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Foreword

The text of document 4/242A/FDIS, future edition 1 of IEC 62097, prepared by IEC TC 4, Hydraulic
turbines, was submitted to the IEC-CENELEC parallel vote and was approved by CENELEC as
EN 62097 on 2009-03-01.

The International Standard contains attached files in the form of Excel file. These files are intended to be
used as complement and do not form an integral part of this publication.

The following dates were fixed:
— latest date by which the EN has to be implemented
at national level by publication of an identical
national standard or by endorsement (dop) 2009-12-01

— latest date by which the national standards conflicting
with the EN have to be withdrawn (dow) 2012-03-01

Annex ZA has been added by CENELEC.

Endorsement notice

The text of the International Standard IEC 62097:2009 was approved by CENELEC as a European
Standard without any modification.
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications
The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

NOTE When an international publication has been modified by common modifications, indicated by (mod), the relevant EN/HD
applies.

Publication Year Title EN/HD Year

IEC 60193 1999  Hydraulic turbines, storage pumps and EN 60193 1999
pump-turbines - Model acceptance tests
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INTRODUCTION

0.1 General remarks

This International Standard establishes the prototype hydraulic machine efficiency from model
test results, with consideration of scale effect including the effect of surface roughness.

Advances in the technology of hydraulic turbo-machines used for hydroelectric power plants
indicate the necessity of revising the scale effect formula given in 3.8 of IEC 60193. [1]! The
advance in knowledge of scale effects originates from work done by research institutes,
manufacturers and relevant working groups within the organizations of IEC and IAHR. [1 - 7]

The method of calculating prototype efficiencies, as given in this standard, is supported by
experimental work and theoretical research on flow analysis and has been simplified for
practical reasons and agreed as a convention. [8 — 10] The method is representing the
present state of knowledge of the scale-up of performance from model to a homologous
prototype.

Homology is not limited to the geometric similarity of the machine components, it also calls for
homologous velocity triangles at the inlet and outlet of the runner/impeller. [2] Therefore,
compared to IEC 60193, a higher attention has to be paid to the geometry of guide vanes.

According to the present state of knowledge, it is certain that, in most cases, the formula for
the efficiency step-up calculation given in the IEC 60193 and earlier standards, overstated the
step-up increment of the efficiency for the prototype. Therefore, in the case where a user
wants to restudy a project for which a calculation of efficiency step-up was done based on any
previous method, the user shall re-calculate the efficiency step-up with the new method given
in this standard, before restudying the project of concern.

This standard is intended to be used mainly for the assessment of the results of contractual
model tests of hydraulic machines. If it is used for other purposes such as evaluation of
refurbishment of machines having very rough surfaces, special care should be taken as
described in Annex B.

Due to the lack of sufficient knowledge about the loss distribution in Deriaz turbines and
storage pumps, this standard does not provide the scale effect formula for them.

An excel work sheet concerning the step-up procedures of hydraulic machine performance
from model to prototype is indicated at the end of this Standard to facilitate the calculation of
the step-up value.

0.2 Basic features

A fundamental difference compared to the IEC 60193 formula is the standardization of
scalable losses. In a previous standard (see 3.8 of IEC 60193:1999 [1]), a loss distribution
factor V has been defined and standardized, with the disadvantage that turbine designs which
are not optimized benefit from their lower technological level.

This is certainly not correct, since a low efficiency design has high non-scalable losses, like
incidence losses, whereby the amount of scalable losses is about constant for all
manufacturers, for a given type and a given specific speed of a hydraulic machine.

This standard avoids all the inconsistencies connected with IEC 60193:1999. (see 3.8 of [1])
A new basic feature of this standard is the separate consideration of losses in specific
hydraulic energy, disc friction losses and leakage losses. [5], [8 — 10]

1 Numbers in square brackets refer to the bibliography.
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Above all, in this standard, the scale-up of the hydraulic performance is not only driven by the
dependence of friction losses on Reynolds number Re, but also the effect of surface
roughness Ra has been implemented.

Since the roughness of the actual machine component differs from part to part, scale effect is
evaluated for each individual part separately and then is finally summed up to obtain the
overall step-up for a complete turbine. [10] For radial flow machines, the evaluation of scale
effect is conducted on five separate parts; spiral case, stay vanes, guide vanes, runner and
draft tube. For axial flow machines, the scalable losses in individual parts are not fully
clarified yet and are dealt with in two parts; runner blades and all the other stationary parts
inclusive.

The calculation procedures according to this standard are summarized in Clause 7 and Excel
sheets are provided as an Attachment to this standard to facilitate the step-up calculation.

In case that the Excel sheets are used for evaluation of the results of a contractual model
test, each concerned party shall execute the calculation individually for cross-check using
common input data agreed on in advance.
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HYDRAULIC MACHINES, RADIAL AND AXIAL -
PERFORMANCE CONVERSION METHOD
FROM MODEL TO PROTOTYPE

1 Scope

This International Standard is applicable to the assessment of the efficiency and performance
of prototype hydraulic machine from model test results, with consideration of scale effect
including the effect of surface roughness.

This standard is intended to be used for the assessment of the results of contractual model
tests of hydraulic machines.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60193:1999, Hydraulic turbines, storage pumps and pump-turbines — Model acceptance
tests

3 Terms, definitions, symbols and units

3.1 System of units

The International System of Units (Sl) is used throughout this standard. All terms are given in
S| Base Units or derived coherent units. Any other system of units may be used after written
agreement of the contracting parties.

3.2 List of terms

For the purposes of this document, the terms and definitions of IEC 60193 apply, as well as
the following terms, definitions, symbols and units.

3.2.1 Subscripts’ list

Term Symbol Term Symbol
model M component CcO
prototype P
specific energy E spiral case SP 3
volumetric Q stay vane SV
torque or disc friction T guide vane GV in general term
reference ref runner RU > rcegresented by
hydraulic diameter d draft tube DT
velocity u stationary part ST
hydraulic h /
optimum point opt
off design point off
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3.2.2 Terms, definitions, symbols and units

Term Definition Symbol Unit

Radial flow machines [ Francis turbines and Francis type reversible pump-turbines - -

Axial flow machines Kaplan turbines, bulb turbines and fixed blade propeller - -
turbines

Reference diameter Reference diameter of the hydraulic machine D m

(see Figure 3 of IEC 60193)

Hydraulic diameter 4 times sectional area divided by the circumference of the d, m
section
Sand roughness Equivalent sand roughness [11] ks m
Arithmetical mean Deviation of the surface profile represented by the Ra m
roughness arithmetical mean value
Acceleration due to Local value of gravitational acceleration at the place of g m s—2
gravity testing as a function of altitude and latitude (see
IEC 60193)
Density of water Mass per unit volume of water (see IEC 60193) p kg m—3
Dynamic viscosity A quantity characterizing the mechanical behaviour of a u Pas
fluid
Kinematic viscosity Ratio of the dynamic viscosity to the density of the fluid. v m2 s~
Values are given as a function of temperature. (see
IEC 60193)
Discharge Volume of water per unit time flowing through any section Q m3 s

in the system

Mass flow rate Mass of water flowing through any section of the system (p Q) kg s~
per unit time

Discharge of machine | Discharge flowing through the high pressure reference Qq m©* s
section
Leakage flow rate Volume of water per unit time flowing through the runner q m3 s
seal clearances
Net discharge Volume of water per unit time flowing through Qm m3 s
runner/impeller. It corresponds to Q4-q in case of turbine
and Qq+q in case of pump.
Mean velocity Discharge divided by the sectional area of water passage \Y m s’
Peripheral velocity Peripheral velocity at the reference diameter u ms™!
Rotational speed Number of revolutions per unit time n s
Specific hydraulic Specific energy of water available between the high and E J kg™’
energy of machine low pressure reference sections 1 and 2 of the machine
taking into account the influence of compressibility (see
IEC 60193)
Specific hydraulic Turbine: Net specific hydraulic energy working on the Em J kg™!
energy of runner
runner/impeller - . .
Pump: Specific hydraulic energy produced by the impeller 1
Em J kg
Specific hydraulic Specific hydraulic energy loss in stationary part which ELs J kg™!
energy loss in includes both friction loss and kinetic loss
stationary part
Specific hydraulic Specific hydraulic energy loss in runner/impeller which ELm J kg™!
energy loss in includes both friction loss and kinetic loss
runner/impeller
Friction loss of Specific hydraulic energy loss caused by the friction on the ELf J kg™!

specific hydraulic surface of water passages
energy
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Term Definition Symbol Unit
Kinetic loss of Specific hydraulic energy loss caused by the hydraulic Elk J kg™!
specific hydraulic phenomena other than surface friction, such as turbulence,
energy separation of flow, abrupt change of water passage, etc.
Turbine net head or H=E/g H m
pump delivery head
Turbine output or The mechanical power delivered by the turbine shaft or to P w
pump input the pump shaft, assigning to the hydraulic machine the
mechanical losses of the relevant bearings and shaft seals
(see Figures A.1 and A.2)
Hydraulic power The power available for producing power (turbine) or Ph W
imparted to the water (pump)
Ph = E (pQq)
Mechanical power of | The power transmitted through the coupling between shaft Pm \W
runner/ impeller and runner (impeller).
Power of Turbine: Power produced by the runner corresponding to P, w
runner/impeller Em (PQy) or P +P ¢
Pump: Power produced by the impeller represented by
Er(pQpy) OF Pppy-P Pr
m(PQm) or Pm-P 4
Disc friction loss Loss power caused by the friction on the outer surface of PLg
the runner/impeller
Bearing loss power Loss power caused by the friction of the shaft bearing and PLm W
shaft seal
Runner/impeller Torque transmitted through the coupling of the Tm N m
torque runner/impeller and the shaft corresponding to the
mechanical power of runner/impeller, P .
Hydraulic efficiency Turbine: n,=P /P, Pump: ny=PL/Py, Mh -
Specific hydraulic Turbine: ng = E /E Pump: ng = EL/Ep, g -
energy efficiency .
(see Figures A.1 and A.2)
Volumetric efficiency | Turbine: nQ = Q/Q4q Pump: nQ = Q4/Qn, nQ -
(see Figures A.1 and A.2)
Power efficiency (disc | Turbine : ny = P, /P, Pump :n =P/P, nt -
friction efficiency) .
(see Figures A.1 and A.2)
Mechanical efficiency | Turbine: n_ = P/P Pump: n_=P_/P M -
(see Figures A.1 and A.2)
Efficiency step-up Difference between efficiencies at two hydraulically similar An -
operating conditions
Efficiency step-up Ratio of efficiency step-up against model efficiency A
ratio
A=n
M
Reynolds number Reynolds number of the machine Re -
Re=Du/v
Reynolds number of |Re,=d, v/v Re, -
component passage
Friction loss Friction loss coefficient for a pipe. A -
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Term Definition Symbol Unit
Friction loss Friction loss coefficient for a flat plate. C; -
coefficient for a flat
plate C. = E ¢
f= 3
BL w
Q 2
where B width of a flat plate (m)
L length of a flat plate (m)
Q discharge passing by the plate (m®/s)
w relative flow velocity (m/s)
Disc friction loss Friction loss coefficient for a rotating disc Cn -
coefficient
C — PLd
m TC4 5
~—pn’Dy
8
where
D, diameter of the rotating disc (m)
Relative scalable Scalable specific hydraulic energy loss divided by E, which 3 -
hydraulic energy loss |is dependent on Reynolds number and roughness (in most
cases, it is represented in %)
8. = E,JE
Relative non-scalable [ Non-scalable specific hydraulic energy loss divided by E, 3. -
hydraulic energy loss | which remains constant regardless of Reynolds number
and roughness
3, = E,/E
Reference scalable ¢ value for a model with smooth surface operating at a O et -
hydraulic energy loss |reference Reynolds number Re = 7 x108
Reference scalable g,os for each component passage Secoref -
hydraulic energy loss
in component
passage
Relative disc friction | Djsc friction loss P, , divided by P 3; -
loss Ld m
ST — I:)Ld
Pm
Reference disc 9 value for a model with fairly smooth surface operating at O er -
friction loss a reference Reynolds number Re = 7 x 108
Flow velocity factor Ratio of the maximum relative flow velocity in each K,co -
for each component component passage against the peripheral velocity u
passage
Vco
Kyco =
u
Dimension factor for Ratio of the hydraulic diameter of each component K4co -

each component
passage

passage against the reference diameter

dnco
D

Kdco
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Term Definition Symbol Unit
Dimension factor for Ratio of the diameter of the runner crown or runner band Kp -
disc friction loss against the reference diameter

D4
Kt = —
"D
D: diameter of the runner crown or the runner band,
whichever larger
Scalable hydraulic SECOref decorer -
energy loss index for | decoref = 0.2
each component 1+ 0,351 (kuco X Kdco )
passage
Scalable disc friction S Arref -
loss index drref = T—ref04 b
1+ 0,154 k1"
Loss distribution Ratio of scalable loss to total loss \% -
factor
9
1-1p
S ifi d N -
pecific spee \ ~ nQ10‘5 QE
QE = o5
Speed factor nD Nep -
Nep =
E0,5
Discharge factor ™ Q4 Qgp -
D2EO,5
Power factor P Peo -
Pep = D2mE15
Energy coefficient E Eb -
Enp =
n2D?
Discharge coefficient Q. - Q, Q.p -
nD — 3
nD
Power coefficient P Pob -
Pio =33 n
p4n°D

4 Scale-effect formula

4.1 General

4.1.1 Scalable losses

The energy flux through hydraulic machines and the various losses produced in the energy
conversion process in a hydraulic machine can be typically illustrated by the flux diagrams
shown in A.1. [4]

As a consequence, one of the main features of the new scale up formula as stated in this
standard is the separate consideration on three efficiency components. They are specific
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hydraulic energy efficiency mg, volumetric efficiency mq and power efficiency nr. In this
standard, scale effect on each of these efficiency components is considered.

Among the losses corresponding to these efficiency components, the following losses are
subject to scale effect by the difference of Reynolds number and the relative roughness. Then
these losses are referred to as “scalable losses” in this standard.

e Specific hydraulic energy loss due to friction: E;

e Leakage loss: q

e Disc friction loss: P4

It is considered in this standard that the relative magnitude of each scalable loss to each
corresponding performance parameter, except for discharge, (8g =E; /E and 81 =P 4/Py)
is given as a function of the specific speed for each type of machine.

E s is the sum of the friction loss in various parts of the machine and it is expressed as the

sum of the friction loss in each component as E; = ZELfCO . The scale effect on this loss is

caused by the difference of Reynolds number and relative roughness between model and
prototype and assessed by the formula shown as Equation 1.

The rest of the specific hydraulic energy loss is called “kinetic loss" or “non-scalable loss" and
expressed as E|, = ZELkCO . It is considered that the ratio of E, against E,, remains the
same through the model and the prototype.

The scale effect on the leakage loss, q, is caused by the change of the friction loss coefficient
of the seal clearance of the runner/impeller. In most cases, the leakage loss itself is minor
and the scale effect on this loss is relatively very small.

Therefore, in case that the geometry of the seal is maintained homologous between the model
and the prototype within the criteria given in Table 3, the scale effect on the leakage loss is
disregarded and mq of the prototype is considered to be the same as that of the model. (See
E.3)

In case that the geometry of the model is not homologous to the prototype, this standard
recommends to use the correction formula for nq as set out in E.2.

Similarly to E; ¢, the scale effect on the disc friction P4 is caused by the difference in
Reynolds number and the relative roughness of the outer surface of the runner/impeller
between the model and the prototype. Due to the presence of the radial flow and the distortion
of the boundary layer in the limited space between the runner/impeller and the stationary
parts, the scale effect on P4 appears in a slightly different manner than on Ej;. It is

considered in this standard that the scale effect on the disc friction may be assessed by a
scale effect formula shown as Equation 7. (See Annex D)

In case of axial flow machines, the friction loss of the surface of runner hub is negligibly small
and its scale effect is disregarded.

Therefore, in this standard, only the scale effect on the losses corresponding to the efficiency
components; ng and ng, are considered for radial flow machines and only ng is considered for
axial flow machines.
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4.1.2 Basic formulae of the scale effect on hydrodynamic friction losses

Another new feature of the new scale effect formula is the consideration of surface
roughness. The basic physical background for consideration of surface quality is the
Colebrook diagram. By some manipulation and simplification, the implicit Colebrook formula
can be converted into as expression as shown below. [4, 6]

4 ks _Reg )™’
A=2X0|074/8x10" x—=—+——| +0,26 (1)
h €d
where
Reg = 7x10° Ao = 0,008 5
ks sand roughness
dp, hydraulic diameter of the water passage
d d
Rey  Reynolds number of the water passage Rey = h>¥ _ Dh “V Re
v Xu

Practically, the surface roughness of model and prototype are represented by the arithmetical
mean roughness Ra as stated in 4.2.2. Regarding the relationship between the sand
roughness kg and Ra, wide spread results have been reported so far. In this standard,
however, it is considered that the relationship can be expressed by the following formula:

ks _5Ra (2)
dy  dy

NOTE For very rough surfaces, considerations as described in (2) and in Note 2 of B.1 should be taken into
account.

Then, Equation 1 is rewritten as follows;

0,2

me. 0

A =%g| 074 4x105 x B8 DxU  Reo | = 406 (3)
dh dhXV Re

Figure 1 sketches the basic concept for the step-up from model to prototype conditions
including surface roughness. Example P; shows the case of a smooth prototype machine. P,
shows the case of a prototype machine of reasonable roughness, whereby P; shows the
example of a very rough surface where even a decrease of efficiency compared to the model
will occur.
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Figure 1 — Basic concept for step-up considering surface roughness

In order to calculate the difference of hydraulic efficiency between two hydraulically similar
operating points M and P at different Reynolds numbers and different surface roughness
conditions, the following formulae can be derived by using Equation 3 (see A.2 (2)).

A A — A
Ag = e _ Oref (%j (4)
Nem ref

The Colebrook diagram is valid for pipe flow, but it can be demonstrated that also friction loss
coefficients of flat plate flow can be approximated with sufficient accuracy by similar
equations as shown below.

ks Rep ?
Cs¢ =C|080[10° =5+ =0 | 4020
L Ref

(5)

0,2
R y
_ C| 080/ 5x105 R2  Dxu  Reo | 499
L Lxw Re

where
Rey = 7x10° Cto = 0,003 2
Lxw Lxw
Res Reynolds number of the plate Ref = = Re
v Dxu
L length of the plate
w relative flow velocity on the plate

By replacing A in Equation 4 by C; given by Equation 5, Equation 4 is used to calculate the
scale effect of the friction loss of runner blades of axial flow machines.
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Similar formula of friction loss coefficient for disc friction is established as follows [9];
(See Annex D).

kst Rep |7
Crm =Cimo 0,85[1,5 x10% x =ST 4 —0] +015
a Ret

0,2
2 £l
=Cro 0,85(7,5><104 Rar | D2 x Reo] +045
a 23 Re

where
Rey = 7x10°8 Cmo = 00019
KsT equivalent sand roughness corresponding to Ra;  kgr=5Rat

Ra;  weighted average of the arithmetical mean roughness of the outer surface of the
runner and the surface of the stationary part facing to the runner as given by
Equation 13

Re;  Reynolds number of the disc

a radius of runner crown or band, whichever larger (m)

. Dy
2

o angular velocity of the disc (rad/s)

By using Equation 6, step-up formula for power efficiency (disc friction) is obtained as follows
(see A.2 (4)):

An C,v-C
AT =—L :6Tref[ mg ij (7)
NTm mref

4.2 Specific hydraulic energy efficiency
4.21 Step-up formula

The scalable losses 6g.os as appeared in Equation 4 are referred to those of a model with
smooth surface operating at a reference Reynolds number Re,os = 7 x 106 and have been
established as a function of type and specific speed of a hydraulic machine. They are
standardized and set out in Annex B for radial flow machines and Annex C for axial flow
machines.

By putting the new scale effect formula Equation 3 into Equation 4, the following formula for
the individual step-up for a machine component is derived (see B.2).
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A _ Meco _g Acom —Acop
ECO — NEm — OECOref 7‘00 .
re

R 6 0,2 R 6 0,2
4x105 ¢ oo N2COM  7X10 [ 4x105 oo NACOP | TX10
DM ReM Dp Rep (8)

= dEcoref
¢ 1+ 0135(KUCO X Kd4co )0’2

= decoref [4 x10° xyco

Ra 7%108 |2 Ra 7x106 |
com , X - 4><1051<uco cop_, 1Xx
DM ReM Dp Rep

where

Oecoref standardized reference scalable loss for each component passage when the
machine Reynolds number Rey, is equal to the reference Reynolds number
(7><106) (see A.2 (2) and B.2 (2))

Kuco standardized flow velocity factor for each component passage (see B.2 (1))

K4co standardized dimension factor for each component passage (see B.2 (1))

dECOref scalable loss index for each component passage (see B.2 (2))

SECOref
1+ 0,35(kyco X Kgco )2

decoref =

For radial flow machines, Equation 8 allows to calculate the individual step-ups in the various
components, using dgcores @and x,co Which have been established for each individual
component from spiral case to draft tube.

The values of dgcprer @and ko for each component passage of Francis turbine and pump-
turbine are standardized and shown in 5.3 (1) and (2).

For axial flow machines, the scalable loss is divided into two parts, runner blades and
stationary parts. The efficiency step-up ratio for the scalable loss of stationary parts, Aggr.
can be obtained by Equation 8 in the same way as for radial flow machines. In this case, it is
considered that the representative flow velocity factor x, gy for all stationary parts can be
represented by 0,8 times the flow velocity factor for guide vanes; namely, x gt = 0,8 X ¥ gy-
The value of x,g7 is shown in 5.3 (see Annex N of IEC 60193:1999 [1]).

As stated below Equation 5 in 4.1.2, scale effect formula for flat plate represented by
Equation 5 is supposed to be applied to runner blades. However, as demonstrated in C.2, the
scale effect formula based on Equation 5 can be transformed to the same formula as Equation

8 by introducing the modified flow velocity factor K;RU instead of ¥ gy. Therefore, the

following formula similar to Equation 8 can be applied to runner blades by using K;RU given in
5.3 (see Annex N of IEC 60193:1999 [1]).
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{ R 7%108 2 R 7 %108 0’1
_ 5 * 3RUM X 5 * aRuUP X
AERU—dERUrefL[4X10 KuRU DM + ReM ] —{4)(10 KuRU DP + ReP ] J (9)

Then the step-up of the specific hydraulic energy for the whole machine can be calculated by
the equation below:

A
A =£=ZAECO (10)
NeMm

The structure of formula is valid for all types of hydraulic reaction machines. Also it can be
applied for both turbines and pumps.

4.2.2 Roughness of model and prototype

When applying Equation 8 for the contractual model test to examine whether the model
efficiency meets the guarantee or not, the values of surface roughness (Ra) as stipulated
below shall be used in the formula.

— Roughness of the model

The values measured on the model shall be used. The model components are known to
have a very good uniformity of roughness per component. When this is the case, 2 to 4
measuring points per component shall suffice. For repetitive components, like stay vanes,
guide vanes and runner blades, measurement on at least 2 repetitive components is
recommended.

— Roughness of the prototype

Design values for the prototype roughness, which are offered by the supplier, shall be
used as the roughness of the prototype. When the turbine components are completed in
the factory, the surface roughness shall be measured and it should be verified that the
average value of the measured roughness of each component is equal or finer than the
design roughness for the component.

When applying Equation 8 for the assessment of the efficiency improvement in a rehabilitation
project, the roughness of the prototype components shall be measured on the existing unit.
The improvement of the efficiency achievable by the replacement of some components can be
assessed by comparing the efficiencies calculated with the roughness measured on the
existing components and with the design values for the new components.

In case of rehabilitation projects, roughness data of those components not to be replaced
shall be provided by the owner with the specification. For the measurement of rough surfaces
of old turbines, the recommendations described in Annex B (at the end of B.1) for Ra values
larger than 50 um shall be taken into consideration.

When the roughness is measured on the model or the prototype, measurement shall be made
carefully so that the measured values may represent the roughness of each component
adequately.

For spiral case, stay vanes and draft tube, the sample points shall be selected so as to
represent the average roughness of the component correctly. For guide vanes and runner, the
sample points shall be selected so as to represent the average roughness of the high flow
velocity area of their passages. It is recommended to measure the roughness at sample
points as shown below and to use their arithmetic average for each component.

— Spiral case: 9 points or more; at 3 radial sections: entrance, middle, end of casing.

— 2 Stay vane channels: 6 points or more per stay vane channel; 2 points per side of the
vane, 1 point on the top of the channel, 1 point on the bottom of the channel.
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— 2 Guide vane channels: 10 points or more per guide vane channel between 2 guide vanes;
6 points on the inner side of the guide vane, 2 points on the outer side of the guide vane,
1 point on the top of the channel, 1 point on the bottom of the channel.

— Runner: 20 points or more; with 70 % of them on the high flow velocity area (region A, as
defined in Table 1). The number of measuring points on pressure and suction sides of the
blade shall be identical.

— Draft tube: 10 points or more; with 70 % of them upstream of the bend.

The surface roughness shall be measured as it appears in actual operation. Painted surface
shall be measured over the paint coat.

For axial flow machines, the roughness value given by Equation 11 shall be used as a
representative roughness for all stationary parts.

Rag, +Ragy

Rag+ =
ST >

(11)

As known by Equation 8, larger efficiency step-up can be achieved by polishing the prototype
finer. Nevertheless, the roughness of the prototype should not be finer than the roughness
expected after some period of operation (i.e. guaranteed period). Also, very fine polishing is
not cost effective, as shown in Figure 2.

IEC criteria

e

Efficienc

Efficiency
Cost

]

Fine Rough
Roughness

IEC 202/09

Figure 2 — IEC criteria of surface roughness given in Tables 1 and 2

Tables 1 and 2 show the maximum recommended roughness for prototype runner and guide
vanes of new turbines. These recommended roughness values supersede those given in
IEC 60193.
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Table 1 — Maximum recommended prototype runner roughness for new turbines (um)

E <3000 J.kg™*

Reference diameter Tm-2m 2m-4m 4dm-7m 7Tm-10m
Region Ad B@ A B A B A B
Roughness (Ra) 2,3 3,2 6,3 12,5 12,5 25° 12,5 25°

Pressure side

Roughness (Ra) 2,3 2,3 2,3 3,2 3,2 6,3 6,3 6,3
Suction side

E > 3000 J.kg™*

Reference diameter Tm-2m 2m-4m 4dm-7m 7 m-10m

Region A B A B A B A B

Roughness (Ra) 2,3 2,3 2,3 3,2 3,2 6,3 6,3 6,3
Pressure side

Roughness (Ra) 1,6 1,6 2,3 2,3 2,3 3,2 3,2 4.5
Suction side

a2 Even though there are only 2 regions A and B in this table, it is well understood that an additional region
along the blade inflow edge is often polished to a very low roughness, in order to avoid initiation of
cavitation.

b These roughness values may seem excessive for these regions. However, the above values were

established based on comparable roughness losses between different machine sizes, having different
Reynolds number. So, bigger machines, having bigger Reynolds number can afford more roughness.
However, it is reasonable to use smaller roughness values than the ones recommended, if the parties
involved feel that it is more practical or more economical for the project concerned.

Turbine
E<3000Jkg E>3000Jkg"

Turbine Pump-turbine

IEC 203/09

NOTE Concerning the surface roughness along the runner band and the runner crown, a mid value between the
"Pressure side" region and the "Suction side" region is recommended.

Figure 3 — Francis Runner blade and fillets
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NOTE It is recommended to apply the roughness values specified for "Blade Suction" in Table 1 to both pressure
and suction sides of the runner blades for axial flow machines.

Figure 4 — Runner blade axial flow

Table 2 — Maximum recommended prototype guide vane roughness

for new turbines (um)

Inner side (higher velocity)

E <3000 J.kg™*
Reference diameter Tm-2m 2m-4m 4dm-7m Tm-10m
Region A B A B A B A B
Roughness (Ra) 2,3 2,3 2,3 6,3 3,2 12,5 6,3 12,5
E > 3000 J.kg™’
Reference diameter Tm-2m 2m-4m 4dm-7m Tm-10m
Region A B A B A B A B
Roughness (Ra) 1,6 2,3 2,3 2,3 2,3 3,2 3,2 6,3
Outer side
B
A

IEC 205/09

NOTE Concerning the surface roughness along the guide vane passage top and bottom, a mean value of A and B

is recommended.

4.2.3 Direct step-up for a whole turbine

Figure 5 — Guide vanes

When the surface roughness of a component passage is finished adequately, corresponding
to the flow velocity of each component passage, the step-up of the specific hydraulic energy
efficiency for the whole turbine Ag can be calculated directly without calculating Agco for the
components. Such simplified procedure is described in B.3 for radial flow machines and in
C.10 for axial flow machines. Those simplified formulae may be used upon prior agreement
among the concerned parties.
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4.3 Power efficiency (disc friction)
4.31 Step-up formula

Disc friction has a significant impact on the efficiency of low specific speed radial machines.
The following step-up formula, Equation 12, is obtained by putting Equation 6 into Equation 7.
It describes the variation of power efficiency of radial flow machines due to the difference in
Reynolds number and surface roughness (see Annex D).

Ae 2 ANT g [MJ
T = = OTref C
NT™ mref

R 7 %106 02 R 7 %108 02
75x10% k7 oM, [X | 75x10% kg —oTP | X
DM ReM Dp Rep

= OTref
© 1101541724

0,2 0,2
6\ 6\
AT =dTref 7,5X104KT RaTM + 7x10 - 7,5X104KT Ran + 710 (12)
DM ReM Dp Rep

where

6Tref =1- MNTref

d Tref

Ayref = —————— 7~
110154104

K1 : dimension factor for the disc relating to disc friction loss

_2a_Dqg
D D
Rat: representative roughness given by Equation 13.

Kt

The scalable disc friction loss dt,e as appeared in Equation 12 is referred to the model at the
reference Reynolds number Re o = 7x108 with smooth surface. The values of dy,e and xy
have been established as a function of type and specific speed of a radial flow machine. They
are standardized and set out in 5.4.

For axial flow machines, the surface friction of runner hub is negligibly small. Therefore, it is
considered in this standard that At is zero for axial flow machines.

4.3.2 Roughness of model and prototype

Generally the rules stated in 4.2.2 apply to the roughness concerning the disc friction except
the requirement for the sample points as set out below.

Since the roughness near the outer periphery of runner crown and runner band has dominant
influence on the disc friction loss, it is recommended to measure the roughness at the sample
points as set out below.

e Runner crown: 2 points or more near outer periphery.

e Runner band: 2 points or more near outer periphery.

e Stationary part: 4 points or more at the areas facing to the sample points of runner.
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Since the roughness of the rotating part has dominant influence of the disc friction torque, the

weighted mean roughness as given by the following formula shall be used for Ra in Equation
12.

2><Ra-|—R + RaTS
3

Rat = (13)

where

Ratr average roughness of those measured on the rotating part;
Ratg average roughness of those measured on the stationary part.

4.4 Volumetric efficiency

An estimation of the influence of Reynolds number to the volumetric efficiency demonstrates
that the influence is almost negligibly small in case that the geometrical configuration of
clearances, labyrinths, balancing holes/pipes is similar at both model and prototype.
Therefore, in case that the geometry of the seal of the model is made homologous to the
prototype within the deviation as set out in Table 3 below, the volumetric efficiency are
considered to be the same at model and prototype (see E.3).

Table 3 — Permissible deviation of the geometry of model seals from the prototype

Dimensions and design Permissible deviation from
the prototype
Radial clearance of runner seals * 0~ +20%
Diameter of seal +5 %
Axial length of seal clearances * 0~ -20%
Number of steps or grooves should be the same
Shape of steps or grooves (see Annex D) shall be homologous

NOTE In case of axial flow machines, the words marked by * should be read as "blade tip
clearances" and “thickness of blade tip”, respectively. Only these two criteria for radial clearance
and thickness of blade tip should be applied.

However, normally it is quite difficult, sometimes not practicable and sometimes impossible, to
fabricate the runner seals of the model in complete homology with the corresponding
prototype. In all these cases, the leakage flow has to be calculated separately for both model
and prototype and the volumetric efficiency has to be adjusted accordingly. In this case one
can write

A
AQZEZE_'] (14)

NMam  MNawm

If there is no agreement between the concerned parties about the calculation of Aq, the
formula given in E.2 may be applied.

5 Standardized values of scalable losses and pertinent parameters

5.1 General

The values of dgcrer and ¥ co to calculate the step-up of specific hydraulic energy efficiency
and those of dr,of and xt to calculate the step-up of power efficiency (disc friction) are shown
in this clause. They are referred to a reference Reynolds number Re,s = 7x108 and
correspond to the machines with smooth surface.
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5.2 Specific speed

A hydraulic machine of any type can be described by its specific speed at the point of
maximum efficiency. Therefore in the first step, the specific speed N of the tested machine
at its maximum efficiency has to be calculated.

05
nxQq~ 05
Nae =—gos O Noe =nepQep ™ =

0,5
QnD

0,75
nD

(15)

where

n rotational speed (s~1);
Q, discharge of machine (m3/s);
E specific hydraulic energy of machine (J kg=1).

For reversible pump-turbines, the specific speed at each maximum efficiency point when
operating as a turbine or as a pump, should be calculated and taken as a reference to obtain
the scalable losses in turbine or pump operation, respectively.

As the specific speeds of different machines from different manufacturers for the same
specified prototype conditions are quite close, it is possible to fix dgcorers Kucos Arer @aNd ¥t
in advance in a specification. Also, for a comparative model test, common values of dgcgyef

Kuco» d1ref @nd w1 should be defined.

5.3 Parameters for specific hydraulic energy efficiency step-up

Once an investigated hydraulic machine is described by its specific speed, the factors dgco et
and x,co for a smooth model, which are required to apply the step-up formula, can be
determined by the equations shown in Tables 4, 5, 6 and 7.

These equations are valid in the specific speed range shown below each table.

NOTE Beyond these specific speed ranges, the equations are not substantiated by analytical or experimental
data and may not be correct. However, even beyond these specific speed ranges, the attached Excel sheets give
step-up values which are calculated by extrapolating the equations. These step-up values are shown primarily for
information. If they are used for the evaluation of contractual model test results, agreement shall be made in
advance among the concerned parties.

1) Francis turbines

Table 4 — Scalable loss index dgcqo.ef and velocity factor x,co for Francis turbines

Component passage decores Xuco
Spiral case despref = 0,40/100 Kusp = -05Ngg +033
Stay vanes desvref = (-Ngg +0,40)/100 Kusv = —14Ngg +0,60
Guide vanes devrer = (F29Nqg +165)/100 | kugy = -33Ngg +129
Runner deruref = (34 Ngg +0,55)/100 Kyru = —13Ngg +0,90
Draft tube depTrer = (0,5Ngg +0,05)/100 KuoT = 028
NOTE The above equations are valid for 0,06 < Nqg < 0,30 (see B.4, B.5 and B.6).
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a) Turbine operation
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Table 5 — Scalable loss index dgcg.ef and velocity index x,,co for pump-

turbines in turbine operation

Component passage

dECOref

Kuco

Spiral case

despref = 0,45/100

Kuysp = —0,5 NQE + 0,34

Stay vanes

desvref = (— Nqe + 0,45)/ 100

Kysy = —1,4 NQE + 0,57

Guide vanes

degvrer = (- 29Ngg +165)/100

Kugy = -33Nge +123

Runner

derurer = (34 Ngg +135)/100

KuRU = —1,3 NQE + 0,87

Draft tube

deprrer = (05Ngg +0,05)/100

KuDT = 0,31

NOTE The above equations are valid for 0,06 < Nqp < 0,20 (see B.4, B.5 and B.6).

b) Pump operation

Table 6 — Scalable loss index dgcg.ef @and velocity index k,cq for
pump-turbines in pump operation

Component passage

dECOref

Kuco

Spiral case

despref =045/100

Kusp = —0,5 NQE + 0,31

Stay vanes

desvrer = (- Ngg +0,50)/100

Kuysy = —1,4 NQE + 0,53

Guide vanes

degyrer = (— 29 Ngg +165)/100

Kugyv = —3,3 NQE + 0,96

Runner

derurer = (34 Nqg +155)/100

KuRU = —1,3 NQE + 0,79

Draft tube

depTrer = (05 Ngg +0,05)/100

KuDT = 0,27

NOTE The above equations are valid for 0,06 < Nqg < 0,20 (see B.4, B.5 and B.6).

3) Axial flow machines

Table 7 — Scalable loss index dgco.ef and velocity factor k¢ for axial flow machines

Component passage

dECOref KuCO
Runner deruref =245/100 EURU =129
All stationary parts desTref =123/100 KusT =019

NOTE The above equations are valid for 0,25 < Nqg < 0,70 (see C.9).

5.4 Parameters for power efficiency (disc friction) step-up

The following equations shall be used to obtain dy. and k1 (see D.3). These equations are
valid in the specific speed range shown for each equation.



BS EN 62097:2009
62097 © IEC:2009 - 27 -

NOTE Beyond these specific speed ranges, the equations are not substantiated by analytical or experimental
data and may not be correct. However, even beyond these specific speed ranges, they may be used for the
evaluation of contractual model test results by mutual agreement among the concerned parties.

1) Francis turbines

drrer =| 044+ 99%% 1 1 £0r 0,06 < N < 0,30 (16)
Noe 100
KT =—-57Ngg +20 or 1,0, whichever larger (17)
2) Pump-turbines
a) Turbine operation
12 1
d1ref =] 0,97 + 00 > X 7aa for 0,06 < Nge < 0,20 (18)
Nag 100
k1 =-83Nge +27 or 1,0, whichever larger (19)
b) Pump operation
drref =| 123+ 0015 xL for 0,06 < Nge < 0,20 (20)
NQE2 100
Kt =—15Nqg +27 or 1,0, whichever larger (21)

6 Calculation of prototype performance

6.1 General

The formulae set out from 6.2 to 6.6 concern the conversion of the hydraulic performance
data from a homologous model to a prototype for hydraulically similar operating conditions.

Using the methods of measurement described in IEC 60193, absolute model test data such as
Mv: Em» Qm: T Pur Reyy, etc. are obtained for each test point.

With additional absolute data of model and prototype such as n, D, g and p, the corresponding
prototype performance data can be calculated.

For off-design points, Ag, At and Aq calculated for the maximum efficiency point shall be used
from Equation 22 to Equation 33. It should be noted that this procedure gives slightly less
step-up of efficiency for off-design points comparative to the maximum efficiency point.

6.2 Hydraulic efficiency

The hydraulic prototype efficiency of a hydraulic machine can be calculated by the following
formula:

Nhp — Nep XN1p XnQP =(1+AE)(1+AT)(1+AQ) (22)
Nhm  MeEM XNTM XNam
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The mathematically strict derivation leads to a multiplier n,p/mp- By omitting terms of second

and higher order, the following equation can be applied. It shows negligible deviation from the
strict formula but leads to the customary constant adder.

Anyp, = nhm(;]i— jz N (Ag + A1 +Aq) (23)
hM

In case of axial flow machines with homologous gaps, At = Aq = 0. Then, the above formula is
simplified to:

nﬂ:“ﬁ:(huAE) (24)
NMhm  Mem
or
ANy =My XAg (295)

In case the model hydraulic efficiency my is higher than “assumed maximum hydraulic
efficiency: Npamax » it is assumed that the standardized loss terms provided in this standard
(decoref 91rer» 1-Nqm) are uniformly decreased by multiplying them by (1-ny)/(1-npamax)- The
attached Excel sheets give step-up values using thus modified loss terms. If these step-up
values are used for contractual model tests, it shall be agreed on in advance among the
concerned parties.

4

NOTE “Assumed maximum hydraulic efficiency: M, , .. 1S defined as the efficiency which is given by the values
of 8, O1ef @and volumetric efficiency Mg given in this standard, assuming no kinetic loss is present.

Nhamax = (1-8gref )X (1= 37ref ) XNq

6.3 Specific hydraulic energy

Under hydraulically homologous conditions, the specific hydraulic energy is converted by the
following equations.

Turbine operation: (see Note in 6.6)

e R R e R G o = B
Em  (Nm Dm Nep Nm Dm 1+Ag

Pump operation:
2 2 2 2
E_P:[n_P) X[D_Pj X(WEP):(n_PJ X[D_Pj x(1+Ag) (27)
Em (Num Dm NEM Ny Dy

Under hydraulically homologous conditions, the discharge is converted by the following
equations.

6.4 Discharge

Turbine operation: (see Note in 6.6)
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3 3
Qp :n_Px[DPj . Nam :n_PX[DPj o 1 (28)
Qm nv (Dm Mg "™ \Dwm 1+ Aq
Pump operation:
3 3
Qi=n_PX(D_PJ Xnﬂ=n_Px(D_PJ x(1+Aq) (29)
Qnm  nv (D NMav "wm \Dm

6.5 Torque

Under hydraulically homologous conditions, the torque is converted by the following
equations.

Turbine operation:

T np V2 (Dp Y np V2 (Dp Y
Lpzpix(—P] x[ PJ x(nTP J: PP x[—P] x(—PJ ><(1+AT) (30)
Tom P Ny Dwm ™ P (Nm Dwm

Pump operation:

2 5 2 5

Tmp _ PP X[”_Pj X[Dpj X[“TMJZ PP X(”_P] X(DPJ X( 1 ] (31)
Tam  Pv (Nm Dwm nTp P (Nm Dwm 1+ A7

6.6 Power

Under hydraulically homologous conditions, the power is converted by the following
equations.

Turbine operation: (see Note in 6.6)

P ne )° (Dp ) ne )° (Dp )
Lpzpix(_") X( PJ X{“TPJ: PP XE_P] X[_PJ (4 A7) (32)
Pom P \Nm Dwm NT™ P (Nm Dwm
Pump operation:
3 5 3 5
Pmp _ PP X(”_PJ X[DPJ x(nTMJz PP X[”_P] X(DPJ X( 1 ] (33)
Pomv P (N Dwm ntp P\ Nm Dwm 1+ A7

NOTE In usual practice of the step-up calculation of turbine performance, firstly the value of nepm corresponding
to the specified head for the prototype turbine EP is calculated. Then, on the model performance curves, the values
of n,, and Qgp, (and/or Py,,) corresponding to this ngp, are read.

In this procedure, the value of ngp) should be calculated by the following formula considering the scale effect on
Ep.

Np XDP 1

MEDM =T =T A
P E

Then the model values of np)\y and Qgpp (and/or Pepyy) are converted to the prototype values.

For the conversion of n\, Equation 22 should be applied.
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For the conversion of other performance parameters, such as Qgp)y and Pgp)y, the following formulae should be
used considering the scale effect.

2 2 0,5 05
D npD 1 D E 1+ Ag )
e =anl o1 | (e Jrsa = onlan [0 1

DM nMDM 1+AQ DM EM 1+AQ
1+ Ag )%°
Qp =Q xDp2 XE 0‘5(—E
1P epm XDp P 17 Aq
2 3 2 15
op ) D npD op ) D Ep )" 5
P1P=P1M( L j( Pj ( = P) (1+AT)=P1M( L ][ PJ ( Pl (+ag)®(+a7)
Pm A\ Dwm NMDm Pm A Dm Em

2 e 15 15
Pip = Pepm Xpp xDp” xEp ™ (1+ Ag )™ (1+ A7)
6.7 Required input data

Required input data for the calculation of the prototype performance are itemized in Table 8.

Table 8 — Required input data for the calculation of the prototype performance

| Model | Prototype Note
a) For conversion of the maximum efficiency point
Reference diameter Dy Dy
Speed Nyopt ne np: rated speed
Operating Data Plscharge Q1M°m -
Specific hydraulic energy EMOpt - or HMOpt
Hydraulic efficiency Nopt -
Water temperature twm twp
Roughness | Spiral case Ragpm Ragpp
Stay vanes Ragym Ragyp
TI?Eata for step-up of Guide vanes Ragym Ragyp
Runner blades Ragum Rag,p
Draft tube Raprm Rapp
Roughness | Outer surface of runner Razu Ra;gzp
Data for step-up of
Nt Stationary part facing to Ra gy Ra;gp
runner

The dimensions below are required only if the runner seal geometry of the model is not homologous to the
prototype.

a .
Seal clearances Ceim Ceip Outer seal, crown side
Data for correction Ceom Ceop Inner seal, crown side
of na :
Cb1M Cb1P Outer seal, band side
C C Inner seal, band side
when geometry of b2M b2pP
runner seal is not Radius of seals@ R.iim R.1ip Outer seal, crown side
homologous
Raoim Reoip Inner seal, crown side
Ry1im Ry1ip Outer seal, band side
sziM szip Inner seal, band side
a .
Seal length Letim Lesip Outer seal, crown side
Lc2iM Lc2iP Inner seal, crown side
Lotim Loip Outer seal, band side
LbZiM LbziP Inner seal, band side
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| Model | Prototype Note
b) For conversion of turbine/pump performance
General Density of water Pm Pp
Speed Nepm np np: rated speed
Discharge Q
For conversion of 9 EDM
Turbine Specific hydraulic energy Ep or Hp
performance a
Power (Peom)
Hydraulic efficiency Mhu
Speed ne np: rated speed
Discharge Q. pm
For conversion of o :
Pump performance Specific hydraulic energy E.om Ep or Hp
Power @ (P.om @
Hydraulic efficiency Mhu

2 |f the prototype power is calculated from Pp» Npp: Ep @and Qp, these model values for power are not
necessary.

7 Calculation procedure

Summarizing, the procedure how to scale up hydraulic model performance data to prototype
conditions consists of the following steps:

step 1: Determination of the specific speed Nqg at the maximum efficiency point.

step 2: Calculation of scalable loss index dgco.ef @nd velocity index k,co of each component
corresponding to the Nqg obtained above.

step 3: Calculation of loss index dt.os and dimension index k1 for disc friction loss step-up.
step 4: Determination of surface quality expressed by Ra.

step 5: Determine the geometrical data for runner seals, if they are not homologous.

A A A
step 6: Calculation of individual step-ups (AE = E,AQ = &,AT = i}
NEm Nam Nt™m

step 7: Calculation of prototype performance.

The attached flow chart represents the whole procedure starting from the calculation of
specific speed to the calculation of prototype performance data. As demonstrated in this flow
chart, the application of the new method is, despite the new features, still easy to handle.

By utilizing the Excel sheets attached to this standard, the step-up calculation can be done
simply by entering the required input data into the relevant cells of input form.
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Annex A
(informative)

Basic formulae and their approximation

A.1 Basic concept of loss structure and scale effect
The scale effect formulae set out in this standard are derived from the following basis.
1) Loss structure and efficiency components.

As illustrated in Figures A.1 and A.2, losses in hydraulic machines are classified into four
component losses. (see Annex N of IEC 60193:1999 [1], [8], [10])

They are:

e specific hydraulic energy loss: E| ;
e leakage flow loss: q;

e disk friction loss: P4 ;

e bearing friction loss: P, .

Corresponding to each loss, the following efficiency components are defined.
e specific hydraulic energy efficiency: Ng;

e volumetric efficiency: Mg ;

e power efficiency: Nt ;

e mechanical efficiency: Mm
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Ph= E x pQ1

(Hydraulic powﬁ\
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(Friction loss)

| J
Evs Eis

(Specific hydraulic
energy loss)

(Kinetic loss)

E pQ1

AL,

(Leakage flow loss)

nrnE Nanr

(Turbine output)

LT

(Disk friction loss power)

PLm
(Bearing loss power)

IEC 207/09

Figure A.1 — Flux diagram for a turbine
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P
(Pump input)

Mm

Pm
(Mechanical power)

- (Runner) (Disk friction loss power)
(Friction loss) E. ! 0 Qn — |
/ L 1 Jr =" "Nm
ELf - - | - — | Mh=NeNaNTt
\ Eim e M
3 b
/ E P Q1 —

(Specific hydraulic (Leakage flow loss)
energy loss) é//
—P,=ExpQ; —
(Kinetic loss) (Hydraulic power)

IEC 208/09

Figure A.2 — Flux diagram for a pump

P, P
The ratio of P_m (for turbine) or P—h (for pump) is defined as hydraulic efficiency 1y, , which is
h m

expressed as the product of Ng, Ng and ny.

This standard deals with the scale effect on the hydraulic efficiency m, and the mechanical
efficiency 1, is excluded from the topic of this standard.

2) Homologous operating condition

Homologous operating condition of the runner/impeller between a model and a prototype can
be achieved when the velocity triangles at both inlet and outlet of the runner/impeller are
homologous. However, strictly speaking, homology of both the inlet and the outlet velocity
triangles cannot be maintained simultaneously due to the scale effect on the internal flow in
the runner/impeller. According to the theoretical assessment, it has been proved that, if the
homology of the velocity triangle at the high pressure side of the runner/impeller is
maintained, the deviation of the velocity triangle at its low pressure side is very minor and it
does not affect its performance significantly. Therefore, it is considered in this standard that
the homologous operating condition between model and prototype can be achieved when the
homology of the velocity triangle at the high pressure side of the runner/impeller is maintained
[2]. In case that such homologous operating condition is maintained between model and
prototype, the performance parameters of the runner/impeller, E,, Q, and P, can be

converted by hydraulic similarity law as shown below without any shifting due to the scale
effect.
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n 2 D 2 n D s n 3 D °
Ewp=|—"||=2|Em, Qup =| — | = Q dPp=|2||=2|P A1
mP (nMJ (DMJ mM mP (nM DM mMm an rP nM DM ™ ( )

3) Shifting of performance [7]

When Nng, Ng and Ny of the prototype differ from those of the model due to the scale effect,

the performance parameters of the prototype can be calculated by the following formulae
considering that E,, Q,, and P, are homologous between model and prototype.

For turbines:

EmP = T]EPEP and EmM = T]EMEM
2 2 2 2
E _[n_p] (DP] NEM ]E =[”_PJ (&J (HE—M]E
p= M .
nv ) \Dm ) \ Mep ") (D) {Mem +Ane
np ? Dp ? 1 np ’ Dp 1
) e - Dp. En (A2)
M) \Bm ) | 44 ANE M) \Bw ) U1+ Ag
Qmp =N@pQp and Qmy =NaomQm
3 3
Qo = [ np J[ Dp ] (nQM jQ - [”_PJ(D_PJ (nQ—MJQ
P = T ™ "
nv A\ Dm ) ( Nap v A Dm ) { nam + Ang

3 3

Np Dp 1 Np Dp 1
- — Q= /| =% Q A3
(nMJ(DMJ 1+ ANa ™ (nMJ(DMJ [1+AQJ e "9

L Mam )

3 5 3 5
po=|[Me | [Dr [Nt | _(M | (Dp | (NmtANT |5
- 'mP = D mM — D mM
N M NTt™ Ny M NT™
3 5 3 5
n D A n D
:[_Pj [_P] [HﬂmeM :[_Pj [_PJ (1+ A1 P (A.4)
Nv ) ( Dm NTMm v ) ( Dm

For pumps:

2 2 2 2
. Ep = (”_P] [D_P] [EJEM _ [H_Pj [D_PJ (TIEM + Ang JEM
v ) \ Dv ) { Mem Ny ) \ Dy Nem

] (E_ZT[B_;JZG ' %jEM - (n_PJZ[D_PT (1+ 2y (A5)

nv ) ( Dm
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Q Q
Qmp =—P and QmM = =M
Napr Nam

3 3
o (BT R
v ADPm ) (nam v A\ Dm Nam

_ (”_P]( Dp Js(n e ]QN - [n—PJ(D—PT(HAQ)QN (A.6)

nv A\ Dm Nam nv A\ Dm

Pe =N1pPmp and Py =nrmPmm
3 5 3 5
s 'mP — mM — mM
nv ) {Dm ) \ntp nv ) \Dm ) (ntm +AnT

3 5 3 5
_(Me | [Br ;pMz e || De 1 P (A7)
MM M) | 14 ANT " nv ) \Dm ) (1+ar )™

Nt™

Scale effect on the performance at off-design points is complicated. In this standard, however,
it is prescribed that the performance at off-design points shall be calculated in the same
manner by using Equations A.2 to A.7 with Ag, Aq and Ay obtained for the maximum efficiency
point.

4) Scalable losses

As stated in 4.1.1, the following losses are subject to scale effect by the difference of
Reynolds number and the relative roughness.

e Specific hydraulic energy loss due to friction: E ¢

e Leakage loss: q

e Disc friction loss: P4

In the past international standards, all scalable losses were dealt with collectively. The
magnitude of the scalable loss was estimated by the assumption that its ratio over the total
loss, which had been denoted as V, could be given as a certain constant value for each type
of hydraulic machines. This assumption gave larger value of the scalable loss to low
efficiency turbines and, as a result, it gave unreasonably high efficiency step-up for them.

In this standard, however, it is considered that the relative magnitude of each scalable loss to
each corresponding performance parameter except for discharge (0 = ELf/E and

dr =P_4/Py ) is given as a function of the specific speed for each type of the machine. This

enables to calculate the scale effect on each efficiency component individually and to
calculate the shifting of each performance parameter as stated in 3) above.

A.2 Derivation of the scale effect formulae and the approximation introduced
for simplifications

1) Scalable loss ratio in specific hydraulic energy &g and specific hydraulic energy
efficiency ng

Similarly to the conventional IEC standard, the relative scalable loss g and the relative non-
scalable loss 9§, are defined. The relations among these values and the specific hydraulic
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energy efficiency Mg are shown below. It should be noted that the homologous quantity which
is directly transposable from the model to the prototype by the hydraulic similarity law is E,

but not E. To explain simply the derivation of the formulae, new parameters, S*E and 8:,5,
defined by using E,, are introduced in the table shown below.

Turbine Pump
Definition of Mg ne ~Em _ E-CE +YEL) ne=E - E
ETE E Em E+(ZELf +ZELK)
Definition of 8¢ and 5 - =T . > Ey 5 DEx 1 D Eg
E — —'E E — -
Sns E E., E  mne Eq
5 2 Eix Y Ew 5 DEr 1 XEg;
ns — E — HE E ns — E - E
m Ne m
8* B ZELf Since E_, is homologous, 5;5 can be scaled up by the ratio
New definition of O E~ E. of the loss coefficient. (5*Ep/5|;M)= (Ap/Ap)
and & "
ns . ZELK Since E,, is homologous, 8.5 remains constant for both
5 = . "
ns model and prototype: &,sp = O
Em p yp nsP nsM
Relationship between S * * * *
. =nNegde and &, =Ngd O
& and conventional & E E7E ns Ens dg =— and 8, =
Mg E
Shifting of 8¢ Orsp _ Onsm NepSnsp = NemSnsm

Ner  Mewm

Em _ E—(ZELf+ZELk) E E
E

New expression of Ng | ME = E e = a - E+ (Z Ef+ ZELk)

using 8¢ and & 1

—1-8g By R
_ Ne
_ [ZEU‘FZELK} [ZELHZELK]
=1-mg E R
m m
* * - 1
=1_nE(8E+6ns) _1+i(6*E+5:13)
(* -'-8E21_nE_5ns) e
o s ]
n 1 [ = ansj
- F 1+ 0g + 90,6 DnEz»]_S*E_B;S

S*E is stepped up by the ratio of friction coefficient.

*

5ns remains constant for both model and prototype.




BS EN 62097:2009
62097 © IEC:2009 -39 -

2) Step-up of specific hydraulic energy efficiency Mg

As shown in A.2 1), "E s expressed by different equations for turbines and pumps. This is

E

caused by the difference in the term nE; for turbines, —™ appears at the numerator and for

)

.
ns s

=

pumps, Em appears at denominator. Also, it should be noted that the non- scalable loss

a common value for both model and prototype but Bns is not, and that the scalable loss
can be scaled up by the ratio of the loss coefficient from model to prototype but O can not.

Hence the following scale effect formulae for "E can be derived:

Turbine Pump
ANE =NMgp —Mem ANg =Mgp —Mem
1 . . . .
1+3ep +Onep ) (8'3“” +8TSM)_(6*EP ’ STSF’)
I = (SEM —5Ep)+ (SnsM —5nsP)
Ang calculated by using 1+ SI*EM + S;SM
S and &, R R R R
£ AN One _ (SEM _SEP)+ (SnsM _SnsP) _ (8* 5 )_ 0
(1mep JVnem) SINCe CnsM — OnsP /=
since (S;SM - S;SP): 0 AT]E = 8El\/l - 8EP
ANg = NepNem (B*EM - S*EP)

Ao

Conversion of friction Oep = Oprer N
ref

loss
My

8EM = 8Eref N
ref

where: A is friction loss coefficient

Ang referring to Séref . Ay Ap . A A
ANg = MegpMemOerer| 7 — Ang =6 M _ 2P
© A ref A ref i E Eref 7L ref }\. ref
since 8*Eref = 8Eref since 8Eref = T]ErefsEref
AN referring to 8¢, Neref
AN =1 5o | 2 A
NepNem 7\'M )LP NE = NEref OFref A Iy
Ang = EP Okref Y ref ref
NEref ref ref
An il Ay —A
A A — A E _ 'lEref M p
. ANe _ Mep Sgpo| M 1P New . Men Ofref Aoy
Mem  Meref Aret re
A . . since ni =1 since MNEref ~1
pproximation formula n —n
given in this standard Eref EM
A - _
A =T SEref(—xM xPJ Ag _ AN 8Eref(—}\'M %pj
Nem 7\'ref Nem }"ref

It should be noted that the equation to obtain Ang is different for turbines and pumps.

However, by introducing the approximation given in the lowest frames of the above table, the
same formula is used for both turbines and pumps in this standard.
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3) Step-up of volumetric efficiency mng

Similar tong, the equation of ng is expressed differently for turbines and pumps. Since the
quantity that is directly transposable to the prototype is Q,, (not Q,), the ratio of the leakage
loss q over Q, is expressed as shown below and the step-up amount of volumetric efficiency

Ang is obtained.

Turbine Pump
Definition of Mg n Q. Q, 1 n Q _Qm-q 1__d
Q = —= = Q - —m_m= _——
Q Qu+q 4, d Q, Qp Qp,
m
0,5 2 2 0,5
dp :(CKM"‘CfMJ Ap /D3 (DP] (Eij
au \ Ckp +Ctp Aw/DZ \Dm ) \ Emm
0,5 2
. f _(Ck +CfMJ AF’/DP Qmp
onversion of leakage -
0,5 2
.9 =(Ck+CfMJ Ap/DE | ay
Qmp &k +&tp Aw/DZ | Qmu
where
€ loss coefficient due to the kinetic loss for the leakage flow through the
seal clearance (non-scalable)
s loss coefficient due to the friction loss for the leakage flow through
the seal clearance (scalable)
A cross sectional area of seal clearance
when the dimensions of the seal and the concerned parts are geometrically
homologous,
2
Ap/DE | _ 1
2
AM/DM
0,5
e z[ck"‘CfMJ am
Qmp | Ck +Ctp Qrm
Ang referring to g and | Ang =NMqp —Nam Ang =Nqgp —Nam
Q
" I B _ v _ %
- 14(0p/Qmp) 1+ (am/Qum) Qmm  Qmp
when the geometry 05
of the seal is = nQPnQM{(QM/QmM)_(QP/QmP)} Ce+Cim |
homologous = (1—nQM g L Sl
05 Ck +Cep
=nap(1-nam 1-(—CK +Eiu J
Ck +Crp
0,5
. _ Ck +Ctm
Approximation formula Since both (1 _nQM) and {1-| —— are very small values, the
o Ck +Ctp
given in this standard
step-up amount of the volumetric efficiency (negative) can be usually disregarded.
" Ang =0 (see Annex E)
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4) Step-up of power efficiency (disc friction) ny

In this case, the power of the runner/impeller P, is transposable directly from model to
prototype by the hydraulic similarity law (not P, ). Then, the scalable disc friction loss 6+,

which is defined as

Ld

m

F;—, is stepped up by the following formulae.

Turbine Pump
Definition of Mt Ny = Pn _ P, —Pq -1 P 4 nr = PR _ 1
=_M =1- === =
TP P. P, Pn P+Pyq 4, Pl
P
Homologous condition Since P, is homologous between model and prototype,
3 5 3 5
Pt = Prog| M| [Pu | p o _p [T || De
™M rref Nrof Dref ’ rP rref Nrof Dref
Definition of 61- 5 P|_d 1 P|_d I:>Ld I:>Ld
T:—:—— 61-:—:]’]-'-—
IDm Nt IDr I:)m |:)r
ANt =MN1p —M1M ANt =N1p — N1y
Expression of AT]T =N1mOtm —NT1ROTP STM STP
=Nt — —
Prw Pre [PLdM PLap j
= nTMnTF’ B b
I:)rM I:)rP

Step-up of N

Since 1) both P 4y and P y4p are proportional to the loss coefficient and 2) P, is
homologous between model and prototype, the following equations are derived.

3 5 3 5
PLdM—PLdmeM(”MMDMj P =P, {”—MJ (—D“”j
- re r rre
Cmref Nrer Dref Nret Dref

3 5 3 5
PLdP:PLdfcmP(nPJ(DP] Pp =P f(npj(—DPj
re r rre
Cmref Nref Dref ™ Dref

P C C R C C
AT'IT = (ﬂj [ﬂ — LP] An_l_ = nTMnTP(EJ {LM _LP]
Pr ref Cmref Cmref I:)r ref Cm ref Cmref

given in this standard

_ CmM _CmP — 8Tref CmM_CmP
- 1]TrefSTref ( Cmref Trvire Tref Cmref
AT Myrer 5 Com —Crmp ﬂ _ e aTref(CmM_CmPJ
o N N Tref Cmref Ntm MNrret Cmref
. MNTref . N1p
: : since —=- =1 since =1
Approximation formula MM Nref

AT :An_T ~ ST f(CmM _CmPJ A7 = Any - STref(CmM _CmPJ
MM © C Ntm Cmref

mref
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As shown in the above table, the formula to obtain AT]T should be different for turbines and

pumps. However, by introducing the approximation given in the lowest frames of the above
table, a common formula is used in this standard for both turbines and pumps.
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Annex B
(informative)

Scale effect on specific hydraulic energy
losses of radial flow machines

B.1 Scale effect on friction loss
1) Scale effect on friction loss coefficient

The scale effect, that is the variation of the friction loss caused by the difference in Reynolds
number and the relative roughness, is slightly different for a flat plate and for a pipe.
However, it is prescribed in this standard that the friction loss coefficient in various passages
of the machine, excluding runner blades of axial flow machines, varies according to Colebrook
formula established for pipe flow.

Since the original Colebrook formula is given as an implicit function (see Figure B.1), it is not
easy to obtain the value of the loss coefficient by a simple calculation. Therefore, in this
standard, a new formula proposed by Nichtawitz, which is an explicit function to give almost
the same values as of the Colebrook formula, is used. [4, 6]

The new formula is:

ke Reg )
A =2 0,74(8x104—s+—0J +0,26 (B.1)
dh Red
where
Reg =7x10°;
Ao =0,0085:

ks sand roughness;
dy, hydraulic diameter of a pipe / conduit / water passage;

vd
Re4 Reynolds number in a pipe, Rey :Th_
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The comparison between the original Colebrook formula and the new formula is shown in
Figure B.1.

0,020 T T T e e —

I Nichtawitz: traced lines with white symbols
0,018 y Re . 102

z\\ xsxolo,m[so 000 <8+ ﬂ] +0,261
0,016 2 d Re

N
0,014 2
' Hs;::m .
T = d/ks = 10 000
0,012 —
A
0,010
; ~3
. d/ks = 100 000
0,008
[T e

0.006 Reg R dlks = co (smooth)

— Colebrook: single black Soot
T 0k ( Ks , 2,51 J

T 4% 10| 7 55
ooon L 3,7d Re
0,000
1x10° 1x10° 1%x10" 1% 108 1x10°
Re IEC 209/09

Figure B.1 — Loss coefficient versus Reynolds number and surface roughness

NOTE 1 In some experiments with sand roughness, it is observed that the friction loss of a rough surface having a
roughness within a certain value is the same as a completely smooth surface. In such a case, the limit of the
roughness is called "admissible roughness" and the surface with the roughness within this limit is regarded as
"hydraulically smooth". (see curves B and C in Figure B.2).

Regarding the loss coefficient of rough surfaces, some different experimental results shown in
Figure B.2 were reported in the past, in which the characteristics of the friction loss coefficient
showed different trend in the transition zone between smooth and rough categories. [13 - 16]
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\& Rough surface
B
A Hydraulically g
smooth
e

R

IEC 210/09

Figure B.2 — Different characteristics of A in transition zone

The curve "A" is observed in the experiments with commercially rough pipe (Moody) or rough
model turbine (Henry). [17] They show that the admissible roughness is very small and the
friction loss characteristics show an asymptotic curve. Colebrook formula represents such
characteristics. The admissible roughness in such case is nearly zero.

The curve "B" represents the experimental results with sand roughness (Nikuradse). In such
case, the admissible roughness is given as approximately

kSadm ~ S 8

dy Req VA

The characteristics like the curve "C" is observed in the experiments with a corrugated
surface or a surface with isolated sharp sand grains. In such case, the admissible roughness
becomes larger.

It is considered in this standard that the admissible roughness is very small and Colebrook
formula may apply for the assessment of the scale effect on the friction loss.

2) Relationship between sand roughness kgand arithmetical mean roughness Ra

The relationship between the sand roughness kg and the arithmetical mean roughness Ra

presently available in the literature is widely spread. [14] In this standard, however, it is
considered that the arithmetical mean roughness can be converted to the sand roughness by
the following equation (see Equation 2).
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ks =5Ra (B.2)
NOTE 2 In case of aged prototype machines with heavily rusted surfaces with Ra values larger than 50 um, it is
recommended to consider the followings in evaluating the surface roughness.
First is the difficulty in the measurement of roughness. On aged machines, the roughness values are often beyond
any existing portable roughness tester range. In these situations, it is recommended to take molds at most
representative locations using appropriate plastic material and measure the roughness of these molds by using a
‘coordinate measuring machine’ to find an equivalent Ra value. Other methods can also be used (like depth
indicators, or roughness comparison coupons, etc) if a mutual agreement is reached among the concerned parties.
In such a situation, however, the equivalent Ra roughness should be determined carefully, as it is affected by the
roughness profile and the density of dispersed voids.
Secondly, a consideration should be taken in choosing the meaningful roughness values from the measurements.
Based on the actual state of knowledge, it is believed that areas having scattered deep voids do not create as
much losses as their measured value would indicate. Indeed, the stream lines over such areas pass over the voids
without reaching the bottom and do not create significantly larger losses. Therefore, in such case, it is
recommended to ignore areas with deep voids when measuring roughness (deep voids are considered as being
depressions deeper than approximately 1,5 mm).

Once the above considerations have been taken into account, the relationship between ks and Ra as expressed by
Equation B.2 (or Equation 2) can be tentatively applied also to heavily rusted surfaces.

Then, Equation B.1 is expressed as follows:

02

A= 0,74(4><105E+EJ +0,26 (B.3)
dh Red

B.2 Componentwise step-up of specific hydraulic energy efficiency

1) Friction loss coefficient of each component [9]

When Equation B.3 is applied to each component passage, we obtain,

02
Ao = Ao 0,74[4x1o5@+ﬂ] +026 (B.4)
dico  Regco

where

subscript CO the values for each component passage;

Reyco Reynolds number for each component passage.

Vco9nco
Regyco =——

Since the Reynolds number for the machine can be written as:

where

u peripheral velocity of the runner/impeller at the reference diameter;
D reference diameter of the machine.

The Reynolds number for the component passage can be expressed as follows:
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Vcodhco

RedCO = Re uD

By substituting Reyco in Equation B.4 by the above equation, we obtain:

02
Aco = o 0,74[4><105 D Ragp , uxD ReOJ +026 (B.5)
dhco D VcoXdnhco Re

By introducing two new factors, Kyco and K co, Equation B.5 can be rewritten as follows:

0,2

R Reg |

eo = Ao 0,74[4><105 1 Raco , ! eo) 10,26 (B.6)
kKgco D Kyco XKgco Re

where

Kqco dimension factor of component passage.

_ 9hcom _ Ghcop _ dhco (B.7)

K
400 = Tp D, D

where

K.co flow velocity factor of component passage.

v v v
com _ Yeor _ Vco (B.8)
Uy Up u

Kuco =

When the geometrical dimensions of the principal water passages as shown in Figure B.3 are
given, the values of ¥x;o and ¥, o can be calculated by Equations B.9 and B.10,

respectively.
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Figure B.3 — Representative dimensions of component passages

Flow velocity factor:

Vep _ 1 4xQ4 vev _ 1 Q; v 1 Q
Kusp = =—X 2 » Kusv = =—X Z B » Kygv = 1% :fX—']

u U nxDgp u u sv X8psy XBy u U Zgyxagey XBg
VRu _ 1 Q4 1 Q4 vor _ 1 4xQq
KyRU = =—X =5%37 S , KuDT = =—X > (B.9)
u U Zru ><'|'A2dI2 u RU X ©0RU u u znxD

Dimension factor:

Kysp = DSP Kysy = 2)(803\/ XBO Kyay = 2anGV XBO
D D(agsy +Bo) D(agsv +Bo)
)
4><j0 Asdl, 4% S o

KdRU = ) Kgpr =1 (B.10)

D(2 X I2 + AZCrown + A2band ) D(2 X I2 + A20rown + A2band

where

Soru sectional area of the flow passage between runner blades at the outlet section;
Z number of vanes or blades.

The values of x,co and xyco are calculated for the machines of average design currently used
in the industry. Their standardized values are shown in B.5.
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2) Derivation of the scale effect formula for component wise step-up

The standardized scalable loss 8gcg is defined for each component passage as the scalable
loss of a smooth model operating at Rey=Re. It means that the values of dgcq,¢ CoOrrespond
to Acors- Therefore, the equation shown at the end of the table in A.2, 2) can be rewritten for
each component passage as follows:

A Acom — A AL
Agco =—529 = SECOref(MJ = Secoref 22 (B.11)
NEM AcOref Acoref
The term of ALco on the right side is expressed as follows by using Equation B.6.
R 1 1 Rey R 1 1 Rey |2
Ahgo =074 [4><105 dcom + €0 ] —[4><105 dcop + eoj (B.12)
DM  Kdco KucoXXdco Rem Dp  x4co *ucoXKdco Rep

The term of Aqgfis the loss coefficient when the Reynolds number of the machine is Re,or
the Reynolds number of the component passage is Reqycoref = Kuco X Kdgco X Reyef -

As Res = Reg = 7% 10° and the surface roughness of the reference model is smooth (namely,

Ra 0), Acoref Can be written as follows:

D
R 0,2 1 0,2
Acoref =Ao 0,74( %0 J +026 |=1 0,74(—] +026| (B.13)

Kuco X Kgco X Reref Kuco X Kdco

Then Agco is obtained by replacing Alco and Agores in Equation B.11 by Equation B.12
and Equation B.13.

Ac = MMECO _ 5 Acom—*rcop | 5 A\co
ECO — = OECOre A = OECOref Py
NeEm COref COref

5 6 0.2 5 6 0.2
4x10 RaCOM+ 7%x10 1 _ 4x10 Racop " 7x10 1
Ksgco Dm  KucoKdco Rem Kgco Dp KucoKdco Rep

1 >, 026
KucoXXdco 0,74

02 02
Racom  7x10° Racop  7x10°
4x10° + —|4x10° +
Kuco Dy Rey Kuco Do Rep

=ecoref

. Aeco=0gco
© 1+035kycoxKaco) ™

(B.14)

For simplification, the above formula is rewritten as follows:
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02 02
Ra 7x108 Ra 7 x108

5 Apco =d 4x10%x CoM —| 4x10%« COP B.15

ECO ECOre{ uco Dy Ren, uco Dp Rep ( )

where

SECOref
1+ O’SS(KUCO X Kqco )0'2

decoref =

The standardized values of dgcef @are shown in B.4 and those of x,co and xyco are shown
in B.5. The values of dgc e Calculated from Sgcgrefs ¥uco @nd xqco, are shown in B.6.

Then, the step-up amount of the specific energy efficiency for the whole turbine Ang can be
calculated by the following formula:

Ang

=Ag =D Agco (B.16)
NEm

B.3 Direct step-up for a whole turbine

By putting Equation B.15 into Equation B.16 and introducing the reference velocity index C,,q,
we obtain:

0,2 0,2
Ra 7x10% | Ra 7x10% )"
A = D deCoref (4><105‘<uco DC:M + Reny J —[4><105Kuco DCPOP + Rep J

0,2 0,2
R 63" R 6"
=3 decorer| | 4x10% ko Kyco Racom 7x10 | 4x105, <uco Racop 7x10
KUO DM ReM KUO Dp Rep

Kyco Racowm
Ky0 Dwm

If the values of the terms [ j for all the model components can be regarded as

Ragy

the same and replaced by [D ] and, similarly, those for the prototype component

M

passages by (RSOP

J, the above formula can be rewritten as follows:
P

0,2 0,2
R 6" R 6\
Ag :ZdECOm{(wmf’xuo ¥uco RAcom , 7x10 } —[4><1051<u0 ¥uco NAcop , 7x10 ] ]

Ko Dm Rem ko De Rep
02 02 B.17
Y 45105 . Raou 7x10° )7 5 Ragp 7x10° ( )
= ECOref x10 Kuo + 4x10 Kuo +
DM ReM Dp Rep

R 7%x108 > R 7x108 |
= deper|| 43108 ko —2OM , X “| 4x105 o 20P_ , 1X
DM ReM Dp Rep

The formula of Equation B.17 can be used for the direct step-up of the specific energy
efficiency of the whole turbine.
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Since the friction loss in runner and guide vanes shares about two thirds of total friction loss,
the average value of x gy and x,gy is used as the reference velocity index x,q. Also, the
average value of Ragy,, and Ragy is used as the representative roughness of the machine
Rao.

Kyo = Kugy ;KURU (B.18)
Ra, = R2ev *Rary (B.19)

2

The values of dger =Y decorer @and kg are calculated from the standardized values of dgcorefs
Kyru and x,gy shown in B.5 and B.6 and shown in Table B.1.

Table B.1 - dg s and ko for step-up calculation of whole turbine

Francis turbine dg,es = 3,05/100 Ko = _2’3NQE +110
Pump-turbine (turbine operation) deper = 3,95/100 Kyo = _2!3NQE +1,05
(pump operation) dg,¢ = 4,20/100 Ko = _2=3NQE +0,88

Kyco Racom _ Raom
Ky Dw D

For the application of Equation B.17, it is required to keep and

Kyco Racor _Rage

. In other words, the surface roughness of each component passage is

ko Dp Dp
. o Ra Ra Ra Ra
required to be within the range —acoM _ Xw Rdom 5,4 Rdcop | Kuwo REop  1he ya)yes of
M Kyco Dm Dp Kuco Dp
W obtained from the values of K,co given in B.5 and the required range of roughness for
Kuco

the application of Equation B.17 are shown in Table B.2.
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Table B.2 — Criteria for the surface roughness for the application
of the direct step-up formula

Kuo Required roughness range
Component Kuco
passage ] . .
Francis Pump-turbine Pump-turbine Model Prototype
turbines (T) (P)
Range? | Ave. | Range? | Ave. | Range? | Ave.
SP 3,00 ~ 2,69 | 2,92~ 2,75 | 2,56 ~ 2,31 (2,0~4,0) Ra,, < 3,0 Ray,
2,31 2,58 2,06
S 1,40 ~ 1,60 | 1,78 ~ 2,03 | 1,53~ 1,72 (1,5~3,0) Ra,, <2,5Rag,
2,03 2,56 2,04
GV 0,87 ~ 0,99 | 0,88 ~ 0,93 | 0,95~ 1,07 (0,7~1,3) RaOMb <13 RaOPb
1,25 1,01 1,26
RU 1,17 ~ 1,01 1,16 ~ 1,08 | 1,06 ~ 0,94 (0,7~1,3) Raomb <1,3 RaOF,b
0,83 1,00 0,83
DTC 4,86 ~ 3,40 | 4,26 ~ 3,54 | 3,89~ 3,03 (2,5~4,5) Ray,, <4,0 Ray,
2,33 2,94 2,37

@ The values on the left indicate those for the lowest specific speed (NQE = 0,06) and those on the right

indicate the values for the highest specific speed (NQE = 0,30 for Francis turbine, NQE = 0,20 for pump-
turbine).

b Since the average value of Rag,, and Rag is defined as Ra,, when Rag,, is selected as 1,3 Ra,, Ray,
should be 0,7 Ra,,.

€ In case of draft tube, K,pr I8 defined at the upstream end of the draft tube, where the diameter is the same
as the reference diameter and the velocity to calculate K is the highest in the draft tube section. To
evaluate the roughness effect in the draft tube, it seems reasonable to use the average flow velocity, which is
approximately estimated to be 0,7 times the velocity at the upstream section. From this viewpoint,

K K
__uw0 is indicated in the row of uo

0,7 xxypT Kuco

for the draft tube.

B.4 Relative scalable hydraulic energy loss of radial flow machines
1) Definition

On the basis stated in B.2, the scalable loss dealt with in this standard is defined for each
component passage (spiral case, stay vanes, guide vanes, runner, draft tube) as follows:

S _ Eiico
ECOref E
where
OECOref scalable specific hydraulic energy loss ratio of each component;
Elico specific hydraulic energy loss due to surface friction of each component at the
maximum efficiency point when the machine is operated at the reference
Reynolds number;
E specific hydraulic energy of the machine.

The following values were derived from numerical analysis conducted on the industrial models
designed by different manufacturers. [7] In order to quantify the friction loss in the water
passages, various methods which reflected the present state of the art are used.

For spiral case and draft tube:
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— Friction loss as an equivalent pipe according to Colebrook formula, Moody diagram,
Blasius formula or Nikuradse formula.

For stay vanes and guide vanes:

— Friction loss as a flat plate applied to surrounding walls of a rectangular passage.
— Boundary layer calculation based on the velocity distribution of the main flow obtained by
inviscid CFD analysis.

For runner:

— Boundary layer calculation based on the velocity distribution of the main flow obtained by
inviscid CFD analysis.

The evaluation of the friction loss by boundary layer calculation was conducted by one of the
following methods:

— Integration of the loss energy due to the shear stress in boundary layer over whole surface
area.

— Dissipation of velocity energy obtained from the lack of fluid velocity energy downstream
the trailing edge of the blade/vane which can be calculated by the energy thickness of the
boundary layer.

The values of dgcoref: Kucor ¥dco and dgcores S€t out in Annex B are substantiated by
analytical or experimental data for the following specific speed ranges:

— For Francis turbines 0,06 < Nqg <0,30;

— For pump-turbines 0,06 < Nqe <0,20.

Outside of these ranges, their values may not be correct. Therefore, if the step-up equations

in this standard are applied to the evaluation of the contractual model test results beyond the
above specific speed ranges, prior agreement shall be made among the concerned parties.

Total friction loss of a whole turbine Oge =ZSECOref , which is used for direct step-up of the
hydraulic efficiency of a whole turbine, is also shown at the end of the figures.

2) Relative scalable hydraulic energy loss &g of Francis turbine

The values of 8¢ Calculated for some typical models are plotted against specific speed
and shown below. For the convenience, the plots are approximated by linear functions.
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Figure B.4 — Relative scalable hydraulic energy loss
in each component of Francis turbine

It should be noted that the abscissa Nqg is the dimensionless specific speed defined in

IEC 60193, which is defined as Ngg =nQ1o’5/E0’75 , where n is rotating speed in terms of sec™
and E is specific hydraulic energy of the machine in terms of J kg=1.

3) Relative scalable hydraulic energy loss ¢ of reversible pump-turbine

The values of scalable loss ratio of pump-turbines are separately calculated for each turbine
or pump operation. They are plotted against the specific speed calculated for the maximum
efficiency point in turbine or pump operation, respectively.
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a) Turbine operation
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Figure B.5 — Relative scalable hydraulic energy loss in each component
of pump-turbine in turbine operation



BS EN 62097:2009

- 56 - 62097 © IEC:2009
b) Pump operation
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Figure B.6 — Relative scalable hydraulic energy loss in each component
of pump-turbine in pump operation

B.5 Flow velocity factor x,co and dimension factor k¢ of radial flow

machines [9]

1) Definition

Based on standardized geometry data of hydraulic machines, flow velocity factor x,co as
defined by Equation B.9 and dimension factors xyco as defined by Equation B.10 set out in
B.2 are calculated. Since these parameters are used for calculating dgcg.er and for the final
scale effect formula (Equation 8 or Equation B.17) in the term with exponent of 0,2, some
deviation can be tolerated. Therefore, the calculated results are approximated by linear lines
for simplification.
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Kyco and xycqo for Francis turbine
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Figure B.7 — x,co and xy4co in each component of Francis turbine

IEC 215/09
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3) Kuco and K4co for pump-turbine
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Figure B.8 — x,co and xycp in each component of pump-turbine in turbine operation
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b) Pump operation
0,50 : I I I I I I 1,40 : I I I I I ]
0.45 {Kuise =—0,5 Nae+ 0,31 li 1,30 {Kasp = 1,0 N e + 0,92 |
0,40 1,20
a 0,35 1,10
@ ] L —
Y 030 1,00
—'\
0,25 | 0,90
\\
0,20 0,80
0,15 0,70
0,10 0,60
0,06 008 0,10 012 014 016 0118 020 022 0,06 008 010 012 014 016 0118 020 022
N e NQE
0,90 I I I \ I \ 0,40 | I I I I I I
[ —
0,80 | Kusv = —1,4 Nae+ 0,53 0,35 | Kosv = 0,2 Nge +0,18
0,70 0,30
% 0,60 0,25
3 %
¥ 0,50 Q 0,20
0,40 ——— 0,15
\\
0,30 — 0,10
0,20 0,05
0,10 0,00
0,06 0,08 0,0 0,2 0,14 0,16 0,18 0,20 0,22 0,06 008 0,10 0,12 0,14 0,16 0,18 0,20 0,22
NQE NQE
1,60 \ \ \ \ \ \ 0,20 | I \ \ I I |
| —
140 | Kuov =—3,3 N + 0,96 018 {Kaov=0,2 N + 0,11}
1,20 0,16
z 1,00 0,14 m—
5 > i
3 Q "
Y 0,80 - J 012
0,60 e —— 0,10
—
-
0,40 =] 0,08
0,20 0,06
0,00 0,04
0,06 008 0,10 012 014 016 0118 020 022 0,06 008 010 012 014 016 0118 020 0,22
Nae Noe
1,60 \ \ \ \ \ I 0,28 : I I I \ I I
[ —
140 | Kiru=—1,3 N+ 0,79 026 {Ksru= 0,2 N ¢ +0,17
1,20 0,24
2 1,00 5 022
Y 080 s 0,20 — |
: - v O L —
0,60 e 0,18
0,40 0,16
0,20 0,14
0,00 0,12
0,06 008 0,10 012 014 016 0118 020 022 006 008 010 012 014 016 018 020 022
Nae Nae
0,50 1,20
0,45 | Kuior= 0.27] 1,15 {Kapr = 1 ’00 I
0,40 1,10
5 0,35 5 1,05
030 W 100
0,25 0,95
0,20 0,90
0,15 0,85
0,10 0,80
0,06 008 010 012 014 016 018 020 0,22 006 008 010 012 014 016 018 020 0722
Nae NQE

IEC 217/09

Figure B.9 — x,co and x4co in each component of pump-turbine in pump operation
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1) Definition
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Based on Ogcorers flow velocity factor x,co and dimension factor xyco, Scalable loss index
decores i8 calculated as explained in 4.2.1. The calculated results of dgcq e are approximated
by linear function for simplification.

Total scalable loss index dg.e, Which is to be used for direct step-up of the specific hydraulic
energy efficiency of a whole turbine (see B.3), is also shown at the end of the figures.

2) decoref @nd dg,es for Francis turbine
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Figure B.10 — dgcoref and dg s for Francis turbine
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3) dECOref and dEref for pump-turbine
a) Turbine operation
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Figure B.11 — dgcoref and dg, o for pump-turbine in turbine operation



BS EN 62097:2009

-62 - 62097 © IEC:2009
b) Pump operation
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Figure B.12 — dgcores and dg,o¢ for pump-turbine in pump-operation
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Annex C
(informative)

Scale effect on specific hydraulic energy
losses of axial flow machines [10]

C.1 Scalable losses of axial flow machines

Although detailed analysis on the scalable losses of axial flow machines is not available at
present, it is prescribed in this standard that they can be dealt with in two parts, one part for

runner blades and the other one for all other stationary components.

For the scalable loss of runner blades, the scale effect formula for flat plate (Equation 5) is
applied. For the stationary parts, the formula for pipe flow (Equation 1) is applied in the same

way as for radial flow turbines.

C.2 Scale effect formula for runner blades [9]

From the scale effect formula for flat plate (Equation 5), the following step-up formula for

runner blades is derived:

Aco = AMERU _ 5 (CfRUM - Cfrup ]
ERU = =OERUref — 5 — =
fRUref
[ 02
5105 R@RuM , Dmxum  Reo \* (5 ;05 Rarup  Dpxup
Lm Luxwm  Rey Lp Lp x wp
= OgRUref 03
M +025
L L X Wy
[ 0.2 0.2
(5X105KURUR6RUM+R60J —[SX’]OSKURURaRUP+ReOJ
_ SERU ¢ DM ReM DP Rep
- re
1+ O’ZS(KdRU X KyrRU )0’2
[ 0.2 0.2
Ra Rey | Ra Rey |
=d 5x10%k | —2RUM %0 | _| 55405 o ~oRUP | 0
ERUref ( uRU Dy Rey uRU Dp Rep
where

Ocruref  Standardized reference scalable loss for runner blades when the machine Reynolds

number Re), is equal to the reference Reynolds number (7><1O6 )i

L length of runner blade;
w relative flow velocity at the runner exit;
u peripheral velocity of runner blades;

Kyru Standardized flow velocity factor for runner blade passage:
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Wp  Wp
K = —
uRU Uy Up
K4RU standardized dimension factor for runner blade passage:
bu _Le

KiRU =R =
Dy Dp
deruref  Scalable loss index for runner blades:

deruref =
¢ 1+ 0'25(KdRU X KyRU )0'2

The above Equation C.1 can be transformed to Equation C.3 as shown below by introducing

modified flow velocity factor K;RU. This formula has the same form as Equation 8, which is

applied to all the water passages of radial flow machines and the stationary parts of axial flow
machines.

0,2 0,2

Ra 7x108 )" Ra 7x108 |

Agry =d 5x10% 1 o ~2RUM | TXT0 | | 5405k o ~aRUP | (XY
ERU ERUre{[ uRU DM ReM uRU DP Rep

5 RaRUM 7><106 02 5 RaRUp 7)(106 02 (CS)
:dERUref 4x10 (1,25XKURU)ﬁ+W -1 4%x10 (1,25XKURU)T+R76P

R 75108 2 R 75108 |2
* a X * a X

=d 4x10%kupy —RUM L "2 = 1 1 4x10% gy —RUB 4 S
ERUref ( uRU DM ReM uRU DP Rep

where

K;RU modified flow velocity factor for runner blades:

KurRU = 1,25 X KuRU
Since x,ry is approximately 1,03 for all axial machines, K;RU is finally given as follows:

KurU = 125X KRy = 129 (C.4)

C.3 Scale effect formula for stationary parts

From the scale effect formula for pipe flow (Equation 1), the step-up formula to obtain Ag is
derived. The formula is shown in the main text as Equation 8.

When applying Equation 8 to the scalable loss of all stationary parts, the following two
simplifications are introduced.

1) Flow velocity factor to represent the flow velocity in all the stationary parts is considered
to be 0,8 times the flow velocity factor of guide vane passage, x,gy. The value of x,gy is
approximately 0,29 for low specific speed and 0,19 for high specific speed axial machines.



BS EN 62097:2009
62097 © IEC:2009 - 65 -

Then, it is simplified in this standard that x,gy is 0,24 for all axial machines taking the
middle value.

2) Roughness representing all the stationary parts can be given by the arithmetical mean of
the roughness of guide vanes and stay vanes.

Then the following step-up formula is applied to the scalable loss of stationary parts.

02 02

6\ 6\

Agst = dESTreflr 4x10°kyg7 L?DSTM + 772 10 ~| 4x10%xys7 Raste , 7X107 } (C.5)
I_ M em Dp Rep J

where

Kust flow velocity factor representing stationary parts:
KusT = 0,8 x Kuygvy = 019 (C6)
Ragt representative roughness of stationary parts:

_Rag, +Ragy

Rag; = C.7
ST 5 (C.7)

C.4 Scale effect for other efficiency components

C.41 Volumetric efficiency

If the runner tip clearance is homologous to the prototype, scale effect on volumetric
efficiency can be neglected and Anqg is regarded as 0.

Since the influence on nq caused by non-homologous tip clearance is not exactly known, no
correction formula for non-homologous tip clearance can be provided. Therefore, it is a
primary requirement to maintain the homology of the tip clearance between model and
prototype turbines within the tolerances given in Table 3.

C.4.2 Power efficiency (disc friction)
Since the disc friction loss of runner hub is negligibly small, Ant is regarded as 0.
C.5 Step-up of hydraulic efficiency

As stated above, in case of axial flow machines, only the scale effect on specific hydraulic
energy efficiency is considered. Then the step-up amount of hydraulic efficiency is obtained
by the following formula:

e _ NEP _ (14 Ag) . ANy = Ag xnpw (see Equation 25)
v MEM

Therefore,

Anp = (Agru + AgsT )X MM (C.8)
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C.6 Determination of dg¢g,.s Of axial flow turbines

Although detailed analysis on the relative scalable hydraulic energy losses, dgcoer, iN axial
flow machines is not available at present, some reference materials give outlines of these
values. One of these materials provides the scalable losses at the maximum efficiency point
of Kaplan turbines as shown in Figure C.1 (see Note) [7].

7.0 ‘
6,0 8Eref
5,0 ! /
3 O o |y @ 5
X 4,0 g =
3 o
S
3,0 OERUref
2,0 A A A
A
N R
1,0 A
OESTref
0.0 Vo

0,25 0,30 035 040 045 050 055 0,60 0,65 0,70

NQE IEC 221/09

Figure C.1 - 8¢ s for Kaplan turbines

where

OesTref  Scalable loss in stationary part;
Oeruref  Scalable loss in runner blades;
Oref total scalable loss for whole turbine.

As shown in Figure C.1, dependence of dgcorer @and Og.of ON specific speed is very minor.
Hence, for all Kaplan turbines, the following constant values are adopted in this standard.

8ESTF9f= 0,015 (Cg)
6ERUref= 0,030 (C10)
Sg,er = 0,045 (C.11)

These values are also applied for propeller (fixed blade) turbines.

NOTE JSME S008 — 1999 [7] provides three separate values of scalable losses for runner blades, draft tube and
other stationary parts of Kaplan turbines. However, it is known that its value for stationary parts is slightly
underestimated. Therefore, scalable losses modified from JSME by adequate correction are adopted in this

standard. They are regrouped into two separate losses for runner blades and all other stationary parts including
draft tube.
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C.7 Determination of dg¢g,.s Of bulb turbines

The scalable loss of runner blades of bulb turbines is considered to be the same as of Kaplan
turbines. Then, Sgryrer= 0,030.

Regarding the scalable loss in stationary part, no data is available at present to determine the
friction loss in the stationary part of bulb turbines. However, it is considered that the friction
loss in the upstream part including the annular passage around the bulb is smaller than that of
the spiral case of Kaplan turbines. On the other hand, the friction loss in the guide vane area
is considered to be slightly larger than that of Kaplan turbines because of narrower passages.
At present, the exact amount of these subtraction or addition of friction loss against that of
Kaplan turbines is not known.

In any case, it is estimated that the friction loss in the stationary part of both Kaplan and bulb
turbines is somewhere around 1,0 — 2,0 %. Therefore, if we adopt the assumption that the

above subtraction and addition could cancel with each other, the error of Sggy,ef Caused by
this assumption would not exceed 0,5 %. Then the probable error of the step-up amount

calculated from this dggtef Would be in the range of 0,05 — 0,1 %. Hence, it is thought that
this assumption is acceptable.

Based on the above considerations, it is prescribed in this standard that dgcorer @and dg o fOr
bulb turbines shall be the same as of Kaplan turbines.

C.8 Derivation of scalable hydraulic energy loss index, dg,¢

Cc.8.1 Scalable loss index for runner blades

Regardless of the specific speed of the machine or the number of runner blades, the values of
Kqru and K gy defined at the blade tip are approximately given as follows:

KdrRU =%:0,55 (C12)

KurRU = = 1,03 (C13)

Then dgry is obtained by using Equation C.2.

SERUref _ 0,030
1+0.25(kgry X Kury )2 1+ 0,25(0,55 x 1,03)%2

dERUref = ~0,024 5 (C.14)

C.8.2 Scalable loss index for stationary parts

It is difficult to define Kygt and K g7 representing all the stationary parts. Then, instead of
calculating dggter bY Using Kyg7 and x,gt, the value of dggref is estimated by using the
relationship between dgcoef aNd decorer fOr the stationary parts of radial flow turbines.

Based on the values of dgcorer @and decprer fOr stationary parts of high specific speed Francis
turbine (Nqg=0,30) and those for high specific speed reversible pump-turbine (Nqg=0,20),

d d
we can obtain the ratio of —E5° = 2. deco

= as shown in Table C.1 hereafter.
OesT ZSECO
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d
Table C.1 — Ratio of —=>" for Francis turbines and pump-turbines
EST
FT(Nge=0,30) PT(T) (Ngg=0,20) PT(P) (Ngg=0,20)
dc de o de dc de
SP 0,50 0,40 0,55 0,45 0,60 0,45
SV 0,14 0,10 0,31 0,25 0,36 0,30
GV 0,92 0,78 1,28 1,07 1,28 1,07
DT 0,28 0,20 0,17 0,15 0,17 0,15
ST=x 1,84 1,48 2,31 1,92 2,41 1,97
d
—EST 0,804 0,831 0,817
8EST
dest

The average value of the above is approximately 0,82. Then, the value of dgg7 for the
EST

stationary part of axial flow machines is determined as follows:

dest = OgsT X082 =0,015x0,82 =0012 3 (C.15)

C.9 Summary of the scale effect formula for axial flow machines

As explained in C.2, the step-up formula for runner blades (Equation C.3) can be expressed
by an equation same as Equation C.5 for stationary part or Equation 8 for radial flow turbines.
Then, Equation 8 can be applied commonly to runner blades and stationary parts of axial flow
machines.

The parameters to calculate Agg for axial flow machines are given in the Table C.2 below:

Table C.2 — Parameters to obtain Ag¢o for axial flow machines

co decores Kuco
RU 0,024 5 1,29 *
ST 0,012 3 0,19

* The value marked by * is the one originally defined as K;RU .

NOTE The modified flow velocity factor for runner blades,

Kyru is hereafter expressed as K gy to use the common

symbol to those for radial flow machines or for stationary part
of axial flow machines.

The roughness value for stationary part, Ragt, shall be the arithmetical mean value of those
measured at guide vanes and stay vanes (see Equation C.7).

After Aggy and Aggt are obtained by the above formula, the step-up amount of hydraulic
efficiency for a whole machine is obtained by Equation C.8.

The values of Sgcoref: Kyco, Kgco @nd degcorer Set out in Annex C are substantiated by
analytical or experimental data for the specific speed range of 0,25 < Nqg < 0,70.
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Outside of these ranges, their values may not be correct. Therefore, if the step-up equations
in this standard are applied to the evaluation of the contractual model test results beyond the
above specific speed range, prior agreement shall be made among the concerned parties.

C.10 Direct step-up for a whole turbine

Similar to the direct step-up method for radial flow machines, the direct step-up method for
axial flow machines is shown hereafter.

To represent the whole machine, the reference flow velocity index x,o and the representative
roughness of the machine Raj need to be defined.

As observed in Figure C.1, the scalable loss in runner is twice as large as of stationary part.
By considering this, x,o and Ra, are defined as follows:

2kyru + KysT _ 2x129+0,19

~092 C.16
3 (C.16)

Kuo =

_ 2Rag, +Ragr

Ra
0 3

(C.17)

As explained in B.3, if (ngﬂj of runner and stationary part of the model can be
Kuo M

regarded as the same and represented commonly by (Raﬂ

J and, also, those for the
M

R
prototype can be represented by ( SOP

], the following formula for direct step-up for a whole
P

turbine can be derived:

0,2 0,2
Racoy 7x10° Racop 7x10°
AE ZZdECOref|:[4X105KUCODMM+ReM - 4X105KUCOTP+W

02 02

R 61" R 61"
=3 decorer|| 4%10% K, Kuco Racom | 7x10 ~|4x105 o Suco Racop | 7x10
Kuo DM ReM Kuo Dp Rep

R 7x108 |2 R 7x108 )"
a a
:dEref 4X105Ku070M +4>< - 4><105Ku0 0P+ a

DM ReM Dp Rep

(C.18)
where

deref = dgRuref + desTrer = 0,036 8 (C.19)
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Annex D
(informative)

Scale effect on disc friction loss

D.1 Loss coefficient formula for disc friction

As demonstrated in Annex B, a new explicit formula to give loss coefficient for pipe flow,
which is proposed by Nichtawitz, gives almost the same value as the implicit Colebrook
formula (see Figure B.1). It is reasonable now to assume that a similar formula is also able to
describe the disc friction loss coefficient.

General loss coefficient formula as proposed by Nichtawitz [9] is:

ker Reg )"
C.=C olmA;-ST+ =01 +(1—-m D.1
m mO [ T a RGTJ ( ) ( )

However, for the case of disc flow, an approximation formula similar to the Colebrook formula
does not exist. Therefore, the above general formula was applied to physical model
measurements done by Fukuda [18] and others [15,19]. It was found that a best fit to the test
results could be reached by the following coefficients:

C0=0,0019
Reg=7 x108
At =1,5x104
m = 0,85
n = 0,2
where
a maximum radius of the runner crown or runner band, whichever larger (m);
Dy maximum diameter of the runner crown or band, whichever larger (m);
2a D D
KT dimension factor of the disc Kr=—= -4 . a= &;
D D 2
2 2 2
a‘“xm a“xw 2a 1
Rer  Reynolds number of the disc Rey = = Re = Re = —KT2 Re:
\ Dxu D2 2
) angular velocity of the disc (rad/s).

NOTE 1 Since disc friction loss is proportional to 5th power of the disc diameter, the larger diameter of either
runner crown or runner band has dominant influence on the disc friction loss. Therefore, the dimension factor for

the disc, kT, is defined by the larger diameter of either the runner crown or the runner band.

Then, the basic equation for disc friction loss coefficient is given as follows:
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ket  Reg \*?
Cm =Cmo 0,85(1,5><104i+—°j +015
a Ret

+0,15

0,2
2xR R
—Crp 0,85(7,5><104 xRar | _2 eo}

krxD ;2 Re

0,2 0.2
R £l
Cr = Cro 0,85( 2 J [7,5x1o4KTRﬂ+ﬂj 1015

K12 D Re

0,2
7,5><1041<TR""—T+RﬂW +0,15 (D.2)
L D Re)

0,2
_C 2076 f7,5><1o4KTRa—T+ ReoW +015417%4
L D Re)

where

kst sand roughness of the disc averaged on both sides of runner and stationary part (m)
kst = 5 xRar.

Rat weighted average of the arithmetical mean roughness of the outer surface of the

runner and the surface of the stationary part facing to the runner (m).

_ 2 % RaTR + RaTS

Ra
T 3

(D.3)

Ratg  average arithmetical mean roughness measured near the outer periphery of the
runner crown and band (m);

Ratg average arithmetical mean roughness measured on the stationary parts facing to the
measuring points of the runner crown and band (m).

NOTE 2 The experiments carried out by Kurokawa [3, 20] indicate that the roughness of the rotating part has
more dominant effect on the disc friction loss torque of the runner than the roughness of the stationary part. The
roughness effect on disc friction loss can be represented by the weighted mean value of the roughness of both
sides as shown by Equation D.3.

D.2 Step-up formula for power efficiency

As shown in A.2 4), the step-up formula for power efficiency is expressed as shown below:

An C.wm-C
Ap =" =3 [%J (D.4)
N™ mref

The friction loss coefficient C, s for the reference model with Ra; = 0 at reference Reynolds

number Re, s = 7x108 is obtained as follows:

04

7
Crref = Cmo[ 0976 J(1 +0,1 54KT0'4)) (D.5)
KT
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By replacing C,,y and C,,p in Equation D.4 by Equation D.2 and C,.s by Equation D.5, we

obtain,

;

- [SAT X KT

6 0,2 ]
Ran n 7x10
Dp Rep

= 8Tref

RaTM + 7x10

=d 75%x10%x
Tref { T Dy Rey

where

6Tref

Ayref =——— 7.
140154704

6 0,2
J —(Z5X104KT

1+ 01541724

P

Ratp | 7x108

0,2
Re P J

D.3 Standardized dimension factor kx; and disc friction loss index dqef

1) Disc friction loss ratio 614¢

(D.6)

Based on the experimental studies conducted by Kurokawa [12], the disc friction losses for
Francis turbines and pump-turbines of average design are estimated as follows:
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Figure D.1 — Disc friction loss ratio d¢¢

These curves are approximated by the following formulae.

IEC 222/09
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0,005
(0,5+ N2 J
Francis turbines: STref zToQE for 0,06 < Nqg < 0,30 (D.7)
[11+ o,o15]
. . " Ngg?
Pump-turbines (turbine mode) (T): &1,¢¢ :T(?E for 0,06 < Nqg < 0,20 (D.8)
[14+ 0,019]
’ 2
Pump-turbines (pump mode) (P): &1, =$ for 0,06 < Nqg < 0,20 (D.9)

NOTE The above equations are not substantiated by analytical or experimental data beyond the specific speed
range specified for each formula. However, these equations may be extrapolated beyond the specified range and
used for the step-up calculation of contractual model test results by mutual agreement of the concerned parties.

2) Dimension factor of the disc k7

The values of kr calculated for some typical models are plotted against specific speed and
shown below. For convenience, the plots are approximated by linear equations.
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b) Dimension factor x for pump-turbine (valid for Nogt = Nqogp = 0,06 — 0,20)

Figure D.2 — Dimension factor k¢
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3) Disc friction loss index dt,¢f

By combining 0+, and kg, we can obtain the values of dy.¢; as a function of specific speed.
They are shown on Figure D.3. For simplification, they are approximated by hyperbolic
equations.

6,0
5,5
5,0 \\ Pump-turbine
45 // (P)
o 40 \\ /
= 3.5 \\ ’/ Pump-turbine
Fump-turoine
)fa 3.0 \\\\ // /o
= 25 \\\\ //
2,0 \\ 4\
15 N \\\\“— —_———=
10 \\\ rancis [ Sl sl Bl —
0,5 ]
0,0

0,06 0,08 010 012 0,14 0,16 018 020 022 024 026 028 0.30
Nae

IEC 225/09

Figure D.3 — Disc friction loss index dy ¢

These curves are approximated by the following formulae.

0,004
[0,44+, N2 ]
Francis turbines: drref = 1ooQE for 0,06 < Ngg < 0,30 (D.10)
0,012
0,97 + N2 ]
Pump-turbines (turbine mode): dtef = 100QE for 0,06 < Nqog < 0,20 (D.11)
0,015
123 + N2 ]
Pump-turbines (pump mode): dt.ef = 1OOQE for 0,06 < Nqg < 0,20 (D.12)

NOTE The above equations are not substantiated by analytical or experimental data beyond the specific speed
range specified for each formula. However, these equations may be extrapolated beyond the specified range and
used for the step-up calculation of contractual model test results by mutual agreement of the concerned parties.
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Annex E
(informative)

Leakage loss evaluation for non homologous seals

E.1 Loss coefficient of runner seal

In the main text of this standard, only the step-up for a homologous seal is given (Ang =0).

However, due to the difficulty in manufacturing the model or to the structural restraint for
installation of sensors, etc., the model seal design often cannot meet with the requirement
given in Table 3. In that case, the procedure given in this annex may be used for the
evaluation of the volumetric efficiency of the prototype upon the mutual agreement of the
concerned parties.

An equivalent dimensionless loss coefficient of the seal, K, which is defined by the following
formula is introduced:

K:Zﬁ+zﬂ xD*

2 2
LA i\ A

1) 1) 1Y 1Y
ck{&xc] k2 R, ch ZJ: CKSJ(RSJ-XC] ZJ: ij{Rfjxc]

where
| fficient C—L
{ loss coefficien (q/A)2/2
g leakage flow through the seal concerned
NOTE It is not the total leakage flow through both seals on crown and band.
A cross sectional area of the seal clearance
R radius of seal
¢ radial clearance of seal

representing 1, 2 or s

i number of steps/grooves or seal clearances

subscripts:

k kinetic loss

f friction loss or values of each seal clearance
1 values at the inlet of the seal

2 values at the outlet of the seal

s values at the intermediate step or groove
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When the loss coefficient K is calculated by the above formula, the loss coefficients { are
prescribed in this standard as follows:

Inlet loss of the seal: Ck1=0,5 3\
Outlet loss of the seal: Co = 1,0

Intermediate step or groove: (s =1,0
- L (E.2)
Friction loss: = Ao — > '
¢ €2c

where

A friction loss coefficient, Ao = 0,04

NOTE Scale effect on A¢ is neglected. j

L length of each seal clearance
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Some typical examples of the runner seal design on the crown side are illustrated on Figure

E.1 and those on the band side on Figure E.2.

—] = Cq

?,

crown = (Qk1 + Cf + QkZ ) |:(

R‘]%

M(

\Ric1 ) (Rzc2 )

) ]xD4

—{l= C4

Ry ——=

2
(Ck1+cf+€k2)[ ] (C’k1+cf+€ks)( 1c ]
K 21 2 xD4

crown 2
ol el
( rok ) R2sC5 + ' k2) R23C2

C
2 4/2601

| —

Ros
Ry, ——=

R21

Ri=Ry; —=

2
(ck1+cf+§k2)[ ] (Ck1+cf+cks)[10]
2

Kcrown~ ) 2 <o
BT D
+ (¢ k)R222 + (¢4 k2)R232
i
Qem
Ry, ——=
Ri— =
1) 1)
K crown z[(§k1+gf+§k2)(mJ +(€k1 + 28 +;Cf +CKZJ[R202J ]XD4

IEC 226/09

Figure E.1 — Examples of typical design of runner seals (crown side)



BS EN 62097:2009

62097 © IEC:2009 -79 -

C1

R

Cy

=

2 2
Kband z[(@m"’@f"'@kz)[RL] +(Ck1+§f+Ck2)[R 1C jJXD4
11 2L2
IZ(H
R
Ra1
Ra2 C2
Rzaggﬁ,\
2 2
(ck1+cf+Ck2)[R11c1] +(Ck1+Cf+Cks)(R2:c2] .
Kbana = 2 P xD
1 1
] +(Cf+Cks)[R2202] +(cf+Ck2)(R2302JJ
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R
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Ricy
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3

2
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Figure E.2 — Examples of typical design of runner seals (band side)

The value of the loss coefficient K given by Equation E.1 is calculated individually for outer or
inner seals on the runner crown and those on the runner band, respectively. Then total loss
coefficient K for the whole machine is calculated by the following equation:

KC XKb

ke +Ko f

K=

(E.3)

where,

KC
Kp

sum of the dimensionless loss coefficient for the seals on the runner crown;
sum of the dimensionless loss coefficient for the seals on the runner band;
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K representative dimensionless loss coefficient for the whole machine.

NOTE Equation E.3 is derived by assuming that the differential pressure across the runner seals on both crown
and band sides are identical. It disregards pressure gradient in the space between runner and stationary part and,
also, the loss head in balance holes or equalizer pipes.

If the values of differential pressure across the runner seals on both sides are not identical, this equation is not

applicable. In such case, detailed analysis is required.

E.2 General formula to obtain Ang for non-homologous seal

By using the representative loss coefficients for the model and the prototype, a general

A
formula for Aq = Na can be written as follows (see A.2 3)):
Nam
Ang Can + S ) %] )
For turbine: Aq = —2 =19 (1_q )1_(kM—fM] =(1-n )1_[_'\/']
C ham  Nawm am Ckp + St av Kp
05 05] > (E4)
Ang Ckm +Cm | Km |~
For pump: Aq = = (1-nqm) 1—[— =(1-nqu)|1-| -
Nam Ckp +Cp Kp
- J
where

Ky representative loss coefficient for the model;
Kp representative loss coefficient for the prototype.

In the above formula, nqg), is considered to be 0,99 in this standard.

E.3 Evaluation of scale effect in case of a homologous straight seal

In case of a homologous seal with normal straight seal design,

Therefore,
- -05
Ckim Cm 05
N . ,
05 23 2 2 [ D Ckim + S
(KmJ _ i AiM AaveM (DmJ _ i
K D .
P Z Ckip N Cp P ;CK'PJFC"P
2 2
i Aip AZveP ]

In normal straight seal design, (Cf/ZCki): 05---1,5

If the scale effect on {; is considered,
(ReP/ReM)z5m4O (in usual model test condition)

Then, this would give € /tm) = Rep/Rey)™? = (5---40)%2 ~05---0,7.
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Since the kinetic loss is non-scalable, ZCkiP =ZCkiM .

Therefore, in case of homologous straight seal when scale effect on ; is considered:

(K_M]O’s :[ngim +Cm T’S _ D Ckim + Eom o0
Kp D Lip + S D Ciim + EmCp /Sm)

[reeinien) (wtm) wm)

=(1,11---1,43)%° =105---1,20

Since (1—nQ)z 0,01, An for homologous straight seal may be estimated as follows:

05

Anq Km |~

Aq = = (1-nam 1—(—J
Nam Kp

=0,01x[1-(105---1,20)]= —(0,000 5 ---0,002 0)

or
Ang =—(0,05---0,20) %
This is regarded as "0 %" in this standard for simplification.

E.4 Straight seal with non-homologous radial clearance

As an example, the case where the radii of the seal are homologous but the radial clearances
are not homologous is examined. Then,

RiM I'-"’aveM RiP RaveP

05
The term [E—Mj appeared in Equation E.4 can be written as follows:
P
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05
o5 Cki - Ck2 - Cks - Cr . ,
(KMJ _| Rwewm)”  Ravem) Remem)”  Ravemcm) [DMJ
Kp Skt Cko +ix ks . Ct Dp
2 2 2 2
Rpcp)®  (Ropcp) Rspcp)®  (Ravercp)
~ _ (E.6)
2 2 2 2
Ck1Dy . Ck2Dy i CksDp . 8Dy
2 2 2 2
_| Rim Rom Rav Ravem [DM/CMJ
2 2 2 2
CkiDp . Ck2Dp i CksDp . ¢Dg | Dp/cp
2 2 2 2
R1P R2P RsP RaveP i

By Equation E.5, both the numerator for the model and the denominator for the prototype of
the ratio in the square bracket of Equation E.6 becomes the same. Then, the above equation
is simply expressed as follows;

(E.7)

05
(KM ] _¢p/Dp
Kp cm/D

Therefore,

05
Anq Km | (CP/DP)}
A~ = — = (1= 1-| —2% =001x|[1-——7= )
® " nawm (1=naw) (KPJ X{ (cm/Dm) (E-8)

Hence, it is known that, if the radial seal clearance of the prototype is relatively smaller
compared with the model, the volumetric efficiency of the prototype becomes higher than the
model.
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