable runner/impeller blades).

Axial machines, such as propcller turbines, tubularturbines*®, axial pumps and pump-turbines with fixpd
runner/impeller blades.

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

Pclton turbincs.

[)
:

v§

Figure 8 — Reference I¢vel of turbines, pumps and pump-turbines*

Sub-clause | Term Definition Symbol | Unit
2.3.8.1 Hydraulic power The hydraulic power available for producing power Py w
(turbinc) or imparted to the water (pump)
Py = E(eQ); £ APy
2.3.8.2 Hydraulic power Corrcction term to be cvaluated after a relevant AP, w
correction analysis according to contractual definitions and local
conditions*** (sce 9.2.3)

* "The reference level of the machine =z, does not necessarily correspond to the point with maximum cavitation.

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

*++ Jixample: if a small discharge ¢ is taken from the system upstream of section 1 in aturbine and this watcr is contractually
chargeable 10 the hydraulic machine, the hydraulic power is: Py, = E(eQ), + E(eq)
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Sub-clause

Term

Definition

Symbol

Unit

2.3.83

Mecchanical
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 (sce Figure 9)

— For a wrbine:
P=P,+P,+P . +Py+P, - Py

where:

P, is the gencrator power as measured at the
a
generator terminals

Py are the mechanical and electric losses in the

P

W

W

gencrator, Including windage losses (see 12.1.2.1)

P_ are the thrust bearing losses due to generator.
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)

P, arc 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. (sce
12.1.2.3)

P, is the power supplied to any directly driven

auxiliary machine (sce 12.1.2.4)

P, is the clectric power supplied 1o the auxiliary
equipment of the turbine (e.g. forthe govemnor) if the
contract specifies this to be chargéable to the turbine

- For a pump:
P=P, - (Py+P.+Pyq+P,)+P;

where:

P, isthe-power to the motor as measured at the
motortérminals

Py l.are the mechanical and electric losses in the
motor, including windage losses (sce 12.1.2.1)

P_ arethe thrust bearing losses due to the motor.
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 (sce
12.122)

P4 arc thelosses in all rotating elements extemnal
to the pump and to the motor, such as flywhecl, if any,

gear, starting turbine runner, turbine runner rotating
in air, cte. (see 12.1.2.3)

w

W

w

W

w

W

W

AL

P IS The pOWCT SUpplied 1o any dircetty driver
auxiliary machine (see 12.1.2.4)

Py is the clectric power supplicd to the auxiliary
cquipment of the pump (e.g. for the governor) if the
contract specifics this 1o be chargeable to the pump

N |

AA4

W
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Sub-clause | Term Definition Symbol | Unit
2.3.84 Mechanical Mechanical power transmitted through the coupling P, w
power of of the runner(s)/impeller(s) and the shaft (sce
runner(s)/ demonstrative sketch Figure 9):
impeller(s) —in the case of a turbine:
Pm=P+PLm+Pt’_
~ in the case of a pump:
Po=P-Pyn,-F
2.3.85 Mcchanical * Mechanical power dissipated in guide bearings, thrust | Pp_ W
power losses bearing and shaft seals of the hydraulic machine. Scc
als02.3.83 (P,)
2.3.8.6 Zcro-discharge Pump power at specified speed and at specified guide | P, -W
tshut-offy power vanc-amd-impeer-settings-with-highp stde
of the pump shut-off
23.9 Effjciency terms
Bub-clause | Term Definition Symbel |~ Unit
P.3.9.1 Ilydraulic ~ For a turbine: a5 -
efficicncy* = =m = E
h =0
P, APy
h EX+ P E,
—TFor a pump:
AP
o= Py _ E:t—"-},m E.
h — —
Pm Em
. . P
2.3.9.2 Mechanical —Forawrbine:n , = — Mm -
cfficicncy P
. Pm
_F?ra pymp. Nm = P?
R.3.9.3 Efficiency —Foraturbine: n = P ="hMm 'n -
h
Py,
—TForapump:;p = - =N
R.3.9.4 Relative Ratio of the efficiency at any given operating Nrel -
efficiency condition-to a reference value
R.3.9.5 Weighted average |- The efficiency calculated from the formula: - My -
cfficicncy
_wm twymy twany t -
w wy +wy +wy+ oo
where 9, ,7,, 73, . . - are the values of efficiency at
specificd operating conditions and w, , w,, w3, .. -
are their agreed weighting factors respectively
R.3.9.6 Arithmetic The weighted average efficiency (2.3.9.5) with Na -
average Wy =Wy, =Wy = e
cfficiency

* The disk friction losscs and leakage losses (volumetric losses) are considered as hydraulic losses in the formulac in 2.3.9.1. The
“disk friction losses” arc the friction losses of the outer surfaces of the ranner/impeller not in contact with the active flow.
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Turbine

L
Dﬂ;{

m
Qe

and the shaft

— 49 —

Coupling of the runner/impeller

=

N

ol
A

|
L]

. 5— q' /
V - -—-— O q — 4
) q” _ a”
| %'f & ] \é/')
: l IEC 373191
Turbine Pump
g =9 +4q" g =d+q"
@ =Qun+tg @ =Qn-—g¢
P, =E.(¢-Q)y assuming AP, =0 P, = E- (o Q)yassuming AR, = 0
P| =P, — Py assuming P, =0 P =P, %4 P, assuming F; =0
Valumetric cfficiency n, = Om 7, = L
@ Qm
P, P,
Hydraulic cfficiency?) =m =h
raulic efficicncy T P, T P,
P Py,
Efficienc; = m— = -
Y n P, n P

The formulac ignore the compressibility of the watcr.

The disk friction losscs and leakage losses (volumietric losses) are considered as hydraulic losscs in this formula. This “disk
friction losses™ are the friction losses of the outer surfaces of the runner/impcller not in contact with the active flow Q.

Figure 9'=Flux diagram for power and discharge (example)
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3. Natur

¢ 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

encrgy (head) and the zero-discharge power, the latter one with impeller rotating in water and/or in air, for

the

specified speed

standard. Other guarantees (sec 3.3) are not covered by this standard.

3.1.2 Thy
da
ang
the

3.1.3 Th
arc
ang
ang
the

limiits of the operation. ‘

3.14 If ¢
cle
the
at s
suyl

3.2 Main

3.2.1 Prq

spe

These guarantees are considered as main hydraulic guarantees (see 3.2) and fall within the scope of thiL

purchaser shall arrange for the supplier of the machine to be provided with true, full and acceptabl,
h covering all basins, inlet and outlet structures, waterways between the points of intake and discharg]
all parts and equipment relating thereto, all the driven or driving machinery whether€lectric or not an
revolving parts thercof, and all govemors, valves, gates and allicd mechanisms,»

| =" C I

purchascr shall be responsible for specifying the values of all theparameters on which guarantecs
based, including water quality and temperature**, specific hydraulic.energics of the plant (sce 2.3.6.4)
specific hydraulic energy losses (see 2.3.6.6), for the study of the plant, particularly the correct inlgt
outlet conditions of the machine and for the co-ordination-of what concerns the interaction betweeh
machine and the waterways. Should the operational and/guaranteed ranges differ, he shall indicate the

he clectric generator or motor is to be used for-measuring turbine or pump power (see 2.3.8.3), such
Ciric generator or motor and its auxiliaries;shall be given appropriate tests. It should be a condition gf
contract that the supplier of the hydraulic unit or his representative shall have the right to be present
uch tests. A ccertified copy of the generator or motor test calculations and results shall be given to the
plier of the hydraulic machine.

guarantees
ctical plant operation

Practical plant operation usually involves some variation in specific hydraulic cnergy (head). Therefor
cification$ shall state the specific hydraulic energies to which guarantces shall apply.

L{J

FForpractical reasons a transient test may not be conducted at the same time as a steady-state performanc

94

test?

* A rcgulated machine is a machine in which the flow is controlled by a flow-controlling device such as guide vancs, 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

devi

ce 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

a)

b)

c)

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

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

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

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

3.2.3 Dis

a)

b)

c)

324 Eff
3.24.1 R
hy
a)
b)
c)

3242 N
md

a)

b
c)

N

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

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

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

[=7K ¢}

a non-regulated/regulated pump: discharge over a specified specific h)}draulic energy range, including
values to be reached or not to be exceeded** (see Figure 10c¢).

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

ciency

egulated turbine efficiency guarantees may be required at one or more specified speeds and specific
raulic cnergies:

at onc or more individual specified powcers;or discharges or as a curve (sce Figure 10 a);
as weighted average cfficiencies***over a range of power or discharge;
as arithmetic average cfficicngies™** over a range of power or discharge.

[on-rcgulated turbine ornon-regulated/regulated pump efficiency guarantees may be required at one gr
re specified speeds:

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

as weighted average efficiencics*** over a specified range of specific hydraulic energies;
as arithmetic average efficiencies*** over a specified range of specific hydraulic energies.

3.2.5 Choice of power, discharge and efficiency guarantees

It is reccommended that the contractual agreements avoid fixing more than one guarantee for corrclated

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, sce 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 nomally be guaranteed

simultaneously.
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3.2.6 Maximum momentary overspeed and maximum/minimum momentary pressure***(sce 2.3.4.14 and

a

328

3.3 Other guarantees

33.1

3.3.2 Cavitation pitting

3.2.7 Makimum steady state runaway speéd (see 2.3.4.15)

"2.3{6.5 and 2.3.8.6)

23.5.7)

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.

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

-

Sp!
(c.

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

imum zero-discharge specific hydraulic energy and zero-discharge (shut-off) power of a pump (sc

T

=

In the case of a pump a guarantec should be given that the zero-discharge power — with watcred an
de-watered impellcr — and the maximum specific hydraulic energy will not exceed a specified valuc for th
specified speed.

7

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

Spded governing systems

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

The amount of cavitafion pitting should be guaranteed subject to the limitation that the unit will b
opgrated only within th¢-prescribed ranges of power, discharge, speed, duration, water temperature and ne
poditive suction specific cnergy (NPSE). Recommendations on this subject arc dealt with in IEC 609.

Ay

Ll

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

** Tor superimposed pressure fluctuations, if any, sce 7.1.1 and 8.2.2.
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4. Organisation of test

4.1 Adequate provision for test

4.2 AutRority for test

4.3 Personnel

43.1 Chief of test

432

"4.3.3 Pres¢nce at 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 dunng 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.

en ; :
acgordance with all apphcable requirements of this standard. Any antlmpated deviation from thls standagd
shpuld be clearly stated.

th

prime importance.

supervise all of the calibrations, measurements‘and calculations necessary to determine the performang
of|the machine. He shall excrcise authority ever all observers. He shall supervise the conduct of the test jn
accordance with this standard and any written agrecment made prior to the test by the contracting partids.

H
IC
th
hi

Choice of personnel

ut

hdld independent positions with respect to both parties. If so, they and the Chief of test together wilh

The condmons should also be considered when a prospectwe purchascr or the engmeers submxt an

Subject to the provisions of the contract, both parties shall have equal rights in determining the test
bthods and procedures and in selecting all test personnel. The test may be entrusted to experts who

e contracting partics shall have final authority in selecting all other test pefsonnel.

The selection of personnel to conduct the test and procedurés in connection therewith arc matters pf

A Chief of test shall be appointed by agreement between the two parties. He should be competent fo

 shall be responsible for the calibration of all test instruments and for all test measurcments. He shgll
bort on test conditions and be'responsible for the computation of results including the determination pf -
> measurcment uncertainties and the preparation of the final report. On any question pertaining to the tgst
5 decision, subject to thelprovisions of 4.5.1,4.7.6 and 4.9.1, shall be final.

The testing team shall have the necessary competence and experience for the correct installation and
lization-Of the measuring cquipment.

Both purchascr and supplicr of the maching 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 writicn 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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442 Inspection on site

Shorily before the start of the test, the unit and all test cquipment 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 verificd that:

a)
b)

c)

e)

44.3 Md

acq

po.

ey

is

thg
4.5 Agre

451 Af

pla
andl supplicrimample time for consideration and agreement. Approval or objection shall be given in writin

all machinery is complete and according to specifications;

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 througliout 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;

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

no wear has taken place on vital parts, particularly in the form of cavitation damage to runners/impeller$,
guide vanes, nozzles or other watcr passage components and/or damage to wearing ringSor labyrinth
that could have a significant effect on efficiency;

all pressure taps, piczometric tubes and connecting pipes have been properly-formed and located an
are clcar of obstruction.

[~}

asurements before test

The dimensions of the conduit at and between measurement sections, when required, shall be measurad
uratcly beforc the unit is operated.

A main bench mark for levels shall be established. Allsecondary bench marks (levelling refercnde
nts) in the specific hydraulic energy measuring system shall be referred to it. All bench marks shall he
hined undisturbed until the final report has been ageepted.

tcilshould preferably be available prior to the hydraulic machine performance test. In case such informatign

When the indircct method of power measurement is used, the results of the generator/motor efficiendy

issing the guaranteed values of generator/motor for losses may be used for preliminary computation ¢of
results.

cment on test procedure
proval of procedure

The test programme and procedure shall be prepared by the Chief of test, taking into consideration th
ns previously preparcd according to 4.1. All arrangements and plans shall be submitted to both purchas

R O

o=
d

452 D

S
T oy 1Tst

The acceptance test shall not take place until the commissioning tests, including specd and pressurce

variation trials, have been conducted. Sce 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

acceplance 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 partics 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 encrgy 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
carricd out, on the basis of the purchaser’s instructions.

4.5.3.2 Machines to be tested for efficiency

—

w
If

pu

4.5.3.3 Hxtent and duration of test

of
of
in

4.6 Instri

4.6.1 Ideptification of instruments

fin

4.6.2 C

Q

pu

caljbrations shall be verified by the Chicf of test. In the case of an off-site calibration, a valid certificat
acdeptable to both the purchascr and the supplicr, shall be provided. All necessary correction and pre-tes
caljbration curves of(the¢ instruments to be employed shall be available before any test is carried out.

ang places-of all calibrations shall be stated in the final report. The institutions that have performed the
* caljbrations shall state in writing whether the variations between pre- and post-test calibrations are withip
acdeptable limits. If such is the case, their arithmetical means shall be used in the computation of the fingl

{ regard to efficiency. The general programme shall specify the actual machine or machines to bétested.

co]r:cspondin g opcrating conditions. The number of points to be obtained depends on the naturc and cxter

The contract shall specify whether several or only one of a group of identical machines are to be testeft

nly one is to be tested, it is recommended that the machine shall be chosen by mutual agreement between
chascr and supplier.

The general programme shall include a statement on the number of points”to be taken and th

¢ guarantees and shall be decided by the Chief of test. Prescriptions on the number of points, the mod
achine operation and other related items which shall be included inthegencral programme are detailc
b.1 for the steady state performance test and in 7.1 for the transient-operation test.

== = O

uments

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

ibration of instruments

All instruments, including electrical instrument transformers, shall be calibrated before the test and bot]
chascr and supplicr may witness their calibration. Whether calibrated on or off sitc, the validity of a

=3

—

~

—

nless omitted by égreement, all calibrations shall be repeated after completion of the test. The dates

IeS

ults. 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 stations. A sufficient number of copies of the observation sheets shall be prepared and each
party to the test shall immediately be handed a complete set. These observation sheets shall:
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412

4.7.3

474

4.7.5

4.7.6

_test pe terminated and the test instruments removed (see 4.6.2).

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 cssential information to identify all instruments and
their location;

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

¢) record all readings madc at cach obscrvation station and the time at which cach reading was taken,
together with any circumstances descrving attention;

d) be signed by the particular observer;
e) provide for other necessary signatures (sce 4.7.5);

/) beexamined by, and copies given to, all parties before the end of the test.

Instfument readings

11 readings of direct-reading instruments shall be taken during the same period of time and the
fredpency 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 stat¢ 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 preliminarytest (5.1.3) shall
be taken with the same care and accuracy as for the acceptance test.

Instrument recordings

Instrument recordings (analog or digital) may be used provided-that the accuracy and resolution of
the fecords are comparablc to or better than instantancous readings of direct reading test instruments. All
recdrdings shall be averaged or interpreted under the direct superyision of the Chief of test, using the most
suitgble and accurate techniques. N

Prelyminary calculation

After completion of the test, the readings_and recordings shall be examined by both partics and
reprpsentative results shall be provisionally ¢omputed on site using the pre-test calibrations. All errors|
or ijconsistencies thereby discovered shall be eliminated or taken into account. Only on this basis may the] .

Signing of readings and recordings

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

Progedure in case-of dispute or repetition

there is\any dissatisfaction with the test for clearly explained reasons stated in writing, the dissatisfied
p 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 Chicf of test may demand a repeat test. If final agreement as to the conduct of such a test canno!
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.

438 Inspection after test

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

49.1 Preparation of final report

492

Coprent
he 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 pertinent to the test.

¢) Personnel taking part in the test.

d) {dentification, characteristics and description of the machine.

e) Description of associated equipment or works, for example pipelincs, valves, gates, intake and outlet

assages, and their condition, with drawings where appropriatc.

J) Particulars concerning service conditions of the machine, for example operating hours, power, discharge

nd water levels from commissioning date up to the beginning of the acceptance test.

£) [Comments on inspection of machine.

h) Details of performance guarantees. .

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

J) [Test procedures. )

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

) |Daily log of the cvents of the test. ,

m)[The tabulated xesults of all measurcments including necessary intermediatc data, the results of
calculations-for* the specific hydraulic energy, discharge and power, the conversion of the valuep
measured 10 the specified conditions E, and ny,, the determination of the efficiency of the generator
or motor-and the calculation of turbine or pump efficiency.

' n) |An.cyaluation of the random and systematic uncertainties of each measured quantity and a calculatiof
f ‘Lh\/ iu‘ta‘l Ull\v\/lt‘ll’llt] Uf \;uia d\/li\‘\/\:‘l fLU“l \aUlllb;ll\rd uu.«aauxvulvufo.
0) Graphs showing the principal results.
- p) Discussion of the test results on the basis of the test graphs:

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

shall be submitted to both the purchascr and supplier to obtain the approval of both partics on all items
including calculations and presentation of results. Any dissatisfaction shall be resolved by both partics
with each having equal rights in detcrmining 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.

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

— cfficicncy-power or cfficiency-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 cnergy;

— discharge-specific hydraulic cnergy (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.

@) 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. Test conditions and procedure

5.1 General test procedure

5.1.1 Methods of measurement

CNCH o CICRE sbced-andlosses-shall bestategin-the general programin e d D 1

910 14.

from the chosen method. The index test methods are described in Clause 15.

5.1.2 Number of points, runs and readings

cig
of
tred
ov
at

cac
tim

disgharge. It may then be appropriate to adjust the time interval between instantaneous rcadings so th

ca
sol
afte

A performance curve such as that illustrated by Figure 10 a requires a minimum of six and preferably

The methods to be used for the measurement or computation of discharge, power, specific hydraulic

An additional index discharge measurement is recommended to overcome any difficultics that mayarisq

t or ten points. Each point will be obtained from one or more runs (see(2:'and 5.1.3). The number
casurements taken during a run depends upon the methods of measurement used, but for a statistica
ment (scc Appendix C and D) at lcast five readings of direct-reading iftstruments per run arc to be taken
an agreed time or over the duration of any time-based measurements. Figure 11 shows an example of
L schedulc.

he interval of time during which all instantaneous readings and instrument recordings are made fo
run shall generally be the same for each point. For.some types of measurcment such as the transi
method of discharge measurement, the time necessary to complete a run may vary significantly wi%

T

run contains the same number of readings or at least an agreed minimum number of readings. Th
exception is for any pressure-time method-diagrams which shall be started within approximately 15
r the last instantaneous reading or the end of recording of the other quantities.

T
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RUN

Readings or recordings

Specific
hydraulic
energy
Power \ POINT TEST
N\ —— —t—
/ T~ —
\ \
———
Discharge /
. One or more runs,
per point
(operatingconditions
unchanged)
For example
eight points
to establish
a test curve
IEC 377191
. — The number of points 1o establish a curve, the number of runs per point and the number of readings per run depend on mar

fac

Not
l[:rs (tcst methods, local conditions, type of machinc, etc.) and shall be decided by the Chicf of test. When Method A (sec 5.1.3.
is u|

cd, onc run is sufficient for jonc point.

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

Two procedurcs 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 mcthods 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
maintaincd 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 cfficiency, 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 respegtive duties and fo
vefrify satisfactory operation of all test equipment or to correct or improve it, if,nécessary. During b

the¢ preliminary and acceptance tests, all possible cross-checks of data and resulis should be carricd ot
to|reduce or climinate errors. Provisional results should be calculated and plotted as fast as the data ape
gathered. These running plots of discharge and power versus gate opening for turbines or discharge and
pdwer versus specific hydraulic energy for pumps may reveal testing erros’or abnormalities in the operating
characteristics of the machine which require further investigation. It may not be practicable to include 311
of|the instrument corrections in the provisional results. '

o =

5.1.3.1 Mcthod A

This mcthod shall be used when performance curves over a range of operating conditions must pe
oljtained (sce also Appendix D) or when thetest conditions can be maintained constant (sce 5.2.1) only for-
a $hort time. The test programme shall define:

a)| the range of operating conditions-to be covered by the test;
b) the number and scquence of opcrating points to be tested;
¢)| the guide vanc/needlesrunncr/impeller blade and speed scttings;

d) any supplcmentary index test to be made.

5.1.3.2 Mcthod B
This method may be used only if the operating conditions can be maintained constant (5.2.1) over the
wholc (Cst-time necessary (0 establish the machine performance at the operating point specified (sce also
Appendix C). .
The test programme shall define the minimum number of runs, but in no case shall the number be less
than five at the same operating conditions. If tests at more than one operating condition are required, cach
of them shall have the samc number of runs.
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a)
b)
c)

The test programme shall also define:
the number and sequence of opcrating points to be tested;
the guide vane/needle, runner/impeller blade and speed settings;

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 optimurri 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

ace

5.1.5 Panficular procedure for single regulated or double regulated pumps

encrgy and discharge. Efficiency and power tests shall be made with the openings of guide vanes and/of
Tun
under the same hydraulic conditions as for the acceptance test. In the case of-a.double regulated pum

the

test

possible, may be used to obtain the necessary range of specific’hydraulic energy.

5.2 Test g

52.1 Flu

€Nng

chq
the
‘TOL

dutling a run;

a)

~ Bome form of lincar damping should be employed to eliminate the fluctuations and to read longer pcrio]:

eptance test, using foreacirof atteast five blade openings; at east five different guide vanc opermings:

f possible, tests of these machines shall be carried out over the specified range of specific hydrauli¢
her/impeller blades adequate to check the contract guarantees. These openings must be establisheI

relationship between guide vane and impeller blade openings can be established during the acceptancy
or by a previous index test.

\i4

™

When adequate changes in water levels are not possible, discharge throttling and/or specd variation, i

onditions to be fulfilled
A run is considered valid if the following test Conditions are fulfilled.

ctuations and variations during a run (see 2.1)

<

FFluctuations are defined as high {requency (more than 1 Hz) changes in the values of specific hydrauli
rgy, rotational specd, discharge Or power about average values.

nges (variations), which constitute the proper readings for the determination of the average value. I
casc of sudden changes, the run cannot be considered valid. Variations of specific hydraulic energy,
tional spced-ind ‘gencrator/motor power shall be such that the readings lic within the following limits

thé vanations of power shall not exceed 1,5 % of the average valuc of power;

b)

c)

the variations of specific hydraulic encrgy shall not exceed =1 7% of the avCrage valuc ol specilic
hydraulic cnergy;

the variations of rotational specd 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
(sec2.1)

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

a run {rom their specificd valucs E,

sp» Tsp 18 defined as deviation.
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In all cases the deviations must lic within the limits defined under @) and b) below:

a) 0,97 <

b) 0,80 <

For conversion of test results to specificd conditions see 6.1.2.

5.2.3 Ne} positive suction specific energy (scc 2.3.6.9) and tailwater level during the meastirement of a poin
(sce 2.1)

5.2.3.1 Hor a reaction machine the net positive suction specific energy, NPSE; shall not fall below the valu
spgcificd in the contract.

negessary 1o have the curve of minimum guaranteed value of NPSE/E as a function of E. The actual valy

of NPSE/E shall not fall below the curve (see Figure 12).
5.2.3.2 Hor impulse turbines, the highest tailwater level shall.not exceed the maximum level specified in th
contract.
NPSE )
. E
’ n = ng, = constant
NPSE X = measured point
E

oy

Emin Esp E Emax E

If the actual average specific hydraulic energy and/or speed deviate from the specified values, it is

-~

c

c

[¢]

IEC 378191

Figure 12 — Curve of minimum guaranteed value of VPSE/L.
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6. Computation and analysis of results

6.1 Computation of test results

6.1.1 Computation of a point

6.1.2

6.1.2.1 Npn-regulated turbinc and pump; if n # ng,:

<

Conversion and correction of test results to specified conditions

each specified specific hydraulic energy (Figure 10 a); on the contrary, for the non-regulated turbiné and fo
the pump only a value for guaranteed quantities (efficiency for instance) is given for each specified specifig
hydfaulic energy (Figures 10b and 10c¢). Provided that the conditions described at 5.27are fulfilled, tes
resylts are valid. The method to calculate a point is explained at 6.1.1.

be gonverted to this condition (see 2.3.4.5). If the average specific hydraylic’'energy E,, and/or rotationa
spegd n deviate from specified values E, and ng, during a run, a conversion must be made using affinity
lawp, assuming that the conditions of these laws are fulfilled. The following formulac and proccdures car
be gdopted:

Figures 13 aand 13 brepresent the guarantee'curves and the shifting of measured quantities @, P, converted
to 7 '

For cach run the arithmetic average value of the readings and recordings is computed for cach mcasured

quantity (n, @, E, P); on the basis of these values the performance is calculated applying the necessary
conversions and corrections (sce 6.1.2).

In the casc of multiple runs the performance resuits, obtained as indicated above, arc averaged to

cstablish the point.

igure 10 shows the guarantee curves. For the regulated turbine a guarantee curve is usually given foI

If the guarantced discharge is referred to the ambicnt pressure (sec 3.2.3),)the measured valuc mus

Q"Sp _ DBsp, E"SP — Eg 2. P“SP _ (P 3. —
Q, n’ E ~“\n /¥ P " \n )/’ Iasp =

n n

sp*
Non-regulated turbine Pump
Guaranteed curves at nsp constant Guaranteed curves at ngp constant
n
P

X e

Fan
\.
}
3

7 7 A

R

- - .
X Measured x‘_/ p
point {n) .
® Converted C % D
point (ngp) 9\» b
X/ Q
D
4
vl T helinel
2] & O See2.317 o8
2l g » 2l ¢
@ 2 7 o| S
£l 8 7 £|8
! Esp
N | | -
—
Emin En Ensp Emax E Enmin En Ensp Emax E
[EC 379091

b)
Figurc 13 — Conversion of a measured point to the specificd rotational speed
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6.1.2.2 Regulated turbine: if E,, # E, and/or n # n, there are three possible cases:

sp?

and to avoid corrections outlined

a) in some rare cases it is possiblc to meet the relation B D
VE = Vb
under ¢) by adjusting the speed if E # Eg and/or the specific hydraulic energy if n # ng,

Conversion formula¢ are:

Qm,, _ (53)1"2
Qe E
Py,

b) yhen the adjustment described above is not possible, and if 0, 99 < ———=—= < 1, 01, no'correctior

nep/ \/Tp

{sce ¢)) is necessary and the conversion formulae given at a) are used.

¢) ywhen the-adjustment described at @) is not possible and if

——-—n/ £ is outside.lhe range given at b)

e,/ \/E;; -

it is necessary to make — in addition to conversion — a correction.
or this purpose it is necessary to have — in addition to the efficiency guatantecd curves corresponding tg
e different specified specific hydraulic energies — the relevant portionof the efficiency hill diagram (se¢
igure 14). In the case where the efficiency guarantees are given only for a specified specific hydraulig
nergy, it is necessary to have the portion of the efficiency hill'diagram included between maximum ang
inimum specific hydraulic energies of the operational range/A previous agreement should be reached
etween purchaser and supplier on this matter.

fn # n,and E # E,, the first thing to do is,to Convert point A, into A, using the formula1

escribed i m 6.12.1. As B ;6 p» the next step is to shift A, , 10 the line corresponding to E.
Figure 14, following a constant openmg method (A,). Other modes of shifting (i.e. at constant discharg
A,, or at constant efficicncy, A;) may be.agreed upon between the partics.

Efficicncy shall be corrected by the formula:
MEpmsp = 1+ L7

where 77 = mecasured value and Ay = difference between efficiency in A, for instance, and efficiency
n Ansp according.to efficiency hill diagram.

- Eop is knowit, Qp o and np . are determined as explained before, Pp_ ., is conscquently
Lalculated,
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‘ ) Regulated turbine
E
Emax
Esp
Eng
Emin
Guaranteed curves
at ngp constant
An s Aq Q = constant
'Ansp = A2 a = constant
An Y A3z n = constant
—tp
Qs Osmnsp Q.
IEC 320191
Figurc 14 —  Corrcclion of a measured point to specified conditions
6.1.3 Tesf curves
~ [or regulated turbines:

values of 7 shall be plotted against-Pp, .  or @ Bupnsps VAlUES Of P, shall be plotted againgt
£ .
sp
— [or non-regulated turbines andfor pumps:
values of Qnsp , in and 7 shall be plotted against En,p-

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 crror in the measurement of a quantity is the difference between that measurement and the truc
value of the quantity.

No mecasurcment of a physical quantity is free from uncertainties arising from systematic crrors and
random errors. Systematic errors cannot be reduced by repeating measurement since they arise from
the characteristics of the measuring apparatus, the installation, 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 1/n times smaller than the random error of an individual
mepsurement (see Appendix C).

622 D

2]

ofinition 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 standard, the
prqbability to be used shall be 95 % level.

—
[11]

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 crrors

Thesc are errors such as human errors, or instrument malfunction, which invalidate a measurcmen
for| cxample, the transposing of numbers in recording data or the presence of pockets of air in lcads fro
a water linc 1o a manometer. Such errors sheuld not be incorporated into any statistical analysis and the
mdasurement must be discarded. Where the.error is not large enough to make the result obviously invali
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 possibl
oufliers; other tests, such as the Dixon test given in ISO 5168, may be used by agrecment.

(]

-

It is necessary to recalculate the standard deviation of the distribution of results after applying the outli
test if any data peints arc discarded. It should also be emphasized that outlier tests may be applied onl
if there is andndcpendent technical reason for believing that spurious errors may exist: data should not b
thrpwn away lightly.

0 <

6.2.3.2 Raadom crrors
andom crrors arc causcd by numcerous, small, independent mfluences which prevent a' measurement
systcm from dclivering the same rcading when supplied with the same input value of the quantity being
measurcd.
The mcasurcments deviate from the mean in accordance with the laws of chance, such that the
distribution usually approaches a normal distribution as the number of mcasurcments is increased.

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

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

Statistical methods for estimating thc uncertainty associated with random crror 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 Stadent’s ¢ values, as explained in these appendices. Student’s £ 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,. )q5.

An agreement prior to the test shall specify the maximum permissible value +f,. of the uncertainty
bangwidth-due-to-randomerrorsHmore-than-5-%of theresnits-arcontside this Tangeanraccurate aua‘l_yaL
willlbe made and the measurements will be repeated or a new value of the uncertainty bandwidth dug tq
rangom errors will be agreed.

6.2.3.4 Systematic errors

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

The systematic error of a measurcment depends partly on the residual €rror in the instrument of
megsuring 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.{Ihe‘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
conflitions; for example, the value of the kinetic energy calculated with the mean velocity can differ from its
truefvalue if the velocity distribution at the measuring section'is not sufficiently regular. Systematic errorg
do fot 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 Fange given in the first column of Table AT, Appendix A. It must be emphasised that the values fof
‘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 accordanc¢
witl the provisions of the standard. The actual value of systematic uncertainty usually depends on many
factprs, some of which can only-be¢-€valuated after the test. A review of these factors shall be made and-
an ggreement between the partics concerned established whether the expected uncertainties have to b¢
chapged on technical grounds or not.

6.2.3.5 Egtimation ofdhe uncertainty associated with systematic errors

The unccrtainty associated with systematic errors cannot be assessed experimentally without changing
the [equipment or conditions of measurcment. This change can indicate an order of magnitude of thq
systematic crror and should be applicd 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 done, in part at least, by statistical analysis*.

* See for example ISO 5168.
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6.2.4 Toyal uncertainty

6.2.5 Analysis of results

6.2.6

~ cqnfidence level of 95 %, in the two quantitics chosen as coordinates of the diagram. Any point within this

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 differcnce exposed above between systematic and random uncertainties,
the probability distribution of the possible values of each systematic component is essentially gaussian
and the systematic uncertainty f, is computed from the individual systematic uncertainties by the root-
sum-squares method; for example, the systematic uncertainty of efficiency ( f,,)s is computed from the
inflividual systematic uncertaintes in discharge (Jg J,, SPECIfic hydraulic energy (J ), and pOwWer ([ p
by:

s

1/2

(f)s==% [(fq)z +(fe)2 + (fp)7]

See also Clause A2 of Appendix A.

The total uncertainty in a measurement ( f,) is obtained by combining the systematic ( f,) and random
(A4) uncertainties (see 6.2.3.3 and 6.2.3.5). It defines a range within which the truc value is assumed fo -
have a probability of 95 % to lie, and any point in this range is equally'valid.

Given the same type of probability distribution 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:

fo=x (2440

N’
-

The method of analysis and presentation’ of results described hereafter with particular reference ffo
camparison with guarantees is recommended. Appendix A contains estimates of systematic uncertaintigs;
Appendices C and D providc enough”information to make simple estimates of random uncertaintigs;
Appendix B describes a method for'rejecting outliers.

Presentation of results

Taking into account the total uncertaintics calculated as explained in 6.2.4, cach measured point shoyld
bq representedon a diagram by an cllipse. The axes of this ellipse represent the total uncertainty, af a

cllipse is equally valid.

Ifacurve is guarantced (guarantec given within a range of powers, for instance), an uncertainty ba11d
corresponding to the upper and lower cnvclopes of these ellipses 18 superimposed to the best hitted curve
drawn through the test points (see Appendix D). All the points within this band are equally valid and thus
this band constitutes an acceptable bandwidth for comparison with guarantees.

In some cascs, for cxample, when the guarantee curve is plotted against specific hydraulic encrgy, the
limits of the total uncertainty bandwidth can be obtained by reducing the cllipses to their principal axis.
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arison 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 (sce Figures 10a, 10b and 10c¢).

6.3.1 Power (sce 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.

63.1.2 N

the
the

defined — if not otherwise agreed — by a lower limit kP, and a higher limit (k + 0, 1)Psp, k being

my
of
16

AN

>
5
@,

The guarantee
isnotmetin A

N5 Nsp = constant
Guaranteed curve

== == == Measured curve
X Measured point

Emin Esp Esp . Emax  E IEC 381i91

Figure 15 — Regulated turbine

on-regulated turbine ,

Figure 16 shows the guaranteed curve of the power against the specified specific hydraulic cnergy an
result of the comparison with/thc measured curve, taking into account the bandwidth corresponding t
combination of total uricertainties.
As shown in this figure, the specified limits with regard to specified specific hydraulic energies ar

tually agrecd, value lying somewhere between 0,9 and 1,0; normally the valuc of k is 0,95. The choic
> must be,Compatible with the power specified limits corresponding to E, ;. and E__,if any. In Figur
the guarantee is not met in the range A.

(=2 ="

T O = O
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P

— 95 —

n = nsp = constant
Guaranteed curve

= o == NMeasured curve
X Measured point

The guarantee
isnotmetinA

6.3.1.3 R

I
ene

fulfi

%
O }See2317
7
74
Ernin Esp Esp E. sp Emax E ’ IEC 382i91

egulated / Non-regulated pump

Figure 16 — Non-regulated turbine

Figure 17 shows the guarantecd specified limit of the power against the specificd specific hydraulig
gy and the result of the comparison with the measured curve, taking interaccount thc bandwidth
corfiesponding to the combination of total uncertainties. In this example, theguarantec for power is not

lled in the range A.

T

The guarantee
isnotmetin A

A

n = ngp = constant

- e = Measured curve

X Measured point

72
O

74

See 2.3.1.7

E, min

Esp

Emax

Figure 17 — Pump

E IEC 383191
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6.3.2 Discharge (see 3.2.3)

6.3.2.1 Regulated turbine

A
Q

The guarantee
is met

foE f-E

N
fa-Q /
for@

n = ns, = constant
Guaranteed curve

o= == == Measured curve

X Measured point

Ernin Es;7 Emax
Figure 18 — Regulated turbine

6.3.2.2 Npn-regulated turbinc

i

IEC 384/91

Figure 19 — Non-regulated turbine

Q The guarantee
is met
L A
/ x
-
; . —
The-guarantee ” 0(/
isunet 7 o n = ngp = constant
L "X G Guaranteed cury
== == == Measured curv
\ X Measured point
QO } See2.317
74
Emin Esp Esp Emax E 1EC 385191
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6.3.2.3 Non-rcgulated/regulated pump

As shown in figure 20, the specified limits with regard to specified specific hydraulic encrgies are defined
— if not otherwise agreed ~ by a lower limit k@), and a higher limit (¥ + 0,1)Q
agreed value lying somewherc between 0,9 and 1,0; normally the value of k is 0,95. The choice of % shall
be compatible with the discharge specificd limits corresponding to E, ;| and E

guarantec is not met in the range A.

- 99

sp?

max?

k being a mutually

if any. In Figure 20 the

n = nsp =lcopstant
Guaranteed curve

- = =e Measured curve

X Measured point

The.guarantee
~ is hotmet in A

7

O See 2.3.1.7

17

— {

Emin Esp

6.3.3 Efficiency (see 3.2.4)
6.3.3.1 Regulated turbine

di
and speed (scc6:1.2).

[ %]

Esp  Emox E

Figure 20 — Pump

IEC 386/91

The measured cfficiency 7 is plotted with the uncertainty bandwidth against the turbine power P of
tharge @ (see 312.4.1) converted as nccessary to correspond to the specified specific hydraulic energy

[f the guaranteed power or discharge is exceeded on test, the supplier may have the option of naming
- power ot aydischarge attained but not greater than 10 % above the guarantee power (see 6.3.1) or dischargg
(sc¢ 6,3:2) as a basis for determining the average efficiency (see Figure 21). This new reference power of

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
guarantecs (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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n

n = ngp = constant
E = Esp = constant

AP Guaranteed curve

== o= o= Measured curve

X Measured point

New guaranteed
—
curve

P IEC 387191

Figurc 21 — Regulated turbine

a) |If the guarantee is given at one or more individual specified powers or discharges or as a curve (s¢e
3.24.1 a)) , it is met if, at the specified speed and specified(specific hydraulic energy, the guarantegd
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)). " .

The guarantee of efficiency ) or
is met (

n = nsp = constant
E = Esp = constant
Guaranteed curve

- e == Measured curve
X Measured point

.y

PlorQ) IEC 388191

Figure 2T a — Regulated Tarbine
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“ Efficiency guarantee: I-P' P f.P
n Penalty in range A or F
( fa -Q ,o -Q )
hem l
hnl %
n = ngp = constant
E = Esp = constant
Guaranteed curve
- em == Measured curve
a X Measured point
P {or Q) IEC 380191
Figure 21 b — Regulated turbine
A Efficiency guarantee:
n Premium in range B fo*P f1,-

E%)

4

n = ngp = constant
E = Esp = constant
Guaranteed curve

== == = Measured curve
X Measured point

-
Plor@ IEC 390191

Figure 21 ¢ — Regulated turbine

=7

b) |Alternativcly, if the guarantee isgiven as a weighted or arithmetic average efficiency (see 3.2.4.1 b) an
c)), the guarantee is met if, at the specified speed and specific hydraulic energy, the guaranteed averag
cfficiency is exceeded by the average cfficiency calculated at the same specified powers (or discharges),
using the upper limit-Gf-the total uncertainty bandwidth. '

[¢]

6.3.3.2 Non-rcgulatéd turbine

(2]

The measured cfficiency 7 is plotted with the uncertainty bandwidth against specific hydrziuli
engrgy E.(see 3.2.4.2), converted — if necessary — to correspond to the specified speed (sce 6.1.2).

a)

Hee—315-¢F SRt OhRe- O Oore1Ha d SHEG C

(scc 3.2.4.2 a)), it is met if, at the specified speed, the guaranteed single values or the guaranteed curve
lic below the upper limit of the total uncertainty bandwidth over the specified specific hydraulic encrgy
rangc (see Figure 22).

b) Alternatively, if the guarantec is given as a weighted or arithmetic average efficicncy (see 3.2.4.2 b) and
c)), the guarantee is met if, at the specified speed, the guaranteed average cfficiency is exceeded by the
average efficiency calculated at the same specified specific hydraulic encrgics using the upper limit of

" the total uncertainty bandwidth.
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The guarantee
of efficiency is met p
n

n = ngp = constant

Guaranteed curve
o= = == Measured curve

X Measured point

Esp Esp Eso E IEC 391191
Figure 22 — Non-regulated turbine

6.3.3.3 Ppmp

The measured efficiency 7 is plotted with the uncertainty bandwidth against specific hydraulic energ]
E (sce 3.2.4.2), converted — if necessary — tocotrespond to the specified speed (see 6.1.2). .

a) If the guarantee is given at one or mor¢ individual specified specific hydraulic energies or as a curv
sce 3.2.4.2 a)), it is met if, at the specified speed the guaranteed single values or the guaranteed curv
ie below the upper limit of the total uncertainty bandwidth over the specified specific hydraulic energ
ange (sec Figure 23).

b) Alternatively, if the guarantee is given as a weighted or arithmetic average cfficiency (see 3.2.4.2 b) an
)), the guarantee is met if, at the specified speed, the gnaranteed average cfficiency is exceeded by th
verage efficiency.calculated at the same specified specific hydraulic energies using the upper limit g
he total unceftainty bandwidth. ‘

-

=0

o N T —
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6334 1

5
n
fe-E fe-E
The guarantee of
efficiency is not
metin A and B )
fion
hon.
__.V
4 n = ng = constant
// Guaranteed curvé
== o= o= Measured curve
A B X Measured paint
Esp Esp Es E 1EC 392191
Figure 23 — Pump
Penalty and premium

pe
gu

un

[f the contract provides for a penalty (or a premium) for lack (or excess) of efficiency, the amount of thi
alty (or premium) shall be calculated from the difference between the guaranteed efficiency curve o

tecd average value and the upper (or-lower) limit of the total uncertainty band, this difference bein
n into account in case of a guarantecd’curve only within the range where the guarantee lies outside th
ertainty band (see zones A and Bof figure 23).

CJ U= ™~ U7
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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

7.1.2. Speed variations

7.1.2.1 Momentary overspeed

7122 S

7.13

variations dependent on the type of machine and on
Van -:::: -.: .-:‘—el D) llhl e

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

rcjgction when power is being reduced to zero.

cloping device. Accordingly for most machires, steady state runaway speed is not normally reached and

u

out
maj
at g

{h1hy
du

Prq

magnitude, not directly attributable to operational changes, can occur in some applications (¢.g. pump
turhines). In these cases, they should be the subject of a separate guarantee in the contract.

Transient operating conditions (e.g. load rejections, power failure etc.) causc pressure and speed

[he test should be performed, if possible, under the specified worst conditions. For each plant the wors}

The definition is given in 2.3.4.13.

For most turbincs, maximum momentary overspeed (see-2.3.4.14) will occur following sudden load

jcady state runaway speed

Regulated machines are normally protected:from full runaway speed condition through an adequale

way 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 carriegl
they should be performed atreduced specific hydraulic energy in order to keep the physical stress of the
chines — particularly of the éléctrical machinery — low in comparison with the stress which may occur
ests under the full specific hydraulic energy.

For non-regulatcdmachines and for regulated machines with shut-off devices which have long closin
cs, stcady staté:runaway speed will normally be exceeded during load rejection which is performe
ing commisSioning. Therefore a separate steady state runaway test is not necessary.

=

ssire variations

on
loa

The maximum momentary pressure on the high pressure side and the minimum momentary pressurc
the low pressurc side of a turbine normally occur during the shut-down operation when a specificd
d is reduced to zcro. The minimum momentary pressure on the high pressurc 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 pressurc on the low

pressure side occur during a power failure.

Unless othcrwisc specificd 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

quantitics shall be recorded simultancously.

7.22 Me

asurement of speed variations

Instrumentation for measurement of speed variations shall be capable of attaining a measurement total

uncertainty of +1, 0%.

123 M,

Th
the]
the

an
ing
di

e

—
w2

hydraulic system.

8. Computation and analysis of results

8.1 Conversion of results

shg

is ip pascals).

urement of pressure variations

lectrical pressure transducers or spring-type indicators may be used for recording pressure variationg.
measuring devices shall be insensitive to mechanical vibration and shall be connected direcfly ({lush) t
penstock wall whenever this is possible. If the instrument cannot be directly connected to’the penstock,
piping shall be as short and straight as possible and made of metal. Flexible tubes ar¢.not allowed.

1=

Air shall be purged out of the piping before measurement. Purchascr and supplier shall agree upo
upper frecquency limit up to which pressure fluctuations shall be accounted for. The measuring chaij
Juding transducer and piping shall reproduce fluctuations with frequencics lower than the limit withoy

rtion by damping or resonance in the measuring tap. Fluctuations with higher frequency shall b
oved by appropriate filtering.

LCAR

The basis of the limiting frequency for the filter is givén by the specific frequency characteristics of th

L¢J

The maximum pemiissible value of measurement total uncertainty shall be £100 x p~%25% (where

A

In those cases where it is.not possible to perform the test under specified conditions, the measured valugs
11 be converted by calculation. This conversion can be made in a simplified and approximate manner,

n

thd following conditions-are fulfilled:

a) [for pressure variation:
0,9E, < E<1,1Ey

- b) [forspeed variation:
0,98, <E<1,1E,
and

0,9P, < P<1,1F,

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

d) the guide vanc (ncedle) 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 conditions.
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The following formulae shall be applicd only for rcgulated reaction turbines cxcluding pump-turbines
operating in turbin¢ mode. For impulse turbines, only the formula for conversion of pressure risc is
applicable.

If before measurement

E=Kp-E, ad P=K,-P

P sp
the variations A Psp and Ansp, which are 10 be expected under specified conditions, can be calculated from
the measured values of the pressure variation Ap = p,, — p; and speed variation An = n_ — n; (see

Figures 4a, 4b and Figure 3) as follows*:

Ap . K3?
. Apsp ~ m and Ansp ~ An - -F—
\p - P

8.2 Comparison with guarantees

8.2.1 Nafure.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
ovgrspeed (sce 2.3.4.13 and 2.3.4.14) of the hydraulic machine are given for the whele range of specifi
hy( raulic cnergy E under the worst operating conditions (see 3.2.6).

\x

8.2.2 Fulfilment of guarantees

The guarantees arc fulfilled if, takihg into account the measurement total uncertaintics (sce 7.2.2 angl
7.2}3) and tolerances, if any**: R

a) the values measured under or converted to the specified worst conditions are within the guaranteedl
Jimits; :
b) the measured values are within the limits obtained by inierpolation from the guarantec.

[n the casc of superimposed pressure variations and fluctuations, (see 7.1.1) theif
int¢rpretation and applicable tolerances have.fo be stated in the contract.

*Basis for the formulae;
under stcady state conditions the following relations arc approximately valid within a narrow range:
for 4 Francis turbiricfor example:

Q~a°-E1/2; T, ~ ag (where T} is the closing time); P~Q‘E~ao'_E3/2.

" For pressure variation Ap ~ Q/T, ~ E1/2.

For speed variation  An~ P T, ~ a2 - E3/2 ~ P2. E73/2,

The expressions of Ap,, and Ang, are obtaincd from the above relations, combined with £ = K - E,,and P = Kp - P,,,.

**The incxact prediction of the interaction between hydraulic machine and water ways may require a tolerance on the guarantees
to be stated in the contract; otherwisc this tolerance shall be zero.
Examples of tolerance arc:
— momentary overspeed: 10% of the guaranteed speed variation, including the measurement uncertainty;
— momentary pressure: A(Ap, ) = (K - Ap,,)°*
where:
. K =5000Pa
A (Apsp) = tolerance of the guaranteed pressure variation in pascals including the measurement uncertainty.
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SECTION FOUR — METHODS OF MEASUREMENT

9. Introduction

9.1 Effici

iency

A field acceptance test on a hydraulic machine in accordance with this standard aims at comparing the

achieved hydraulic performance 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.

of

respectively. This method involves the measurement of discharge (see Clause 10), specific hydraulic energ
(se¢ Clause 11), clectrical or mechanical power (by direct method) (see Clause.12) and rolanonal speedl
(sc¢ Clause 13).

losgces, using the thermodynamic method (see Clause 14). Efficiency s then expressed as:

only relative information on the'discharge and thus on the efficiency. However, when the relative discharge
mepsuring method is calibrated by an absolute method of discharge measurement, the index method may

be
me
of

9.2 Hydrpulic power

9.2.1 De,

lhcjtt:ydrauhc power P, exchanged with the water. According to the definition glvcn in2 3 9.3, the efficiency

Efficiency may be calculated from the mechanical power P exchanged with the electrical machine and

¢ hydraulic machine is:
n= P[P, for a turbine,

n=PF,/P  forapump.

The determination of the hydraulic power and of the mechanical power is dealt with in 9.2 and 9.

-

E(ficiency may also be obtained in a more direct way from the watér temperature increase due (o th

AY4

ﬂ=ﬁh'ﬂm=i—r}’§' for a turbine,
- E+—=tE, (™

P,
n=1n, -9, = ———B . T for a pump.
¢ m B, P

The basic advantage of the lhcrmodynamu: method is reprcsented by the fact that it docs not require the
urement of the discharge.

esides these methods, an index test is often conducted on site. In normal conditions, such a test gives

further uscd to extend ari acceptance test to running conditions for which the uncertainty of the absolu
urements becomes' too large. In such cases, the index test (see Clause 15) can be considered as a part
¢ ficld acceptance test.

b
inition

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 formulais: B, = E(0Q), £ AR,.
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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 scction,

duc 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

92.3.1

conditions. As a rule, hydraulic power transfer necessary to the proper operation of the hydraulic machine

shg

mdg

9232 H

- evd
sta

tr

(fo
as

9233 @

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

. szfcicnt and will have no significant cffect on the measuring uncertainty. It is recommendcd that all watg

ISince most transfers necessary to the correct operation of the machine are needed for specific purposg

knalysis of correction

The correction term A P, will be evaluated after a relevant analysis of contractual definitions and local

1l 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 discharg
mcasuring scction and before or after the machine; '

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

For example, any walcr taken off between the discharge measuring section and a machine in turbing
de and not used for the turbine operation will induce a negative contribution to Py

valuation of correction

The mass flow rate of transferred water and the relevant spéciﬁc hydfdulic energy shall be used far
luating cach correction. This relevant specific hydraulic energy may differ from E, especially in multj
re machines. .

[£]

Since such transfers arc genecrally a small fraction of the main discharge, a simple evaluation will b

(=]

sfers are specified in the contract and may be checked at time of test.

v

[ instance, cooling of the bearings), and therefore the relevant losses are measured or casily evaluated,
pecific measurement for A P, evaluation will then seldom be necessary.

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

asc of the thermodynamic method

'Whencver the thermodynamic method is used, the hydraulic power is not necded for the cvaluation gf

the cfficiency. However, if there arc 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 (sce 11.4.7.1).

9.3 Mechanical power

Normally the power (mechanical power of the machine) is determined clectrically 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; t

consists of determining the power at the hydraulic machine shaft by means of devices measuring-torqu

ang rotational speed and taking account of the relevant losses (see 2.3.8.3). The direct method has™to b
usgd for hydraulic machines which are not directly coupled to an electrical machine.

makes an analysis of the feasibility and of the expected uncertainty of the direct method:

cleftrical power measurecment (12.1.1) and measurement or calculation of the various losses (12.1.2), Th
methanical power measurement by the direct method is dealt with in 12.2¢

10. Discharge

10.1 General

d

thefinterest of the partics involved to select the method (s) to be used for an acceptance test at an carly siag
in the design of the plant because later provisionimay be expensive or even impracticable. It is suggest

th

10.1.1 Choice of the method of measurement

10.1.1.1

a)
b)
c)

10.1.1.2

anqther giving information on the flow pattcrns.

perfformance test. Some of the factors that may affect this choice are:

\14

Considering the development of torque measuring techniques, it is recommended thatithe Chief of test

A the elements necessary to determine the mechanical power by the indirect method are given in 12.1f

<

The measurement of discharge in a hydroelectric or pumped storage plant can be performed with thI
ired accuracy only when the specific requirements.of the chosen method are satisficd. 1t is therefore i

A% 4

provision be made for two methods, fordnstance one method for gross discharge measurcment aﬁi

The choice of the method (s) for measuring discharge may dictate the conduct and duration of th¢

limitations imposed by the design of the plant;

cost of installation and special equipment;

o]

limitations imposed by plant operating conditions, for example draining of the system, constant load d
discharge opcration, etc.

The discharge mecasurement for an IEC acceptance test shall bc made by an absolute method.

Nevertheless, it may be uscful to resort to relative methods (index methods) cither to gain supplementary
information or to make casicr some operations (see 15.1.3).
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The absolute methods described in this standard (see 10.2 to 10.8) arc: 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 relative 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

de
10.1.1.3

method using several paths provide information on the flow pattern.

10.12 A

10.1.2.1
un

Wi

thg International Organization for Standardization (ISO) which ar¢ particularly suited to the precise
requirements of this test standard. In some cases, the preSeriptions of ISO Standards have beep

su
{cs

10.1.2.2

10.1.2.3
tes

ran

the whole measuring system and the operating conditions. The total uncertainty shall be calculated i
acgordance with 6.2. : '

indicated in this clause are to be used only as guidance. They are valid only:

cribed in Clause 15,

Dniy the velocity-area method by means of current-meters or Pitot tubes and to some cxtent the acQusti

A%}

bcuracy Of measurement

Clausc 10 presents all the requircments for satisfactory measurements and ¢stimates the systcmati
ertainty to be expected when these requirements are satisfied.

T

A mcthod of measurement is described in detail only when no standardized procedure exists elscwherg.
enever possible, reference has been made to existing standards, éspecially to those published by

plemented by a few additional requirements which appear.necessary for the particular scope of this
| standard. '

The actual values of systematic and random uncertainties shall be evaluated taking into ‘accour

= J=

Frequently the accuracy achieved by-the chosen method can be estimated only after the results of th)
s at the given plant have been analysed (see 6.2.3.4). The numerical values of systematic uncertaint]

<

with the best conditions of mcasurcment;
if all individual requircments arc satisficd; and

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

—

If these conditions arc not satisfied, there may be an unpredictable increase in both the systematic an
dom crrot of the discharge measurcment.
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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.

\s far as possible, the individual readings of the discharge should be plotted against time to assess-thg
_ natpre and the extent of possible pulsations.

© 10.1.3.2 Leakage, infiltration or diversion

. s far as possible, leakage, infiltration or diversion of watér shall be avoided between the measuring
secfion or the measuring length and the relevant reference section. If this cannot be avoided, the incoming
or gutgoing flow shall be measured with an appropriate accuracy.

Whencver 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 watcrway (and accordingly to the Settling time), discharge measurcmen%

however be conducted, provided care is taken of the net velume of water exchanged between the du
and the surge tank within the duration of the measurement (for allowable variations of specific hydrauli
endrgy, sce 5.2). ' : S

10.2 Current-meter method

10.2.1 Ptinciple of velocity-area method

he velocity-area method requires d‘number of propeller-type current-meters located at specified point
in 4 suitable cross-section of an open channel or closed conduit. Simultaneous measurements of local me
ity with the meters are intggrated over the gauging section to provide the discharge. The water must
sufficiently clean, such that dissolved or suspended matter will not affect the accuracy of the meter reading
dufing the test. Some integration tcchniques which may be used to compute the discharge assume velocit
disjributions that closely-approximate known laws, especially in the neighbourhood of solid boundaries.
these techniques afe.used, it is essential to select a measuring section where this hypothesis is likely to b
approximately{ulfilled.

L2

A4

he mothod may be uscd.at any suitable measuring section in:

netack:
T 3

— an intake structurc;

~ an upstrcam or downstrcam 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 standard.
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Test arrangements, procedurcs and limitations will depend to some extent on the characteristics of the

sclected measuring section. General requirements applicable to all measuring sections are given below.

10.2.2 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 thes¢ 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

(V)

mel

by ¢
extg
moic than 8 points per radius, excluding the centre point,

Ny
-~ dist

10.2.2.3 1
¢

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
Seel

4
the ection. The number of measuring points per radius, Z, excluding the centre point, may be determined
frorh 4
of
»

where:

jf the conduit or chafinel is divided into several sections, measurements shall be made simuliancously
in.

also ISO 3354,4.4.1t044.3.

\t least 13 measuring pointS shall be used in a circular penstock, one of whichshall be the centre point of

VR < Z < 5V/R where R is the internal radius of the conduit4n metres. For any given numbef
ent-meters, it is preferable to increase the number of radii thaf t0 increase the number of current:
per radius, but care must be taken to avoid excessive blockage. Centre blockage can be reduced
fantilevering the radial supporting arms from the conduit wall: If this is done, only a single arm need
nd to the centre of the conduit. Little advantage is gainedby measurements on more than 8 radii or a

\t lcast 25 measuring points shall »be' used ifva rectangular or trapezoidal section. If the velocity
Fibution is likely to be non-uniform, the number of measuring points, Z, shall be determined from:

VA< Z<36VA
A is the area of the measuring section in square metres

1 scctions.

'ypes and/general requirements of current-meters

| be transmiticd by cables o the counting and recording device in such a way-that the momentary speed
of %ﬁmwmmﬁmmm—%mmm i : =

Dnly propeller-type current-meters shall be used. The electrical impulses of the propeller rotation shal

applicable requirements of ISO 2537. All meters shall be capable of withstanding the water pressure and

_the

timc 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 lcading 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 cxceed 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 sensmve to turbulence
(propellers with a high moment of inertia).

10.2.2.4 (Qalibration of current-meters

Jubject to the reqmrements stated below, all current-meters shall be calibrated in accordance with
ISQ 3455.

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

he range of calibration velocities shall, if possible, cover the range of 1ocal 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 shal
be done only by mutual agreement and with the understanding ‘that uncertainty in the measurcment h
beep increased. Self-compensating propellers shall be calibrated.at angles up to the maximum obliquity 0|
the fflow expected during the test and up to the maximum expected test velocity, the relative direction o
the mounting rod and the oblique flow being respected; 00 extrapolation is permitted.

he estimated systematic uncertainty at 95% confidence level, due to current-meter calibration, shoul
norfnally be less than 0,5% for velocities between 0,4 m/s and 6 m/s. Above and below those velociti
a greater uncertainty should be expected, depending on the characteristics of the calibration station and o
the jpropellers. ' '

otwithstanding the fact that 4.6:2 requests calibration before a test, this may be considered as fulfilleg

_if the current-meters are regularly-calibrated showing consistent results. The time between calibration§
depends on the duration and character of use of thé current-meters. Three hundred hours of running tim¢
under favourable water conditions may be taken as a guide.

Che Chief of test shallascertain that no damage has occurred during the test, particularly deterioration
caused by shocks, corrosion or abrasion. A calibration of a cm‘rent-metcr is imperative after the test only
if i would seentto-have been damaged. .

'10.2.3 Megasurements in closed conduits (pehstocks)

10.2.3.1 Generat
I1SO 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 recquirements

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
Stamdarg:

Anpexes F and G of ISO 3354: It may be expéctcd that several componeﬁts of error, as estimated’

10.2.4 Measurements in short penstocks or intake structures

10.2.4.1

low-head plants. ISO 3354 may be used as a guide especially the. ¢lauses stating general requirements and
tho$e dealing with rectangular cross-sections. Also applicable are the general requirements of 10.2.2 of
e|present standard. The main difficulty with this type of gauging arises from the fact that the measuring
secfion may be located in a short converging conduit with-uneven and/or unstable velocity distributions ai
weI as oblique flow to the current-meters. Attempts'should be made to remedy these difficulties either by
as

th

10.2.4.2 Bell-mouth nozzle

Thg advantages are:

in those annexes, could be slightly reduced owing to the-stringen
requirements of this standard and the care that must he exercised in
making the measurements.

General _
A penstock is defined as short if the straight length is less than 25 diareters.
No existing standard deals with discharge measurements in shoft)penstocks or intakes, especially for

<SR

aightening device (see 10.2.4.2) or by special measuring techniques (see 10.2.4.3).

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

h straight and parallel flow;

h more nearly uniform and stable velocity distribution;

<

hn increase-in both the mean velocity and local velocities near the walls which increases the accuracy
it low loads;

b , on 11 be had i b channel since . l

depth mcasurcments arc climinated.

. The disadvantages arc:

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

that the flow through the modificd intake may change 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.

T

Pl

a = measuring section 1BC 393191

Figure 24 — Temporary nozzle orbéll mouth placed in the intake of a low head turbine

10.2.4.3 | Measurements in converging flow

Measurements in converging conduits with velocities oblique to the cross-section shall be allowed on
by mutual agreement of the parties to the test. Gauging methods have been devised to improve the accuragy
bxlt they require highly-experienced personnel and it is difficult to predict the systematic and random errors
which may arise. g : ‘ ‘

In one method; the plane cross-section is replaced by an equipotential surface perpendicular to t ¢
sticamlines/ The surface may be determined by hydraulic or aerodynamic similitude or by electri

arfalogy. The current-meter axes are then aligned with the assumed velocity direction at each measuring
" pqing

*The thickness, §, of the turbulent boundary layer may be calculated by:
6§ = 0,37z/(vz[v)°?

where:
z is the distance along the conduit from inlet to measuring section
v is the mean velocity, and
v is the kinematic viscosity
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Another method uses a planc cross-section together with an exploration of the angularity of the velocity
field. During preliminary tests, at cach measuring position, the current-meter is aligned successively in two
known directions and the velocities arc measured. Caution shall be taken to keep the propeller closcly 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
dircction of the velocity at cach position and the final measurement is made. Since individual adjustment
of cach 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 propellérs (sce 10.2.2.3) are best suited for this method, provided they fulfil otho
requirements. Normal propellers may be accepted if the flow is two-dimensional in the converging sectior}.

10.2.4.4 Dircct integration method

This method is described in 7.2.2 and 7.3.2 of ISO 3354, and shall be allowed only by mutual agrecmer
of |the parties to the test. In a rectangular conduit, a vertical or horizontal 0w of meters is movej
acioss the cross-section at constant speed (see Figure 25). Any influence oF the transversc velocity o
thg measurcments may be estimated by reversing the direction of motion(of the supporting frame and b
mdasurements with the frame atrest in scveral typical locations. These chéck runs should be made at severd
different flow rates. Special cquipment is required for this method because the meters-must be translated
comstant speed and must also be frec of vibrations.

e %, w0 el et

Supplementary stationary measurcments near the inireft or ceiling may be required if these areas canngt
be[swept by the moving frame. Usually this method is advantageous only in conduits of very large crosy
segtion. '
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10.2.5 Measurements in open channels

10.2.5.1

Genceral

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 becausc it

do

¢s 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.

102.5.2

bo

fceof easuring secton

n addition to the minimum requirements stated in 6.1 of ISO 748, the measuring section shall-hav
width and depth greater than 0,80 m or eight times the diameter of the propeller. If nccessary, the flo

patfern at the measuring section may be improved by the installation of one or more of the deyices shown i
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 devic

arcleffective in suppressing surface waves which increases the accuracy of the depth-measurement.

102,53

VC|

tw

4.4 in ISO 3354), ii¢.-a minimum of 25 measuring points located at the intersections of 5 horizontal and

c
- wdlls, bottom and water surface. Points shall normally be spaced so that the difference in velocities between
r
e

R = racks IEC 395/91
F = rafts
T =(submerged roof

CME measuring section

Figure 26 ~Means for stzibilizing flow in an open channel

Distribution of measuzing points

The same requirciments as for rectangular cross-sections in closed conduits shall apply (see 10.2.2.2 an

B0 =)

tical lines.
Measuring-points shall be closer to one another in the zones of steeper velocity gradient, i.c. near th

b-adjacent points does not exceed 20 % of the greater of the two velocities. The minimum current-met
spacing shall not be Iess than d + 30 mm, where d 1S the oulﬂﬁx_l_rmﬂﬁrw € diameter of the pro :

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.
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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

ade

quate 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 (sec 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 variations in

the

megsurcment of discharge (see Clause 15).

10.2.5.5 1

10.2.5.6 (

L

con
foir

whgre

is a

extiapolated by continuity.\With trapezoidal cross-sections, the first integration shall always be made along

the

v

d

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.

7 xedcu - T Dy an indcy

Depth measurement

Computation of discharge

[he general method of computation prescribed in 8.3 of ISO 3354 for the computation of discharge iI
Huits of rectangular cross-section shall be used with measuremeénts in open channels. The cxtrapolatio
hula for velocitics in the peripheral zone:

v, = v, (2/a)'/™

is the velocity at a distance “z” from ihie nearest wall

is the velocity at the considered cxircme measuring point (at a distance “a” from the nearest wall)

is the cocfficient depending-on the wall roughness and on the flow conditions
pplicable near the sides and bottom but not near the free surface where the velocity profile shall b

P

vertical lines and thie second integration by plotting over the width the product 7d (see Figure 28), wherc:

is thc mean.vclocity on a vertical line,

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
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Figure 28b ~ Determination of total discharge by graphicalintegration of the partial discharges obtained in a)
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Figure 28 — Exémple showing discharge measurement in a slightly trapézoidal canal

1

10.2.6 Uhncertainty of measurement (sce 10.1.2)

he accuracy in a discharge measurement made by current-meter gauging depends essentially op
facjors related to the flow (regularity-of the velocity distribution, swirl or obliquity, turbulence, periodic
flu¢tuations), the quality of the‘measurements (number and distribution of the measuring points anfd
blackage effects) and method of discharge calculation. The uncertainty in current-meter calibration anfi
ungertainties in all measurcments shall be estimated and stated. ‘

ith good measuring’ techniques and flow conditions, the estimated systemalic uncertainty at 95%
contfidence level should be about:

— in closed conduits , 1 to +1,5%
* — in inthkés with bell mouth +1  to £2%

)

— in open channels with rectangular section 1,2 to +2%
— in open channels with trapezoidal scction  +1,4 to +2,3%
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10.3 Pitot tubes

10.3.1 Ge

neral

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 pressure 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 Sy

|
relal
effo
inst
unc|
are
unc|

Ty

where:

ndardized Pitot tubes

SO 3966 covers the design, installation and use of standardized Pitot static tubes. Only the'clauses
ing to incompressible fluid shall be used for testing under this standard. Any significant blockage
Cct must be taken into account. The ISO standard gives all the necessary guidance for the sélection and
hllation of Pitot static tubes, choice of measuring section, and the computation of the/discharge and itg
ertainty. ISO 3966 shall be used only with the standardized Pitot static tubes described therein which
equipped with a single total pressure tap and one or more static pressure taps.(Such tubes may be used
hlibrated and the flow coefficient assumed to be unity. The local velocity 4is-given by:

v =1/20p/p

Ap;, is the difference between the total or stagnation pressure and the static pressure as measured with the Pitot tube located

at point “i

COl

10.3.3 Ngn-standard devices

thege arc: S

With good measuring techniQues and flow conditions, the estimated systematic uncertainty at 95%
dence level (see 10.1.2) should be about 1,5,10-2,5%. :

otal unceftainty in discharge measurement may be estimated by annex G of ISO 3966.

umerous devices are availabléthat operate on the same general principle as the Pitot static tube. Among

he simple Pitot tube\provided with a single total-pressure tap. The average static pressure shall b¢
blained from four equally-spaced taps in the conduit wall, so located that the frame supporting th
itot tubes will not affect the static pressure measurement. Energy losses between the total and statig
ressurc méasurcment plancs must be taken into account.

cvicesin which the measured differential pressure is increased by lbcating onc pressure tap in a region
£ low.pressure, cither pointing downstream or opening into the throat of a small Venturi tube.

Tubular diametral rods which are sclf-supporting with the total, static or trailing taps bored in the rod
itself. :

The flow cocfficients 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,

obl

iquity of velocity, pressure and/or velocity gradients, blockage effect, etc.
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10.4 Pressure-time method

10.4.1 Principle of the method

in

of

bej determined separately with the machine running. This determination does not generally necd a great
acguracy, since it represents a small portion of the discharge @ to be measured.

clgsing the gate.inna continuous movement and the change of pressure between two measuring Cross

SC

CO|

(s¢c'1074.3 and 10.4.4).

(sybscript d) cross-section of the considered length L:

th¢ two sections, we oblain:

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 case of discharge cut-off
turbine operauon

In a fluid without frictibn, a change of velocity dv/dt in a conduit of constant cross-section A, of mags
fluid pL A would lead to a differential pressure Ap between the upstream (subscript u) and downstream

d ' .
pLA-d—Z =—AAp where Ap=p,; —p,
If ¢ is the time durin g which the velocity changes and if ¢ isthe pressure laSs due to the friction betwegn

A/dv =4 (Ap-i-f)dt

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

Q= Ay = /(Ap +§)dt + Av,

The discharge ¢ = Aw, afterthe end of the closure is the leakage flowing past the gate and shall

A pressurc-time graphical or numerical recording of the pressure wave passage is obtained by gradually

FLions is intégrated along the time scale.

Several-variants of this method have been developed which differ only in instrumentation and
mputation technique of the pressurc-time integral and by the use of separate or differential recording

(]

* “Gate” is used here for any closing device (guide vanes, needles, valve, etc.).
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10.4.2 General requirements

10.4.2.1 Conditions of validity

a)
b)

c)

8

h)
)]
104.2.2
in

usg
tap

prassure taps shall be located at the quarter points of the vertical walls. All taps shall be constructed as

spd
Ies

104.2.3

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

No intermediate free surface shall exist between the two pressure measurement scctions.

The lcakage through the closed gate in the test conditions shallrnot be greater than 5% of the discharge
being measured and shall be measured within an accuracy of 0,2% of that discharge.

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

Within the measuring reach the conduit shall be straight and have a constant cross-scction and, not
present any significant irregularity. The distance between the two measuring sections shall notbe Tess
than 10 m.

The cross-sectional areas of the conduit and the length of the measuring reach between'the’ two crossy
sections shall be measured in the field with sufficient precision to determinc the pipe factor F' (sc¢
10.4.3.2.2.1)) within an accuracy of 0,2%. Construction drawings may be used only as a check of ficld
measurements.

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

o

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

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

A4

7

For cach test run the determination of the discharge requires the measurement of the temperature of th
water and of the mercury in the case where a Gibson apparatus is used, within an accuracy of £1 °C|

[_ocation of pressure taps

At Icast four pressure taps, between'3 and 6 mm in diameter, shall be installed at cach measuring sectiop
h planc normal to the axis of the-conduit (in conduits less than 4 m in diameter, only two taps may bg
d). For circular conduits, the pressure taps shall be located at equal angles from each other and np
shall be located near the top or the bottom of the measurement section. For rectangular conduits, the

cificd in 11.4.3 and located as specified in 11.4.1. In no case shall a pressure tap be located at a distancp
5 than 2D (D being the diameter of the conduit) from a significant irregularity of the conduit.

Conhecting tubing

The pressure taps of each measuring section shall be connected through individual valves to a common

hcader suitably located for connection to the pressure-time apparatus. To reduce the damping due to friction,

all
for

connecting tubing shall be as short as possible, non-elastic and of sufficient diameter (e.g. at least 18 mm
liquid-column manometers or § mm for pressure transducers).

All pressure connections and piping shall be verified to be tight against leakage and all piping betwecn

pressure taps and the pressure-time apparatus shall be free of air. Periodic inspections and flushing of the
piping shall be performed before cach run.

The general requirements given in 11.4.4 shall apply.
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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 scction, 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 pressure. 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 conditions 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.

hese 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|
conmecting tubing (see 10.4.2.3). '

10.4.3 Differential pressure-time method

10.4.3.1 Generalities

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 off
changes in friction outside of the test sections and in intake or surge:tank water level are present at both
megsurement sections and are thus eliminated.

In addition to the requirements specified in 10.4.2.1, the product of the length between the two pressurg
- megdsurement sections and the mean velocity in the pipe when the unit is carrying full load shall be not lesq
thar} 50 m2/s. ' '

he 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 arc established (seg
442 b)). The pressure-time function can then be obtained by gradually closing the gates in one continuous
moyement and recording the resultant tié dependent change in differential pressure.

he recording times before the beginning and after the end of the movement of the gate shall be not les
thap 20 s each. ’ ‘

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

10.4.3.2 [Differentialmercury pressure-gauge (Gibson apparatus)

10.4.3.2.1 Principle of the apparatus

pressurc-time diagram in the form of a photographic record of the mercury level movement in a U-tube
manometer. Theintegral [ Ap - dt is thus obtained by planimetry.
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10.4.3.2.2 Evaluation of the diagram (sec Figure 29)

ay
b)

c)

e)

andl subtract distance D from a point N where the falImg edge ofan afterwave intersects the line F-E THe

po
8)
h)

i)

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

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

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

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).

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.

Measure the heights H above line F-F of the peaks of two adjacent afterwaves and compute their rati

0
E:
H.
E= 1
Hj+1
Compute:
arctg(27/InF

nt M so obtained defines the end of the diagram.
Draw a tnal rccovery line GPM as shown by the dotted line on Fxgurc 29.

Mcasure with a planimeter the arca A, of the diagram referred to the line GPM This arca may He
subdivided into several segmental areas-A,, 4,,..., A, as shown in the figure. A slot correctign
determined by multiplying the vertical\rise of each segmental area by the effective slot width shdll.
be deduced from each of these areas.)

Compute the discharge @ by:

_94r
Q—sy F +e

where:

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

b))

F is the pipe factor (ratio L /A of the length of the measuring reach to the cross-sectional area of the conduit)
q 1s the leakage flow past the closing device
D . ]. . ] . . r l .. ] . . ) ] e
Ci=C(l—mn)* .
where:
C is the pressure loss before the beginning of the closure (difference between lines 0-0 and A-A)
T is the exponential factor of @ in the pressure loss expression (z = 2 for pipes where the Reynolds number is greater

than about 5 x 10%; for lower values of Re, z shall be determined in each case)

[
o . sy
_— with a; = E A and Ay =gqF— -
Apr + 4y, ! k L g

™=
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Approximate gate closure period
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Figure 29 — Example of préssurc-time diagram (Differential diagram method
-using Gibsén apparatus)
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k) Compute a new value of the discharge by the procedure described in /) and i). If two successive values
of @ are within arelative 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 j) and compute  again.

- 10.4.3.3 Differential transducers

Differential transducers of small inertia permit recording of the pressure-time function more accurately

and

104.3.3.1

8)

0]

10.4.3.3.

Ppro

.[Digital recording of the pressurc-time function requires a data acquisition frequency. greater than of

allow computer calculation.

Measuring system requirements

the pressure-time signal.
The time responsé of the measuring system shall be less than 1072 s.

The lincarity of the measuring system over the whole measuring range shall be better than 2-x 103,

equal to 50 readings per second.

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

Ay

The measuring system shall be calibrated on the site under line pressure-€qual to mean static pressur
at the highest measuring section at zero flowrate.

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.

The data processing system shall not introduce efrors greater than 0,05 % of the mean differential
pressurc and 1 ms. : '

A4

The measuring system must not be temperature sensitive or must be maintained at constant temperaturi
to avoid thermal shift and other problems!

Computation of discharge

1=

The differcntial pressure mcasurcments delivered by the transducers are numerically recorded an
cessed in a computer.

The discharge shall be,computed by:

t
A )
Q—p—L-D/(Ap+€)dt+q

7

the

TheComputer program, with all relevant information, shall be placed at the disposal of all the partics (

contract.
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10.4.4 Separate diagrams method

104.4.1

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 onc 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 plpe factor is difficult (intake bell-mouth,
etc ) does not exceed 2 % of the whole length.

In addition to the requlrements spemﬁed in 104.2.1, the length of penstock between the two pressure

10

104.4.2

$33.1.

asuring section.

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

[he equipment uscd in this case is shown schematically in Figure 30 and comprises:
p water pressure measuring device at each measurement section;

n calibration device for the pressurc measuring device;

h time measuring device; | .

fneasuring devices of the water level and of its variation in the surge chamber;
Elrecording device.

1 parts of the pressure measuring and recording devices)shall conform to the requirements stated in

[he following must be recorded on each run:

the calibration diagrams of the measuring pressure device beforeand after the gate closure;

14

the pressure-tixhe diagrams before, during and after this closure (at least four pressure waves shall b
recorded after the completion of the ¢losure); :

the surge chamber water levelstime dmgram or the steady-state level after closure, when only ong.
measuring section is used,

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

Computation/of discharge

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

Q= Ea LT: My xR RN

F \ Y484 yusu)
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 scctions respectively.

The total net areas AT and Ap, of the pressure-time diagrams in both measurement sections are
obtained by planimetry, after delermmauon 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)

Numcrical method: In order to avoid planimetry, programs of calculation by.digilal compulcr are
available which determinc the recovery line, the total net area and thus the discharge. It is necessary
to divide the diagrams into about thirty scgments having equal time intervals, thesc intervals being the
same for both the upstream and downstrcam diagrams. The computation shall be repeated a number of
times until the diffcrence 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 resuits.
Under favourable conditions, an overall uncertainty, at the 95 % confidence level, of about +£1,5 % t0 2%
maj be expected when using the computerized differential method and =£1, 8 % to £2, 3 % 1n other cases.

diameter leads to overestimating the discharge.

43 Measuring device of the water level variation
H=| Measuring device of the water level
A Pressure
LLLLL e measuring
device . .
VALt aN (Upper measuring.device)
AN ; . Recording
= " device
(Lower measuring device)
Penstock Synchronization Time measuring device
libration devi : signal
- ibration device ) -
Pressure cal _ Rocording
1 T device
L Pressure calibration device
Pressure /
measuring . .
device l Pressure measuring devige
R ) Water turbine
Plessure )
n-]easuring device Pressure measuring
device

There are some reasons to believe that applying the pressure-time method in conduits less than, 'm i

Surge tank

Penstock -

IEC 39991

Figure 30 — Pressurc-lime measurcment 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 “intcgration (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 constant-rate-injection method, due to the
spurious and random errors which can arise when using the latter.

$tandards 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 suitablg
whdre there are relatively long lengths of penstock available or where additional mixing-ofthe tracer may
-be gbtained 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 Canstant-rate-injection method

10.5.2.1 Erinciple of the method

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

It is not necessary to know the geometric characteristics of the pipe but it is essential to ensurc tha
reverse or side currents do not exist which could abort some of the tracer. Also, concentration of the trace:
in natural water must be constant and netiexceed 15 % of the concentration at the sampling pomt during
injection of the tracer.

The discharge () can be determined from:

C,-C,
Q""qcz C[)

whege:

Q }sthedischarge to.be measured

g s the discharge, of tracer solution injected

Cy |s the initiakconcentration of tracer in natural water
C; {s the concentration of tracer in the injected fluid
C, [s tHecoricentration of tracer at the sampling station

10.5.2.2 Application of the method

Radioactive and non-radioactive tracers can be used, provided the recommendations and procedurcs
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 rcquirements 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 mcasurements 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
parficular conditions of the installation and ihc 1low disiribution in the measuring Iengii 1S accep

With good measuring techniques and flow conditions, the estimated systcmauc uncertainty ‘at 95 %
conffidence level should be about +1 % to +2 %.

10.5.3 Trpansit-time method

10.5.3.1 Principle of this method

[he transit-time method (formerly called the “Allen salt velocity method”) 15 based on the measuremenjt -
of Ie transit time of “labelled” fluid particles between two cross-sections of the conduit a known distanc
apaft.

\Yd

[abelling of the fluid particles is achicved by injecting a_fracer into the flow a sufficient distanc
upI:cam of the two measurcment cross-sections (i.e. detectorjpositions) and the transit time is determiney

CI = (P

the difference of the mean arrival times of the tracer.at ¢ach of the detector positions. The discharg
is then given by:

vV
Q=7

?’hc i:-lhc volume of the piéc between the detector positions
t |is the mean transit time of the labelled particles.

The gcometric characteristics of the pipe must therefore be measured accurately to obtain the volume Y.
Hojvever, an advantage of the method is that the tracer concentration within the pipe need not be knowrj;
it i§ only necessary for the recorded signals of the passage of the “labelled” particles past each detectd
podition to be proportional te the tracer concentration, the proportionality constant being immaterial.

L2}

10.5.3.2 Applicationof the method

Radioactive’ and non-radioactive tracers can be used, provided the recommendations and procedurcs

described in Parts 1, 6 and 7 of 1ISO 2975 are applied.
E]th requirements specificd in that standard are necessary for the successful usc of the methods fgr

the mcasurement 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 solution as the injected

* tracer together with specifications of the injection “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 (sce 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 conditions, the estimated systematic uncertainty at 95 %
confidence level should be about +1 % to +1,5%.

10.6 Weirs

10.6.1 Principle of measurement

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

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

Q= -§—Cb\/2g r3/?

hete:
s the discharge

s the discharge coefficient

s the length of the weir crest (perpendicular to the flow)
s the acceleration due to gravity

s the measured upstream head over the weir

>0 QO E

10.6.2 Ddscription of the measuring device

The plate constituting the weir shall be smooth and plain, particularly on its upstream face, and shal]
remain unaltered for the whole duration 6f measurements.

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

The surface of the weir grest shall be a horizontal, flat and smooth surface, perpendicular to the upstrean
facg of the plate: its intersection with the upstream face shall be straight and form sharp edges, free fron
burys or scratches, Its edge width e perpendicular to the upstream face shall be within 1 mm and 2 mm. If
the weir plate i thicker than the allowable crest width, the downstream edge shall be chamfered at a 459
angfe.

omplcic acration of the nappe shall be sccured. The ventilation must be sufficient to keep the aif
undeimedth the nappe at approximately atmospheric pressure. The cross-scctional arca 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, , 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 adhcring nappe, disturbed or turbulent flow or surging.
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The weir is commonly located on the low pressure side of the machine, and care shall be taken to ensurc
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.

he approach channel shall be straight and of a uniform cross-section and with smooth walls for aleng
of gt least 10 times the length of the weir crest b. If stilling screens or baffles are used, they shall beocat
at g distance upstream of the weir greater than the length prescribed above. Along this length,thé botto
slope must be very small (< 0,005). A desilting sluice can be installed if required, but it.shall not distur]

thefregular flow of water along the upstream face of the weir.

— D =h+p

(3 hmax = M < 4 hpax)

lca$t 0,3 k. downstream of the planc of the weir.

Tmm=<e=<2mm

Detail A

p = height of weir
h = head over the weir

1EC 400/91

Figure 31— Sketch of a rectangular sharp-crested weir

The sides of the channel above the level of the crést of the weir shall extend without discontinuity 3

Before beginning the tests, it is advisable to check the velocity distribution in the approach channcl b

curpent-meter survey. Figure 32 shows some typical examples of velocity distributions.

10.6.4 Mpasurement of head

=3

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
For b<2m 2
2m<b<6 m 3

b>6m

Number of measuring points

4 at least
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(&)

> O

00

d)

IEC 401/91
Note.— The velocity distributions a) and b) provide examples of observed normal distributions which are clearly acceptablp.

The vciocily distributions ¢) 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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vel

However this number may be reduced to a minimum of 2, where approach velocitics are small and the
ocity 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 -endcavour should be made to meet this requirement by installing screens, baffles or ralts. The
arithmetic mean of all the head measurcments 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

clectrical 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 Iength (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

maly be used directly in the channel, but twice the number of measuring points given above shall be usefl
and at least two independent observations made of each reading.

to

pei

or p straight edge and a spirit level when the channel is empty (see Figure 33a) or using a special devic

dir

tenision effects and shall not be used.

pulgf)sc, a pointer shall be provided with its point set exactly level with theé-crest of the weir and fixefl

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

Before and after each series of measurements, the zero height shall be accurately checked. For this

anently in the approach channel or alternatively in the stilling or float-well where provided.

=

[When the flow may be interrupted the zero setting may be checked using either a dumpy level and a sta

[¢]

petly 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-zéto discharge is liable to serious errors from surfade

. Reading to be corrected
Precision level

rc.Z |

T ¥

Tripod and levelling screw

/s /2

IEC 402i91

FIgurc 33a — WCIT ZCro Sering withrempry charmct
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\ ; ”m> m“ XPregision level

M IR R=—=1

<
|
m -

A

1=

2Ll

pi. 04

Water level setting Crest level setting

Verpierwith 1/20 mm graduations

Deta»l of the apparatus in the “‘crest level setting’’ position IEC 40391

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 Toulousc 1907)
appear to be preferred™.

Each of these was determined under special experimental conditions 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.

In such circumstances, the following average fon_ﬁula shall. be used for calculating the discharge:

Q= <o 4077 + 0, 0497 — )b\/ p3/2

witllin the following dimensional restrictions:

b>0,40m

2>0,30m

0,06m< h<0,80m
0,15< h/p<1,00

The use of the limiting value of more than one parameter at the safe time shzill be avoided.

10.6.6. U zcéftainty of measurement (see 10.1.2)

.

"he accuracy of measurements made with a rectangular thin-plate weir depends on the accuracy of thg
heagl and crest length measurements and on the accuraCy of the discharge coefficient used. It is thereforg
desirable that, whenever possible, the weir should be calibrated under the existing conditions of installatior
and|use. -

such a calibration is not carried out and 1o mutual agreement has been made by the parties for using

onc|of the expenmental formulae given above, the discharge shall be computed by the average formulg
givgn in 10.6.5.

ith 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 comphes wi
the prescribed conditions throughout the duration of the tests.

ifferences in approach velocity distribution, bluntness of crest, excessive roughness of the upstream
fac¢ of the weir or .imperfect ventilation under the nappe can seriously affect the head-dischargg
relqtionship.

utside the-range of the above limitations on b, p and h, the uncertainty of the discharge coefficient cap
incfcasc(greatly. This is especially true whenever h/p is below 0,25.

)

ith sood measuring techniques and flow conditions, the estimatced systematic uncertainty at 95 9
confidence level should be about 41,7 % to £3 %.

*These formulac 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 Venturi 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

supplemented by ISO 2186, concerning the pressure signal transmission.

hese standards give all necessary directions concerning the design and the setting of the,primary
elerpent, the choice of the section of measurement, the value of the flow coefficient, the computation of
disgharge and its uncertainty. These standards apply only in the range of pipe diameter. D‘and Reynolds
number Rep, specified in Table I. Annex B of ISO 5167 gives guidances on the applications of Venturj
tub¢s outside this range. '

TABLE I - Limiting dimensions and Reynolds numbers for dlffcrentlal pressare-devices (Values extracted

from ISO 5167)
Type of device D (mm) Rep &
Minimum Maximum Minimum?) Maximum
Orifice plate — with comer taps 50 1000 - 5x10% oo
- with D and D/2 taps or 50 1000 3x16® S
flange taps . . . .
Nozzle -ISA 1932 50 500 2 x 10t 107
—long radius » 50 630 10t 107 -
Classical Venturi tube .
— with a rough-cast convergence 100 800 2 x 10° 2 x 10%
— with a machined convergence 50 © 250 2X10°. 10°
~ with a rough-welded sheet- 200 1200 2 x 10° 2 x 108
iron convergence
Venturi-nozzle : ) 65 500 3 x 10t 2 x 108

1) [For orifice plates, ISA 1932 nozzles and chun-nozﬂcs, !he acmal minimum value of ReD dcpcnds upon the diameter D and/or
the diameter ratio d/D: .

2) [According 10 1SQ 5167,
D

Rep = =

"
wherg:
v, { 1§ the upstream mean flow velocity (m -s~1)
D is the upstream intemnal pipe diameter (m)

v,  isthe kinematic viscosity of the fluid (m* . s=1)
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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 Venturi tube with a rough-cast convergence:
+1% to +1, 5 %;

b) ¢ther devices: +£1,5% t0 =2 %.

10.8 Volumetric gauging method

10.8.1 Principle of the method .

he conventional volumetric gauging method is confined to low discharges, becauseof-the size of the
tankls or reservoirs required. Therefore, it is unlikely to be applied to discharge measurements in the ficld.

evertheless, a variant of this method can be adopted for large-scale dischargemeasurements. It consists
in determining the variation of the water volume stored in the headwater of tailwater pond on the basis of
the yariation of the water level. If necessary, provision shall be made for isolating the pond to ensure that
therp shall be no inflow to or outflow from it during the measuring time.
or such volumetric measurements. there is no limitation on-thie magnitude of the discharge provided]
that] during a run, the change of specific hydraulic energy is’less than 1 % (if not othcrwise agreed) and
subject to conditions to be fulfilled (see 5.2); the measurément of the other quantities required for the
ination of the efficiency must extend over the whole period during which the change in water levcl
easured. Therefore, any variations in the power<and specific hydraulic energy during this time of

ins for volumetric measurements

¢ and shape of ponds

rtificial ponds best suited for' volumetric measurements are concrete basins with vertical walls (e.g
heaflwater basins of pumped storage plants). With increasing size, the ponds are generally provided witty
inclined concrete wallsythese ponds are particularly suitable for volumetric measurements if the siope of
the jwalls remains corstant over the whole of the measuring range. 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 fof
volymetric measurements.

INatural-basins arc very rarely suitable for volumetric measurements, since they cannot provide thg
samje acouracy as artificial ponds. Nevertheless, their accuracy can be improved by completely grubbin
the pank$ and smoothing them as far as possible over the expected measuring range. According to the natura
of their banks, the actual volume is larger than the geometrical volume, due to absorption or resorption of
waler 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 asymmeltric 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 change 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 glvmg careful

- TThe water level shall be measured simultaneously at least at four points judiciously located. In irregilarly

- shaped ponds, it is recommended that the number of measuring points should be increased sufficiently tg

achfeve an average value representative of the mean water level, particularly if wind occurs-or if the flow
velgcities in the pond are not negligible.

At each measuring point, a suitable arrangement 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
(se¢ 11.5.4.8 and 11.5.4.3). The use of a bubbler gauge using compressed air requircs only minimum
arrgngements (see 11.5.4.7). Staff gauges (see 11.5.4.4) may also be used-either vertical (attached to thg
waIs or fastened on step frames according to the circumstances) or inclined along the slope of the banks; it i

theq necessary to ensure an accurate reading of the levels by providing'either adjustable observation stands
or flights of stairs. It is also necessary to provide fixed level marks; as mentioned in 10.8.2.2, allowing
the [gauges to be correlated . with each other and with the main bench mark and eventually to convert thg
obljque measurements along the banks to vertical heights, Details of water level measurements are giver
in dlause 11.5.

10.8.3 Operation of measurement

10.8.3.1 Disturbing effects

Depending on location and sizé.of the pond and the water level chosen for the measurements, the
inflpence of the wind on the actual water level may be such an important factor that measurements car
be ¢onducted only during aicalm period. With the gates.and/or shut-off valves of all machines closed, i
is ppssiblc and advisable 1o assess this influence by making a comparison of thc water levels measured a
varjous pomts

The arrangements prescribed in 10.8.2.4 may be sufficient to obviate errors duc to small waves, but in
the pvent of a’heavy swell or swell with a long period the measurements must be suspended until the swel
subgides,

[hé influence of rainfall or evaporation must be assessed, and if necessary, the measurements must ba
suspended-unti-favorable-conditions-exist

Leakage through the walls of an artificially formed pond or through the bed of a natural basin can

. scriously 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 a2 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 saturation 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

- beascertained through elevation of the water surface with all gates closed. A careful levelling between each
datum and reference bench mark is reccommended.

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 w1th an excessively long duration of

measurement, the uncertainty in the determination of the mean power and head will probably be increased.

10.8.3.3

the readings of the wattmeters for power measurement and the measurements of speed (the latter ar
pargicularly important in pump operation) must be carried out simultaneously with the water levg

qurements in the pond.
t

m

gerjeral test programme, to check the constancy of the discharge over the duration of a volumetric gauging
or fo determine its variation during a run where the change in speCific hydraulic energy is significant.

10.8.4 Agalysis of the test results

locptions.

given by the calibration table (see 10.8.2.3) between the water levels at the béginning and the end of th
rur] and the relevant measuring time;

COl

11085 U

prima

disltlharge within shorter intervals of time included in the whole duration. These check values shall b

The number of readmgs wnhm the duratlon ofa run must be so chosen that a well defined graphxcal

r the begmnmg and the end of thc run. To achleve this, sunultaneous measaremems at all pomts ar
perative.

\%d

Measurement of quantities other than discharge

The pressure or water level measurements used for the determination of specificchydraulic energy

— Y

is recommended that a series of volumetric gaugings be made for calibrating a secondary discharg;
uring device over a range of loads (see Clause 15). Index tests may-be used to augment parts of the

A4

The average water levels are computed from the simultaneous measurements made at the variouf

The mean discharge over the duration.of the run is obtained from the variation of the water volum

LG

The constancy of the flow rate.over the duration of measurement shall be checked by determining th)

L A ¢

pared to the corresponding values deduced from the index test during the same intervals of operatior.

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

pcertainty of measurement (see 10.1.2)

For discharge measurements by the vo]umetric method, the uncertainty of measurement depends

which may vary, depending on size and shape of the ponds and completeness of the methods used for the

arca and clevation determinations. Therefore, it is imperative that these approximate values be checked in
consuliation with those in charge of the pond calibration.

a)
b)

Approximate values of the uncertainty of the volume determination:
concrete pond with vertical walls: 40,5 % to +0, 8 %;
concrete pond with sloping banks: +0,7 % to 1, 0 %.
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In case b) the pond rcquires 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%.

ontra 0 ranfees o e n.eq

anfl pu 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 thg sam
range of water levels. :

11. Spedific hydraulic energy of the machine
11.1 Gegperal

11.1.1 Gbject’

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

The formula enabling its evaluation is given in 2.3.6.2/ Appendix F explains the derivation of thjs
formula. '
The net positive suction specific energy is also-an‘important characteristic and should normally e
defermined. The formula is givenin 2.3.69.

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 {o
measurc the pressure at the reference sections. The absolute pressure, the mean velocity and the elevatign’
arg then determined as near ds.possible to the corresponding reference sections and chosen so as to achieye
measurements of high accuracy. '

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

11.1.3 Syeady-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 direct 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

is flow perturbation from the machine itself or from the conduit and its accessories. Such a shift may alsq
be randatory at the time of the test by an absence of adequate provision for testing.

distfibution may be such that the calculation of specific hydraulic energy from the mean values would
resylt in significant errors. A measuring section located some conduit diameters-away from the pump wil
gengrally increase the reliability of the measurement.

sinde the loss due to the valve is as difficult to assess as its effect on the measurement.

canfot be located downstream of the intake trash racks. In this-case the calculation of the specific hydrauli¢
cnergy losses has to be agreed upon prior to the test. '

the fncasuring sections in places with access to the flow; this results quite often in using sections with a fre¢
surItcc flow. In particular, if it is not possible to measure the pressure inside the-draft tube, the tailwatef

lev
in

11.2.1.3

the measuring section.and the reference scction shall be taken into account, due consideration being give

to

cnefgy recovery-which may take place between them. Evaluation of this loss may be based on theoretica
kndwlcdge andjpractical expericnce.

ungerfainly introduced by the loss calculation as compared to that arising from unsatisfactory measurin

p

"he main reason for shifting the measuring section away from the reference section at the design Stagg

.

[he high pressure reference section of a pump is a typical case since the pressore and velocity

A butterﬂy valve close to the hlgh pressure reference section of a turbine is another difficult situation

Another difficult case occurs when the high Aptessure side méasuring section in the case of a turbing

When pressure taps have not been provided, and cannot be added for the test, it is necessary to locatg

1 shall be measured dircctly above the drafttube outlet (turbine)/inlet (pump) or as close to it as possibk
¢ tailrace (sec Figure 40).

\id

pecxﬁc hydraulic encrgy correcuon for shifted measunng sections

When the measuring section is not the reference section, the loss of spec1ﬁc hydraulic energy betwec]:

the flow direction~and distribution, the relative position of the two sections and the actual kineti

<y

=

Before a decision is made to usc a shifted measuring section, due consideration shall be given to th

Ak B

cor

‘iliUllb dt lilb lbfblbllbb SULLIUIL,
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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 (sce 11.2.2.4).

» n official bench mark is usually available for instance as part of a national survey of elevations abova.
medn sea level.

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

therc is no bench mark available, the reference level of the machine may be chosen@s the main bench
mark. ‘ ' ' :

The elevations of auxiliary bench marks defining the reference levels of all thé gauges shall be accuratcly
detdrmined 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

ach of the pressure or free water level measuring insttuments shall have a mark fixed permanently td
it. The elevation of this mark zy is called the reference level for instrument. The difference between the
refeyence level for instrument and the bench mark is Zy; = 2y — zp (see Figure 34a).

n example of main elevations and heights.is shown in Figure 34b.

11224 i_fferenccs of elevations

t is only important to establish accurately the differences of elevations. The exact elevation of the main
benth 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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-Reference level for instrument

v d ,
% A —| - Zp Auxiliary bench mark

e X — 2z Main bench mark

(reference elevation point)

8 3
N
FanY Pany JJ\ Reference datum
e NS (generally mean sea’level)

. .o IEC 404191
s the clevation of a point in the systcm above reference datum (see 2.3.2.5)
s the difference of elevations

N ®

Zy =2z — 2
Iy =z — 21

Zyr = zg1 —2p

Figure 34 a — Definition of reference level for instrument
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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 g (see 9.2.4).

11.2.4 Specific kinetic energy

the

11.2.5 Simplified formulae

11.2.5.1 Gencral

C

lcsq than 0,02%.

canfbe calculated for the reference level of the machine z, (see 2.3.7.10). Further simplifications arc possibl¢
in gach specific case and approximationis'may be introduced, for example, when the water compressibility
or the difference in ambient pressure between sections 1 and 2 can be neglected.

ins
for

11.2.5.2 Mecasuremenis using pressure taps

11.2.5.2.1] Mcasurcment of differential pressure

ma

e specific kinetic energy term is a small part of the specific hydraulic energy.

Figpre 40), the calculation of mean velocity in the measuring section is gxpldined in 11.2.5.3.2.

The specxﬁc kinetic energy term is determined in any section, from the mean veIocxty of the water in that

~

By convention the specific kinetic cnergy in a reference section is taken as e, = -”2—

[he same convention is applied when the measuring section is shifted from the reference section within
limits of the machine.

When the measuring section in the low pressure side has to be located outside of the draft tube (seq

As indicated in Appendix F, the general formula givenin 2.3.6.2 is a convenicnt approximation of the
t valuc of the specific hydraulic energy of the machine. The relative error duc to the approximation i§

or the specific hydrautic energy of the machine, variation of g with elevation is generally negligible and

he simplified formulde_established in this sub-clause are typical for the described measuring
llations. Only the most common installations are reviewed. A simplified formula shall not be used
p differing installation without a careful examination of its adequacy.

=

Figure 35 shows schematicatly the measuring instatartons of e speciic hydrauticencrgy of e

chinc whenever a differential pressure device is used. This solution is specially suitable for low head

~ machines but can be applicd to the range of head for which instruments of sufficient accuracy and sensitivity

arc

available.
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~ Reference datum P
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W
is pssumed:. '
0, =0, =7 (see1123)
THerefore the simplified formula is:.
pofr v — v2
(3 2

Figure 35 — Determination of specific hydraulic energy of machine through differentialmanometer

+7(z, ~ 23)

— 2 2
Pabs, + vy v

E=§H - pa.bsl
; 0 2

bm the pressure difference measurement, one gets:

- A
Pabs; — Pabsy = Paber — Tp +3 [(z2 - ZM)'QZZ" —(z,— ZM)%I]
4 i o

e
< 400 000_ Pa), the compressibility of water is neglected and

hen applied to low head machines (Ap
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11.2.5.2.2 Separate measurement of pressurcs
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 rcaction machines are dealt with in Figure 37 1dcnuca1 to Figure 5b, pressure
being mcasured scparately in each reference section by a pressure gauge In this case, the mffcrencc in

¢an be neglected.

¢) Pelton turbines (impulse turbmes)
Other simplifications are introduced when the general formula-is applicd to Pelton turbines (sec
Figures 38 and 39; the first onc is identical to Figure 5¢).

By convention, v, is taken as zero, elevation z, of the low pressurc referencerscction is the mear
lcvation of all contact points of the jet axis with the Pelton jet pitch diameter-arid the pressurc insidg
he housing is assumed cqual to the ambient pressure, provided the housing is'not pressurized.
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v NG

\JT I

Propeller or Kaplan turbine

Reference datum

Z1 y
0 2 //,-;.//.
M
< <
Axial pump

N
-

Reference datum

Waler column manometers are applied at points:I and 2.

Z =2y -2z

- Figure 36 — Low-head machines — Determination of speciﬁc hydraulic encrgy of machine

L Gl

_E' —GH = (pabsl - pab52)

P) +-g.(21—2'2)

refore: .
01 ==
and: ,
Pabs, =89 (21 = 21) + Pams,,
Pabs, = 27 (231 — 23) + Pamb,,
Pamb,, — Pamby, = —0a g (210 — 23)
and therefore the simplified formula is:

Th¢ compressibility of water is neglected because the difference of pressure between 1 and 2 is small
the ) ' '

IEC 367/91

y

2

. 2 _ 2
E=ﬁ(zll-22;)(1—%>+M=§Z<l—

The water densily at ambicnt pressure may be assumed as g.
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Reference levels
l forinstruments
.

Reference levels

Zy =22 -2 )
for instruments

_ ” )
i—(}—— Reference datum d} é

——G@—- Reference datum For

A\
\

z2°

cL°

Vertical shaft unit

Pressure gauges are applied at points 1 and 2.

Horizontal shatt unit

Figure 37 — Medium and high-head machines — Determination of specific hydraulic energy of machine

IEC P68l

(p absj

pabs'z) + (v% - 'U%)

E=9H= 3 5

+7(2/22,)

The|difference in ambient pressure between 1/ and 2’ is neglected because Z is small compared to H

thergfore:

Pamb,; = Pamb, = Pamb

Singe both Z, and Z, are small compared to H, it may be-assumed that:

henge:

and|therefore the simplificd formula is:

Pabs, = P+ Zy 01 -G +Pay, Where py, is the gauge pressure measured at 1/
Pabsy = Por + Z3 - 0304 Parmy,  Where py, is the gauge pressure measured at 2'

E= (p1' 7 '7’) (v} - v%): (py —

p')l)

g : (zlf —".221) + )

(v —3)

+7-Z+ 15
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Reference level
for instrument 1 // /)
| | -
z
_‘P . - _ p— ) g : _
17 !
2
i- 7,
2 \)
21 : . - 22
- =V
] -0
O — Reference datum &
Z=2zv —.22
. . . IEC 369/91
Figpre 38 — Pelton turbines with vertical axis — Determination of specific hydraulic energy of machine
Chase of non-pressurised housing. v
Itfis 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 case of non-pressurised
~ housing. - ’
— oy (Pabs; = Pabspd (v —03) | _ '
E:g-H= abs1_ abs?+(12 2)+9,(z1_22)
The difference in ambient pressure between 1/ and 2 is neglected because Z. is small compared to H,
therefore: ' '
Pamb,,; = Pamby = Pamb
For the same reason it ig-assumed:
' Z - @ =7
(4
hence: g . ’
Pabsy = P11+ 2 - 01 - T+ Pamp,  Where py, is the gauge pressure measured at 1’
~ Pabsy = Pamb
2y'= z, and assuming vy = 0, the simplified formula is:

g %i Z+

E==
4

+3-

]S,
v S,

(210 — 25) +'
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Reference level for
instrument

(¢}
EN 0
Reference datum Z=29 -2
! 2 -IEC 40719}
Note.

hende:

Chse of non-pressurised housing: the pressure inside the housing is-conventionally assumed as equal to
the ambient pressure.,

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

Fpr the same rcason it is assumed:

Assuming v, = 0, the simplified formula is:

- In case of multiple nozzles the refercnce elevation z, is chosen as the average of the elevations of thc points of contact
(2’ and 2"’ in the sketch).

Figure 39 — Pelton turbines with horizontal axis — Determination of specific hydraulic
energy of machine

(pas —.pas) v — 2 -
bsy bsp +(12 2)-}'9’(2'1—2’2)

E:'g'-H:: —
4

pa.rnbll :pambz =pamb

N
| |
Il
N

Pabs; = Pyt (210 — 21) - 01 - T + Pammp, Where py, is the gauge pressure measured at iy

Pabsy = Pamb

wl,_.,\,
Il
ol
+
|
N
+

E:—%—+J (20 — 2,) +
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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
mcasurement of the watcr 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 uscd, it shall be checked that the free water surface is not affected by high
velofities or Ievel fTuctuations. Mcasurcment of water Ievel shall be made at two or more Iocations and the
results shall comply with the requirements of 11.4.2,

11.2.5.3.2 [Restrictions

he flow between the reference scction and the corresponding section, where, the’ water Ievel is
meagured, shall be free of perturbing structures, such as a trash rack. If this is not possible, the calculation
specific hydraulic cnergy has to be agreed upon, prior to the test. :

he low pressure side measuring section 2’ should be as close as possibl¢ te the draft tube opening (scc

r such measurement the water Ievel should be measured directly. above 2/ and the surrounding watcer
cc should be frec of jump, vortex and heavy back current. Water level fluctuations may be damped by
mcasuring wells or stilling boxes (sce 11.5.4.8). To evaluate the mean velocity, the walls of the draft tube
arc supposcd to extend up to section 2/, delineating the fictitious area of the scction.

Ul
l“
it
A
RSP~
/TNA
ﬁ\§
o

Ly V1), ey
O |

Figure 40 — Low-head machines — Determination of specific hydraulic energy of the machine using
water levels
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E=7F- }I(pabsl ;pabsg) + (1112;03)

+7 (2, — 22)

Scctions 1’ and 2’ arc chosen as measuring scctions.

- (pabsll —pabsgl) n (’U12, - ’Ugl)

E=F-H
J 7. 2

+§ . (le haad 22/) + ELl_ll + ELQ—E’

The loss between 1 and 1/, By, _,/, 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/, By 5_ 5.

Thefefore:

0y =091 =0

The simplified formula becomes:

2

2 _
E=7-(zyn— zyu) (1 - %) + '('1')1%2’) + By E Eppby

The water density at ambicnt pressure may be assumed as g.

11.3 Determination of the net positive suction specific energy

11.3.1 Definition

-

Che net positivc suction specific cnergy is referredto the low pressure side of the machine and it is in
dirept relation with the cavitation phenomenon. Its*definition and the general formula for its determination
are givenin 2.3.6.9.

mcasurcment may be affected by practical circumstances, in the same way as the specific hydraulic|
encfgy of the machine. Requircments in}1.2 shall also be considered for mecasurement of the net positive]
suction specific energy.

- 11.3.2 Simplified formulae

s long as the pressiire can be measured in the low pressure reference section, the general formula is of
imnediate application-and valid for both operating modes, pump and turbine (sec Figure 7).

hen 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 kinctic encrgy, and eventually
_corelated losses, are significant.

nder particular circumstances, one may be forced to evaluate net positive suction specific energy from
tailwater level measurements, sce Figure 41. In this case, requirements n 11.2.5.3 shall be applied.

Figure 41 shows the determination of the net positive suction specific energy when the pressure in
section 2 cannot be measured and the encrgy losses between sections 2 and 2’ cannot be neglected.
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Ene}gy lines

Reference level
of the machine
(see Figure 8)
o | o
£ H—&-
- Reference datum Eis =3 - Higs Zs =z, — 22"

1]

NP

" IEC 409/

Figure 41 — Net positive suction specific energy, N PSE, and net poSitive suction head,

NPSH (Ey g #0)

NPSE =g, -NPSH =

(pab52 - pva)

+'v_§+ (zz)
25 9 ] r . “2

‘hé pressure should be measured inside the draft(tube (point 2) (sec 2.3.6.9); in this case the above

ula is valid for both turbines and pumps.

B

itis not possible to measure the pressure inside the draft tube, the net positive suction specific energy,

S E, can be calculated from the tailwater'level (see 11.2.5.3).

[aking into account the specifi¢-hydraulic energy losses between sections 2 and 2, the formula becomes:

NPSE-£ g,NPSH =

22

i (pamby; “pva) 'U§I

(Pamb,y — Pva) 02, \
%'*_;'_QZ(Zr—z?”)iELS'
+'§-~gz'ZSiELs

+ for turbines,

— for pumps

74
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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 scctions
with better flow conditions. -

The plane of the measuring section shall be normal to the averagé direction of flow. Its arca, which is
required for computing the mean water velocity, must be readily measurable.

The measuring section should prefcrably be arranged in a straight conduit section (which ma
slightly convergent or divergent) extending three diameters upstream and two diameters downstream fro
the mmeasuring section and free from any water extraction or injection active during the test. Closed branche
shafl 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 tapsshall be used. Wit
favpurable conditions the number of taps can be reduced by mutual agreement.\In the case of circul
sections the four pressure taps shall be arranged on two diameters at right angles to each other. The tap
shafl no be located at or near the highest point of the measuring section ifi order to avoid air pockets an
not|near the lowest point because of the risk of dirt obstructing the taps. It the case of non-circular, in mo:
casgs rectangular sections, the taps shall not be located near the corners. If taps have to be arranged at th
top|or bottom of a section special care has to be observed to avoid disturbances due to air or dirt.

A4

andther by more than 0,5% of the specific hydraulic.énergy of the machine or 20% of the specific kineti
encrgy calculated from the mean velocity in the meéasuring sections. If this requirement is not fulfilled an
if if is not possible to correct the faulty tap, amutual agreement should be reached to eliminate the fault,
tap|or to select another location or to accept'this deviation.

[ndividual mean pressure measurements around the measuring section should not differ from onE

-

11.4.3 Pressure taps

Pressurc taps should be'tocated in inserts of non-corroding material. Figure 42a and 42b show typicdl
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 Ipast twice the:diameter. It must be perpendicular to the conduit wall and free of all burrs or irrcgularitict

which could cause local disturbances. Preferably the edges of the openings should be provided with a radiu
r 4 d/4smoothly joining the flow passage. The only purpose of this rounding is to eliminate any possiblp

burrs: _ :
ﬁwmﬁmmmmmwmwmt

Icast 300 mm upstream and 100 mm downstream. In concrete passageways, the pressurc 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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Non-corroding material

DS NN

IEC 410191
a) : b)
d=3mmi6mm £>2d r<df4

Figure 42— Examples for pressure taps |

11.4.4 Ghuge piping ‘
Pressure taps may be manifolded (sce Figure 43), but each tap shall be separately valved so that it can be
read individually. The diameter of the connecting piping shallbe at least twice that of the tap, not less th:

8 mm and not more than 20 mm. The diameter of the manifold shall be at least three times the diameter gf
thd 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 spo

where air may be trapped. Valved shall be providedat all high points for flushing out air. Transparent plastic
tulfing is available for a wide pressure range and is useful in disclosing the presence of air bubbles. No le

shall be permitted in the gauge connection. ..

1 = vent

2 = liquid
manometer

3 = manifold

IEC 411191
Figurc 43 a — Pressure taps connected through separate connecting pipes to manifold
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= vent

2 = pressure gauge
3 = drainage

4 = ring manifold
IEC 412/91

Figure 43 b — Pressure taps connected through ﬁng manifold to pressare gauge

11.4.5 Damping devices

When the pressure to be measured is fluctuating (see 5.2.1), it.may be difficult to obtain corredt
ings on a pressure manometer. In order to improve such conditions, suitable damping shall be provided.
Hopvever, this requires special care, because a proper damping)device depending on viscous resistanc
1d be fully symmetrical with equal resistance to flow in Both directions. A capillary tube with a 1 mn

114

—4

ber connected to the pressure line ahead ofitheé gauge. Using an orifice plate is not recommende
use it may introduce an error due to non-lingar damping. A valved bypass around any damping devic
1d be provided an kept open except for-the short time during which readings are taken. Bending 0
hing the connecting pipes or inserting,any non-symmetrical throttling device is not permitted.

T (7 =l (F

11.4.6 Measuring apparatus

Liquid column manometers and dead weight manometers are considered as primary instruments.

11.4.6.1 LLiquid column manometers

Liquid-column manometers arc used to measure small pressures or small pressure differences (Icss tha
3 x| 10> Pa). In ficld tests mostly water or mercury column manometers arc used (sce Figure 44a,b, ¢ an¥

d). In-seme-cases-otheriqhids-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 lcast 8 mm.
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Manometer ) Gauge pressure Differential pressure
P2 = Pamb P2 # Pamb
P = Pabs ~ Pamb Ap=p, —p;
a) Pot with standpipe d
re
=— P2 py = pressure at the
reference level
1 of instrument
| ~b
Pm = 9lenglhy — hy) + ehy] Ap=g(epg — ) - (hy — k)
d .
p1—~ \ hy =2z —zy Ap = g(eng — @) - (22 — 21)
a - ¢
hy =25 — 2y
EgieAg (2
r—m—t— [
===
\
777777727 A
c
NI FY B
a = water a = water
&' Reference level for b=air b =water
instrument € = mercury € =mercury
_ 1EC 413/91 _ d=vent d=vent
b)) Water column (standpipe)
’1 2 Not applicable
_a
PM=9g-e-h
H h=z«2zy
b
1
| ~
P1—e=
a=air
2% \ b =water
Reéterence level for s
iasteument N

IEC 414191

Figure 44 a and b — Liquid column manometers (values of o, Opg and o,
are given in Appendix E)
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Manometer Gauge pressure Differential pressure
P2 = Pamb 2] :/é Pamb
P = Pabs ~ Pamb Ap=p; —p,

[ ——ﬂfé

c) U-Tube

d d
I

é@t* p2

Py = pressure at the
reference level

of instrument

a b
Pm = Q[Qng(hz = hy) + ehy] Ap = Q(QHg — o) (hy — hy)
i 4
hy =2z — 2y Ap = g(eng — 0) - (22 — 21)
hy =2, — 2y
4/0
o B NS/ S B
\ N a =water a = water
z !-'&eference level for b = air b = water
instrument
¢ = mercury ¢ = mercury
1EC 415191 d=vent d =vent
d){nverted U-Tube
a
ﬂ Not applicable
£
b b Ap=gh-(2-0,)
h=2z —2z,
D1 s ¢ e 7 a = air, compressed air or vacuum
N N b = water
IEC 41691

'Figurc 44 c and d — Liquid column manometer (values of o, O11g and g,

arc 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° Pa. Dead weight
manometers may be of the simple or differcntial piston types. The effective piston diameter d, of the
former may be determined as the arithmetic mean value of the piston diameter d and bore diameter d,,
and used for pressure calculation without further calibration:

dy+d, d, —d ‘
Bt g PP <0,001

eT 2 dy,+d,

The pressure p measured at the lower end of the piston of a dead weight manometer loaded with mass
miE:

_4gm
P=

e

Pead weight manometers must fulfil the following conditions:

~ The effective piston diameter d, must be determined within the relative uncertainty

fae<B5x 107

For example, the effective piston diameter d, of 10 mm must be determined with an accuracy of at leas
5 x(10~3 mm. _

- The friction betwcen piston and bore must be elimimated by rotating the piston slowly
0,255~ <n<2s7Y).

— The cylinder must be filled with a suitable fluid, commonly by oil of low viscosity (v ~ 10~° m?s~1)

— An oil reserve of sufficient volume in connection with the cylinder to replenish the unavoidable oi
osses between bore and pxston must be proyided.

— If the weight plate is rotating with the ‘piston the weights imposed on this plate must be balanced tq
- poid 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. .

. Jtis good practice to determinc the effective piston area indirectly by checking against a static pressurg
at zero dischargc (sce11:4.7.1).

For smblhsauon of the dead weight manometer it is recommended to use a setup with a compcnsaum
devjice, such as:

~ Adcad wcxght manometer, which is connected in series with a differential-pressure measurcment devicg
c.gtransducer or liquid manometer), see Figure 45 a.

column, spnng, load cell), sce F1 gure 45b.

The correction curve due to these setups shall be determined either by checking them againsta 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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hy =zy—2zm
hy =z3-2zm

Ap

1 = acting masses m

differential-pressure

2 = differential-pressure
measuring device

//////% 1Q —

o vsmr el

3 = water
4 = oil
N
\\db.
2 | 4
RN L \t;ﬁ = \\\
% Ap N \\\
) 7
J R F
y
Reference level for instrument s
N
IEC 417191

Pu=pP1+e-9-hy=p+es-g: (h—h)+e-g-hy+ALp

whefe:

Figure 45a — Dead weightmanometer with stabilization by differential pressure measurement
(transducer or liquid manometer)
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|
L1 .
2 L 1-
F dp
hi=2z1—2zm —> e
h2 =22 - 2zm
F = compensating force @] ‘
1 = acting masses, m \
2 = compensating force § §
measurement device ) :\\ \\
3 = water % N
4 = oil % \
N N 3 3
N Ne
3 N 4
_ N -
p —- . = - }_._\4- \\
N AN
™~ o~
N r < N
Reference level for instfument 2'
d N
o : 4F
PMy=pte-g-Ny =p+1_7°n~g-(hz—hl)-l-g-g-hl-{-;ﬁ IEC 418091

e

\x.rhe-e:'

em- : dy +d

=AM i g =T
r d2 e 3

' Figurc 45b - Dcad 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 Pressurc transducers

Pressure transducers are clectromechanical devices in which mechanical effects produced by pressure
are converted into electrical signals. :

rca

systems show diffcrent readings, a comparison with a suitable pressure gauge is recommended.

'114.7 Ch :'cking of pressure gauges

114.7.1 Qertparisen

Ibepending on the pressure to be measured the corresponding range for the pressure transducer hasio
be selected.
Jome advantages in using pressure transducers are:

-1 Ease of integration into electronic data acquisition systems.

- They usually require negligible fluid flow 1hrough pressure taps thus providing rapid and accurate]

- Avcrage values of fluctuating pressurcs or pressure dxfferenocs as well ‘a3’ records of transient

The pressure transduccrs should have the followmg charactensms

(Pperation with and without filters on the electronic eqmpment should be conducted to ascertain the
absgnce of bias when filters are operating.
The complete pressure transducer system must be calibrated on site under the pressure to be encountered
duripg the test. The accuracy of a transducer will be determined by the accuracy of the calibration. The
calibration can be donc by a suitable pressuregauge, for example a dead weight manometer, provided for
chegking the measurements by the transducer Systems at any time during the test (see 11.4.7.3).

\Vhenever a fast response of the pressure transducer is needed, the instrument shall be connected directly
to the pressure line andall the calibration system shall be shut off during the measurements to preserve thg
dynj

response.

phenomena are casily obtained using rcadlly available electronic cquipment.

— sufficient calibration stability;
— high repeatability, negligible hysteresis; _
-~ low zero-shift and low temperature sensitivity.

nother possibility is to install two similar transducer systems in parallel and to take simultancous
ings during the test. The transducer systems are checked before and after the test and when the twg

hmic quality of the transducers.

ntcxara s k.
di LUV UbViidi 5

Before and after the acceptance test, the readings of the pressure gauge py, shall be compared with the
- static pressure for zero discharge. If there is a surge tank, several hours may be required to stabilize the

syst

cm.

The checking system is made by comparing (see Figure 46):

a)t

he absolute static pressure

pabsl = pambo +§ﬁ(z0 - zl) = pambo +-§_§Z0
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and

b) the pressurc measurement

Pabs; = PM + Pamby; — 2191 (21 = 2) = Pr + Pamby, — 019151

where:

pyy is the gauge préssure indicated by the manometer
2= (0o +0,)/2

9= (90 +91)/2

tisgeneratty assumed that =77

[n the case where p,,, < 4 - 10° Pa, it can be written: 2 = o;.

Jess than 0,1 %.

can be used to determine the water density (see 9.2.4).

The difference between the two above mentioned pressure measurements @) and b) of Pdbs, shall b

The accuracy depends almost enﬁrely on the accuracy with which the elcvaﬁon z, and 2| and the mea
water temperature have been determined. The physical properties of water (meari density, etc.) are takel
from data given in Appendix E except when density is determined by measurément at site.

With the use of an already calibrated preésure measuring device the procedure given in this paragrap

A4

e

-

PambO
—“——v Lt ] I
Z
77
N
Y AN, :
) = | i
PambM
N
Y pm
Referencetevetfor =
instrument

Zm

Figure 46 — Checking of a manometer

Z1

p4]

IEC 419/91
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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 range 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.

deadweight manometer (or with any other primary device) to the penstock through an interface vessel, so
that-before-and-after-any-run-durine—the-test-all-parties-may-check-that-the-gauge-readings-orrecorde
mehsurements are in agreement with the primary device. The interface vessel permits operation of the-deafl

we

meflium (oil) at constant temperature.

of

The spring pressure gauge or the pressure transducer to be calibrated is connected in parallel with a

ght manometer with oil as required while providing for operation of the gauge or the transducerwith p

The two modes of operation, pressure measurement with the gauge or the transducer and calibratiopn
the instruments with the dead weight manometer, are obtained by-switchingvalves. For pressu

mepsurement, valves A and C are open, valves B, D, E and F are closed. For instrument calibration, valves

A:

ga
v

adjust the interface level to the reference elevation.

If:

1)

2)
3)

Ste]

C and D are closed and E is open, valve F and sight glass are only used for.chécking the point of ze
ge pressure. Valve D can be used to either release any trapped air from the interface vessel or fill
sel and pressure line with oil from a portable tank and valve B to either r€lieve pressure in the vessel

E-1

py s the test pressure,
pr, isa preésuré just below expected test pressure;
py;  is a pressure just above expected test pressure,

thercfore: pp, < pr < py-

The procedure to be followed is:

[=]

Pre-calibrate the gauge/transducer immediately before the test run. This calibration does not need {
include the point of zero gauge pressure, or to cover the full instrument range; it must, however, includ
pressure p;, and pressure.py;. The applied weights and respective gauge readings are recorded, but th
gauge/transducer is ot adjusted.

[C<]

Mcasure the test préssure pp recorded in the usual way.
Post-calibrate-the gauge/transducer. This is a repeat of the procedure of stcp 1 immediately followin
the measurements.

If thé clapsed time between consccutive runs is short, step 3 of the previous run can be considered to e
b1 of the next run.

L]

The true test pressure is determined by linear interpolation between the average values of pr, and py

obtained in steps 1 and 3.

Should the differences between the averages obtained in step 3 and the ones in step 1 exceed acceptable

limits (sce 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 instrument.
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11.4.8 Vacuum measurements

11.4.8.1 General

For tests carried out on hydraulic machines, vacuum measurements arc rarcly rcquircd. 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 transparcnt
to permit observation of the water level, if present, Such pipes, when filled with water, shall be flushed
cargfully 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'canno
be gollapsed by ambient pressure.

11.5 Free|water level measurements*

11.5.1 Geperal

If it is not possible to measure the pressure in a closed section in agrecment with 11.4 at the high and/ox
low|pressure side of the machine, frce water level measurement is necessary (sec 11.2.5.3)

Kree water levels have to be measured also in case of discharge measurements by:
— qurrent-meters in open channcls (see 10.2);
— eir (sce 10.6);

— yolumctric method (sce 10.8).

11.5.2 Chpice of water level measuring sections

.

"he measuring scction for the detcrmination of a free water level shall be chosen to satisfy the following
rcqyircments: ’

a) The flow shall be steady and free of disturbances. Sections where the flow velocity is influenced by an
¢lbow or by other irrcgularitics should be avoided.

b) The arca uscd to déiermine the mean water velocity shall be accurately defined and readily measurable

11.5.3 Nugnber of measuring points in a measuring section

Mcasurcment of free water levels shall be obtained for at least two points in cvery measuring section o

in chch passage of 2 multiple passage measuring section and the average of the readings is 10 be taken agl

the free waler level**.

*Sce also 1SO 4373,
**In the case of current-meter measurements in multiple passages the average of the readings for cach passage has 1o be taken
scparately as the arca of cach passage depends on the free water level.
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11.5.4 Measuring apparaius

Commonly, frce watcr levels are measured from a reference level for the instrument zy,;.

If the measuring section is inaccessible, the free water level can be mecasured by means of pressure
measuring apparatuscs 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 convenicnt
to determine the level in relation to the reference level for the instrument z,, at the measuring scction
(Figurc 43). -

11.5.4.2 Point or hook gauge

Point or hook gauges may be uscd to determine the level of calm water, for cxample, inside stop-1og
gropves, measuring wells or stilling boxes (Figure 49).

R

T
< Reference level for
instrument zm
] x
4
o
10
-
z=2zM —)x + a) i © P
Water level 2 r S\ W
IEC 421191

Figure 48 — Plate gauge
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11.54.3

often is the largest size suitable for instdllation in stop-log grooves.

11.54.4

of

11.5.4.5

indication has to be checked when no water is flowing.

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 triie reading (resolution of 0, 005 m).

Reference level for
instrument Zy

N
Ns
\\\/w

.

{4

Y
ol

)

zZ=zm— {x + a)

L

Water level z v

IEC 422091

Figurc 49 — Point and hook gauges
Float gauge

Float gauges, properly calibrated and in good working ‘order, may be used and rccommended wher

A float diameter of 200 mm is considered adequate for use with stilling boxes 250 mm square which

Stalf gauge

Fixed staff gauges, installed flush with the wall of the measuring scction may be uscd where a resolutiop
-0, 01 m is sufficient.

Immersible pressure transducers

(29

To detérmine the water level in measuring wells immersible transducers can be used. The transduct
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11.5.4.6 Liquid column manometers

If measuring scctions arc inaccessible, the free water level may be determined by means of two or more
liquid column manomcters. The same instruments can be used as described in 11.4.6.1 (sce also Figurc 44).

For the cvaluation 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 watcr or water with a high content of undissolved air special precautions should be

n the case of an inverted U-tube the second leg of the U-tube is connected to areference vessehinwhich
r is maintained at a fixed level. If the free water level to be measured is above the manomelter, the uppg
ion for the U-tube must be unwatered by means of compressed air (Figure 44d). If, hoWwever, the fref
r level to be measured is below the manometer, the levels in the two U-tube legs must be raised b
sucfion. The connecting tubces 10 the manometer must allow for ready purging to remove any air pocket
and to maintain the same water temperature throughout the system. They must be sufficicntly air-tight i
avdid leakage of air into scctions below atmospheric pressure. The density of-the air in the unbalanced ai
colpmn usually is negligible compared to the density of the liquid columng

L S~ A < - R R VA §

Pamb .
v 3

S

Pamb
Water level 21 l

‘ =

Reference level for
' instrument zy -

A

-
h

7

21
Zm

i

Zy=zm+h IEC 423191

Figure 50 — Stand pipe measurement
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11.5.4.7 Mcasurcments by means of compressed air (gas purge technique)

The frec walter level may be determined by means of the pressurc inside a tube filled with compressed
air. One cnd 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 clevation (which
can be taken as reference level for instrument zy 4, see Figure 51). As the pressure 1oss in the tube supplying
air falsifies the measurements, this loss must be kept to a minimum (< 50 Pa). For this reason, the cross-
scctional 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 cscapes in the form of bubbles under water should be as small as possible. The
air tube should be used only in still watcr, otherwise dynamic effects are liable to cause appreciable crrors.

L R

141,

2
Pamb / Reference level for
v l I Z [— instrumentzm
(-] °° 2 A
ﬂ_. o 7
vs02e [/ A z=zm+22
o o0 / M bg
° % 1 = compressed air
& 2 = tubeend
/: 3 = controt device
4 = differential pressure
3 N manometer

IEC 424/91
Notg. — Tt may be necessary to take into account the air density in the tube whenever Ap and z; — z arc large.

~Figure 51 - Example formecasurement by means of compressed air (gas purge “bubbler” tcchnique)

11.5.4.8 Mcasuring wells and stilling boxes

[ the frec-water surface is not accessible or not sufficiently calm, measuring wells with an arca of abou

~0,1/m? which permit accurate and convenient measurements shall be provided. All connections shall by
normalo the wall of the measuring section and should preferably be covercd with smooth perforated plate
(pcrforations of 5 mm to 10 mm diameter). Such coverplates must be flush with the wall of the measuring
scction to climinate any local disturbances (Figure 52). The connection between the measuring scction

- and well should have a passage arca of at least 0,01 m2. The total area of perforation should be in the
order of 25 % of the passage arca. It is reccommended that at Ieast two measuring wells be provided at cach
mcasuring scction on opposite sides of the canal.

O

o7



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

41 © IEC — 251 —

Area = 0,1 m2
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i

Passage area = 0,01 m2

! 1 = perforated plate

2 = flushing valve

IEC 425191

Figure 52 — Measuring well

11.5.4.9 Qther methods

accpracy, see 11.6.

11.6 Uncprtainty of measurements

11.6.1 Pressure measurements*
Abgolute systematic uncertainties (at 95 % confidence level):

—~| Liquid column manometers

mercury/water +100 to +500) Pa
water/air +10 to +50 Pa
—-| Dead weight manometers +(1t03) x1073p Pa
—|  Spring pressure gauges +(3t010) x 10~%p,, .. ** Pa
-| Pressure transducers +(2t06) x1073p .. ** Pa
11.6.2 Free water level measurements***
Abjolute systematic uncertainties (at 95.% confidence level):
In the case of calm water conditions-and » < 1,5 m/s:
—| Plate gauges, fixed scalcs 40,01 to +0,04 m
—-|  Float gauges +0,005 to 40,015 m
—-|  Point or hook gauges +0,002 to 40,01 m
—| Bubbler with compressed air 40,005 to 40,015 m
-| Immersible:pressure transducers (210 6) x 10732, ** m

 the|unGertintics may be considcrably higher.

Dther measuring methods may be used, for example, ultrasonic devices, as long as they méctthe required

[n the-casc of very turbulent flow and v > 1,5 m/s, for example ncar the outlet of a turbine draft tubo

>

*Thesc valucs are for turbincs. It should be noted that pressure fluctuations at a pump outlet can be important and more or less
asymmctrical, so that when they arc not correctly damped (see 11.4.5), the uncertainties may be increascd.

** Zinax and p o arc full scale readings of the instrument.

*** Not for weir mecasurcments.
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11.6.3 Determination of the specific hydraulic energy

For the relative systematic uncertainty f sec 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 cases where

1 & a
llalb\/ HHIVASULUVINUIILS AL 1TIallse.,

int

ower integration conducted during the period over which discharge is measured cancels the £0fec
of ariations in the discharge and power that may occur within this period. However, beside integratior
megsurement, instantaneous readings should be taken to monitor the amount of the possible variations bu
a higher uncertainty may be expected in these instantaneous readings.

When the pressure/time method is used for measuring the discharge, the power shall bézegistered before
and|up to, the beginning of the measurcment (see 5.1.2).

hen it is necessary to use permancntly installed transformers, they should be calibrated befor
insthllation for the conditions to be encountered during the test period (load on-the sccondary due to extra
gsuring instruments, power factor, etc.). Their actual characteristics shiould also be measured so that any
abnprmality may be detected at the time of the test.

n order to simplify the test and to climinate cvery source of error, any auxiliarics dircctly driven by th¢
maghine should, whencver possible, be discngaged during the course of the test.

s discharge, specific hydraulic energy and power are functions of the rotational speed (sec 6.1.2)
during the acceptance test the speed shall be measured with the required accuracy (sce Clause 13).

casurcment of clectrical power should be made at the terminals of the clectrical machine if at alf
poskible. If this cannot be donc, the measured power must be corrected for losses occurring between the
terminals and the measuring section (Sce also 12.1.2.1.2),

he power factor shall be unity if possible (i.e. cos ¢ = 1).

n the following sub-clauses the methods for measuring all the components of the mechanical powef
(seg¢ 2.2.8.3) will be illbstrated. For the clectrical power measurement, only waltmelers or static powef
meters (or power transducers) are considered, but they may be replaced by watthourmeters or static cnergy
meters (or cnergy transducers).

lectfonic meters for power, current, vollage and phase angle arc suitable for usc with a data acquisitio
systienié
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12.1.1 Electrical power P,

12.1.1.1 Mcthods of mecasurcment

The following sub-clauses describe the methods of measurement for single-phase and three-phase
" systems. In the latter casc two- and three-wattmeter methods are described.

The three-wattmeter method is slightly better than the two-wattmeter mcthod. In relation to the
improvement of the resulting uncertainty of turbine or pump efficiency the differcnce is however negligible.
The two-wattmeter method therefore is used in most cases because it requircs Iess cquipment.

At pawer factors (cossp) less than 085 lagging, the ratio P /P, of the power measured by cach
insttument using the two-wattmeter method is less than 0,5. In such cases, the thrce-wattmeter method
is prpferred. In the case of an electrical machine with a neutral line, the three-wattmeter method has'io-be
uscd; 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-phasc system

In Figure 53 a diagram is indicatcd for a single-phase system:

P, =Pk, - k(1+¢) (1)
Pyo=U; -1 - cosgpg (2)
wherg:
P, is the primary power whose measurcment is required
P, is the sccondary power (mcasured value)
ky and k; arc the rated transformation ratio of voltage and ciirrent transformers
€ " isthe relative value of the correction for the measuring system established by calibrations
A is the secondary voltage
I, is the sccondary current
@, is the phasc difference between sccondary vectors (cos ¢, = %};)

L L2

|

*

W
<
(__: ;)

T
.
R

IEC 426/91

Figure 53 — Single-phase system
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The relative value ¢ of the correction is given by the following formula (sec Appendix G):

e=¢€,+e,+¢6—6-tangp, (3)
where:
£y is the relative value of the correction for the wattmeter or for the transducer
€y 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

§ =86, —§, isthedilference between the phase displacement of the current transformer and vollagé transformer, in radians

12.1.1.1.2
Al)
H

casd

instument and two voltage transformers. Under balanced conditions, which is-substantially the normall

is the phase displacement of the current transformer, in radians

is the phasc displacement of the voltage transformer, including the correction due to the connection cables from
transformer terminals to the measuring instruments, in radians
Three-phase system: two instruments or one double element instrument (two-wattmeter-method)
Balanced conditions — Two voltage transformers

igurc 54 shows the measuring diagram with two single-phase instruments or with a doublc-clement]

, the power on the primary side is:

Pap = Fas(aw) " ku : kl(l + 8) (4)

h-

w) =P+ P2 =\/§'USISCOS¢S

= U, I, cos(p, + 7 /6), transfonmers measuring U, and.Ty
= U, I, cos(yp, ~ 7 /6), transformers measuring Upy and I
=Up,=U, = sccondary linc voltage

=L, =1I = sccondary currenit

. _FPas 2w)
s = /3-Us - Is
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L, L2 Ls

*— = 4
"—'—j )|
‘ | [ |
Uiz | UZ3 -
- [ 2

Pas Pas2
—— -
ONOXOXOXS
5 Ll & . 1

iH

L

C = commutator
1EC 427/91

Figure 54 — Thrce-phase system:two-wattmeter method (two voltage transformers)

With the same considerations made in Appendix G, the relative value of the correction for cach
mepsuring system, cstablished by ealibrations, is given by:

€1 = €1+ €1y + 61— 8 - tanp;
€2 = Egy + Egy + 69 — 83 - tan g
Th¢ relative yalac of the correction of the combined measuring system is given by:

_Puire1+ Par o€

Pas(2w)
Assuming:
k= f&S}.
Pas2
therefore:
_ ke t+&y

1+k
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In balanced conditions it is:

V3 — tan Pq

k=
V3 + tan ¢

and the formula for the relative value of the correction of the combined measuring system is:

_ €1c + €ac 51c — 62c 61c -+ 62c €1c — €ac 5

E=¢&yt+—7= + - - - tan @ (5)
2 23 2 23

where:

Ew iw t 2w th tat

€1c|= &30 + 545 is the relative value of the combined correction for the voltage and current ratios of system 1 transfonmcers

Eac|= €y + €95 is the relative value of the combined correction for the voltage and current ratios of system 2 transformers

S1¢|= 615 = b1 is the combined phase displacement of system 1 transformers, in radians

Soc|= 85 — oy is the combined phase displacement of system 2 transformers, in radians

A2) Balanced conditions — Three voltage transformers

ca

wh

whi

=
€1

i~njtrumcnt and three voltage transformers. Under balanced conditions, which is substantially the norm:
c

-

Figurc 55 shows the mcasuring diagram with two single-phase instriments or with a double-clemer]

—

, thc power on the primary sidc is:

Pop = Pas(aw) * ky - k(1 + £) identical to formula (4) of the'previous case Al,
re:
P &1 + & +£;n +‘5’2u + S]i - s?i - s;u + ‘Séu \ (6ﬁ +52i — 6;u - séu _ E1i ~ &2 + S;“ - e”.’u) tan ¢
2 23 2 2V/3 ]
)
rc:
€1y T Eay 5] n_ 82!1 )
= 2 + 2v/3 — if the phase voltage being measured is leading the phase voltage not being measurcdy
- Sant €24 T Sy = ban /if the situation is reversed;
2 2V/3
— 51 nt 6’2\1 E1n "o . . . . . .
=- 2 F 33 — if the phase voltage being measured is lagging the phase voltage not being measured;
= _Sautbay _ &y—Epn + if the situation is reversed.

SV
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L, Ls

L .

"

T
R| I ° Q- Q:‘) <2’%>
T

C = commutator
. IEC 428/91]

Figurc §5="Three-phasc systcm: two-wattmeter method (three voltage transformers)
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B) Unbalanced conditions

The measurement of the clectrical power is made in the same manner as under balanced conditions, but
the calculation of the correction has to take into account the different valucs of current, voltage and power
factor in the two measuring systems.

12.1.1.1.3 Three-phasc system: three instruments or one three-element instrument (threc-wattmeter method)

A) Balanced conditions

Figure 56 shows the measuring diagram with three single-phase instruments or with a threc-clement
instrument. Under balanced conditions, which is substantially the normal case, the power on the primary
side is:

Pap = as(3w) ~ ku : kl(l + €)
wh¢re the secondary power is: o
Pas(3w) = Pasl + Pa.s2 + Pas3 = 3USph . ISCOSSOS

where Uy, is the secondary phase voltage and I, the secondary current.

[he relative value of the correction for the combined measuring system is given'by:

Ei1ct € tEsc bt 8y + b3

E=¢€,+ ytane
w 3 3 S
whefe:
Cw F €1w + 2w +E34 is the rclative value of the combined correction-in tase of measurcment with 3 wattmeters
g1cl=¢ €q; . . ¢ . .
Elc _ EI“ i 51' arc the relative values of the combined correction for the voltage and current ratio respectively -
2T "2a 2 of system 1, 2 and 3 transformers
€2¢|= €au &3 :
S1c|= 61 = 6 : . . . ) .
6“ - Sh 6“ arc the combined phase displacements respectively of system 1, 2 and 3 transformers, in
2¢|™ Y2i T Y2u radians .
S3c|= b3i — 3u :

and where the value of ¢ is derived from:

P s(3w)

e T U,
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Figurc 56 — Three-phase system: threc-wattmeter method
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B) Unbalanced conditions

The measurement of the clectrical 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 mecan 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 incrcases. Under difficult
conditions integrating meters are preferred.

12.1.1.2 Igstrumentation 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 ¢urrent transformers shall be of class 0,2 according to IEC 185 and 186.

12.1.1.2.2 |Calibration of instruments

According t04.6.2 all instruments, including measuring transformers, shall'be calibrated before and after
the tpst. However, onc calibration may be omitted by agreement. Measuring transformers, class 0,2, have
suchy stability that it is normally sufficicnt to calibrate them either before or after the test. The transformers
shall have the same burdens during calibration and test, including\additional oncs, if any (scc 12.1.1.2.5).

12.1.1.2.3 |Wattmeter problems associated with sitc measurements

When measuring on site by means of wattmeters, certain problems will normally arisc because the power
is nqt constant duc to disturbances from the-network and from the hydraulic machine. The disturbanccs
whigh causc the pointers of the wattmeters to'move more or less quickly within certain limits can roughly
be djvided into three classes: :

a) Very slow variations which do-no-harm because the wattmeter readings can be taken as true readings.
The rcason 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
. djrection. This phenomenon is typical of active power fluctuations.
¢) Rapid random/fluctuations when the pointers of the two wattmeters arec moving in opposite dircctions,

dhe to smallrapid voltage fluctuations in the network, which are always present to a certain cxtent
depending on network conditions. The instruments should therefore be read simultancously. To attempt a
cprieCrreading over along period is often very tiring and gross individual crrors can casily be introduced.

control of voltage.

With reference to the preceding text it is clear that the use of wattmeters when measuring on site, involves
difficultics which incrcasc the uncertainty of the measurement. It is therefore advisable to use, in addition,
a static watt-hourmeter combined with a quartz timer. Digital wattmeters of class 0,2 or better can of course
be used. Computerised reading and intcgration can be applied if the program is properly checked.
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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 purposcs.

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 modemn instruments with very small power consumption it may be advisable to conncct 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 machincs up to say 40 {050 MVA
For|larger machines an agreement must be reached if built-in transformers are used; the burden shall bg
adjusted to rated value, if possible. The factory calibration can then be used and no calibration after the tes
is r¢quircd.

12.1.1.2.7) Magnetic ficlds

Magnctic fields can occur in the vicinity of electrical machines, tran§formers, busbars, etc. which can
inflpence the instruments. Care must be taken to avoid such stray fields.

12.1.2 Dadtermination of losses
12.1.2.1 Mechanical and electrical losses in the electrical machine P,

12.1.2.1.1] Measurcment

[he losses — including the clectrical machine guide bearing losses — shall be determined according tg
IEC 34-2 and 34-2A. The test method willbe chosen with the agreement of the supplier of the hydrauli¢
maghinc, who shall have the right to bepresent at the test.

Tests can be made in the manufaéturer’s workshop or on site. In the first case only component losses caip
norfmally be determined and hence the conventional total loss by summation of component losses. Special
car¢ must be taken to ensure that the windage losses during the workshop tests are similar to those in thg
power plant.

Often Jarge machines can only be tested on site, normally by the calorimetric method or retardatior
(Pclton turbines). In that case both component losses and total losses on load can be determined in a unif
cqujpped with a regulated turbine.

Q

12.1.2.1.2] Adjusiment by calculation of losscs in the electrical machine when testing the hydraulic machinc

It is rccommended that the various component losses in the electrical machine be determined.

Iron losses and total load losses (i.c. the sum of load losses and additional losses) are adjusted to the
" prevailing values of voltage and current during the test, by assuming that thcy vary in proportion to the
squarc 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

itis
and

on load. No temperature corrections are however made for the following reasons. Load losses increase
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 P, (case of not separated excitation).

12.1.22 17

- 121221

I
with
I

the felevant losses (measured or calculated) shall be attributed to the electrical machine or to the hydraulic

mac

12.1.2.2.2

T

hrust bearing losses due to the electrical machine, P,

Measurement

he losses in the thrust bearing shall be measured according to IEC 34-2A.

[ dircct measurement is not possible, the losses shall be estimated by agreement; either by comparison
similar cases or on the basis of existing empirical formulae (see 12.3.1).

h the case of a combined guide/thrust bearing, the two components shall'be considered as separated and

hine according to the contractual specifications.

Case of a common thrust-bearing

h the case of a common thrust-bearing, the relevant losses shall be aitributed to the elecmcal machine]
to the hydrauhc machine(s) in proportion to the thrust of each on the bearing.

[

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,

is the axial component of thrust due to the pump: hydraulic thrust acung on the impeller(s) (seg
12.3.3) and weight of.impeller(s) and shaft,

shall be attributed:
in case of a production binary unit:

- to thelelectrical machine

— to the turbine
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b) in case of a pumping binary unit:

— to the electrical machine

F
P .=—-AE__  p
BT Fap+Fap ©
— to the pump
F
P,=—-4AF __.p
. P T Fap+Fpp
¢) | inthe case of a ternary unit operating as a production unit (pump being disconnected):
— 1o the electrical machine
F
P.= . L AE .P
BT Fpp+ Far
— to the turbine

. .
Pon=—- AT __'Pp
T Fap+ Fap

d) | inthe case of a ternary unit operating as a pumping unit:

-~ to the electrical machine
F
Pp=—AB"p
°B E Atot N
— tothe pump
F
Pp=—-AEL.P
€ F Atot N
where:

Aot 1 the sum of thetaxial components of the weight of all rotating parts, of the thrust due to th¢
elegtrical machine and of the hydraulic thrust acting on the impeller(s) of the pump.

Notg. - In the casé of-a horizontal machine, the total thrust losses may be attributed to the hydraulic ﬁmchine. In the other cases, if
the axi4l component of the total thrust (F, 1 or F,p) due to the hydraulic machine is negative, the losses attributed to th
hydraulic machine will be zero, as long as Fyp (or F, p) is not greater than Fy p.
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12.1.2.3 Losses in all rotating elements external to the hydraulic machine, P,

12.123.1

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 determincd by mcasuring the
heat absorbed by the lubricating oil (or by its cooling water) and by the surrounding air.

12.1.2.3.2

r

whe

The

12.1.2.3.3

Thelosses of a runner/impeller turning in air are attributed to friction and windage, excluding the bearing

‘windage losses of an open flywheel

Vindage losses of open flywheels may be calculated approximately by means of the following formula

P, =0,35(60n)*D? (1 + 1,85—) x 10~ = 75,6 n3D? (1 + I,SBB—) x.1073

a a

is the windage losses (W)

is the rotational speed of the flywheel (s—1)
is the outside diameter of the flywheel (m)
is the width of the rim (m)

uncertainty bandwidth of the formula is £-30 %.

Losscs of the runner/impeller turning in air, P,

ist
tu

air §
ung
mes
the

1
esti

1y

lo:s}:‘. In some cases, for example, the case ofa ternary unit with a machine, the runner/impeller of whicl

maghine - not excited and driven by the turbine — measured by the calorimetric method (see IEC 34-2A)

ing in air during the acceptance test, or the case of a reversible unit with an impulse starting whee
ing in air during the acceptance test, the losses due to the machine or to the impulse wheel turning in
hould be taken into account together with the bearing losses. As it is often impossible or undesirable tq-
puple the runner/impeller of the hydraulic machine from the electrical machine, it is recommended tg
surc the losses of the runner/impeller turning in air, for example, by evaluating the difference betweer]
blectrical input measured at the terminals and extrapolated to zero voltage and the losses of the electrical

f such a measure is not possible, the losses of the runner/impeller turning in air may be generally
mated by.the following formulae depending on the type of the machine:

Kaplan turbines (blades in closed position):

P,=6,5-(60n) D%-107" = 0,14-n%.D°

where:

P,  isthe windage losscs (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)*-B-D*.10~* = 10023 - B - D*

P, . .isthe 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 %.

1EC 430191

Figure 57 — Main dimensions of runner/impeller of radial machincs

~.

3) | Pumps and pump-turbines

P, =2,3-(60m)*- B~D*-10~% = 5003 . B . D*

where: , _ )

P, is the windage losses (W)

n - is the rotational speed (s =)

B is the runner/impeller heighit (m) (see Figure 57)

D is the runnerlimpéller outer diameter (m) (see Figure 57)

The formula is validfor a labyrinth discharge less than 0, 8 - 10~3 of the discharge at the best efficienc
* point. The uncertainty bandwidth is £+50 %.

-
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4)  Pelton turbines*

a) Horizontal axis (scc Figure 58)

BAYY /B N\t /B \¥* /R \T*
P =7. 3.p5. (=22 [ = B (e 1'% B (e -1 .107°
w=7-(60n)"-D (D) (D) (D) <D> 10

1/4 3/4 5/4 7/4
asesoos (Ba) (B (B (B
D D D ‘\ D
where

P, 1 ic windage losses (W)

n  istherotational 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 thg
tailwater level is neglected. The uncertainty bandwidth of the formula is +50 %:

e Bio =

et

8,

-

A

D~

1 AN
— = ~

IEC 431191
Figure 58 ~ Dimensions.of the housing for Pelton turbines with horizontal runner axis

b) Vertical axis(see¢ Figure 59) -

: B.\23 /B\Y3 R,
= 3.ph.(=2 B e § A2 ) .10t
pu=ont 2 (%) ()" (B) 0
2/3 4/3
=22»n3-D5-(£§‘~) ! (._%. ! (&
D D 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 losscs in Pelton runners),
AEI Annual Meeting, 1984. ’
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12.1.24 ]

hydraulic machine if contractually forcseen as chargeable to it, P;

.
shal
absq

intq account their overall efficiency, as obtained, for instance; by test-stand results. Power absorbed by
oth¢r accessories may in most cases be estimated, in view of their small magnitude.

12.1.3 Uncertainty of measurement
It proper correction is made for the measuring transformers, the resulting systematic uncertainty fp of

- the
the

12.2 Direct method of power measurément

i

IEC 432191

Figure 59 - Dxmcnsmns of the housing for Pelton turbines wnh vertical runn@s axis

rower supplied to any directly driven auxiliary machine, P,, and to the auxiliary equipment of thg

f significant, the power absorbed by the various cooling pumps, governer;etc., driven by electric motors
1 be determined by measuring the electrical power used by the motors. In more difficult cascs, the power
brbed by pumps shall be estimated by measuring their discharge and specific hydraulic energy, taking

measurement of the mechanical power of‘the machine is in the order of 0,5 % to +1 %, depending on
measuring conditions.

The direct method of measuﬁng power on the hydraulic machine shaft by means of devices measuring

tor

which are not dircctly eoupled to clectric machines.

ue and speed is more suited to small units. It may have to be used, however, for hydrauhc machines

t is nccessary to measure the rotational speed of the machine with adequate accuracy (see Clause 13),
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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; 7
- length of the brake lever;
— tare weight of the brake Iever;

- 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
agaihnst the hydraulic machine but shall be placed to its credit in calculating power. If the hydraulic machine
has # vertical shaft, the brake shall be suspended so as not to impose any bending stress on the shaft,

(fare shall be taken to ensure that the brake cooling fluid does not cause a parasmc torqué reaction;
shoyld it do so, it shall be taken mto account in the calculations.

12.2.2 Me asurement by means of a torsion dynamometer

A torsion dynamometcr (or torsion tube) comprises a length of shafting whose strain is measured by
somp convenient method. : :

The apparatus must be calibrated before the start and at the end of the test, if possible in situ.

12.2.3 Untertainty of measurement

he resulting systematic uncertainty fp 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

he losses in all the bearings should be mieasured by the calorimetric method in accordance with IEC
34-3A. 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 appli

* Secalso IEC193.
** Standard handbook of lubrication cngincering, McGraw-Hill Book Company, New York, 1968.

Calculation methods for steadily loaded pressure fed hydrodynamic joumal bearings, Engincering Science Data N.66023,
I.Mech.E., Lonc_ion.
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12.3.1 Calculation of thrust bearing losses

The thrust bearing is loaded jointly by axial components of the weighis of the diffcrent machines

(hydraulic and electrical) and their shafts, and by the hydraulic thrusts (sec 12.1.2.2.2).

and ils tangential mean length can be assumed:

N Being the number of segments, the friction coefficient is given by the formula:

[
f =k [
P -1
whete:
n is the dynamic viscosity of the oil (Pa-s)
YV is the mean speed of the thrust bearing rotating element (m - s—1):
_ mn(d, +7d)
™ 2
P |  isthe average specific pressure on the thrust bearirig (Pa):
D = Fag + Fap + Fpr
m N-b-1
k is a constant depending on the shape.of the segment. Its value can be considered in first apéroxima!ion k =3.5 and may vary.

For a bearing with scgments having:
an outside diameter d
an inside diameter d;

so that the radial width of a segment is:

b=0,5(d —d.) ' (m

_ 0,807(d, + d;)

! 2N

(m

from2to4.

he corresponding friction losses can be expressed by*

Py = (Fap+ Fap+ Far) - f - v (W]

* Standard handbook of lubrication engineering, McGraw-Hill Book Company, New York, 1968.

Calculation methods for steadily loaded pressure fed hydrodynamic joumal 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:

1,6 - u(60n)2-d%-1 p-n?.d®.1
P, == L1072 =58. 2~ "~
gb 6 5 (W)
where:
;L is the dynamic viscosity of the oil {Pa-s)
n[—fsTE YOO SpEEd (s
d is the diameter of the bearing (m)
i is the axial length of the bearing (m)
§ is the total diametrical clearance (m)
b) Spgment bearing
N - p(60n)2-d%-1.b 4 Nun? - d2.3°b
Py =k- ; 107 = k3,6~ = W)
where:
k is a constant depending on the shape of the segment and can be consideredin first approximation to range between 4
and 7,8 :
N is the number of the segments
" is the dynamic viscosity of the oil (Pa-s)
n is the rotational speed (s—1)
d is the diameter of the bearing (m)
1 is the circumferential length of the segment = 9-%—’2-'-4 (m)
b is the axial length of the segment (m)
1) is the total diametrical clearance (m)
12.3.3 Hydraulic thrust measurement
Usually the weight of.the rotating parts and the hydraulic thrust are given by the manufacturer.

by a
usu
+20

the axial shaft displacement when the known weight of all the rotating parts is placed on the thrust bearing.

he hydraulic thfust may be determined by measuring the axial deflection of a shaft supporting clement.

he characteristic curve of thrust versus deflection may be determined by calculation. It may be checked
plying a known load to the thrust bearing and measuring the shaft deflection relative to a fixed point,
lyocated on some part of the machine foundation. The uncertainty of such a measurement is about
. Wil ver 1

0

In the case of a hydraulically balanced thrust bearing, the hydraulic thrust can be measured directly
through the pressure in the balancing chambers.

The mcasurcment of the hydraulic thrust is an aid in estimating the losses chargeable separately to the
clectrical and hydraulic machines (sce 12.1.2.2.2).
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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 cxample, 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 Spe¢d measurements in the case of indirect measurement of power

—

w

measurement.

mefer under the following conditions:

be

from the measured slip of the clectrical machine by the!fellowing formula:

13.4 Uncpriainty of measutements

When the power is determined by the indirect method (see 12.1) and the rotational speed is measure
th the same methods as for direct measurement of power (see 13.2), the same care should be used i

[t is permiued to mcasure the speed of a synchronous machine by means of the switchboard frequency

he system load must be stcady;
the resolution of the frequency meter must be 0,1% of the grid frequency;
he frequency meter must be checked against a suitable precision instrument.

When the hydraulic machinc is couplcd to an asynchronous electrical machine, the rotational speed caI
ncasured by the above mentioned devices or can be calculated from the measured grid frequency an

n:%'(f——g};) | s~

where:

s the number of poles of the clcdﬁcai machine
s the measured grid frequency (Hz) v
s the number of images counted with  stroboscope synchronized with the grid during the time interval A#(s)

[he cstimated Systematic uncertainty at 95% confidence level is:

[or tachomcicer: +0,2 % 1o +0,4 %:;

lor¢lcetronic counter and other precision devices: Icss than +0,2 %.
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14. Thermodynamic method for measuring ef! ﬁcienéy

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

th
m

1412 E

of
im
Sp
fa
sul

14.1.3 In

ac(
the

(aq

142 Effi

is

for

fol

odynamiC properties of water.

To establish the efficiency, the need to measure the discharge is eliminated by using the specific
hanical energy together with the specific hydraulic energy, as defined in 2.3.6.2.

cluded topics and limitations

Due to the lack of uniformity in values measured at the reference sections of the machines, the limitatior

casuring equipment and the relatively high magnitude of the corrective érmis originating from tHe
crfect measuring conditions, the range of application of this method is limiited and can only be used for
cific hydraulic energies in excess of 1000 J-kg~1 (heads in excess of(100 m). However, under highly
ourable conditions, the range could be extended to cover lower specific hydraulic encrgies (hcad$)
ject to an analysis of the accuracy of the measurements.

w2

strumentation

o

The technological zispccts of the instrumentation have been dealt with in a general way, taking in
ount the fact that the apparatus presently available varies widely and may possibly become obsolete in
future. Because of this diversity none of themxis described in detail.

The only requirements of instruments are that they satisfy the conditions stipulated in this standaid
curacy, heat exchange, etc.).

ciency and specific mechanical energy

The efficiencies of machines-are definedin2.3.9.1,2.3.9.2 and 2.3.9.3. In 2.3.9.1 the hydraulic efficiendy

vritten: \ o

Ern

AP,
P,

m
AP,
Py
E,

m

turbines: =P, /P, =
E+ E_,
E+
pumps: M= Po/Pn=

Em

The thermodynamic method allows direct measurement of the specific mechanical cnergy £, .

The specific mechanical encrgy E,, deals with the specific energy exchanged between the water and

the runner/impeller. By definition £, is related to P, (see 2.3.8.4 and Figure 9) by:

Pm = (pQ)lEm
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If no auxiliary discharge is added or subtracted between the reference sections, E | is calculated by:

. ) o2 — p2 .
E = E_3 = &(Paps; — Pabs2) +6,(01 — 0,) + 1 2 2+ g(z — 2,)

- 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 ¢, correspond then to:’

Pabsit "*)'pabSZI and Oy “‘*)‘921

1

.

= zr

Certain corrective terms (imperfect measurement conditions, secondary phenomena, etc.) defined in
4.6 must be taken into consideration. They are indicated by 6 E .

"he practical expression of F_ is therefore:

o _ ‘ v2, —v2
B = Ey1_9; = @(Papsin — Pabsar) +8,(011 — ©gy) + % + 9(2147201) + 0B, (1

(e.

addpd or subtracted, allows the computation of the value of E,, in agreement with the general equation
Examples are given in Appendix H. '

all

14.3 Prod

143.1 G4
]

be measured in specially designed vessels with tappings for the determination of temperature and pressur¢

(seq
cxti
Thd
cxe
the
1cg

f an auxiliary discharge is added or subtracted between the high and 10w, pressure measuring section
when all or part of the loss Py, see 2.3.8.5, is removed by an auxiliarydischarge), a balance of power|

s the efficiency of the machine (see 2.3.9.3) is 5 = g, <3,/ it shall be calculated taking into accounf
e mechanical losses chargeable to the hydraulic machine.

edure for measurement of specific mechanical-énergy

neral

Due to the difficultics inherent in measuring directly in the main flow, the quantities defining E | may

Figure 60 and 14.4.1.1). When the measuring sections are under pressure, the procedure consists of
acting a sample discharge; génerally of between 0,1and 0,5 x 10~3m?.s~1, by a “total head” probe
water thus extracted 4s.Jed to the measuring vessel through an insulated pipe to ensure that the hc:t
hange with the exterior, estimated in accordance with the procedure detailed in 14.4.1.1, does not exce
limit of corrections fixed in 14.6.3. This sampling is valid if the rccommendations given in 14.5.1}
irding extraction points, are followed. '

* The theory of the thermodynamic mecthod for measuring efficiency is based on the thermodynamic laws using the
thermodynamic temperature © in kelvin (K). In the case of temperature differences the temperature can be directly expressed in

degrees Celsius (°C) as 9, — 9, = ©, — ©, (see 2.3.3.2).
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he pressure and temperature terths in equation (1) may be determined by one of the two operating
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he velocitics vy, @ndw,, are measured in the vessels.

¢ levels z,nand z,, are those of the middle points of the measuring vessels. Pressure values arg

Figure 60 — General schematic diagram/of measuring vessels

IEC 43391 |

For the case where the low pressure side section is at-atmospheric pressure, the temperature sensor i

For the case where the low pressure side section is at a pressure higher than atmospheric pressurg
(op¢ration under back-pressure), it may be useful, depending upon the selected operating procedure, tg

b

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
E., in equation (1) may be determined as follows:

&(Pabsi1 — Pabs21) requires pressure gauges or transducers of high accuracy. Values of

a are given in Table EV of Appendix E.

p(011 — O21) requires thermometers of high accuracy (see 14.4.1.3). Values of ¢,

partial expansion operating procedure (see 14.3.3) for one test point or in situ calibration of the thermometer
wil] be untertaken for checking purposes.

14.3.3 Pgrtial expansion operating procedure

sid
thai

and low pressure side or at the temperature sensor that is placed directly in the tailrace.

cntgils the measurement (p,y.1; — Papsny) With pressure gauges or transducers of high accuracy.

temperature equality.

with a pocket computer) the relationshipbetween (p,p;; — Pabs21) and (0, — ©,,).

(Pabs11 = Pabs2y) and (©,; — ©,,)  are to be measured simultaneously and at regular interyals.

are given in Table EVI of Appendix E.

The thermometers shall be calibrated beforehand (see 14.3.4). Whenever this procedure is adopted,jth¢

The range of application of this operating procedure is general.

An expansion valve is located in the sampling circuit between the pipe of penstock at the high pressur¢
and the corresponding measuring vessel. The adjustment of this valve shall be very fine and stable s¢
, by partial expansion, temperature equality-is achieved in the measuring vessels at the high pressure

<

Chus, in equation (1), the term £,(©;; — ©,,;) becomes zero and the determination of E,, essentially

The thermometers shall be extremely sensitive and reliable (see 14.4.1.3). Their purpose is to record

[n practice, it is desirable to establish graphically or by mathematical methods (e.g. by linear regression
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A

Pabs 11— Pabs 21

\ Desired value

On - Oxn

A

. . . . . . IEC 434191
Figure 61 — Partial expansion operating procedure, interpolation *

.

Pabs 11 — Habs 21 [— Desired value

-
S

~ -

-~

On -~ 0On
—
IEC 435191

Figure 62 — Partial expansion operating procedure, extrapolation

In many cases p,,,; is practically constant (e.g. atmospheric pressure) and only p,;;, needs to
be measurcd. The pressurc value used for calculation is that obtained by graphical or mathcmatical
- interpolation for zero difference of temperature (see Figure 61).
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This operating procedure is widely used, but its range of application is not altogether gencral:

. — inthe case of pumps, pressure at the low pressure side may be insufficient to ensure that the temperature
of walcr expanded to atmospheric pressure in the measuring circuit is at least equal to that of the water
at the high pressure side;

~ inthe casc of turbines, temperature cquality cannot be attained at high efficiency if the water lemperature
exceeds about 15 °C.

In these particular cases where watcr temperature equality is unattainable, graphical or mathematical
extrapolation may be adopted if the range of pressure concerned is small compared with the pressure range
accuratcly measured (sce Figure 62).

The linearity of the thermometers must be previously verified.

14.3.4 Theérmometer calibration

Hor the application of the direct operating procedure described in 14.3.2, the temperaturc-difference]
thermometer must be calibrated.

High pressure
measuring section 10

|
r] < Machine
\ Sampling

probe

1"

Measuring
vessels

12

IEC 436/91

Figure-63 — Schematic diagram of measuring vessels for calibration of two thermometers

* Hor.calibration, two thermometers, or temperature sensors, for instance, are placed in two vessels, thel
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: '

_ _ -
Em = a(pabsll - pabsl?) + cp(ell - 912) + -

2
D) 2 +9(21 —212) =0

ou

—(©,, - 0,,) = @(Paps11 — Pabs12) + (v = v1)/2+ 9211 — 210)
1 - -

%
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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 ¢_ (see Tables EII, 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 Apppratus
14.4.1 Mbin measurements

14.4.1.1 Pampling water circuits

Water samples from the conduit shall be taken by means of a probe fixed perpendicularly to the conduif
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 orific¢
fromn the internal wall of the conduit shall be at least 0,05 m.

e 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.

to 40 mm, the internal diameter being at least 8 mm. The external diameter may be increased gradual
towards the wall in order to ensure sufficient mechanical strength, provided it does not influence the flo
essentially (see Figure 64). ' :

The external diameter of the probe, in the vicinity of the sampling hole, may be in the range of 15 mr‘%
1

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 thé thermometer pockets. Particular construction arrangements
arelnecessary to avoid, as far as possible, heat transfer at the walls of these pockets or by the connecting
wites; for example, the wires shall be in.contact with the wall under the insulation of the vessel.

oS

<

he expansion orifices shall ehsure a high degree of flow stability and, when adjustable, shall ensur
steady progressive variation. in-discharge.

xploration of flow(in)the open-channelled section requires the use of a suitable device to ensurc that
opgrating conditions ‘aré in accordance with the recommendations given in 14.5.1.2.1.

All active clements of the hydraulic circuits (pipes, expanders, vessels) shall be carefully insulated sr
that the sampling flow is of constant total energy. Any imperfections in the thermal insulation shall be take

discharge.

- b) The quantity E, shall be mecasurcd for at least three sampling discharges.

c) A graphof E_ as a function of the inverse of the discharge permits, by extrapolation, determination of
the correction required to £, 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. Any 51gn1ﬁcant
difference in this comparison shall be considered as being abnormal.

=
==

b ._ | . — —<f
- IEC 437191

144.1.2 B

and

144.1.3 1

1t is recommended that the same manometer, pressure gauge or transducer be used for measuring E_|

Figure 04 — Example ol a sampling probe

Em
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Figure 65 — Example of graphic determination of the correction in E, | 1o allow for heat transfer

Pressure measurement

E.

[emperature measurement

,.

an 1nd1cauon of the temperature difference between measuring points to at least O 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 changes corresponding to
a difference of temperature of 0,002 K are allowed and must be taken into account if necessary.
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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
40,05 K accuracy and 0,01 K sensitivity. The use of a recorder is recommended.

An apparatﬁs_ shall be provided for measuring air flow and humidity to determine heat cxchange 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 Mg¢asuring sections and sampling conditions

The measuring sections chosen to calculate £ do not necessarily coincide with the high and low
prelsure reference sections. They are chosen according to the following considerations:

eat exchange between water and the surroundings shall be within limits (especially as indicated ir
4.5.3 and 14.6.2.1);

- ]:o significant abnormalities of energy distribution occur within the sections.
n 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 thg
section in the immediate wake of a butterfly valve is prohibited.

xperience 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 condui
is Igss than 150 m. -
minimum distance 0f four pipe diameters upstream of the nozzle of a Pelton turbine shall bg
maintained (keeping ¢lear of such features as bends, support vanes, etc.). In the case where there are several
jets| the paft of the.pipe immediately upstream of the first bifurcation is a permissible location. If this par
of the pipe is inaccessible and provided that such features as mentioned above are avoided, a tapping or
the pipe leading to one nozzle may also be suitable.

14.5.1.1.2 Pumps

 Atleast two diametrically opposed tapping points shall be provided. Three or four tapping points are
recommended for a diameter larger than 5 m. In all cases, 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.

thete 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

at Jeast five times the maximum runner diameter for turbines, at least three times the maximum impelle
diameter for pumps.

b)

b

)

a

N

)

er 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

L]

The measuring section on the low pressure side shall be located away from(the runner at a distance o

b ]

Measuring section accessible

Three or four tapping points are recommended in the measuring section. If this section is circulas,
the tapping points will be positioned at 120° or at 90° 16 each other. If this section is rectangular, th
tapping points will be positioned in the middle of each side, if possible.

L2

W

In addition, in the case of a turbine different depths of penetration for the probe at each of thes
points are recommended. If there is a difference of at least 1,5% between the efficiency values at an
two locations, proceed as described in 14.5.4: '

]

Measuring section inaccessible

=N

In this case, the only possibility, for exploring the temperatures is by means of a tapping device locate
inside the conduit which may.bé totally or partially full. This device consists of at least two tubes whic|
collect the partial discharges issuing from several orifices positioned at equal intervals along each tubg.
The device should give.either a single discharge or, better, an individual discharge for each tube, to
obtain information emthe energy distribution.

-

The conditions for-the use of this device giving a representative sample are as follows:

-

Diameter-of orifices small compared to that of the tubes (orders of size: 7 mm for the orificcs, at leas
30 mn for the tubes). '

Intefconnecting piping of relatively large diameter and with smooth walls so as to satisfy condition 4)
below.

¢) 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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14.5.2 Repetition of measurements

14.5.3 Patticular flow arrangements

14.5.4 Unfavourable operating conditions

d) The sample discharge controlled by a suitable regulating device at the outlet of the piping to a value
close to:

where:
v is the average flow velocity in the measuring section
i is the number of orifices in the tbes

A isthe cross section of an orifice

This discharge should be of about 0,005 m3 - s~ in order to reduce the heat exchange to a negligible

val

If there is a difference of at least 1,5% between the efficiency values at any two locations (correspording
to two different tubes) proceed as described in 14.5.4.

Hor 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
depgndent on the stability of the measurement (about 5 to 10 readings).

Any inflow of auxiliary discharge between the high pressuré._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
prespure measuring sections (e.g., leakage from the seal not led into the main discharge), particular

Ifthe low pressure side of the turbine or pumpis very close to the ventilation duct of the electric machine,
exploratory temperature measurements shallbe taken at 12 points. The wall will have to be insulated if there
arc @leviations of the order of 0,5% in efficiency, indicative of a well-defined positive temperature gradient]
between the centre of the section and the wall common to both flows.

easurements by the thermodynamic method are not recommended under unfavourable measuring
conditions such-as:irregular temperature or velocity distribution in the measuring sections, unstable
temperature efcy, which may occur at some operating conditions. For these operating conditions itis strongly|
recqmmended (see 15.1.3) to use index tests as described in 15.2. The relative discharge measurement
shoyld 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 sunlight. 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 change 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 E, from the temperature variation A©/At measured
in K- s—! and calculated as follows:

AO
.— {or turbines: ok, = cp-—A—t(ta —1-1)
AO
—~ for pumps: SE = EPE-(ta +t—1t,)
whefe:

t the time, in seconds, taken by the water to pass through the machine between the two measuring sections
t, isthe time, in seconds, taken by the water to pass from the high pressure tapping point to the corresponding measuring vesscl

t, Isthe time, in seconds, taken by the water to pass from the low pressure tapping point to the corrésponding measuring vessel

14.6.2 Extraneous heat exchange

Dnly heat exchange between the main flow through the hydraulic.machine and surroundings will b¢
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.

14.6.2.1 Heat exchange through the walls

As heat exchange through concrete and rock walls is negligible, only heat exchange through metal wall
wil] be considered. The following correction for heat exchange with dry air shall be applied:

o7

6Em=:t’(_p'%i'A'Pa-w'(9a_ew)

(“-l-;’ for turbines, “—” for pumps)
whgre:
P, ], isthe power exchanged coefficient, in Wm—2K~1

From experience, P, _,, is considered equal to 10 Wm—2K~?
A is the-aréa of exchange surface, in m2
o, isthe:ambient air temperature, in K
(S 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 more 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 6 £ for the dry heat exchange in the proportion .

1
ik py vy
where:
Ad is the specific enthalpy difference, in J-kg—?
z is the difference of relative water content of the air, in kg-kg—2
k =2,5 x 108 Jkg—1

that of saturated air at metal surface temperature and shall be taken from a normal Molher diagram for
hurpid air.

14.6.2.2 Direct exchange with the ambient air

Wherc water and air currents are closely mlxed (acration), a correction of the mechanical energy E,
shajll be applied as follows:

5E p( chz [ Cpa (@ 920) + I N (aa ~— aZO)]

(where “+” for turbine, “—” for pump)
whepre:
Q,| isthe volumetric discharge of air (m3s—*)

¢ is the specific heat of air at constant pressure (J kg—1 K—1)

pPa

(8] *is the temperature of injected air (K)

a
©,{ isthe temperature of water in the measuring section 20.(K)

is the water evaporation latent heat at normal atmospheric pressure (J kg—1)
is the ratio between steam and air masses at the injection point

agg| s the ratio between steam and air masses'in section 20

Assu-ming:
p.E1,3kgm™3 Cpa = 1000 Tkg~1 K1
p, = 1000kgm~3 K,=2,5x108Tkg?

thelabove mentioned formula becomes:

§E =+X2. — .~ [35opa (0, — ©y) + 545 - 103(5 ‘Ps.0, — Ps,05)]

where:

Pa is the presssure of humid air at its contact with water (Pa)

Pao  is the normal atmospheric pressure (105 Pa)

€ is the relative humidity of air (as a decimal value and not as a percentage)

Ps,@, isthe saturated steam pressure at temperature O, (Pa)
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14.6.2.3 Hcat cxchange with still water arcas

ap

In the case of exchange with still water areas (e.g. several turbines discharging into a common tailrace)
hysical separator shall be placed in these areas in order to avoid mixing of the flow with the still water

arcas 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 corrections obtained from the measuring

procedures or calculations given above exceed one of the following limits in relation to E_:

14.7 Undertainty of measurement

Digregarding the term:
AP,
(72 2):
it i fy=%\/(Fe)* +(fE)?

of

mepsurement AO exists_for all methods (direct and partial expansion operating procedures): the valy

to

phé¢nomenon isin'the order of 20%.

undertainties in the numerator and denominator of the efficiency expfessions given in 2.3.9.1.

heat exchange between water in the sampling circuit and surroundings (see 14.4.1.1) at high pressur
hnd Iow pressure measuring SECHOMS ... vt ieeenneeennnnnoecnnncrerennneeennneaenass Wyl 1 I

W

n the special case of extraction using pipes traversing concrete walls (see 14.5.1.2.2 b)) .0:!.. 1,5
variation of temperature at inlet and extraneous exchange: '

arithmetical sum of the corrections § £, detailedin14.6.1and 14.6.2 .........0.......oool. 2%

The total uncertainty in efficiency f, is obtained from the root-sumssquare of random and systemati

[¢]

The systematic uncertainties fzand fp  are examined in Appendix A which also includes an examp}
calculation. For the determination of E_ the systematic uncertainty in the temperature differenc

(I

¢ expected in normal conditions is 0,001 K.

t is reasonablesto adsume that the relative systematic uncertainty in correction due to cach seccondary

he systematic uncertainty due to the absence of exploration of energy distribution can amount to:

turbine . pump
high pressure side +0,2% 10,6 %
low pressure side +0,6% +0,4 %

of the specific mechanical energy.
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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
commlssxonmg and operanon of the machme (see IEC 545 and 805) and can be considered as a part of the

int 's standard or when it is used to determme the correct relauonshlp between runnerﬁmpeller blade an gle
and|guide vane opening in the case 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 informatien and should never
be ysed for assessment of penalty or bonus payments or any other contractual consequences concerning
guagantees. '

15.1.2 Définitions

Anindex value is an arbitrarily scaled value. Relative values are derived from index values by expressing
therh as a proportion of the value at an agreed condition.

The index efficiency is calculated using the measured valies-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|-
exptessed as a proportion of any index efficiency at a refererice index efficiency, for example the maximum
valge. .

15.1.3 Applications

n index test may be used as a part of the field acceptance test for any of the following purposcs:
- determine the correct relationship between runner/impeller blade angle and guide vane opening
r most cfficient operation of\double-regulated machines. This procedure may essentially reduce the
umber of points for which the actual efficiency must be determined and thus the time necded for the
cceptance test (see 5.1.4\and 5.1.5).
— b provide additional(test data during a field efficiency test. This is particularly important if the primary

ethod shows excessive uncertainties or falls out in a certain operating range. The index dischargg -

evice in this,¢case shall be calibrated by discharge field measurements performed in the favourable
perating range (see 14.5.4).

n addition to the field acceptance test, an index test may be useful also for other purposes, such as:

— todetermine the performance characteristics as expressed by the relative values of power, discharge and
~cfficiency;
— 1o 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,;

~ 1o asscss the change in cfficiency and/or power due to the onset of cavitation rcsulting from a change of
suction specific potential energy and/or specific hydraulic energy of machine;
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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 turbinc
efficiency at some operating point or by calibration with field efficiency test resulits;

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 Relqtive discharge measurement

dis

15.2.1 Rdlative discharge measurement by differential pressure methods

15.2.1.1

is the reading of a differential manometer connected between the taps'and n theorctically cqual to 0,3

(se

\ig

An index test does not require any absolute measurement of discharge. For the measurement of rélativy
tharge one of the following methods may be used.

Mcasurcment of the-pressure differcnce between suitably located taps on the-turbine spiral case

This is the Winter-Kennedy method and discharge is usually well répresented by Q = kh™ where b

 15.5).

lnner tap

Quter tap

a = 45°to 135°
B = 120°
y < 30°

IEC 439191

Figure 66 — Location of taps for Winter-Kennedy method of discharge measurement
through a turbine equipped with a steel spiral case
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The Winter-Kennedy method is applicable to turbines only. In installations with a stcel spiral casc it

requires taps located as a general rule in the same radial section of the spiral casc (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 vancs

on a flow linc passing midway between the two adjacent stay vanes. It is reccommended that a sccond 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 section 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 e
logated outside of the stay vanes on a flow line passing midway between two adjacent stay-vancs. A thigd
taj) 3 may be arranged on a stay vane, preferably at the elevation of the centerline of the guidc vancs, or gn
th¢ roof between two stay vancs.

a = 20°to 120°

inner taps

Outer tap

IEC 440191

Figure 67 — Location of taps for Winter-Kennedy method of discharge measurement through a turbine
equipped with concrete semi-spiral case
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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 arcas. 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 o
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 throygh a bulb unit the
laps may be located as shown in Figure 68. The tap for higher pressure may be arranged at the stagnatign
pojnt of the bulb (point 1) or of the access shaft (point 1) and the tap for lower pressure should be locatdd
onfthc wall dircctly upstream from the guide vanes, however with sufficient distance from their profile noge
at maximum guide vane opening (point 2 or 2’). Discharge may be assumed proportional to the squarc rolt
of the differential pressure (see 15.5).

High pressure taps

| Low pressure taps

IEC 441191

Figure 68 — Location of taps for differential pressure method of discharge mcasurcment through a’
bulb turbine

For all other types of tubular turbines (e.g., pit turbine) analogous application may be madec.
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15.2.1.4 Mcasurcment 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 uscd shall comply with the dimensional requirements of 11.4.3. Since the differential
pressurcs (o be measured may be small, special attention should be given to removing surface irregularitics.

An upward sloping plpc is normally rcquxred for test purposes (see 11.4.4) since it is most casily purged.

be preferable to locate the pressure taps below the axis of the spiral case (see Figure 66) and use pipework
with a continuous downward slope to the discharge recorder or differential pressure gauge. In(this case al
devige is recommended to collect the possible debris.

15.2.2 Relative discharge measurcment by acoustic method

[his method (see Appendix J) is suitable for index testing, due to the good repeatability of measurements|
ood lincar characteristic. For index test applications of the acoustic-method, one single-path system
or adoublc-plane single-path system, as shown in Figures 69 and 70;.1nay bc sufficient.

and |

Transducer

Flow ly/
/.
A \

Figure 69 — Acoustic method of discharge measurement: example for single path system
(succcessive signal transmission)
Transducers

Transducer 1BC 442191

T— X,

. %7
0_/N

/

Transducers

(Fuow \\\\ // ()
\ \/

IEC 443191

Figurc 70 — Acoustic method of discharge measurement: example for double plane single path system

(synchronous or successive signal transmission)
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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
becen 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 Mcasurement by means of one single current-meter suitably located

This index method is commonly used particularly for Jow head turbines

15.2.3.3 Qther methods of obtaining index discharge

(Other methods may be used (for instance differential pressure in a bend, in a divergence ¢tc:),provided
they give a representative value,

15.3 Meayurement of other quantities

15.3.1 Specific hydraulic energy

L

Che 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|
Thi$ may be done by assuming a valuc of turbine efficiency, usually the peak value, and thus estimate th
disgharge.

15.3.2 Popver

e

[he power of the hydraulic machine or of the complete unit is determined in accordance with Clause 12
In spme cases it is sufficient to use the switch'board instruments.

15.3.3 Rojational speed

The rotational speed of the hydraulic machine is determined in accordance with Clause 13. In som(
casgs it is sufficient to usethe switch board instruments.

15.3.4 Mgchine openings

he relevantOpenings shatll be recorded for each run.

>

ttention shall be given to the accurate calibration of the openings against an external scale. Th
calibration’should include a check that differences between individual openings are not significant.

15.4 Computation of results

15.4.1 The test data shall provide for cach run the index discharge Q;, the specific hydraulic energy E, the power
of the machine P, the rotational specd n and the machine openings.
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Relative turbine efficiency is given by Tl = (P/E - Qi) J(P/E - Qi)ref
relative pump efficiency is given by et = (£ - Qi/P)/(E - Q;/ P),es
relative discharge is given by Qrel = @i/ Qi res

@; rer 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

f the index test is a part of the field acceptance test and absolute values are derived from relative
disgharge measurements, the index discharge device being calibrated by means of an absolute method(se
15.1.3), the total uncertainty of the calibration method becomes the systematic uncertainty of the discharg
megsurement.

n other cases the systematic errors, if they are a constant percentage (although unknownsin magnitude),
do not affect the results.

\id

he main systematic error which can affect the index test in the case of measurement of index discharg
by (differential pressure methods (see 15.2.1) arises from possible deviation of the'exponent n theoreticall
equpl to 0,5 in the equation relating index discharge to differential pressure. Various factors may produc
different exponents. The widest deviations in exponent occasionally en¢ountered are 0,48 to 0,52 usuall
under such unfavourable circumstances as low spiral velocities or semi-spiral construction. The effects o
thede deviations in exponent n on relative discharge are shown in Figure 71.

andom crrors affect the results and a sufficient number of points should be made in accordance wit
the procedures set out in Appendix D.

he main systematic error which can affect the index test in the case of measurcment of index discharge
by the acoustic method arises from non-lingatity attributable to cross-flow effects, or changing velocity
distribution.
hen using local velocity measutement with a single current-meter, the main error arises from th;t

posgible changes in velocity distribution, so that the ratio of the mean flow velocity to the measured loc
velgcity may not remain constant‘'when the discharge varies.
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3 \
2
1 AN
N n =048
R
s 0,49
g
£€1lo 0,50
o
v} 0,51
0,52
-1
-2 4
-3 /
0.4 0.6 0,8 1,0 1,2
T~
Q; = kh™, where'h is the differential pressure Relative discharge Qrei
: IEC 444191
Qrel = Qi/Qi ref
The efrorlis arising from assuming n = 0, 5 when true value is 0,48 to 0,52.
Figurc 71~ Differential pressure methods — Effect of the deviation in the exponent n on the
computation of rclative discharge
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