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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HYDRAULIC TURBINES, STORAGE PUMPS AND PUMP-TURBINES -
REHABILITATION AND PERFORMANCE IMPROVEMENT

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and_electronic fields. To
this eng—eard—r—eadaitieon—to—ether—aetivities: c—publshes—rterrationral—Standards: A‘;-: Spqcifications,
Technidqal Reports, Publicly Available Specifications (PAS) and Guides (hereafier referre b as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National(Commiti€g¢ interested
in the [subject dealt with may participate in this preparatory work. Interna goveramentafand non-
governthental organizations liaising with the IEC also participate in this prepa C callaborgtes closely

with the International Organization for Standardization (ISO) in accordaf onditions, det¢rmined by
agreement between the two organizations.

2) The forfnal decisions or agreements of IEC on technical matters expre arlyas’‘possible; an inpternational
consensus of opinion on the relevant subjects since each technical co te has representatipn from all
interested IEC National Committees.

3) IEC Puplications have the form of recommendations for in i nd are ‘accepted by IHC National
Commiftees in that sense. While all reasonable efforts are| mad e technical confent of IEC
Publicafions is accurate, IEC cannot be held respon y im\which they are used |or for any
misintefpretation by any end user.

4) In order to promote international uniformity, ationak Committees uhdertake to apply IEC Hublications
transpafrently to the maximum extent possib ir natienal and regional publications. Any [divergence
betweep any IEC Publication and the corresponding nationalhorxegional publication shall be clearly indicated in
the lattegr.

5) IEC pr¢vides no marking procedure to indicate approvalnand cannot be rendered responsilple for any
equipmpnt declared to be in{lconfermity with.an IEC*Rublicatior.

6) All usens should ensure that the latesg\edition of this publication.

7) No liabllity shall attach to IEC eri ire ployees, servants or agents including individual ¢xperts and
membefs of its teehnica itte i | Committees for any personal injury, property|damage or
other damage o‘@ { vhether” direct or indirect, or for costs (including legal fees) and
expensges arising “out § icati use\of, or reliance upon, this IEC Publication or any| other IEC
Publica

8) Attentign i e. Normative_referehces cited in this publication. Use of the referenced pulblications is
indispe

9) Attentign i ibility> that some of the elements of this IEC Publication may be thg subject of
patent fi eld’responsible for identifying any or all such patent rights.

Internatiq 62256 has been prepared by IEC technical committee 4: Hydraulic

turbines.

The text Howing-docments

FDIS Report on voting
4/231/FDIS 4/234/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
This standard is intended as a guide.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

+ replaced by a revised edition, or
* amenged-

@%
55
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INTRODUCTION

Hydro plant owners make significant investments annually in rehabilitating plant equipment
(turbines, generators, transformers, penstocks, gates etc.) and structures in order to improve
the level of service to their customers and to optimize their revenue. In the absence of
guidelines, owners may be spending needlessly, or may be taking unnecessary risks and
thereby achieving results that are less than optimal. This guide is intended to be a tool in the
optimisation and decision process.

IEC TC 4 wishes to thank IEA for providing its document “Guidelines on Methodology for
Hydroelectric Francis Turbine Upgrading by Runner Replacement” as a starting point for the
writing of this document. IEC TC 4 appreciates this contribution and acknowledges that the

|l SN | 4

IEAd 4 -l <l P o alatl iala bt I el tlat
ocument PTUVIUTU a JUUU TUUTTUAUUTT UpUTT WTTTUTT TU UUITU o T U bulllcl\

&
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1

HYDRAULIC TURBINES, STORAGE PUMPS AND PUMP-TURBINES -

REHABILITATION AND PERFORMANCE IMPROVEMENT

Scope and object

The scope of this International Standard covers turbines, storage pumps and pump-turbines
of all sizes and of the following types:

Francis;

Kaplgn;

propdller;

Peltop (turbines only);
Bulb.

Wherevef turbines or turbine components are referred to.i

interpreted also to mean the comparable units or
turbines

The Guid
affect or

The obje
performa
This gui

hs the case requires.

shall be
Dr pump-

hat could

htion and
turbines.

The Guide is not intended to be a detailed engineering manual nor a maintenance guide.

2 Nomenclature

For the purpose of this document, the term “rehabilitation” is defined as some combination of:

restoration of equipment capacity and/or equipment efficiency to near “as-new” levels;
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e extension of equipment life by re-establishing mechanical integrity.

The term “performance improvement” means the increase of capacity and/or efficiency
beyond those of the original machine and may be included as part of a rehabilitation.

Many other terms are in common use to define the work of “rehabilitation” and “performance
improvement”, however it is suggested to use the above terms. Some of the terms considered
and discarded for their lack of precision or completeness include:

e upgrade or upgrading — restoration of mechanical integrity and efficiency;

e uprating — increase of nameplate capacity (power) which may result in part from efficiency
restoration or improvement;

e overhaul — restoration of mechanical integrity;

e modgrnization — could mean performance improvement and obsolete
technplogies;

e redevelopment — term frequently used to mean replacemepr nd could
invole changes to the hydraulics and hydrology of the site hange in
mode]| of operation of the plant;

e refurbishment — restoration of mechanical integrit ormance
(closgly resembles “rehabilitation”, the preferred ter

e replagement — usually refers to specific ¢ complete
hydraulic machine in the case of small_units

The nomlenclature in this Guide is in "acco Wi R 61364, which proyides the

“Nomencjature” in six languages to fz
Guide.

orrelation with the terminolodgy of this

3.1 Gdgneral

Hydroele ures and
equipme ) continue
operatind these faciliti ajor rehabilitation for relatively long periods. The reliable
life for a furbi ¢ rehabilitation being necessary is typically between 30 and 50
years depending on , design, quality of manufacturing, severity of seryice, and
other sinfilar.cansig i . However, all generating equipment will inevitably suffel reduced
performaf jabi and availability with time, which leads owners to the fundamental
question [of ith an aging plant. This crucial question cannot be answerged easily
since it involves n interrelated issues such as revenue, operating and maintenahce cost,

equipment\pérformance, reliability, availability, safety and mission of generating|facilities
within the entire system. Ultimately, an owner will have to decide to rehabilitate the plant or
eventually to close it. At some point in time, delaying a major rehabilitation ceases to be an
option. This may come about as the result of a major component failure or as the result of an
economic evaluation. Cessation of commercial operation does not necessarily relieve an
owner of the responsibility for the maintenance of the civil structures, regulation of the flows
and any other issues which have an impact on an owner’s liability for the plant.

The governing reason for rehabilitation is usually to maximize return on investment and
normally includes one or more of the following:


https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

62256 © IEC:2008 -1 -

e reliability and availability increase;

e life extension and performance restoration;

e performance improvement:

efficiency;
power;
reduction of cavitation erosion;

enlargement of operating range;

e plant safety improvement;

e environmental, social or regulatory issues;

e mainfenance and operating cost reduction;

e other|considerations:

mpdified governmental regulations;
pqlitical criteria;

cgmpany image criteria;

mpdified hydrology conditions;
mpdified market conditions.

The oppgrtune time for starting a rehabili
and sevelre problems such as for exafples

cavitation or particle erosion damage,
due to fpundation or substructure move

reached |such a stage, it is obvious that a-techui
equipment should have been conduc ed e
studies ig too close to th eful life_of th

lose the pption of evaluating a ra natives:

Catastrophic failures with poten

frequent
cracking,
problems
lant has
nt of the

7 If the time frame of rehabilitation
plant and its equipment, the oy

vner may
ial major

damage |and loss of |life are stage—of the plant life, real risks. If glignificant
improvements capbe made in\tt enerating capabilities of the plant by repjJacement
of deteriorated of-th&-art equipment or components, there| may be
justificatipn for performi hilitati rlier than the date at which it would be required for

purely reliability orife

Typically , i aturbine following rehabilitation would be more than

with nor
collective
only by afss

Rehabilitationsho

esult in a unit which is very close to its “as-new” condition.

25 years
t on the
termined
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Table 1 — Expected life of a hydropower plant and its subsystems before major work

Expected
Plant subsystems lifetime Considerations
(years)

Civil works
Dams, canals, tunnels, caverns, 60 to 80 Duration of water rights, quality of work, state
reservoirs, surge chambers of deterioration, safety, loss of water.
Powerhouse structures, water control 40 to 50 General condition, imposed stresses, quality
structures, splllways sand traps of material, state-of-the- a/rb—\¢\fety quality of
penstockb, steet Illllllgb Toads; unugua steetcorrosiom, TTaiTTteance:
Mechanical installations
Hydraulic machines
Kaplan and Bulb turbines 25 to 50 itation
Francis, Pelton and Fixed-blade 30 to 50 Lo
Propellef turbines
Pump tutbines (all types) 25to0 35
Storage pumps (all types) ATS
Heavy mechanical equipment and
auxiliarips
Flat gates, radial gates, but y 5 to40 y of material, operating conditign,
valves, sppherical valves, cranes, s ety considerations, quality of equipment,
auxiliary|mechanical equipment imposed stresses, performance imprdqvement.
Electrical instal@ié’ns < <
Generatagrs, transformers \\/\\%)to 40 Winding and iron core condition, cleahliness,

safety of operation, state-of-the-art, deneral

condition, quality of equipment, mainfenance.
High voltage W|tc r, UW 20 to 25
electrica uipment, nt | equipment
Batteried, Wt 10 to 20
Energy transmission lines
Steel towers 30 to 50 Right of way, corrosion, safety of operation,

climatic conditions, quality of material, state-

Concrete towers 30 to 40 of-the-art, capacity vs. service conditions.
Wooden poles 20 to 25
Lines and cables 25 to 40

3.2 Reliability and availability increase

A thorough rehabilitation can significantly increase reliability and availability of the units.
Following a thorough and well executed rehabilitation, an availability of approximately 98 %
can be expected. This normally results in less lost revenue associated with having the units
out of service for planned outages and fewer unplanned outages. By their nature, forced
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outages for unplanned repairs usually cost significantly more than would a similar planned
repair, particularly when the consequential impacts are evaluated.

3.3 Life extension and performance restoration

The useful life of the turbine can be greatly extended by the rehabilitation or replacement of
turbine components. The operating characteristics and the mechanical integrity of the
machine can be restored to nearly “as-new” condition, guaranteeing safe and reliable
operation for a long period.

Performance restoration is generally achieved by restoring the water passage and runner
seals to the new condition although for the water passage out3|de the dlstrlbutor and the

runner, t used.
The anti¢i he type of
machine linvolved and on its operating conditions before and afte itation. %ever, if
major work is done, the owner would normally achieve life extens ore.
34 P

Advancement in turbine design tools, model testing, v i iques, and
inspectio [ i i capacity,
efficienc itati i . i itation erosion problem with
the existing equipment, the replacemer i B erosion
problem , i ignifi i i i 5 : there is a cavitation erosion
problem i 5olve the
problem. rse, site-
depende mically justified to replace the runner and
somet|mes the guide vanes i it g i - mbled in
any case i

In a few hydraulic
energy (head) a ures and
conduits jor cana igation be
obtained [for modifica

In some ¢

3.5 P

Without @ intenance and rehabilitation program, there will be a [continual
increase |in the)ri major failure that may involve both major economic and potgntial civil
liabilities|duéto loss-of life or contingent property damage.

An issue that should not be ignored is the ever-increasing risk of a major failure of one
component that cascades to several other components. An example of such a scenario is a
broken runner blade or guide vane failure due to serious erosion and/or cracking at the stems.
A failed guide vane can interfere with the runner blades, which could result and has been
known to result in a cascade failure of the adjacent components such as runner, discharge
ring, bottom ring, headcover and stay ring. This may seem far-fetched but there are
documented cases of such cascade type failures. Obviously, this type of failure is an extreme
example, but it should serve as a reminder that turbines have a finite life, which can be
extended by executing thorough and rigorous maintenance and ultimately, a rehabilitation
program.

3.6 Environmental, social and regulatory issues

When a hydroelectric generating station is rehabilitated, environmental improvements may be
addressed in some of the following areas without incurring any additional unit outage time:
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¢ reduction of contaminants in water;

e minimum flow requirements;

e allowable rate of change of flows (ramping rates);

e fish and wildlife flows;

e reduction of hazardous materials in powerhouse;

e improvement of dissolved gas (oxygen) content of water;

e improvement of fish friendliness;

e provisions for recreational flows;

e provisions for domestic water/irrigation flows;

e redudtion of fossil fuel emissions (any increase in hydro power p educes the
emisgions produced by fossil fuel based energy production).

3.7 Maintenance and operating cost reduction

Rehabilit of lower

labour a from lost

energy production opportunities. Rehabilitation can al address

limitationp struction

that caude ongoing maintenance problems such as|vib pressure

pulsations mate the

plant and reduce future operating costs

3.8 Other considerations

There may be one or more other crit have an

impact on the decision to reh

e govefnmental regulationsiand t and modification over time can sjupport or
impoge certain rehabili

e politi¢al crite nip to the
physital aspe play an
impontant part i is water
management;

e company i e oriteria may predominate in considering a rehabilitatior] project
(mainit i 1ent of its image) and take precedence over other criteria;

4
e hydrdlogy ©
e market co

4.1 General

Rehabilitation of a unit or a power station is a complex and iterative process which calls for

the input of a large number of disciplines, extends over a relatively long period of

time and

takes place in several phases. These phases are shown in the form of a flow diagram in

Figure 1 and are discussed in more detail in the following subclauses.
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| Trigger for action (3)

A

y

| Decision on organization (4.2)

Very prelim

Feasibility study - Stage 1 (4.3.2)

inary evaluation

| Feasibility study - Stage 2 (4.3.3)

Numbers in parenthesis refer
to clause numbers in text

No

»< Continue?

Yes ’

| Preliminary data collection (4.3.4.2)

A

y

| Preliminary data evaluation (4.3.4.3)

Preliminary evaluation of the base case
(4.3.4.5t04.3.4.10)
Codt, schedule, benefits,risks, economic analysis

| Detailed study (4.3.4)

(N

|‘

| Data collection (4.3.4.2) ]

A

| Data evalu

)

|'on\(fl.3/4'.37\
N

NV ~
Determination f)f e\xiten\a\ﬁyes (54‘3.\4\4)

Iterate ds require§\><\

Evaluate alternatives.(4.3.4:5_to 4.3.4.10)
Codt, scyéh‘uj\e, enefitsxrisksyeconomic analysis

RN

| \Qo\}\}ac\tual\l};sues (4.4)

Yes

N

A 4

| “Spécification (4.4.2)

— No

Competiti

v

| Execution

of project (4.5)

A 4

| Model test activities (if required.) (4.5.1)

v

| Final design, construction, installation (4.5.2) |

A 4

| Evaluate results/guarantees (4.6)

Figure 1 — Flow diagram depicting the logic of the rehabilitation process

No

Tendering documents/evaluate (4.4.3)

A

4| Contract award(s) (4.4.4) |
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4.2 Decision on organization
4.21 General

When it has been determined that the possibility of rehabilitation should be studied, the owner
makes a decision on the strategy of execution of the project and puts in place the project
team that will be responsible for executing the project, from feasibility study through
commissioning. The owner needs first to determine the in-house composition of the team. The
depth to which the owner can or chooses to staff the in-house part of the team will have an
impact on the composition of the external part of the team. Obviously, establishing a qualified
and cohesive project team is essential to successful assessment, planning and execution.
During the assessment and scope determination phases there is a multitude of options to be
identified and evaluated in order to determine the most profitable strategy. for the owner.
During the planning and execution phases, a solid team effort will mini “surprises” and
thereby minimize the outage time, costs, and associated revenue loss. N\

4.2.2 FExpertise required

When fo ss is an
iterative |process in all stages. In the feasibility stages,<and\i planning
stage, expertise from many different disciplines shall joi . nomic or

other solpition(s). The areas of expertise required inc

e Operation and income generation:
— what are present and past opefating
— hqw are units operated today?
— hqw is owner paid today?
— hagw will units be ope

— hqw will owner be pa

— what are@
— what possible

e Equig
— tu
- al
e CosY
e Sche

e Licensi

e Economicand-fimancratamatysTs;
e Detailed engineering design;

e Model and field testing;

e Construction of new parts;

e Rehabilitation of existing parts;
e Transportation;

e Field installation;

e Commissioning.
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4.2.3 Contract arrangement

There are two basic strategies with regard to contract arrangements for all or a part only of
the project: competitive bidding or negotiated agreement with a pre-selected supplier. It is
also possible to use a combination of these strategies:

Some prefer the traditional approach of competitive bidding, evaluating bids and awarding
contracts.

Some prefer the negotiated agreement or partnership approach with a pre-selected
supplier to form at least the equipment supply and repair external component of the team.
Such an agreement can cover only the “equipment” phases of the process such as
dismantling, manufacturing, transportation and typical of large

proje oFF 5 d 6mmissioning (more
onent of
types 9f related

hardware including, for example, turbine inlet valve, turbine,

tion system and controls.

combinat Il scope
of the rel e level of comfort and
confidenge the owner has in working directly with_a suppli !
Regardlelss of the composition of the team)\the ; here is a
strong nged to be precise in either approach. i ment or contract is g¢ssential.
The choice of contract arrangement Wi flue ever, the
basic stgps are very similar_regard o) L following
. distinction” of the contract arrangement used. The

subclausps cover the basi

owner sh : iract drrangement will impact the achieyement of

equipment performance r s, schedule, environmental, social and rggulatory

issues, s evenue generation.

4.3 Le

4.3.1

4.3.2 to 4,3. enthreelevels of assessment and scope development: feasibility study —

stage 1; ibi stage 2, and detailed study. The main differences betwgen these

three lev of detail and the accuracy of results.

A thoroughi@assessment of a plant will involve looking at alternatives for the turbing such as
B A af h ld hava caovaral cubh _Slta e ot Ao

the fo”O| HA-S—aO PN e carld-b | bhoalt 11
VWG SoOTme~ OT Wi CoOuTO T v o oT v eTar Suo—ateT T atrv oo,

do nothing major and continue to operate the plant until “failure of the units”;

repair components which have known physical weaknesses, then operate with normal
maintenance;

restore the original water passage profiles to like-new condition (runner, guide vanes, stay
vanes, draft tube) without dismantling the unit and continue to operate if the physical
integrity is acceptable or re-established;
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e replace the runner and possibly replace or modify guide vanes, runner seal rings,
stationary seal rings, and stay vanes to benefit from the evolution in hydraulic profile
design, with or without modifications to the stay ring and/or draft tube.

If the latter option is considered, the evaluation of the entire power train (turbine, generator,
ancillaries, etc.) is necessary including compensation for wear and restoration of mechanical
integrity.

It should be noted that grit blast or other cleaning of existing painted surfaces may involve the
removal of lead-based coatings. This removal can be very costly when it is done respecting
environmental regulations. This cost shall be factored into the overall project cost.

The determina se of the
entire te

4.3.2

This initigl stage of feasibility is often accomplished by the owner’s~in-ho . [The staff
should d iti industry
practice, letc. warrant a more detailed study. See Clause istrof indi need for
rehabilitati i i indicate thaL there is
the poss hould be pérformed.
If desired

4.3.3

This feas possible
“baseling y assumed
to consigt of a new runnep wi C oted that
this part st \solution. Therefore, if the results of this
alternati\:lj he necessary to look at few more alternftives. In
order to tential’of achieving favourable economic feturns, a
rough es and schedule shall be made at this stage. If the
initial reg n move to the detailed study stage.

4.3.4

4.3.41

In this s e enough detail and sufficient accuracy to permit the dgcision to
move on ase or to stop work.

During thi f the stakeholders should have input to the development of the scope
as well on the methods to be used to evaluate the various alternatives. Working|with and

getting the support of all of the stakeholders will greatly minimize any questions and related
delays associated with scope, analysis methods, and management approval.

It is important to note that, while this guide focuses only on the turbine, the scope, costs,
benefits, schedule, etc. shall include all equipment, including generator, transformer, etc. and
structures related to energy production and flow control in order for the economic analysis to
be meaningful.
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Data collection

The establishment of when a rehabilitation evaluation should be conducted requires that
information regarding availability, operating and maintenance costs and energy production be
assembled, evaluated and trended on a continual basis for each unit of the plant or at least
for the whole plant. Although this guide concentrates on a single plant and particularly on the
turbines within the plant, one must be aware that an overall parallel evaluation is also
required on all structures and equipment and all plants in a system to allow development of a
system strategy and prioritization. The system strategy is aimed at minimizing production
losses and maximizing profitability.

Ten (10) or more years would provide a workable database, but if this is not reasonably

obtainab

fewer vears mav be used with due reaard for the nossible imbactof the
4 7 J 4 ™ ™

reduced

data set
for flow,

Collectio

bn the accuracy of the result. A minimum period of twenty-five
nead and energy production data. Flow data shall account fg

n of information regarding the following elements is recom

y production (GWh) and value of energy;

Ary service production and value;

e energ
e ancill
e oper

e hydr
head

e equip
comp

e perfo

and r

. dataJrom original gomn

e oper

e histon

e regulatoryre

tion and maintenance costs;

mance assess
pcent prototype

/or original prototype perform
st a recent power-gate test);

desirable

net head,

turbine

hnce test

inntotal discharge (production and spillage) versus time;

4.3.4.3

4.3.4.3.4
Data eva
e trend
e trend
e trend
e trend
e plant

of energy production versus years;
of annual operation and maintenance costs versus time;
of revenue versus time;

load factor versus time;

e determination of turbine mechanical integrity;
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e determination of potential performance enhancements with current or revised hydraulic
conditions.

4.3.4.3.2 Unit reliability, availability and restricted operation

A significant increase of the outage rate of a unit is a sign that it is time to think about the
rehabilitation of the unit. But, before starting any rehabilitation study, it is important to get a
complete history of the outages of the unit, their nature, their frequency and their duration for
at least the last ten years in order to be able to identify trends.

When evaluating outages related to failure of the equipment, a distinction should be made
between a forced outage and a planned maintenance outage because they do not have the
same consequences and costs. Often, forced outages are “failure to start’. Either type of
outage cpn generate, in addition to direct maintenance costs, significant reveme\losses due

to a loss [of production opportunity and to the cost of the energy replacément:

Restrictigns on operation in certain power ranges can significant e }rational
flexibility| of the plant and revenue generation. Elimination or strictions
should b¢ one of the performance improvement goals.

All of thege factors shall be taken into account in the evaluatior he rehabilitation groject.
4.3.4.3.3 Unit operation and maintenance ¢

It is impprtant to obtain all information ‘redarding thé tw@we operation and maiptenance
records for the repairs which have b he hours (or costs corrected for

inflation)| which have been incurred bre. This

informati hlighting
troublesg g from a
turbine rghabilitation projé

Potential| maintenance cost\re ioNs but they
should bg¢ consi [ i

It is alsq i § isolated
failures ¢ ame parts, problems related to a structural Weakness

such as rffunnercr i ic design such as cavitation erosion, vibration, or jhydraulic
instability missing or faulty instrumentation.

43.4.4

A suffici f alternatives shall be studied to reasonably assure that |the best
alternatijeShas be identified. The number of different combinations of turbing design
characteristicsTextentoftifeextensiomwork; tergth of outage—etc—~canmbecome—very large. A
logical screening method shall be established to limit the number of options to be studied and
the amount of study time involved. The screening method is very site and owner dependent
and therefore, cannot be defined in this Guide. The determination of the best alternative is an
iterative process requiring the skills and expertise of the entire team. A new runner design
can usually result in a significant increase in performance. However, if the new runner design
increases the output to the point of requiring many of the mechanical and electrical power
train components to be rehabilitated or replaced, it may not be the best solution; a smaller
increase in power with concentration on improved efficiency may prove to be the better
investment.
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Each alternative shall be clearly identified as a separate consideration with its own associated
benefits, costs, and economic analysis.

The following are examples of incremental modifications to water passage components that
could lead to different alternatives:

If

compon
to:

those required for other reasons such as enwronmental social, or regulatory.

replace runner including new fixed and rotating wearing rings, if applicable;
restore water passage surfaces;

modify shape of stay vanes;

modify or replace guide vanes;

i ase aguide vane openina:
Incre g P g

modifly draft tube shape;

turbine inlet valve modification or replacement;

modifly headcover to accommodate more efficient seals.

t0 analyze 4dll of the

the oe:rtput from the turbine is increased, it will be/ne
i , but are npt limited

nts (mechanical and electrical) in the power tr

channels, power tunnels and penstocks;
shaftg;

guide| vane servomotor stroke and op

thrus{ bearing;

governors;

geneilators;

bus aphd cab@

transformers;

ibuting to
tability and



https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

- 22 - 62256 © IEC:2008

For powerhouses with a large number of units and a low utilization factor, one should evaluate
the benefits of not rehabilitating all of the units to the same level. A few units could be
upgraded and operated on a continual basis while the balance of units, having lower
performance, are used for infrequent high load demand periods or during short duration high

discharge periods.

It is usually possible to identify, without turbine dismantling, the necessary major activities of
a turbine rehabilitation. However, there are some types of problem, such as a crack in the
water passage surface of the headcover that cannot be detected until the unit is dismantled.
This type of problem can cause a significant extension of the outage. Appropriate

contingencies shall be a part of any rehabilitation plan.

4.3.4.5 Determination of scope for alternatives

For each|alternative, a detailed listing of planned modifications or re

the outage and which items shall be modified during the outage:
impact dn cost, this list may also significantly impact the\ sched e an
requirements.

While thi
procuren
etc. to ps
shall alsq be included.

4.3.4.6
The cost
e allco
e all engineering and|proj
e costs related@
e one time costs

e costs

e Jost 0

e finanging orninterest charges;

e escalptiom;

uipment
&prior to
obvious
portation

ions and
nsformer,
tructures

ces);

e environmental/social/regulatory costs;

e influence of schedule on escalation and cash flow.
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4.3.4.7 Determination of schedule for alternatives

It is very important to consider the schedule associated with each alternative. The time of
year of the outage and length of outage can have a major impact on the cost of lost energy
production during the outage. One outage per year on a given unit, will allow that the outage
occur at the lowest energy production and value time of the year, but each outage will then
incur a mobilization and de-mobilization cost. For a multiple unit plant with a low capacity
factor, back-to-back outages will eliminate repeating mobilization and de-mobilization cost,
result in less change of people in the work crew, and allow the owner to experience the
benefits sooner. However, in many cases, back-to-back outages are not financially justified
because they would extend into the high revenue periods or reduce the opportunities of
satisfying peak demands. Changes in schedule will impact escalation and cash flow.

4.3.4.8 Determination of benefits for alternatives

The bendfits for each alternative are determined by:

o obtaiarluing the expected performance gains in efficiency and

hydrajulic engineering team members;

e determining the improvement in revenue by doing a co
with these performance gains, the anticipated operation~scheme and th

the hydrglogy and

of plant pperation

pute mI ion
anticipated value

died shall be considered and, where

e non-gchievement @ > iciency, hydraulic instability and ¢avitation
pitting);

e damapge to @A c : nt“hat was not rehabilitated and establishment of
relatgdd energy los :

e damage to a comk as not intended to be rehabilitated, discovefed after
dismantling;

e risks related to safety, environment, etc.;
e market changes;

e bonding (required extent and timing of coverage).

Note that the scope of the rehabilitation alternative will have an impact on the level of risk

attributable to it.
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4.3.4.10 Economic analysis for alternatives

An economic analysis is first performed for each alternative to ascertain the optimal solution.
After an optimal solution has been selected, a financial analysis is performed to confirm the
financing requirements and the overall viability of the project.

4.4 Contractual issues
4.4.1 General

The following subclauses can apply to either the bidding or the partnering approach of
contract arrangement. The exact content of the documents could be different in the two
approaches, but the goal is the same: precision and clarity.

4.4.2 Bpecification requirements

%ent of

It is difficult when writing the specification for a rehabilitation™proje | work in
detail angl to define the sharing of the responsibilitie S ractors and the owner
for unpredictable events and consequent changes i i de in the
contract for changes in scope and extra work. e various trades ghould be
called fof in the tender to cover extra For identifiable [potential
additionall supply items, prices should

The scope of supply for each activity or component, the geals\ and
responsibility and project schedule shall be very clear and precise, as_i

The sché fined. These activities could include
assessm yreparati ~ ification, consulting servicep, supply
of equipment, rehabilitatio ) 3 , re-assembly, project manpgement,

etc.

The expected perfo should be clearly stated regarding power,

efficiency, cavit . Improvement of the turbine pperating
characteristics ma - 3 by a pre-outage “signature” test followed by a post-outage
test; both performed uhit using the same method and preferably using the same

test instr

In the pr i C » cation, a decision is required on the method for performance
guaranteg idation®® model Vtesting (fully or semi-homologous) or relative or |absolute
prototypﬁ i

The man vich the specifications are prepared and which team members are| involved
will depepd.oh the selected strategy for the execution of the rehabilitation project.

4.4.3 Tendering documents and evaluation of tenders

The exact use of tendering documents will depend upon the contractual arrangement used.
Tendering documents can be used to choose a partner or partners (near the beginning of the
process), procure hardware and/or services, or a combination of these. The intent and use of
tendering documents for a rehabilitation project is the same as for any other major contract.
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Tendering documents shall be prepared in a manner that assures that those responding will
submit information on a common basis and be judged on a common basis. To achieve this,
the owner should make available to all tenderers, all necessary information pertaining to the
design and performance of the existing unit and all available information on its condition. This
should be done with due respect for current laws regarding disclosure of proprietary
information. The tender documents should provide for a mandatory site visit early in the
tender period, with access to the water passages of the unit to be rehabilitated, to fully inform
all tenderers.

In the evaluation process, clarifications may be sought and adjustments made to the tendered
information. Performance improvement claims shall be very carefully analyzed during tender
evaluation to develop confidence in the technical logic which has led theh}ot\ebrjhal supplier to
its conclpsters—partietarh—r—the—ease—of turbire—rehabititation—where—the—ether water

passage |components and the unit speed may not be ideal for a new of usual
design.

The evalliation criteria shall be clear. The value of additional epéergy p i ) is most
often represented by a value on increased weighted average effici y increased
power. The tender documents shall either specify in detai riteria qr specify

the optiohs which are to be priced and described in the ience on
guarantep

Another day for a
given peri between
the cost hinst the
reduction l exact a
penalty f

Strategie quote a
realistic formance
guaranteg pr, some
involving

4.4.4

The cont contract
award. T e tender
documen gotiation
meeting contract.
The con hall identify all options and scope alternatives that are to be
retained

4.5 Execution of project

4.5.1 Model test activities

The owner should monitor and review the following activities in progress or at conclusion to
the extent required by its in-house policies:
e design, drawings and bills of materials;

e manufacturing with respect to homology tolerances and conformance to drawings and bills
of materials;

e installation regarding conformance to drawings, tolerances and procedures;
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e turbine model testing in manufacturer’s laboratory or in an independent laboratory, if

specified, including instrument calibrations.

If the competitive bidding arrangement is chosen and if competitive
manufacturers’ laboratories and in an independent laboratory is chosen,

model testing in
then at least two

turbine suppliers shall be selected for this testing. In the case of a competitive model test,
manufacturers should be encouraged by specification to be inventive on the subject of how
best to satisfy owner’s interests regarding performance of the rehabilitated machine.

It is important to realize that fully homologous model tests will give a very
of the increased revenue that can be generated from the upgraded units

reliable indication
provided that the

surface condition of the entire water passage is properly taken into account. Therefore, it may
be beneficial for project planning purposes, to perform the model tests by separate contract

early in the detailed study stage.

If a projeft is relatively small, a model test may not be economicall
a hydraulic design can be finalized by the use of Computationa
without the execution of a model test.

4.5.2 PDesign, construction, installation and testing

The owner will monitor and review the following ac
extent refiuired by its in-house policies:
e comppnent design, drawings and ki
e matellials selection as compared to specified materi
e quality assurance, and quality control (i

e shop tests and inspectjohs;

e dimensional control and
with IEC 60193 and t

e sjte (isasse ,
alignment;

e commnjissioning

tioning> or\ modifications of components,

e protofype
efficiq

e |oad

e runne natural frequencies and vibration mode shapes;
e turbine nenf\strain gauge tests;
. servc:lmotor differential pressure test;

Ch, cases,
D) tools

r at conclusipn to the

cordance

re-assemlply, and

absolute efficiency), power-gate test or index| (relative

e mechanical heat run - measuring the bearing and oil temperatures;

e measurement of draft tube and spiral case pressure fluctuations, shaft system dynamic

runouts and headcover deflections, the latter being usually limited to
new design and large machines.

4.6 Evaluation of results and compliance with guarantees
4.6.1 General

Guarantees can be established for:

cases involving a

e improvements in power and/or efficiency based on model tests and/or prototype (relative

or absolute) tests;

e schedule performance;
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e Cavitation pitting limit;

e Runaway speed withstand.
4.6.2 Turbine performance evaluation

Turbine performance evaluation is done normally by model tests in accordance with IEC
60193 and/or by prototype tests (absolute or relative) in accordance with IEC 60041
whichever is called for in the contract documents. |EC 60041 covers the arrangement for
tests at the site to determine the extent to which the main contract guarantees are satisfied.
This is the method best suited to the case where a model test is not performed in full
homology or when the prototype components are not in full geometric similarity with the
model. The cost of the measurement and the level of inaccuracy of measurement present the
major drawbacks of this method to verify compliance of performance with guarantees,
however |[doing the before and after tests on the same unit using the sa equipment and test
team redlice the contractual significance of systematic inaccuracies.

Every effort should be made to establish the roughness of isti % water
passage | surfaces before the bidding stage and therefore ¢ tees are
establishpd. This is particularly important for the runner and istri ring, the
guide vapes and the water passage surfaces of the head i ischarge
ring) whd js urbine dfficiency.
Having this information in the tender document allows evaluate the|potential
benefits surfaces.

Following [ ction for cavitation erosion
should cavitation
erosion ompared
against t see |IEC
60609.

4.6.3 Generator pe

If the contract j i efficiency as opposed to unit efficiency, generator
performapce tes@g arri i

4.6.4

At any ploi nuses in
accordan el and/or
prototyp4 e, costs,
safety, o

5 Schediding, cost analysis and risk analysis

5.1 Scheduling
511 General

Consideration should be given to scheduling all phases of a rehabilitation project including
assessment of the equipment, feasibility study, determining the scope of work, preparation of
specifications, and execution of the project. Project organization will impact scheduling of the
various project activities, but regardless of how the project is organized, all of the project
activities need to be scheduled in a logical sequence.
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Scheduling is a project management tool used to coordinate activities and ensure timely and
cost-effective completion of the work processes. To determine the Scope of Work, a realistic
work plan and schedule should be established and used to guide the work process. A realistic
work plan and schedule will ensure that all of the activities required to determine the scope of
work are completed in a timely manner, and that only activities required to determine the
scope of work are performed.

The time that will be required to complete the activities and the associated costs are almost
always significant factors in determining the feasibility of a project. Costs are closely related
to the duration of the work. Costs may increase if the work shall be completed in an unusually
brief time period and may also increase if the work is drawn out over an unnecessarily long
period.

Whateve i be S||1fficiently
detailed d he more

importan lude a
logical step-by-step identification of the work required to thoroudgh bessment
activities mmon to
all metho

e Defini 1. dowf)’inte specific acfivities or

tasks.

e Sequs A @z(ivi ies shall be done.

e Deper s) Does one activity nged to be
compl

e Durati of effort

(work

A detaile
identified|.
sequenci

ific tasks
hen) the

5.1.2

Collectin detailed
equipme dly effect
the techrjicak and~econami S e project
team has i Pm volved in

this portipn of.the-project? Is sufficient in-house staff available to work on multiple [activities
or will additionakxesqureces be needed? How long will it take for responses from goyernment

conducted during regdlarly scheduled maintenance outages at off-peak times?

5.1.3 Evaluating the scheduling component of alternatives

When considering the “baseline” scope of work and that for each alternative, the impact on
the overall project schedule should be considered as well as the impact on the costs and
benefits. Estimates of the time requirements of each alternative, if not within the capabilities
of the owner, may be obtained from equipment manufacturers or from experienced consulting
engineers. Alternative scheduling options should be evaluated to determine the most cost-
effective option.

The cost of the construction phase of the project is a significant portion of the overall project
costs and there is often opportunity to minimize some of the construction costs by properly
scheduling the work. The advantages and benefits of the different schedule alternatives need
to be weighed against the disadvantages and costs. Some of the aspects to consider are:
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Is there benefit to scheduling construction outages only during non-peak energy seasons
(for minimum loss of revenue)? The time of the year and length of unit outage may have a
big impact on cost of the outage. The foregone opportunity costs, (both for energy and
capacity), should be evaluated when determining the construction schedule.

Some of the disadvantages of split or discontinuous schedules can include project and
contractor demobilization and remobilization costs, loss of team members and skilled
craftsmen and having to repeat the learning curve with new crews.

Can the contractor pre-assemble replacement components before the units are taken out
of service, or between split outages to reduce the outage time?

Scheduling rehabilitation of the units concurrently, overlapping unit outages, or even
scheduling multiple unit outages can minimize the duration of the construction phase of the

proje(‘t Are the resolirces available to suppaort the schedule?
l}é\L’ld floor-

han one
ame time
or if ipcreased capacity involves heavier components than t iging nts. Most

powerhouses have different load carrying capacities in differe as) to i e original
constrjuction plan.

Lay down space within the powerhouse, storage space outside the powe
loading limits need to be evaluated. This is especially importan{At i

For parts intended to be rehabilitated and reused i 1k o ined if this intent will
affect y aking one|new part
for the ifst unit for thp second
unit, g iti its. i C icable only to rehabilitation of
multipJe identical units.

How Wi bilitation/projects, affect the schedule?
Is the unanticipated changes to| planned
activit

Other|constraints (such i yration periods for example) may influence the geriods in

which|the units are
Schedule duration i ) v lation and the cost of money.

Transportati

e Seasdnal access

5.1.4

Sufficien ments to
assure on the
strategy uld allow
sufficient| ti

review.of tenderef’s qualifications;

site visit by tenderers for inspection of a typical (or “problem”) unit early in the tendering
period if practicable (the importance of this activity cannot be over emphasized);

responses to tenderer’s questions;
preparation of tenders;
evaluation of tenders;

negotiation of terms and internal approvals;
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e award of contract(s) or notice(s) to proceed.
5.1.5 Scheduling project execution phases

The schedule for the execution phase of the project can have a significant impact on the
overall profitability of the project. Delays in design, construction or installation can lead to
project cost overruns. A sufficiently detailed schedule should be prepared by the tenderer
then confirmed by the selected contractor to permit the owner to monitor progress. The
schedule should be updated regularly and monitored by the project team. If the project begins
to fall behind schedule, contingency plans should be implemented to get back on the contract
schedule.

All events that can have an impact on the schedule should be evaluated. Some of the items to

consider [are:

e Outage duration (lost generation opportunities).

e Sche Qs such
items , turbine
inlet

e Impaq

e Impa ent and
comp pdule for
refurl nf be made available at the
appro

e Impaqd prior to
disas

e Aspe gue from
exces bl shifts,
etc. n

e Trangportation maodes_-avai g the powerhouse (and their linjitations),

availgbility of"stors ilitj [ limitations of access and egress |[into the
powefhouse a bilizatien_and staging areas all need to be evaluated.

5.2.1

Before slarti najor relabilitation or performance improvement program, it{shall be
recogni 2 stment decisions should be evaluated over the life of th¢ project.
Most organizati defined economic and financial | analysis
procedures which should be followed before capital can be committed and it is not|intended
that the| following in any way supersede those proprietary procedures. It is
recommeneaes ré V Rhere—is af COU GG"'G‘; FreP—STHOouUTG—1O€ “;" froma

financial analyst who will ensure that proper procedures are followed. It is, however, up to the
members of the project team to identify and quantify all of the factors which affect the cost(s)
and benefit(s) of the project and the various alternatives to be considered.

For any rehabilitation or performance improvement project, there could be a number of
different options and deciding the best way to proceed may not be straightforward. Some
decisions might be easy such as the need to remove grease lubricated bearings to conform to
revised environmental requirements. However, other choices are less clear-cut and require
analysis of their financial impact before a decision can be made.
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The benefit-cost analyses (economic analyses) of the various alternatives identified during the
detailed study phase should be undertaken to rank the various alternatives and determine the
most favourable course of action for the project. The benefit-cost analyses may be very
simple or quite complex depending on the size of the project, number of units involved,
number of alternatives studied, etc.

It is often useful for an engineer to complete a simplified economic analysis as a screening
tool to identify those alternatives which provide the most favourable economic value and
reduce the number of options that will subsequently be examined in more detail. As a base
case, rehabilitation or performance improvement plans may be compared against the
continued operation of the existing plant with no rehabilitation provided that the existing plant
has no evident reliability or safety problems.

Whilst dgtermining whether to proceed, the financial performance of i minimal
intervention option should be compared against that of the plant havi the full
rehabilitgtion and performance improvement. >

5.2.2 Benefit-cost analysis

Although| this guide concentrates upon the framewg s rehabilitation or
performapce improvement of hydraulic turbines, thesé are only, o1 nponent of a complete
i der the rehabilitation of
a turbing on its own without regard for the i he remainder of the plant.
Considerption of benefits and costs c i e’ full scope of thp project
including|all equipment and structures’e generation.

Many different economic evaluation n d\to evaluate the feasibility ¢f capital
expendityires. The common economic

e Net Present Value (NP

e Benef|t/Cost ratio (B
e Internal Rateé; %
e Pay-back period.

To balan
use some for

which oc
increme

t utilities
streams
ent value method is straightforward, can be used to|compare
and does not require detailed financial criteria.

The presgent ve of\all rehabilitation benefits achieved is compared to the presenf value of
all costs i e to the rehabilitation over a fixed period of time. Comparisor]f may be
made by|subtracting the present value of the costs from the present value of the bénefits or
by dividing the present value of the benefits by the present value of the costs to obtain the
B/C ratio. Theoretically, a rehabilitation investment is justified if the benefits exceed the costs
or if the B/C ratio is greater than 1.0. Typically, organizations require the B/C ratio to be
greater than 1.0 to allow for contingencies and a positive return on investment.

It shall be noted, for rehabilitation or performance improvement projects, that some costs will
be incurred regardless of whether the project is rehabilitated or not. The benefits and costs of
rehabilitation should be compared to the benefits and costs of a base case. Therefore it is
essential that the benefits and costs of this base case be properly represented. Various
approaches may be used to establish the base case, ranging from decommissioning of the
units as they fail, to maintaining the plant in operating condition by repairing or replacing
components as they fail. O&M costs would increase and generation would decrease over
time. Another approach for consideration could be termed “life extension”, whereby the unit is
disassembled and reassembled to inspect and repair the mechanical components to “like
new” condition. For this approach, the cost of disassembly and reassembly are included in the
costs along with outage and foregone income costs.
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Care should be exercised when evaluating between alternatives to use only the incremental
benefits and costs directly attributable to the specific alternatives being evaluated. Each
utility’s costs and benefits are unique to that utility and as a result, the following can only be
used as a guide. The utility’s own financial arrangements should therefore be used wherever
available to determine the benefits and costs associated with any rehabilitation or
performance improvement program.

5.2.3 Identification of anticipated benefits
5.2.31 General

The time interval used to evaluate the operating benefits is the period in which the
organization wants to recover the costs of the rehabilitation or perforr}}ange improvement
program.[ The evaluation period may be Ihe expectied liie oi ithe rehabpilitated. glant, the
financing| period, or a shorter period should a more rapid recovery of costs be
desired. |[The evaluation period should be established by eack ivi nization
depending on its own unique circumstances.

5.2.3.2 Plant generation benefits

These in¢lude the following:

e Increased output — Alternatives that increase either ©r)both\the ez
of thg plant need to be evaluated and ra

economic benefit/cost scenario.

acity or energy output

the best

rovement
shall be considered as even small efficienc benefits
over the life of the project particul it ns of life
extengion in any event.

e Incomg from ancillary serviegs — Thesed e reactive
power i fequency
Contrg

e Other

5.2.3.3

These in¢

e Increa d outage
rate af

e Impro n control
syster] ne or will

become {failure “prone. Many manual devices can be replaced by automared data
acqui“mon or supervisory Contror devices.

e Reduced operating and maintenance expenses - O&M costs of a rehabilitated plant often
can be significantly lower than if the plant continued to operate with no rehabilitation.

e Evaluation of personnel requirements after rehabilitation can often provide substantial
economic benefit. This is particularly evident where 24 h staffing requirements can be
reduced to one shift staffing or remote control, for which positions may even be eliminated.
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e Intervals between maintenance may also be increased after rehabilitation, and the extent
of maintenance performed should be reduced considerably for many years as a result of
rehabilitation.

e Insurance benefits - Quite often, insurance costs can be reduced when installing modern
equipment with improved monitoring, control and protection systems.

5.2.3.4

Plant re

Environmental benefits

habilitation or performance

improvement programs provide the opportunity to

incorporate technological improvements that can provide environmental benefits as well as
O&M benefits. An example would be replacing grease lubricated bearings with self-lubricating

bearings.

Improved fish passage features may be incorporated into the turbine d je of fish
is an issye at the particular project. Increased aeration of the discharg ible.

5.2.4 dentification of anticipated costs and benefits

5.2.4.1 General

As stateq previously, care should be exercised whe v€s to use| only the
incremer]’tal costs and benefits directly attributable o S ¢ alternativgs being
evaluated. This is essential when examining the e i i or’decreasing the scope
of the various rehabilitation options

An example could be to examine the ‘e e of the
immediate rehabilitation. For instance, ne power
station s that the
turbine ¢ reas the
generatof i question to ask would be whether the
rehabilitation of the turbine d until repair became more nearly urgent? There
are therg dered; firstly to rehabilitate the gengrator as
soon as tion of the turbine and secondly to rehabilitate
both item din advantage of the former would be thaf it would
minimize i ts at the
same tim flity often

predomin

5.2.4.2
The obvi

e Cost
assoc

— Include all direct costs for equipment, material, construct

on costs
pf the old

ated with disassembly, installation of new equipment, testing, and disposal

equipment.

e Cost of financing — Includes cost of financing the project such as interest, escalation, and
other financing related costs.

e Contingency — Allowance for inaccuracies in other direct cost estimates as well as
miscellaneous and unexpected costs. The magnitude of the contingency costs depends on
the confidence level of the direct cost estimates.

5.2.4.3

Investment related factors

These include depreciation and salvage costs and other tax related costs if applicable.
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5.2.4.4 Outage costs

Income is only produced when the power station is generating or available to generate energy
or to provide ancillary services. If the design of the power station and timing of the
rehabilitation project is such that rehabilitation can be completed without spilling water, then
there should be no reduction in the energy generated. However, unless the rehabilitation is
being carried out following a plant failure that is preventing generation (forced outage), there
will be a loss of generating capacity and/or ancillary services caused by the decision to
rehabilitate (planned outage). If an adequate margin of installed capacity is available, then the
loss of capacity during rehabilitation might not result in any appreciable loss of income to the
utility. There may be seasonal periods where the value of capacity is low, or impact of
capacity loss is low. The more interconnected the system being fed, the more likely there will
be a “lost opportunity” cost associated with any rehabilitation project, even where spillage of
water canm be avoided.

Outage cpsts include:

e forgone revenue during rehabilitation outages (loss of ene
spillade);

potential

e potenfial loss of acquired not the

e lost mrrket opportunity costs (peaking and ancillary
rehabil

itation per se);

e other gosts associated with the prop6sed alté
5.2.4.5 Project staff costs

Office and staffing costs for planning,
and site| QA and inspectio
should bg¢ considered wh:

identifies| some of the projest st

5, factory
ng costs
lusive, it

duration
ort staff,

Temporafy office
of the prpject.

rent, offige equipmer e and all
other cos D include
living acd

5.2.4.6

The schdg tion. Not
only the ants, the

staging qf suecessive’unit outages can significantly impact both the benefits and the costs.
Delays with“respect to an established schedule affect both direct and indirect cokts, their
extent depending upon the cause. These can be very significant if the unit non-availability
costs are high.

5.2.5 Sensitivity analysis

There are always uncertainties in any predictive analysis and it is good practice to determine
the sensitivity of the economics of a project to changes in the base assumptions. The
sensitivity analyses should include any parameters where a change would significantly affect
the project performance. Typical parameters which merit sensitivity analyses would be
changes in capital cost, changes in the duration of the rehabilitation project, the expected
gain in efficiency and the value of energy and other revenue products.
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Other sensitivities may be applicable for the particular project being considered and all
identifiable significant risks should be evaluated. It is often useful to plot the results of the
sensitivity analyses to more clearly indicate any trends.

5.2.6 Conclusions

The preceding clauses give a brief introduction to a simple method of economic and financial
analysis for rehabilitation projects. The procedure explained should be adequate for
evaluation of options and should help plant engineers select from the economic and financial
standpoints, the best rehabilitation option for their plant.

5.3 Risk analysis

5.3.1 General

Risk analysis is generally conducted in addition to the overall econo i i justify
proceeding with a rehabilitation project or to justify not procee i ~Clause 6
discusse$ evaluation of the scope of the project, which is & pre eQUiSi ing able to
evaluate | the risks associated with rehabilitating or no itati Risk is
generallyl defined as the probability of an event occurring™ti i ifi guences.
ThereforI, actions to decrease either the likelihood of S i ost of its
consequences will reduce the (financial) risk. The equip ) hich may

be incurred to reduce risk can be compared aga i [ bmparing
alternatiVles.

A sensitivity analysis within the risk ana . . z i mpact of
certain assumption or factors on the atternatives: addition to the significant influence of

economi¢ factors, the evaluation of alternatives_involv
when failure might occur.

Types of risks for analysi ided_into the following categories, whiclh will be
described separately:

e non-ag¢hievem
e damag
e extensi

financ

e otherqgi

Once the
to manag

be made

e Can the project plan be changed to avoid, diminish or eliminate the risk?
e Can the probability or consequences of an adverse risk be mitigated or reduced?

e Are the risks acceptable, or can their impact be provided for by a contingency allowance of
money, time, resources, etc.?

Like other aspects of the project, risks should be identified and monitored throughout the
project to ensure effective control. Establishing and monitoring performance measures (such
as project costs and schedules) will identify when contingency plans need to be implemented.
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5.3.2 Non-achievement of performance risk

Rehabilitation work has many risks associated with the possibility that the contractor does not
succeed in reaching its guaranteed performance values including for example power increase,
efficiency increase, hydraulic instability limits and cavitation pitting limits. The cost impact of a
failure to meet performance expectations is generally spread over the life of the equipment.
The owner may attempt to recover such costs through warranty or liquidated damage
provisions in the contracts signed with contractors.

The owner can choose some countermeasures for reducing these risks. Requiring and paying
for a demonstration that the equipment design will result in the specified or guaranteed
performance can reduce the probablllty of not achlevmg them The use of CFD and model

testing Gs ations (at
increased cost). The obllgatory schedulmg of prototype testmg bfter the
rehabilitagtion does not permit it to be used to reduce the owner’s pe ed risks.
The potential uses of CFD and of various types of model or protof Ecussed
elsewherg in this Guide.
5.3.3 Risk of continued operation without rehabilitati
One of tf ity of the |unit. It is
importan k~analysis. During [the early
assessme i ot'rehabilitating the project such
as a cat %}.‘ect damage and an pxtended
unplanneg o) i b of risks
associatsg i$ used to
evaluate Jri
Risks ag requiring
installatiq ic failure
or dange o a near
term cata anger to
personnsg
The eval blving no
igh risk of

failure and an associated high-risk cost. This can be quantified by estimating the number of
years until the component encounters a major failure resulting in substantial loss of
production and loss of life risk or both.

5.3.4 Extension of outage risk

Rehabilitation alternatives have a planned outage that is scheduled, plus the potential for the
outage extending beyond what is planned. The likelihood of the extension of the planned
outage for rehabilitation projects is higher than for new construction because of the potential
for finding equipment that needs to be repaired or replaced as it is disassembled during the
construction phase of the project.
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The no rehabilitation option has the potential for equipment failure resulting in an extensive
outage to cover design, procurement, fabrication and installation not only of the component
which failed but possibly of many other components and of other equipment and even
possibly, structures. Furthermore, the outage resulting from an equipment failure may come at
the most critical time of the year when energy replacement costs are at their highest.

5.3.5 Financial risks
Examples of financial risks are:

e risk and impact of actual escalation not matching assumed escalation rate;

e risk and impact of the actual financing interest rate not matching the as;&mgd rate;

e risk that rates for energy and capacity from which future revenue js and from
which| the lost revenues during the rehabilitation work are eva 1, “di from the
assunjed values;

e financjal risks including cost to purchase replacement energ

e currernicy exchange risk if applicable.

In additign to evaluating the financial risks based upon \ mponent,
it is generally prudent to also evaluate the sensitivit S ids to the
assumptipns made in the financial analysis. This i Al 1 ave pre-
establishpd values for all financial parameters to

2:01‘ o)

Depending upon the importa being Jrehabilitated, any work on the crifical path
usually ppses some ris i i cope increase. Problems that are discovered
after disn an lead to extensive unplanned and unpudgeted
work.

5.3.6 Project scope risk

A good part of the financial and extensio planning

stage of the project.

When defini

e Under

e Plani

Those w
comfortal 3 )
highest bunt in rlsk of scope changes

Those for whom downtime is critical usually lean toward the second approach, to minimize the
risks related to an unplanned extension of the outage. In a multi-unit plant, this approach can
be taken for the first unit and then a mix of the two approaches may be applied for
subsequent units. The optimum project scope lies usually, somewhere between the two
extremes.
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When defining the scope of work in advance of the outage, there is the risk that the scope of
the rehabilitation on a given part has been underestimated. Perhaps the larger risk is that of
finding parts in an unforeseen deteriorated condition and having to do repairs on additional
components. The solution to both of these problems is to do realistic planning which contains
some “float” in the schedule and to provide contingencies which are greater than one would
provide for new construction of comparable value. The level of contingencies will depend on
how many components are planned to be replaced by new components, how good the plant
records are concerning machine condition and how thorough an inspection was possible in
advance of unit dismantling.

5.3.7 Other risks

Other risks 2juated.
Human r oject, or
the risk >

Environm

e planngd or accidental flow changes caused by the S { i pr during
operafion following rehabilitation;

e planngd or accidental reservoir level changes

he-butage-for the rehabilitation or
during operation following rehabilitation;

e dischgrging contamination such as fubricating oil\during the outage or during operation.

However| an extended outage may give an~opportunity for conducting severall positive
environmlental programs such as w siver flow improvement, gnd bank

ter (qualit
protection work, and environmenta |prnts m
project slich as when a turbine\ with-2

The rehgbilitated unit mayt i ironment
depending upon ifi 9 ,/Generally, the environmentally least aggressive
approacH to incr i rge. The

gain is then obtain ase from

the existing units

6.1 G¢d

This Clalise presents“the main elements which should be considered during assegsment of
the turbiwwmwmw turbine

rehabilitation and performance improvement work. A complete evaluation includes the
following three items:

e assessment of the site;
e assessment of the turbine;

e assessment of the related equipment.
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6.2 Assessment of the site
6.2.1 Hydrology

Optimal operation of a hydroelectric plant relies not only on the efficiency of the turbines but
also on the best use of the available flow and head. The conditions prevailing at the time of
construction of the facilities can have changed over the years. The hydraulic potential of the
site and its operating mode should then be reviewed taking current conditions into account.

A turbine efficiency increase should normally not have much effect on the operating pattern of
the plant. However, a combination of power and efficiency increase can result in a change to
the operating mode of the power plant, reducing the utilisation factor and giving increased
energy praoduction with potential effects on the environment

The main| questions to be asked are:

e Is thene any possibility to change the flow?

e Are there any new restrictions or opportunities on he z taj Is which
would e the plant
Thom

e Are thL [ s e to environmental or
social

Good req potential

future pr , weekly

or month period of
operatior].

If this int ‘ irec i ments it can be deduced from energy

productig ilwa ation recards calculated or measured Ioss?}‘ outside

the turbihe and measured ¢ icieney of turbine and generator then tgking into
account [any wa spillways. Care shall be taken in using “@ssumed”
efficiencips. Th@ imal manufacturers data or earlier tests |with due

regard for deteriofa achine condition. This information along with a

correlatign with a 2

: si&€ms may be used to determine whether there has been
a changed in the hydrolo

9

Changes| i | etérs or in the intended mode of operation of the plant can
change 4 [ ated \conditions and influence the selection of the best solutign for the

6.2.2

Existing data on annual energy production at the plant provides the owner with the baseline
data from which he may establish the value of any potential improvement of the performance
of the plant equipment. If independent sources of hydrologic data are available, the energy
production data also provides the possibility of establishing a performance trend toward
deterioration. If no such independent sources of hydrologic data are available, the past
records of energy production, estimated records of spillage at the site and an approximate
knowledge of the existing generating equipment characteristics allows one to construct a
history of the hydrology at the plant with a potential inaccuracy of the order of plus or minus
5 %. This is at least as good as most available methods of establishing the hydrology at any
undeveloped site.
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For maximum usefulness, energy production records should be obtained for each unit under
study for the longest possible period of record, more than twenty-five years but not less than
ten years. When the period of records is that short, inaccuracies will be higher than 5 %.

The available information should be plotted over the period of record and any trends should
be observed, questioned and explained.

Causes of changes may include equipment performance degradation, changes in hydrology,
changes in the operating philosophy or water management and the impact of planned and
forced outages which relate to equipment reliability. Care shall be taken not to overweight
short terms trends or events. If indeed equipment efficiency degradation is the root cause of a
trend, it can be confirmed by a comparison between the present and thp»er@inal efficiency
curves wferever such data Is avallable.

Often, significant gains in energy production can be achieved by i servoir
management. Even if this aspect is not dealt with in this guide, it.sho of any
serious rehabilitation study.

6.2.3 Fnvironmental social and regulatory issues

Environmental, social and regulatory rules set the conditi operation of the plant.
These rlles are intended to ' ectives by balancing
of the issues, which are
reflected|in these rules, are highlighted b

e minimum flow requirements;

¢ limitatjons on headwater and tailwater elevationtva
e allowgble rate of chan { ies);

e fish and wildlife flo

e dissolyed gas limits
. recreationalr@

e domestic water/i

e electri

If the degisi
before ce the same regulatory rules may be applicable. Howgver, any
increasel at arising from the efficiency increase will involve the us¢ of more
water or patterns during plant operation. These changes may trigger new

rules and, even with no change in water use, new rules could be imposed.

The possibility of new or revised rules regarding water management should be thoroughly
reviewed at the start of any rehabilitation project to determine their impact if any, on the
operation and hence potential revenues of the rehabilitated plant.
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6.3
6.3.1

The assessment of the turbine

General

The aim of the assessment process is to have in hand, upon conclusion, all of the information
necessary to be able to determine if it is economically justified to proceed with rehabilitation
of the turbine in order either to guarantee its reliability, to extend its life and/or to reduce
maintenance costs, or to improve its performance.

There are two main aspects in the assessment of the existing turbine:

1) The integrity or mechanical condition of the turbine which should be evaluated by a

detailed visual inspection plus measurements and non-destructive testing-as re
2) The performance of the turbine which should be evaluated by a eareful analys

operpting records and conditions to assess real possjbilities \ o

imprpvement. This refers to:

The follo
be consi
headings| “aspect of conce
are arranged as follows:

a) Turbiphe embedded

Efficiency;

Poyer output;

MeEthanical vibration problems;
Hydraulic stability;

Cayitation erosion problems;

Opégrating conditions and restriction

Stay ring{"’}bl
Spiral or semi-

D

ol
Guide vanes (thln Q);

p

e

lired;

s of past
ormance

at should

e Tables

Guide vane operating mechanism (Table 10);
Operating ring (Table 11);

Servomotors (Table 12);

Guide bearings (Table 13);

Turbine shaft seal (Table 14);

Thrust bearing support (Table 15);

Nozzles (Table 16);

Deflectors and energy dissipation (Table 17).

c) Turbine rotating parts

Runner (Table 18);
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— Turbine shaft (Table 19);

— Oil head and oil distribution pipes (Table 20).
d) Turbine auxiliaries

— Speed and load regulation system (governor) (Table 21);

— Turbine aeration system (Table 22);

— Lubrication system (guide vane mechanism) (Table 23).
Some of the tables apply to all types of turbines while others apply to specific types of turbine
only, as indicated in the table headings. Some parts fall in more than one category but, for

clarity, they are listed in only one. For example some parts may be “embedded” or “non-
embedded” depending upon the design.

A detaildd discussion of the most relevant aspects of concern for the mec i integrity
assessment and for the performance improvement of the turbine fol

o
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Table 2 — Assessment of turbine embedded parts — Stay ring

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks in stay vanes

O Vibration O Inquiry on previous repairs
O Deformations due to alkali- (quantity and frequency)
aggregate reactivity in the 0O Complete visual inspection
concrete O NDT inspection at stay vane
O Reduced structural integrity and shroud junctions
caused by erosion or corrosion O Material. flow and stress
O Weak structural capacity due analysis
to poor design or O Repair

y weld\qa

manufacturing defect
O Material defect

O Partigle erosion

O

Poor stay vane profile
O Abrasive particles in water

<

bction
pairs

cy)
with

urface rebuilding by|welding
draulic profile modification

Application of protectjve
coating

O Corrgsion O Inappropriat ati Ns} 0O Complete visual inspgction
% O Blast cleaning and
ggressive wat appropriate coating
NN _Sharagensy
O Hydraulic losses oohstayvane profile O Flow analysis
Rough surf inish 0O Comparative analysiq against
modern designs
O Blast cleaning/smoothing
O Hydraulic profile modjfication
(\ O Painting
Deteriorated condition of radial | O Seal or structural rephir

é\

O Seeplge through radi
flangps

flanges due to concrete
deformations

O Fatigue cracking of seal welds
if original flange bolting
inadequate

welding
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Table 3 — Assessment of turbine embedded parts —

Spiral or semi-spiral case

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O , . 0O Deformation due to alkali- O Complete visual inspection;
Cracks in region of stay aggregate reactivity in mapping of damage
ring; in plates or welded concrete ) ] )
joints O NDT inspection at Spiral
O Reduced structural capacity case/stay ring junction and
caused by abrasive erosion other suspect areas
O Pressurization O Stress analysis
v 1 IP = /aJK : i
eyetes/pressure T eDairs
surges/hydraulic resonance 9 P
(low, medium and high cycle
fatigue) . %
r
osing\tim
Rgp
0O Corrosion epair b Idin
1 Rive} deterioration E&W 9
placemént where
IR cessible
O Surfgce finish 0O Corrosion \/ O\ Blast cleaning and
deterforation O Micr nispde C propriate coating
0O Barnacles
O Inappr ate ceating\of\oss
thereaof ~
O Detefgiorated concrete O Poorq alityﬂj‘;goncr te O Concrete repairs
watef passage surface @Oe‘%ﬂ{ rlo
O Wall thickness oA ive W water O Plate thickness
deterjoration Combied effects of corrosion measurements
Q d\erosian O Stress analyses
O Application of corrodion
resistant coating
O Modifications to guide vane
closure law or deratipg of the
unit or both.
) O Reinforce spiral cas¢
O Man fele IéaKag door | O Corrosion O Complete visual insgection
malfyncti O Door gasket and flange of sealing surfaces
surface deterioration 0O Gasket replacement
O Door erjinefmnnf O Newseal dneign
0O Deterioration of hinges O Repair of sealing surfaces
O Bushing wear O Replacement or repair of
hinge bushings and/or pins
O Hinge design modification
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Table 4 — Assessment of turbine embedded parts — Discharge ring

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern Possible causes or reasons Possible actions
O Cracks 0O Poor design O Complete visual and NDT
O Manufacturing defect inspection
O Pressure fluctuations O Stress analysis
O Runner rubbing against O Repairs by welding
discharge ring O Discharge ring
O Inappropriate weld repair reinforcement
0 _Aeration (
O Water leaks O Assembly defect
0O Poor design
O Loose bolts
harge\ring
O Circularity defect O Deformation of sub-struc i *Wteasure.circularity|and
concrete due to al blade\tip clearances
aggregate reactivi Che€k unit alignmeht
O tervention on sub}
structure concrete
O Reestablishment of|blade
tip clearances
O Discharge ring deformation, | O O Measure axial posi!ion of
mis-glignment or inclinatio runner (Francis) with
(Bottpm ring support fo respect to dischargg ring
Frangis turbines) O Unit overhaul, reasgembly
and re-alignment
O Abnormal wear ONRu er\r\u)a'ﬁing against inner | O Visual examination
I O Unit alignment chegks and
corrections
O Verification of runner blade
/\ tip clearances
O Corrgsion \ &1 Aggressive water O Blast cleaning and
5\ \ O Inappropriate coating appropriate coating
O Parti¢le ergsion O Suspended abrasive O Abrasion resistant ¢oating
particles in water (metallization or welding)
O Inappropriate material choice | O Repair or replacemgnt
O Cavitation erosion O Operating conditions O Inspection and mapping of
O Blade design cavitated areas
O Blade tip clearances O Verification of blade tip
clearances
O Review of operating
conditions
O Repair of damaged
surfaces
O Performance and O Excessive blade tip O Conversion to spherical
environmental concerns clearances discharge ring above and
below blade axis
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Table 5 — Assessment of turbine embedded parts — Draft tube

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Voids behind the draft
tube liner or liner de-
bonding from concrete

Pressure fluctuations (Core
vortices at partial or high
loads)

Deformation due to alkali-
aggregate reactivity in
concrete

Poor initial concreting and/or
anchor failures

Hammer survey; mapping of
voids

Epoxy or cement grout
injection
Supplementary anchors

O Caviflation erosion

Inappropriate material or
overlay

Extensive operation outside
normal load or hydraulic
conditions

Change in the plant

operating mode <
Flow disturbance from poor

runner or distributor profile

O Cracks

omplete visual insplection
quiry on previous repairs
(quantity and frequency)
Shell thickness
measurements
NDT inspection in region of
man door and at jungtion with
discharge ring
Section replacement|or
surface rebuilding (Welding,
grinding and re-grouf{ing)

O Corrgsion an
damdge

<
N
AR

RPresence of corrosion
catalytic’'micro-organisms in
wat

ber of immersion cycles
Aggressive water with or
without electrolytic corrosion
effect due to unfavourable
material combination

Abrasive particle content in
water

Complete visual inspection
Shell thickness
measurements
Blast cleaning and
application of corrosion and
erosion resistant coating
Use of corrosion and| erosion
resistant overlay or I{ner in
high velocity regions

O Efficiehcy or powér

Poor design

Flow analysis

shortfall with respect 1o
nominal values

New operating conditions
(load range or hydraulic)

Comparative analysis against
modern designs

Steel/concrete profile
modifications

Modification to discharge ring

O Draft tube surface and
profile damage

Missing pieces of water
passage concrete due to
poor concrete quality
Abrasive particle and/or
cavitation erosion of concrete
Sustained high velocity
erosion (secondary flows)

Complete visual inspection

Survey and mapping of
damage

Concrete rebuilding

Concrete grinding to achieve
acceptable flow continuity
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Table 6 — Assessment of turbine non-embedded, non-rotating parts —

Headcover

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks O Repeated pressurizations, O Complete visual and NDT
O Pressure fluctuations or inspection
pressure surges O Stress analysis
O Hydraulic resonance (low, O Repairs by welding
medium or high cycle O Headcover reinforcement
fatigue) O Headcover replacement
0 Deformation
0O Defective material or design
O High mechanical stress by
design
O Detetioration of wearing O Abrasive particles in water :l/
surfage or facing plate O Cavitation erosion ion
O Combined effects of pair and
corrosion and erosion Q
O Wire drawing (Wire drawi e installation or

ON\Guide vane vertical
adjustment

replacement
bly realignment

O Headcover - guide vane
rubbipng contact

9,

N2l

O

Evaluation of risk of guide
vane malfunction by guide
vane torque test
Complete visual indpection,
searching for wear pnd/or
galling at component
interface
Complete dimensiohal
inspection of guide|vanes,
headcover and bottom ring
alignment
Assembly realignment
Headcover wearing|surface
rebuilding and re-machining
Wearing plate insta]lation or
replacement

O Uppér ru erséal
(labyfinth) damage

Headcover misalignment
Runner misalignment
Inappropriate clearances

Complete visual indpection
Clearance modification
Complete dimensiohal

ojo oo

Alkali-aggregate reactivity in
concrete

Inspection of headcover
and runner alignment

Runner seal (labyrinth)
machining or replacement

Head cover replacement
Runner replacement

O Level inaccuracy

Assembly defect
Power station displacements

Alkali-aggregate reactivity in
concrete

Dimensional inspection of
headcover seating surface.
Machining of headcover
seating surface (stay ring
flange)
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Table 6 (continued)

62256 © IEC:2008

Aspects of concern

Possible causes or reasons

Possible actions

O Flatness of wearing surface
or facing plate

0O Assembly defect
O Unequal wear

O

Complete dimensional
inspection of machined
surfaces

Machining of the headcover
wearing surface or facing
plate

Wearing plate installation or
replacement

Headcover replacement

Unit reassembly

O Water leakage

Wear of shaft seal or sealing
surfaces

Oogjo o

Shaft.geal replacenpent

Reé€onditioning\o aling
@ﬁe}(a es

O Lubrigation including
envirpnmental concerns

Broken grease conduit

Grease distribution system
failure

Poor grease distribution Q
grooving

Excessive loss of grease to
the environment

Guide vane bushi edr O

O reasing system
modification, repair|or
reprogramming or
elimination

O Loosg or broken bolts O Complete visual indpection
of the flange and b¢lts and
NDT if feasible
O Bolt replacement
O Flow analysis
Q O Modify headcover rjatural
frequency

O Improve turbine aefation

E sive design stresses O Modify number andfor size
Abhormal pressure of bolts and/or theit
fluctuations material
Hydraulic resonance (low,
medium or high cycle fatigue
loading)

O Watel reteatioh (drainage Blocked or insufficient drain O Complete visual indpection

problem) holes O Inquiry concerning past

Insufficient drainage problems
capacity 0 Drain hole and piping
Fouling of drain piping cleaning
Main shaft seal and/or guide O Drainage pump (ejector)
vane water leakage too high repair or replacement

0O Drainage system design
modification

O Replacement of unit shaft
seal or guide vane seals

O Access problem for Poor design O Comparative analysis
maintenance consideration New maintenance or security against modern design
needs O Headcover design
modification
O Headcover replacement
O Problem with guide strips Guide strip segment wear O Guide strip replacement or

for gate-operating ring

High friction

conversion to self-
lubricating materials
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Table 6 (continued)

Aspects of concern

Possible causes or reasons

Possible actions

O Guide vane bushing wear

Bottom ring and headcover
misalignment

Lubrication problem

Wear due to long or extreme
service life

Complete visual inspection
Unit realignment

Bushing replacement or
conversion to self-
lubricating materials
Greasing system
modification, repair or
reprogramming or
elimination

L

@%
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Table 7 — Assessment of turbine non-embedded, non-rotating parts —

Intermediate and inner headcovers

Applicable to Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks O Design deficiency O Complete visual and NDT
O Poor material or poor choice inspection
of material 0O Stress analysis
O Abnormal pressure O Repairs by welding
ngtgzt'ons’ pressure O Reinforcement
ges. O Replacément
O Frequent up-lift of the runner )
during transients 0 Ch f clearance|
. . . . between runherand inner
O Intrusion of foreign objects in ea ver
water passages
O Watelr leaks O Assembly defect O Visual xaﬁQ;j?m
O Poor design erification of*bolts|
O Loose bolts Joi replace{Tent
r sealing surfaces
\@on itioning
O Hydraulic surface erosion O Abrasive particte Visual examination|and
O apping of defects

&
I
surrace
(N

Weld overlay of daaged
surfaces

O Removal of hydraulic
discontinuities
O Loosg or broken bolts O Visual examination|for
flange fit problems
O Verification of theofetical
bolt loads, materialfand
; assembly torque
ENVibrationoosening of bolts . .
O Measurement of viljrations
and pressure fluctuptions
O Drainage problem \E\_B/Idcked or insufficient drain O Inspection of wickef gate
holes seals, shaft seal and head
% Fouling of drain piping cover flange seals
O Main shaft seal and/or guide = C_Ie.anlng of drains and
vane water leakage too high piping
O Insufficient drainage O Replacement or regair of
capacity drainage pump or eductor
00 Drainage system
modification
O Replacement of wicket gate
seals, shaft seal and head
cover flange seals
O Access problem O Poor design 0O Comparison against
O New maintenance or security modern designs
requirements or regulations O Modifications
O Replacement
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Table 8 — Assessment of turbine non embedded, non rotating parts —

Bottom ring

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O

O Facing plate deterioration | O Abrasive sediment in water O Complete visual and

O Cavitation erosion dimensional inspection

O Wire drawing 0O Surface repair and machining

O Contact with guide vanes O Facing plate installation or

replacement
O AssemblyTealignment
0O Guidenvane vertical-position
O Interference with guide 0O Headcover and/or bottom msplestion
vane|operation ring misalignment ion&

O Insufficient clearance i pnes,
between bottom ring and cover
guide vanes

ealignment
achining

acing plate installafjon or
replacement

O Lower runner seal
(labyfinth) damage
(Francis turbines)

N

O

Complete visual inspection
Clearance modificatipn

Complete dimensiona
inspection of bottom fring and
runner alignment

Runner seal (labyrinth)
machining or replacegment

Bottom ring replacement

O Levelinaccurasy” Assembly problem O Complete dimensionél
0 Pb tation dimensional inspection of bottom [ring and
instability its foundation
Alkali-agregate reactivity in O Machining of bottom fring
concrete support surface
O Facirfg te, flatAess O Assembly problems 0O Complete dimensional
O Wear inspection of machingd
Distort surfaces
0O Distortion
O Machining of the botfom ring
1 _Bottom ring replacenment
O Unit reassembly
O Facing plate installation or
replacement
O Water leakage 0O Seal damage or deterioration | O Seal replacement
of sealing surfaces O Sealing surfaces

reconditioning
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Aspects of concern

Possible causes or reasons

Possible actions

O Lubrication problems of
lower guide vane bushing
including environmental
concerns

Broken grease conduit

Poorly designed grease
distribution grooves

Grease distribution system
malfunction

Excessive grease loss to the
environment

Guide vane bushing wear

O

O

O

O

Complete visual inspection of
bottom ring bushings and
their lubrication system

Guide vane bushing
replacement

Installation of self-lubricating
guide vane bushings

Lubrication system

modificati repair or
Icpluylﬁllllll;lly\
O Loosg or broken bolts Assembly problem isual i?te\pection of

Deformation of bottom ring

Poor choice of bolting
material or poor material

Its

O Guid¢ vane bushing wear

Bottom ring and headcover
misalignment

Lubrication problem

O

O

e visual insplection

ection of bottom [ring and
headcover alignment

it reassembly and
fealignment

Bushing replacement with
similar or self-lubricgting
materials

Lubrication system
modification, repair qr
reprogramming
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Table 9 — Assessment of turbine non embedded, non rotating parts —

Guide vanes

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracking

Vibration O Inquiry on previous repairs
Reduced structural integrity (nature, extent and
caused by particle or frequency)
cavitation erosion O Complete visual and NDT
Defects in material, design inspection
or manufacture O Stress and material
Exceptional accidental analyses—
loading O Repairs by welding

O Re<machifi

O Defofmation

Defects in material, design
or manufacture
Exceptional accidental

loading due to debris Q
Inadequate or malfu i

of protective devic

n§Qaél

ent of protective

ir or replacemgnt of
trash racks

O Cavifation erosion

a

]

|

Complete visual indpection
Inquiry on previous|repairs
(quantity and frequéncy)

Material and flow apalyses

Comparative analygis with
modern designs

Surface rebuilding by
welding

Modification
Replacement

O Corrgsion

N

m@priate coating
A ssive water with or
without electrolytic corrosion

fect due to unfavourable
material combination

O oogjoo

Sandblasting/smoothing
More appropriate cpating

Replacement with more
appropriate materig

O Abra W AN

Abrasive sediments in water

Surface rebuilding by
welding

Deposit of abrasion
resistant material (yvelding,
metallization)

Replacement with more

appropriate material

O Contact wear (rubbing,
galling on headcover and/or
bottom ring)

Poor alignment at assembly

Poor choice of Material
combinations

Insufficient clearances
Initiation by foreign particles

Alkali-aggregate reaction in
concrete

Visual and dimensional
inspection of guide vanes
and distributor assembly
Surface rebuilding by
welding

Use of anti-galling materials

Unit disassembly,
adjustment and reassembly
Investigate and eliminate if
possible, sources of foreign
particles



https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

—54 —

Table 9 (continued)
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Aspects of concern

Possible causes or reasons

Possible actions

O Hydraulic performance 0O Poor hydraulic profile O Flow analysis
O Non uniform guide vane O Comparative analysis with
angular position modern designs
O Inadequate maximum O Profile modification
opening of guide vanes 0 Replacement
O Verification and adjustment
of guide vane operating
mechanism
O Trunpicpwear ] f‘nmpl&o visual in pection

L1 Greasing system
malfunction

[ Abrasive sediments

O

Corrosion

[0 Poor choice of material
combination

/)

7\/5

sleeves
less
ining
ment
ase
Lishing
cating

modification, repair|{or
eprogramming

O Poor|sealing at ends and
on cqntact lines

Ve

Gap measurements
Repair of contact fdces

Repairs to headcover,
bottom ring and endls of
guide vanes

O Adjustment of guid¢ vane
i hanis
‘d6 vanes and op.eratlng mechanigm
nd/or bottom O Adjustment of servgmotor
drawing is erosion preloading in closed
sed’ by a high velocity jet position (squeeze)
o] an water passing O Guide vane replacgment
thpough a small clearance) with possible
O Insufficient contact pressure headcover/bottom ring
when closed repairs
O Poor original choice of
materials
O Vibrdtion O Loss of assembly tolerances | O Complete dimensiopal and
O Deficient profile condition inspection of
operating mechanigm
O Operating mechanism
modification or repair
O Flow analysis
O Modification of profile
O Replacement
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Table 10 — Assessment of turbine non embedded, non rotating parts —
Guide vane operating mechanism

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks and deformation

Exceptional loading due to
debris or improper
adjustments

Misalignment of components
(servomotors to operating
ring or operating ring to gate
levers)

0O Complete visual and
dimensional inspection

0O NDT inspection

0O Operating mechanism
friction test

O Stress ealculations and

Failure of some shear pins
or other load limiting devices
or malfunction of friction
drive system

Increase in servomotor
operating pressure withou
due verification of the effécts

Poor material or de/s'gﬁ\

nt or

ication

ng

O Detetioration of surfaces

Corrosion o
links"and Ie}egmﬁ\/aﬁ/

Complete visual indpection
andblasting and ppinting

O Excepsive play in linked
comgonents

B‘“ﬁ”&\¥

O Bushing replacemept or
modification to self
lubricating bushing$

O Adjugtment difficulties

3
N

N\

Gui ev ne unn n

0O Complete guide vanpe
mechanism evaluafjon

O Modification to the
eccentric link-pin Idcking
system

O Application of anti-galling
coating

O Access and tooling
improvements

O Repsiti

Guide vane and servomotor
adjustment

Shear pin design

Guide vane restraint system
design for broken shear pin

Problem with guide vane

O Inquiry regarding
frequency, location|and
causes of failures

0O Stress analysis

0O Shear pin design
modification

. |
POSTHTTYS

Contact with headcover
and/or bottom ring

Medifieatton—of-gtide vane
restraint system for broken
shear pin

m

0O Guide vane, link, operating
ring and servomotor
adjustments

0O Rehabilitation of guide vane
bushings or modification to
self-lubricating bushings
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Aspects of concern

Possible causes or reasons

Possible actions

O Lubrication including
environmental issues

O Broken grease conduit
O Grease distribution system

malfunction

O Bushing wear
O Excessive grease entering

the environment

0O Complete visual inspection

0O Complete cleaning of the
tube layout and distributors
including centre holes in
guide vane trunnions and
any conduits within the
guide vanes

0O Removal of existing system
and modification to self-
lubricating bushings

O Lubyication sy}te{l
ification)repait] or
&Q ammih

O Problem with shear pin
failurp detection system

Electrical problem

Outdated detection
system/poor design for
humid conditions

N

“dEsign

emehnt of the [shear
detection system

Applicable to Francis, IXe 3

de propeller turbines

Aspects of concern <

Possible actions

O Cracks and deformation 0O Complete visual and
dimensional inspection
Q O NDT inspection
00 Stress analysis
, . O Re-alignment of servomotors
Poorymaterial or design Reol i "
. O Replace wear strips supporting
hufacturing defect operating ring and real|gn
operating system
O Abngrm a N Lack of grease Complete visual inspegtion
Defective link bushings or Grease system verification
operating ring wear strips O Replacement of link bushings
Contamination of bearing or operating ring wear ptrips
surfaces by foreign P P . :
terial F—Additromofbarrrersagainst
materia contamination
Misalignment with re§pect O Re-alignment of servomotors
to servomotors or guide .
vane levers O Replacement of wear strips

supporting operating ring and
realignment of operating
system
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Table 12 — Assessment of turbine non embedded, non rotating parts —

Servomotors

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

0O Oil leakage O Broken or worn seals O Complete visual inspection
O Worn bushings O Leakage test
O Piston rod wear or scoring O Seal replacement
due to oil contamination O Stem rebuild
O Stem re-chroming
LI olelll lepi CCITICNLl
i i M
O uikd or
O Alignpnent O Inadequate servomotor Wﬂt
bolting and dowelling
0O Soleplate surface flatness or tor/soleplate
alignment
0O Wear of operating rin r strips supporting
support wear strip ihg ring replacement
O Concr instabili 3 and vertical position alignment

servomoto
alignme
O Inadgquate operating O Piston ring leakage tegt
forcep O Piston ring replacement
O Piston/piston rod rebulld
O Cylinder honing and/o
machining
O Bushing replacement
O Governor/hydraulic sy$tem
rehabilitation
O Operating system real{gnment
O Guide vane sealing line O Guide vane contact sufface
eterioration and sealing line rebuilfling
Poor lever/link eccentric pin O Pre-stressing
locking system design (loss adjustment/stroke limi{ system
of uniform simultaneous and adjustment procegs
closure of all guide vanes) modifications
O Poor and/or maladjusted O Lever/link eccentric pi||1 locking
SETVOTotoT positior dicator systermmmodification
O Low oil pressure O Servomotor rebuild
0O Poor pre-stressing O Servomotor replacement
adjttjstmgnt(stroke limit O Governor/hydraulic system
system design rehabilitation
O Servomotor locking O Weak locking system design O Complete visual inspection
sy?t?m problems and 0O Change in maximum opening | O Complete rehabilitation or
safety concerns of guide vanes replacement of locking system
O Wear or damage to parts O Locking system design
modification
O Replacement of servomotors

with new locking system
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Table 13 — Assessment of turbine non embedded, non rotating parts —

Guide bearings

Applicable to Francis, Kaplan, fixed blade propeller and Pelton turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Oil loss

O Oil sump gasket/O-ring
deterioration

O Oil leakage over top of oil
sump inner wall (at shaft
journal location) caused by
one or more of the following

oo oo

]

Complete visual inspection
Gasket/O-ring replacement
Adjustment of oil level

Inspection and correction of
alignment of adjacent parts

Addition of/0il retaining

il YHIH
hd U SuUTTTpy UVTTTITTTY

e non-uniform spacing
between sump inner wall
and shaft journal skirt due
to misalignment or inner
wall distortion

e excessive disturbance
and instability of oil flow
in sump

wall of

yn to

p restore

O Presgnce of water and/or

solid particles in oil

<

N

0O Cooling coil/water supply
connection(s) leakage

O Condensation

t for evidence of|water

d foreign particles

epair of water supply
onnection(s)

Cooling coil replacement
Oil filtration

Oil change (always usq
during sump filling)

Babbitt inspection
Re-babbitting

Surface cleaning and re-
painting

a filter

O Babbitt in poor

itio?\

ExXcessivé wear
cessive shaft vibration
O NL.oss of bond

Inappropriate oil quality or
contaminated oil

O

Complete inspection for
evidence of babbitt
deterioration: wear, mqg
cracking and loss of b

Iting,
bnd

Hand scraping or re-méchining
Re-babbitting

Bearing pad or shell
replacement
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Table 13 (continued)

Aspects of concern

Possible causes or reasons

Possible actions

O Oil/bearing metal high O Malfunction of cooling water O Complete visual inspection
temperature supply systlem or insufficient 0 Measurement of shaft journal
water supply circularity and concentricity
O Too tight bearing/shaft journal O Correct water supply fault
clearance Wat W bi | )
a ater su ipe cleanin
O Excessive shaft run-out at . PP PIP . 9
guide bearing (shaft vibration) | O Readjustment of bearing/shaft
. . journal clearance or remachine
O Shaft journal non-uniform bearin
wear g
O Correction/of shaft run out
O Loss of thermal detector idal or
calibration
Zrmal
O Excegsive or non-uniform | O Babbitt wear
bearing/shaft journal O Shaft journal non-unifor of
clearance wear
Poor adjustment of bearin babbitt
d scraping or re-machining
earing
Re-babbitting
Readjustment of radial|position
of bearing pads
Bearing shell realignment, or
repair to restore circulgrity
Bearing pad replacemgnt
Bearing shell replacement
O CracKs in bearing” O xcéss\i\’/?/ibration O Complete visual and NPT
suppqrt Hi mic loads (stresses) inspection
norfal operating O Analysis of operating cpnditions
conditions O Design review
efective material or design O Bolt re-tightening or bdlt
O Loose or broken bolts replacement
O Weld repairs with strgss-relief
and machining as requjred
Bearing support reinfojcement
T—Bearmysupportreptacement
O Instrumentation O Unreliable or faulty devices O Instrumentation modernization,
malfunction resulting in O Loss of adjustment or such as use of instruments with
no alarm on abnormal calibration self-diagnostics
temperature or oil level ; ; ;
O Outdated technology O Adjustment and recalibration
O Providing redundancy
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Table 14 — Assessment of turbine non embedded, non rotating parts —
Turbine shaft seal (mechanical seal or packing box)

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Excessive water leakage or
filtered water consumption

0O Sealing element wear
(segment or packing
deterioration)

0O Corrosion damage on seal
components

O Shaft sleeve wear

Complete visual inspection

Ring replacement (sealing
elements)

Shaft sleeve replacement

Shaft sleeve machining
and/or stone polishing

O Interruption or inadequacy ot
filtered water

Shaft~seal packing,pnd/or

g/a d rep('\ce\me

O Excepsive wear rate of
sealihg elements

0O Shaft sleeve wear
O Corrosion damage

haft sleev. )g or
hand\poli h|n
ts eve repracement

Applicable to Francis, Kaplan and fix
or with thrust

ith separate bearing bracket

Agpects of concern

Possible actiong

O Cracks

9,

aldynamic loading
lic or component

Complete visual anf NDT
inspections

Inquiry regarding pfevious
interventions

In-situ testing (loadp,
stresses, frequencigs)

Stress and load analysis
Weld repairs

Thrust-bearing support
reinforcement

Identify and correctf causes
of abnormal static gnd
dynamic loading

Verification and conrection
of runner upper sedl water

venting to draft tube

Unit alignment and
balancing

O Level (or perpendicularity
with axis of rotation)

O Assembly problem

O Power station dimensional
integrity

Complete dimensional
inspection of bearing
support foundation

Machining or adjustment of
bearing support foundations

O Access problem

O Poor design

O New maintenance or safety
requirements

Comparative analysis with
modern design

Thrust-bearing support
design modification
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Table 16 — Assessment of turbine non embedded, non rotating parts —

Nozzles

Applicable to Pelton turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Leakage and poor jet
formation (poor jet
formation can result in
cavitation erosion on
the cut-outs and splitter
tips of the runner
buckets)

Wear of nozzle seat rings and
needle tips

Foreign objects lodged
between needle and nozzle
seat ring, damaging the
sealing edge

Design of replaceable nozzle
seat ring

Rebuilding seat rings

Replace needle tips and
nozzle seat rings

O Erosion on the needle
and rjozzle seat rings

Abrasive sediment in water

hd

%

bdle tips

O Erosion on the nozzle
bodigs (nozzle hats)

Abrasive sediment in water

nozzle hats with or
hange of maerials

O Imprgper operation of

eplacement of bushjngs

need|es increa (where practicable, design for
friction self-lubricated bushings)
Lubrication.system gyctio Overhaul lubrication $ystem
Worn servomotors Rehabilitate servomotors with
ate ing replacement of pistor] rings
i Qil pre Overhaul governor ard
af-mecha hydraulic system
Overhaul mechanical
compensating mechapism
Table - ent of turbine non embedded, non rotating parts —

eflectors and energy dissipation

Applicable to Pelton turbines

Asplect of c}ncgrn>

Possible causes or reasons

Possible actions

O Impr¢per operation

Damaged bearings or bushings

Overhaul governor and

or operating mechanism
Worn servomotor
Eroded deflectors

hydraulic system
Rehabilitate servomotor

Overhaul the operating
mechanism

Rebuild or replace deflectors

0O Damaged runner pit
liner

Frequent operation with jets
deflected

Inadequate reinforcement of
runner pit liner in zones of jet
impingement

Loss of embedded anchors

Visual inspection and
appropriate NDT

Weld repairs

Addition of anchors in
affected zones

Reinforcement of runner pit
liner in affected zones
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Table 18a — Assessment of turbine rotating parts —

Runner

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks

O Exceptional operating
conditions

O Changes in the plant
operating mode

O

Residual welding stresses
O Load induced stresses

Inquiry into previous repairs
(nature, scope and frequency)
Complete visual and NDT
inspection

Measurements of model and/or
prototype | ing

O

Metal loss caused by
cavitation

O Periodic stresses induced by
contact in the runner seals

O Thickness loss caused by
surface erosion

O Resonance with external
exciting frequencies

a«w w
i oda>

ith

q of post-
eld stress relief heat
treatment

valuate impact of weld
repairs if done without|{thermal
stress relief

Blade outlet edge profile
modification (change fon
Karman vortex frequerjcy and
intensity)

Re-establishment of ngcessary
runner seal or blade tip
clearances

Runner modification
Runner replacement

O Wate
detern

oor material selection

braswe particle or
cavitation erosion

0O Erosion of corrosion products

O Barnacle type growths in low
velocity runners

Complete visual and NDT
inspection

Inquiry into previous r¢pairs
(nature, scope and freguency)

Flow and material analysis
Model and/or prototyp¢ testing

Dnlr__\nlr \Alnlrhng with-cavitation

O

or particle erosion resistant
materials

Hard-facing in zones subject to
particle erosion

Blast cleaning and painting
Runner modification

Runner replacement with
possible change of material
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Table 18a (continued)

Aspects of concern

Possible causes or reasons

Possible actions

9,

\

<

inspection

O Complete visual and N
inspection

O Model and/or prototyp

repair practices (scopq
frequency)

O Material and flow anal

O Comparative analyses
modern runner design

O Blade modifications

O

Runner replacement
O Repair by overlay weld

O Vibration O Pressure fluctuations O Complete visual and NDT
O Resonance inspection
O Mechanical unbalance O Inquiry into past experignce
) (causes, trends, operational or
O Hydraulic unbalance physical changes)
0O Excessive or uneven main O Prototype testing for vibration
bearing clearance analysis
o Chan%fes in ”:je plant O Verification of unit alignment
operating mode
P g O Flow analysis~_
O i lysis
O
a f
ut
f main
arts
(o]
} improve hydraulic balgnce
nner replacement
O Caviffation erosion yCompIete dimensional

DT

b testing

O Inquiry into past operating and

and

ses
against

ing with

cavitation resistant material

distortion due to unstable
concrete foundations

modifications

and bottom ring suppo

flanges (surfaces)

and reestablishment of original
or revised blade profilgs
O Interflerence with 1_Assembly misalignment 0_Complete visual dimehsional
headcover and bottom O Tight runner seal clearances and alignment inspection
ring by design O Inquiry into past experience
O Bottom ring or headcover (na_ture, dates and remedial
distortion under load actions)
O Bottom ring or headcover O Unit realignment

O Runner seal (labyrinth)
machining or replacement

O Bottom ring or headcover

O Re-machining of headcover

rt
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Table 18a (continued)
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Aspects of concern

Possible causes or reasons

Possible actions

O Unusually limited range
of stable operation

Draft tube pressure
fluctuations

Hydraulic resonance with the
external water conduit
system

Runner and/or draft tube
hydraulic design

Hydraulic unbalance
(unequal blade outflow

O

O

O

o o

Complete dimensional
inspection

Inquiry into operating practices
changes in same

Inquiry into changes in
hydraulic conditions

Model and/or prototype testing

Flow analysis

upcll;llyo) prn
Improper operation (e.g. long
durations at very low loads) h of draft
Change in the plant
operating mode
Ineffective draft tube aeration
O Efficiency or power New operating modes

shor_tfalll W'Th respect to Cavitation or particle ergsion

nomipal values or other surface deterjorati
Pressure fluctuatio g practices ang

O 0O

experience
odel and/or prototyp¢ testing
Performance and flow [analysis

Comparison with modegrn
runner design

Runner modification
Runner replacement

Draft tube and guide vpne
evaluations

NS
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Table 18b — Assessment of turbine rotating parts —

Runner

Supplement applicable to Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks in blades

Weak material or design

Pressure fluctuations and
resonance

Inadequate cavitation repairs

Intrusion of heavy foreign
objects in water passages

O Complete visual and NDT
inspection (runner and discharge
ring)

O Inquiry into operating and repair
history (scope and frequency)

0O Stress and IoWIysis

Water column separation
during transients

Un-stress relieved weld
repairs

vith
required

A;>ration

system

O Periodic contact between
runner blade tips and
discharge ring closure
blade tip
O Caviflation erosion apping

(bladgs, hub)

N

uiry regarding operating
conditions and repair histpry
(scope and frequency)

0O Weld repairs with cavitatipn
resistant materials

0O Replacement of blades (major
overhaul) with possible change of
materials

O Watef intrusion. jnt
runngr hub (Kaplan
only)

excessive,wear)

O Monitoring of water intrusjon

O Inspection and tests to ddtect leak

source
D) "Wor ner blade bushings | 5 pgjaqde seals replacement
orroken bearings )
fecti in shaft fl 0O Major overhaul of runner
- ective main shart flange (replacement of bushings|or
or runner cone seals bearings and seals)
O Cracks in runner hub or cone | 1 Rynner hub or cone weld [repairs
O Bladg tip dama\ge\/ O Insufficient blade tip running O Visual examination and mapping

clearances

of defects

O

Discharge ring distortion
Runner unbalanced
Unit misalignment

O Weld repairs
O Restoration of runner blade

clearances

O Unit balancing
O Unit re-alignment
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Table 18b (continued)
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Aspects of concern

Possible causes or reasons

Possible actions

O Blades not moving

O Insufficient oil pressure 0O Measurement of oil pressure
(Kaplan only) O Oil leaks in distribution pipes required to open and close blades
O Governor malfunction O Evaluation of blade mechanism
0O Blade mechanism defect O \I,Ev\ézlruatlon of bushing/bearing
O Bushing/Beari
ushingrsearing wear O Oil filtering or replacement
O Oil contamination . .

0O Major overhaul of blade operating
mechanism and
bushings/beayings.

| Governor/ret&abilitatkm\

Runner

Table 18c — Assessment of turbine rotating p

N

Aspegts of concern

Applicable to Pelton/t)rb"rnes\

Possible causes or rea/sz{n%

\ Mible actions

N
O Cracks O Wear throug quiry into previous repajrs
abrasion otations, quantity, frequency
O High number of cycl and methods)
O Un-detect O Inquiry into operating histpry
Deficient O Complete visual inspection
rea O NDT inspection
O Material analysis
O Flow analysis
O Stress analysis
O Appropriate weld repairs and
refinishing (heat treatme
/\ essential for critical zoneg)
O Erosion 0) “Abrasivé particles in water O Complete visual inspectior
Large number of operating Comparative analysis with modern
urs at full load designs
> O Surface rebuilding by welfling
O Hydraulic profile modificagion
O Hard-facing
D Poor hydlau:lu D Elltlall\.lc Udyco darc IIUt D Clilldillu Uf Udyco
performance sharp enough Restoration of bucket inner
O Rough or wavy flow surfaces contours
O Outlet angle has decreased O Eliminating the waviness
'due.to erosion causing O Comparative analysis with modern
impingement on outside of designs
adjacent buckets ) ) o
O Hydraulic profile modification
O Runner replacement
O Wall thickness too O Wear through abrasion O Structural repair welding
thin O Restoration of bucket inner
contours
O Runner replacement
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Table 19 — Assessment of turbine rotating parts —

Turbine shaft

Applicable to Pelton, Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Cracks O Vibration O Complete visual and NDT
O High stresses by design inspection
O Dynamic (fatigue) stress O Design review
O Inappropriate operating O Repair by_weldlng, heat treatment
conditions and machining
O Excentianal event ar O Crack removglkand form changes
abnormal operating without welding
conditions !
zpairs
0O Detetioration of shaft O Scoring due to damaged n and
journpl at guide bearing
bearipg O Corrosion
O Lubrication problem plishing
0O Oil contamijnation
& Turbine shaft realignment
O Coupling surfaces, 0O Corrosio O Complete visual, dimensi¢nal
deterforation corrosio inspection and NDT inspection
O Re-machining of coupling
surfaces
O Coupling bolt replacement with or
without design change
O Turbine shaft replacement
O Shaff seal sleeve” O Complete visual, dimensi$nal and
deterforation NDT inspection
O Surface restoration by mgchining
or stone polishing
O Re-establish concentricity and
circularity
\ O Sleeve replacement
O Rubbing onadjacent O Shaft misalignment O Complete visual inspection
fixed|parts (sh seal O Bearing or shaft seal or looking for evidence of rupbing
hOUS. ng, bearmgs’ caver plnfp adjnq’rmpn’rc | Inqppr‘tinn and carrectionlof unit
bearing cover plates) alignment
O Shaft sleeve repair or
replacement
O Bearing journal and bearing repair
O Excessive vibrations O Shaft deformation O Complete vibration analysis
O Shaft misalignment O Alignment inspection
O Rotor and/or runner O Shaft machining
imbalance O Shaft realignment
O Unit assembly problems O Generator and/or runner
balancing
O Turbine shaft replacement
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Table 20 — Assessment of turbine rotating parts —
Oil head and oil distribution pipes

Applicable to Kaplan turbines

Aspects of concern Possible causes or reasons Possible actions
0O Oil leaks O Loosening of pipes O Visual inspection and
O Worn or loose seals evaluation of leak source
O Cracks in pipes O Dismantling and inspection of
) oil head
O Worn or loose oil head Di Hi di ti f
components 0O Dismantling and inspection o
pipes
fective
ts
istribution
O Vibrations/noise O Pipes not secured
0O Oil head loose or worn Ction of
bushings
O Flanges or fasten broke ction of

Replacement of bushings and
seals

O Repairs/reinforcement|of

(\ flanges or fasteners
RN

rbine and pump-turbine types

Aspect}er:ché\n \Pgssible causes or reasons Possible actionp
O Inapq i /h Worn valves or linkages O Complete inspectioh and
resp 0O Stretched or worn cables in pvelrrégul of go;ern(jrl d
com guide vane position feedback Including speed an¢ loa
frequ signals and guide viane

system
Y position feedback systems

0O Defective speed signal

O Rehabilitation of ggvernor

generator " ; .
to-permitiategratien of its
O Outdated technology for functions into PLC based
modern control applications local and remote control
system
O Oil leakage 0O Seals/valves wear O Complete visual inspection
O Deterioration of pipe fittings O Seals/valves replacement
O Piping

rehabilitation/replacement
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Table 21 (continued)

Aspects of concern

Possible causes or reasons

Possible actions

O Operating problems with oil
system

O Inappropriate oil/air ratio in
pressure tank (accumulator
tank)

O Inadequate pressure tank
volume

O Inadequate pump capacity

O Inadequate compressor/air
source capacity

O Unreliable level/pressure

O Addition of auxiliary

pressure tank

O Pressure tank replacement
O Pump rehabilitation or

replacement

O Compressor/air source

rehabilitation or
replacement

O Instrumentation and

instruments cont}%s modernization
Table 22 — Assessment of turbine auxiliaries\—
Turbine aeration system
Applicable to Pelton, Francis, Kaplan and fi ines
Aspgcts of concern Possible causes or rea%on@ \Fy))ssible actions
O Efficiency or power 0O Air admission tests on
deficlency ototype (air flow vs
efficiency)
Comparison analysis with

modern design

Axial aeration system
installation or modificption of
existing system

3

Ineffective position of injection

modifications)

N
O Unacceptable press ré\ ate‘inadequate (back- | O Inquiry on past experience
fluctdations resmay excessive (hydraulic conditions,|unit
Q esign) operation, system

Flow analysis for current and
anticipated hydraulic
conditions

Model and/or prototypge
testing

housing/guide bearing isolation
for steady state or transient
operation

O Changes in the plant operating
mode O Axial aeration system
O Changes in hydraulic installation or existind system
conditions modification
0O Use of compressors
O Noise level O Aeration system design O Installation or modification of
O Too much air is mufflers
admitted/injected O Installation or modification of
an air flow control
O Loss of turbine guide O Inadequate volume or location O Improve isolation of turbine
bearing oil (Pelton of air venting to runner pit bearing housing from runner
only) O Inappropriate runner pit/shaft pit

Improve quantity or location
of aeration

Install improved shaft housing
in runner pit
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Table 23 — Assessment of turbine auxiliaries —
Lubrication system (guide vane mechanism)

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible actions

O Grease leakage (escape to
the environment)

O Tubing and fittings wear
O Improper assembly

Complete visual inspection
Tubing and fittings

replacement

O Removal of system with
conversion to self-

lubricating wear
)g‘\

uvnlputnvnlq

O Greape clogging of conduits | O Lubrication system
malfunction

pection

O

Poor grease type
Poor maintenance

O

modification and/or,
rogramming

ONJubing and fittings
replacement

O Removal of system|with
conversion to self-
lubricating wear
components

O Inacdessible grease fittings D prbb@,\m O Design review with
modifications
O Conversion to autoatic
greasing system
O Inadgquate g?‘e}a{s@ ivery OJ propergreasing cycles O Lubrication system
or over consumptjon o stem design modification.and/or
(escqpe to the<\ reprogramming

envirpnment)
i p&sment

’@
enexal
turbine mechanical integrity is essentially done by detailed in$pections

The assdssment of
ideally including those made at different times in the life of the machine. Such| detailed
inspection can be done only with the unit dewatered and safely isolated. It is imperative that
the inspection of turbine components be performed by a qualified and experienced engineer
who would implicitly know what areas are subject to high stresses and potential cracking,
particularly since the turbine isn’t disassembled and components are not fully accessible.
Even with the participation of an “Expert” it is essential to proceed with the aid of a structured
check list such as the one presented above.

installation

6.3.2

6.3.2.1

The unknown integrity of the turbine components until the turbine is disassembled constitutes
a major problem for defining the need and content of a rehabilitation project. The result is that
the rehabilitation cost, the precise duration of the outage and the resulting potential lost
revenue are difficult to determine with precision at the time of preparation of the scope of
work.

Sensitivity analyses shall always be done to evaluate the impact of various unknown factors in
order to define appropriate contingencies.
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6.3.2.2 Material and design issues
6.3.2.2.1 General

The turbine mechanical or physical integrity is directly related to its original design and
materials. These affect the durability and the reparability of the turbine components and can
limit the possibility of new or temporary overloading applications.

The integrity assessment shall be conducted with due regard for the original design, drawings,
modifications, bills of material and any other information available on the machine design and
its operating limits. If one fails to find the appropriate technical documentation and
information, it is necessary to proceed with a more in-depth survey of the existing machine
and its components. If the material of a component is unknown and a rep r modification is
contempl ailable.

Care shdll be taken in assessing the condition of existing comporent I; in the
case of 4 Kaplan or fixed blade propeller unit which has a discharge ri i s steel
overlay gr with stainless steel cladding, a corroded surface n i on of an

inadequate thickness of stainless coating but rather, evidence d,'S ign object
having b¢en wedged between the runner blades and the di i s of mild
steel which themselves, have corroded.

The owner is well advised to make use of qualified perspo a C systems
for this work, be they in its own serviceg \ . There may
be some|advantage in dealing with the origi i b original
detailed grawings and bills of materia acilitates

the analyses, the planning and scheduli possible
to purche ght does
not alrea

In order ,| material
selection| i d bottom
ring surfg

The desi e ount, as
described in some\de ~ nges are

envisage

6.3.2.2.2 ks, porosity and similar defects
Cracks, r defects weaken a component. However they do pot lead,
necessarjly, (tos_the \need for its replacement but they always require a [thorough

ation and analysis.

documenltation, ob

Basic aspects to be assessed are:

e the criticality of a potential failure of the component;

e the origin of the defect: from original manufacturing (hot tears, porosity, lack of fusion,
slag inclusions) or a result of the applied loads from unit operation (cold cracks,
deformation);

e the size of the defect and the limit at which it is expected to grow under the anticipated
loading.
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The criticality of a defect is high if a failure of the component can lead to an outage of the
turbine or if human life is endangered. This is especially true for all components on the
pressure side of the turbine.

In-built defects are often found in spiral casings, penstocks and other components built during
the period of the early application of welding technology. There are other possible sources of
in-built defects. They are as numerous as the methods and materials used in the construction
of turbine components. If these defects have not grown during many years of operation, they
might be considered to represent a minor and acceptable risk. Their size, orientation and
location in relation to the stress pattern in the component shall be analysed before a decision
is made to excavate the defect and to execute a repair. Welding repairs in themselves, on
components which cannot undergo a subsequent thermal stress relief, mdw change in the

residual stresspeatterrirthecomporentandrepresentarisktactor

Cracks which develop in service, are the consequence of overload in“infuced by
applied Ipads usually in combination with high residual stresses or internakdef th.
Internal defects which were not detected during original m detected
and congidered, by their location, size and orientation, : each the
surface ¢lue to abrasion through particle or cavitatior ion. pical examples of
exposed ' cket, the
contour and the
junctions

Condition i initiati ) acks are high residual and applied
stresses, g - i i ical areas
where these factors are a considerat on are the i e runner
coupling,|flanges in spiral cz i ithai i ing|zones of
runners with the shaft par i i

Essential for a good eyvaluati i u i i ion and the
observation of th i ion. The documentation comprises the de¢scription
of the lodation, o iz Nori [ - ipti ing how to
deal with|the defect i

The eval wpact of defects may be done with conventional techniques
involving or, if necessary, with finite element analysis. In mafy cases,
a compa gnventional methods is the most applicable where asﬂ‘umptions
and refef aken\from parts with similar geometry and strain under similar loading
condition J V€ given satisfactory service. One shall avoid the trap of spending
more on Iysis of the impact of leaving a defect than it would cost to repair it.

The repat—ef-defects—eanbe-doneby-grindingthemoutanddeavingthe—eavity-orby+ebuilding

the original component geometry by welding and grinding.

In the case of removal by grinding only, care shall be taken to evaluate possible side effects,
for example secondary flows due to a disturbance of the hydraulic profile or weakening of the
component at the location of the defect.


https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

62256 © IEC:2008 -73 -

In the case of repair by welding, the determination of the proper welding technology and
process is crucial as an improper repair or heat treatment, can increase the damage

Preparation of an appropriate repair procedure requires a complete understanding of the
material properties, the original design and manufacturing processes and the details of any
repair history.

The documents attesting to the quality of the turbine fabrication, inspection certificates and
repairs, both in the shop and subsequently in the field, are an integral part of the turbine
documentation to be delivered by the turbine supplier, the base material supplier and their
respective inspectors or by the owner.

The fillerfmetal shall be carefully selected. There are three possibilities:

e Homogeneous: Chemical composition of weld metal and base jal-y }ame;

e Similar: Chemical composition of weld metal
microstructure is not identical.

ilar; the

e Diglsimilar: Iso the

Precautiq e, by the
use of dip , carbide
precipitafion can occur during subsequ

In some [cases, the re repair of

cracks off other defects. T the affected zones are accessible ¢nly after
the dismfantling @ c 2 necessary repair time cannot be calculated
accurately beforehan outage duration of the unit might be overstepped.

In evaludti 'lL)Jres and
which on ilitation,
the loadi

6.3.2.2.3]

Even ex prioration
should b nned life
extensior discharge

or speed of the un|t |t is necessary to make more detalled analyses of WhICh components will
be affected by the proposed change and to what degree. Similarly, if a component has
suffered cracking or deformation in service, the cause of this defective behaviour shall be
determined. This may necessitate detailed stress and deflection analyses of some
components and the application of more sophisticated design methods than were applied
during the original design, for example the use of the finite element method.

The allowable stress levels in old turbines were established at a time when the best design
tools available referred to empirical formulae destined to calculate “average” stresses in a
given component or member. If no change is envisaged in the maximum loading conditions to
be applied to the turbine whose rehabilitation is being considered, one can normally avoid
detailed calculations of stress and deflection. If however, as is most often the case, an
increase in maximum power is being considered, detailed calculations shall be done to assess
the effects of the new conditions.
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The use of finite element analysis techniques allow the establishment during the design phase
of a much more accurate picture of stresses to which the main components will be subjected.
A combination of quasi-static stress analyses and fatigue analyses should be done for the
establishment of the useful life of the new component given the anticipated design conditions.
Such analyses, though more difficult, should also be carried out for components to be reused.
To the extent that the levels of dynamic stresses are determined from “experience”, there is a
need to have occasional verifications of the assumed values. In the case of large units, the
application of non-steady CFD calculations should be considered to evaluate the dynamic
pressure loadings on the runner blades which can come from its interaction with the turbine
distributor.

It is recommended that, for large units, the first runner of each design be subjected to strain
gauge tests during commissioning to confirm that the dynamic loading assumed during the
fatigue ¢alculations has not been exceeded. If the manufacturer s similar |data on
fluctuatinfg stresses and residual stresses on large units, it will be a significant._benefit for the
owners o

smaller units.

6.3.2.2.4 Miscellaneous hardware

vhich are
good practice to
hd those
spestion of fastenefs can be
oint of view, replacement

It is good and justifiable practice during major overhauls
exposed [to water passage or alternately humid and d
replace fasteners subjected to loading on the hig
subjected to fatigue loading. The option of cleaning and(carefuli
as costly as the outright replacement. and fro e’s h@le
implies fewer risks.

P

Small piging in water service (50 mm and les as originally supplied in non-forrosion

resistant en corrosion resistant materials should
undergo % during”the project preliminary enpgineering
phase sU ade on its need for replacement. Larger piping

shall be i

It should a kets of parts which are to be disassembled and

A major
instrume
the origir
make an
needs in

e opportunity to reassess the complete complgment of
and installed on the original unit. It is highly unljkely that
ill functional and, if it is not, that replacements of the same
. The best approach is to do an assessment of thg owner’s
indication, control and protection and to fulfil those needs| with the

6.3.2.2.5

The effect of the foundations on the condition of the turbine shall not be overlooked. For
example, swelling of the concrete, as a result of alkali-aggregate reactivity, is present in many
old power plants. It leads to the displacement of the embedded turbine and generator
components and usually results in the misalignment of the fixed and rotating parts of the
generating unit. This misalignment can lead to inclination of the shaft and increased radial
loading on the guide bearings, inclination of the distributor components and premature wear
of the guide vanes, headcover and bottom ring and contact at the runner seals. It has also
been known to cause stay vane cracking.
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This phenomenon cannot be stopped and there is no option but to live with it by periodically
realigning and adjusting/rehabilitating the unit. If the rate of swelling is high, it becomes
necessary at some point to rework the fixed parts in such a way as to accommodate the
displacement and to facilitate the realignment of the unit.

6.3.2.2.6 Use of self-lubricating materials

In old machines, all bushings in the distributor and its operating mechanism are grease
lubricated brass or bronze. Even if the system works properly and reliably, it should be
seriously considered, for environmental reasons, to replace the wearing elements using self-
lubricating materials.

The self4
shall hay

fo water.

Care she e use of
adequate

Many of ater than
the meta prference
fits unde many of
these bu tability.
All self-Iu j surface
materials

Some of r care to
avoid da ve many
years of

The self- A cients of
friction. This necessita a\C8 i e capacity of the servomotors in the guide

vane opdrating &@m.

The nornjal deflections of.the.g
on the bu

rticularly

gms adjacent to the water passage. The choicq of guide

vane bu to account the anticipated maximum degree| of edge
loading. ] t to “wear in” without detrimental damage.

6.3.2.3

The hydrauli ditions under which the generating unit is operated as well as th¢ load on

the unit @ influence on its mechanical integrity.

If the unit is frequently operated at partial load, it could suffer from increased loading on the
guide bearings due to hydraulic instability. If the tailrace level does not respect the design
limits on suction head, cavitation may occur.

The information related to the operation of the turbine is essential to correctly evaluate the
condition of the existing unit and to adequately design the new components.
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6.3.2.4 Erection and maintenance issues

Some of the problems found during assessment of a turbine or generating unit are in direct
relation to the quality of the unit's erection and maintenance. A lack of maintenance can result
in component failures such as burnt guide bearings or premature wear of the guide vane
operating mechanism.

The evaluation of the distributor alignment with regard to the moving parts is an important
aspect of the integrity assessment. The concentricity of the guide vane bushing bores in the
bottom ring with respect to those of the headcover shall be verified. If the bores between the
headcover and bottom ring are excessively eccentric, it would lead to pre-mature wear of the
bushings due to an excessive edge Ioadmg and p033|bly bmdmg of the guide vane

If these f ist, i ified i 3 i fition with
the rehahilitated components.

6.3.2.5 Mechanical vibrations
6.3.2.5.1 General

A problemm which occurs frequently with hydraulig vibration. The main

sources ¢f abnormal mechanical vibrations are:

e runngr mechanical or hydraulic imbala
e guide|bearing deficiency;

e runngr seal clearance deficiency;
e genelator mechanical ¢ i

e geneilating unit misali

e hydraulic instabilit
6.3.2.5.2 Ru

The runr
result in

cause mechanical vibration (shaft runout)| and will
guide bearings and potential damage to| support

componj3 . es for modern runners (post 1970) are sufficiently tight to
virtually ¢li a source of abnormal shaft run out (for example see|Volumes
| and V. i Electricity Association Guide on Erection Tolerances gnd Shaft

System Ali

A hydra will result if the outflow openings between the runner bladeg are not
sufficient j j i i i ing shaft
runout with increasing load (discharge). IEC 60193 gives tolerances to be respected in this
regard although many manufacturers and users impose even tighter tolerances.
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6.3.2.5.3 Guide bearing deficiencies

Guide bearing stiffness in both the turbine and the generator shall be sufficient to withstand
the most critical operating conditions without allowing contact in the runner seals or in the
generator air-gap. The shaft system first critical speed shall have a sufficient margin above
the turbine runaway speed to avoid resonance. This can be achieved only with appropriate
attention to shaft system stiffness and guide bearing support stiffness. These factors are
important in any unit rehabilitation if changes are proposed in either the rotating parts system
or in the guide bearings or their support systems or if the turbine runner is being replaced with
one having a higher runaway speed. The critical speed calculation shall be redone as well as
a verification of the capability of the generator rotor to withstand the higher speed if a higher
runaway speed by more than a few percent is involved.

Deficient|tolerances on cold clearances at the guide bearings and chang Jz bearing
clearances due to the thermal effects on both the rotating parts and o ing itgelf, from
the cold| condition to the operating condition, can 3 i ibratiops, or to

mechani¢al damage on a generating unit. Excessive shaft r if the
operatind clearances are too large. Excessive bearing load remature
damage and failure usually result if operating clearances are blem has
been experienced on an operating machine, the rehabih rtunity to
modify thle design and correct the deficiency.

6.3.2.5.4 Runner seals clearance deficien

The runnger wearing rings or faces at the st a d contact
with the S induced
vibration of high
energy v ances to
obtain efficiency gains duri Y4 ng below
a safe m p ns. Such
gains may be achieved witk i Although

the runaway speed condition maly not be

catastroghic, full cantae be disastrous.

6.3.2.5.5

The gene s usually are of two types. The first is a mechanical imbalance
resulting i s related
to an unt rors with

respectg

6.3.2.5.6 nerating unit misalignment

Excessivg 'shiaft misalignment can result in an increase of guide bearing loading repulting in
its premature failure. It can also result in abnormal shaft stresses and problems with runner
seal clearances and generator air gap. In any major rehabilitation, shaft couplings should be
disassembled and a dimensional inspection carried out to determine any need for re-
machining.

6.3.2.5.7 Hydraulic instability

Excessive vibration can be related also to a hydraulic instability which can result in an
induced resonance and from that, a component failure. The sources of hydraulic instabilities
are covered in the Turbine Performance assessment section.
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6.3.2.6 Cracks and defects in Pelton runners
6.3.2.6.1 General

The most serious aspect that distinguishes Pelton turbines from all the other types of turbines
is the manner in which the buckets of the Pelton runner are loaded. They are exposed to very
high flow velocities of the medium, causing wear and abrasion, and the impacts of the jet
result in a high number of load cycles (a speed of 500 revolutions/min, 6 nozzles, 1 500 hours
per year leads to 2,7x10° cycles per year).

Pelton turbines with their characteristic high head are often used in mountainous regions
where, small but very hard and very abrasive particles are found in suspension in the water
from glacier me hese particles are diffi 0 remove in de-silting stilling basins because of

The ared 3 and B in
Figure 2. ; ably from
steady s S ' b defects
on the su kS rea B, at
the entra ject t i ‘ because
the wall . , defects
from the i wvorkshop

IEC 1984/07

Figure 2 — Critical zones for cracks “A” and “B” in Pelton runner buckets
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6.3.2.6.2 Determination of the condition of Pelton runners and consequent failure
risk

Repair welds, even if they are small, have an influence on the structure of the component
which may prove to be detrimental. For a successful repair, it is necessary to collect as much
data as possible, starting with the manufacture of the turbine and including all previous
repairs. The influence of the machining process (grinding, milling, etc) is small and can be
neglected.

The determination of extent of abrasion can be done with the aid of templates. Whenever
possible, measurements of the buckets on a NC-machine are useful. A comparison between
effective residual and designed contours shall be done and the remaining cross-sections

determined-to—calculate-and-evaluate the r\nncnqllnnf stresses

For any weld repair which involves post weld heat treatment, the temp ed shall
be carefllly chosen to avoid detrimental effects on the physica [ base
material and to minimize distortions. Any heat treatment will iny6lve d e repair
procedurg shall provide for re-machining where necessary.

6.3.2.6.3 Other aspects of the Pelton turbine

There ar¢ o high or
the aerat be true if
the wate blocked
by sedi maximum
discharg ify of the

tailwater

An incregse in the aerat er pit may be achieved by boring additional
openings a connected by suitable piping to an
atmospheric air source exempt fro ise effects.

6.3.3

The use enced by many factors including the depgign, the
materials hods, past and future operating conditions and effected

It is the i to calculate the residual life of a component by fracture mechanics
theory, b ication pf this method requires the evaluation of many parameter$ such as
material cation, shape and dimensions of a defect, precise loading fnd local
stresses | in, the~component, and the characteristics of the loads applied inclyding the

amplitud¢s.and number of cycles for dynamic conditions. Much of this data is very fifficult if
not imposLBI_t_t_El_l*u_l'h—t—l_Fﬂrt_hl—l_s € to establish with precision for most of the turbine existing components.

It is possible to evaluate the residual life of many components with a reasonable level of
confidence solely by inspection, informed engineering judgment and comparison with
components that were built with the same technology in terms of design and materials and
which have been operated under similar conditions for many years. This statement applies as
long as local significant manufacturing defects are not of concern.

It is usually possible to establish why a component has deteriorated or has failed and this
information is important input for predicting remaining life of similar components or for
modifying the design of the failed component.
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In order to establish the residual life of a component, it is important to identify signs of
deterioration such as cracks, serious corrosion damage, abnormal noise, change in vibration
amplitude or frequency, changes in temperature and pressure, and abnormal leakage. A
number of references are available in the industry to assist owners in monitoring and judging
the current condition of their equipment (for example, the Canadian Electricity Association
Guide for Erection Tolerances and Shaft System Alignment). It is also important to regularly
review the results of maintenance interventions and the effects of any abnormal operating
conditions which may sometimes occur to predict the approach of the “end of useful life” of a
component. Regular condition assessment of the equipment is a necessary input to any
evaluation.

6.3.4 Turbine performance assessment

6.3.4.1 General

The mogt important performance factors to be considered for a’re ilitagi ject are
certainly [a potential capacity (or power) increase, a potential efficiency\inctea reduction
of cavitdtion erosion and an improvement in hydraulic stabili begin by
evaluating, as accurately as possible, the potential perfor i pect from
a new tufbine with similar characteristics. The extent to whj erformance of an existing
(old) turhine can be improved is dependant on the it.| A rough
assessme re based
on a larg st phase

evaluatio j a given
unit.

In specifi ator, it is
required turbine
performa time of
publicatid d machine a “variable speed” capability.

Such a [feature can for reversible pump-turbines,| and for
turbines pnd storage pumps ) ] ighly variable conditions of specific jhydraulic
energy (head). Changin ~ at a\given site or using variable speed technolopy brings
with it, fhe ob ~ ial i iti
frequencles of the

system.

Notwithst ner’s first
priority Wi reliability
and avail put or in
efficiency™i ailability.

The follo 5sment.

6.3.4.2

Based upon information collected from plant operating records over time, or determined by a
carefully executed power-gate test or still better, by an index test corrected to rated hydraulic
conditions, one may establish if there is evidence of serious power output degradation.. For
example, a decrease in excess of (4 to 6) % in power output at full guide vane opening at
rated hydraulic conditions should immediately lead to further investigation of the condition of
the hydraulic surfaces of the turbine and of the related water passages. If time and conditions
permit and the size of the unit justifies it, a professionally executed field test to determine the
current performance of the turbine may be done. If the runner is more than 25 years old and it
is evident for mechanical reasons that one has to intervene on a unit to maintain it in
operating condition and that it has to be dismantled to be repaired, it is often economically
justifiable to install a new turbine runner and possibly to modify other components to achieve
improved performance.
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What the economic solution is for a given plant in regard to maximum output depends on

many factors including:

e the original design and condition of the mechanical components in the drive train;

e the maximum available discharge (this may have an environmental or other contractual

consideration);
e the generator capacity (active power — MW);
e turbine setting with respect to tailwater level;
e type and characteristics of the draft tube;

o tail water level evolution vs. total discharge in tailrace channel,;

e head|osses in inlet conduits.
The mechanical design of the shafts, couplings, rotor spiders, stato

a unit with little or no modifications. In some cases, only minor

train) in Pder units are usually capable of accepting some mcrease int

precise amount of any power increase can, be determined Il of the
potential|impacts and evaluating all cases where such action 'wij stresses
than wer¢ envisaged by the original designer.

Historically, power increases of between 10 % and\ 20 old units
already dave a full guide vane opening h e "lvalue by
10 % to [15 % under the rated net he utational
fluid dyngamics (CFD) and numerical control

In additipn, generators built before & insulation
systems |on the stator windings whi ss much
greater t i enerator
thermal @ * W o by simply installing a new statonf winding.

The Hoo

achieved| i performance improvement when all c¢nditions;
hydraulic], arket, are favourable.

The Hoo ation Ynits N1-4 underwent two rehabilitation projects in 1968
and 1984. e owner are shown on Figure 3. But not all hydfoelectric
sites will ies for increased power achieved at Hoover Dam (over 50 %).
The intef at that plant is also much shorter than is ecopomically

justifiablg i ircumstances.
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Hoover project Units N1-4
Relative efficiency versus relative output
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6.3.4.3

6.3.4.3.1

The first i formance
of the turpine.in i ate’ The second is to see what the manufacturers can offfer in the
way of i S ormance
improve

The turbir C 60041.
Figure 5 is a plot of loss distribution at peak efficiency against specific speed Ng = N\/é3
Has

for a wide range of model Francis turbines in 2005. The left ordinate of the graph is the “per
unit” peak hydraulic efficiency while the right ordinate is the “per unit” hydraulic losses. This
plot gives a good idea of what one may expect in the way of performance for a totally new unit
at that point in time. One shall keep in mind however that it is seldom practicable to
rehabilitate an old turbine and to achieve the efficiency of a new turbine for the same
hydraulic conditions and size. One can see from this plot that the turbine runner is the single
most important component contributing to hydraulic losses. The distributor including the stay
ring and guide vanes is the second most important part of the turbine, while for turbines of low
specific hydraulic energy, the draft tube is also very significant.
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Figu - ici : istributi ses versus specific speed for Francis

Significa nt power
gate test

For smal d runner
seal cleq| damage,
may be 4 br, of the
potential provement which may be achieved either by modificatign of the
existing [ replacement of the runner with a new design. This exercise would
assess a ins from improvements to the distributor, stay ring, spiral case jand draft
tube.

The comparison between recent test results and the original commissioning test results, as
long as one has confidence in the earlier tests, always gives the best information to establish
if degradation of turbine performance has taken place. The most recent test will serve as a
benchmark for evaluating future performance improvements.

Because of the nature and cost of efficiency tests, the selection of the appropriate type of
tests to be performed requires careful consideration based on the value of the project, the
potential energy gains and the consequences of not meeting them completely. The options
include the following:
e Field tests (a before and after test on the rehabilitated unit):

— power/gate test under controlled hydraulic conditions;

— index (relative efficiency) test under controlled hydraulic conditions;
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— absolute efficiency test (IEC 60041).
e Model tests (on a new model of the existing design and a new model of the new design).

e CFD analysis with or without verification by model testing. An economic analysis is
required to determine the economic combination of studies and testing in this case.

These options are further elaborated upon in this Guide. Presented hereunder is a brief
review showing typical efficiency gains (or loss reductions) attainable in old turbines.

Data is provided here below concerning the improvement in turbine efficiency which may be
anticipated, depending upon the age of the unit and the date of the proposed changes. Note
that the information provided concerning potential runner profile gains (Table 24) is for new
machines in each era. A certain percentage of the apparent gain indicated-is_sometimes not
achieved| in rehabilitation because of the limited ability of the suppli

elsewher
be ultim

Any new
failing whi
runner m

6.3.4.3.2

Table 24(i A intage for
runner p determined by the difflrence of
Francis terine efficiency between ne ner and original runner only, with no
other mo hied efficiency reflect the fact| that the
manufaciurers have achie vement in level of the efficiency cunve but in
its flatter|shape (proportio teI i in the “off peak” regions than af the best
efficiency point). Eff|0|n . ing’ other water passage components [are dealt

oximate values only, to be used in performing a
easibility study, turbine manufacturers ghould be
tential efficiency improvement for the unit in|question

with sepgrately. T
preliminj’ry feas
contacted to obtain’sy

and for the proposed

turbine potential efficiency improvement (%)
nner profile modifications only

XK
\ \\) Francis Turbine Age

(Years-period ending in 2000)

60 years 40 years 20 years
Peak Weighted Peak Weighted Peak Weighted
2,2 2,7 1,0 1,3 0,5 0,7

NOTE This information was compiled by Rousseau Sauvé Warren Inc.(RSW) during its work on the IEA
guide. The values in the above table come from its own experience and from the response to an RSW
questionnaire by a major international turbine manufacturer during the IEA mandate.
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When a runner is being replaced, the manufacturers have the option to consider the potential
benefits of changing the number of runner blades. All other things being equal, an increase in
the number of runner blades affords the manufacturer the possibility of reducing the pressure
differential across a given blade and improving the cavitation performance for a given
maximum power. With an accompanying profile change, which is usual, one can expect to
achieve an increase in maximum power. Any change in number of blades shall be done with
due consideration for the dynamic interplay between the turbine distributor and the runner
itself. Unsteady flow analyses may be justified, particularly in the case of plants with high
specific hydraulic energy and close proximity between the trailing edges of the guide vanes
and the leading edges of the runner blades.

Total runner blad is another
variable : : Coft pner band
on the di ¢ junction
of the rupner blades with the runner crown can be done only with due influence
of this orn the venting of the runner seal leakages to the draft tube a affect
the statid pressures downstream of the upper and lower runner 5. P afiges can
result in
Substant f in odificatiops to the
blade prd i obtained
on the L y slightly
cutting back the blades at the outlet. This modificatio pxtensive
CFD ana i
(—\ VG W
100 g\% \ /%r' '\'ii
95 {\ V/
RN
S 5 ﬁ
>
% Q;(\/ —&— Before modification
S 80 / —=— After modification
& N
2
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2 [
- //
/ /
65 /
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IEC 1988/07

Figure 6 — Relative efficiency gain following modification of the blades on the
La Grande 3 runner, in Quebec, Canada
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In addition to the gains from a new hydraulic profile of the blades, some additional efficiency
gains may be achieved through reduction of runner hydraulic friction losses both in the water
passages and outside the band and crown (disk friction) and reduction of the runner seal gap
loss (leakage discharge).

The magnitude of the potential gain in going from very rough to smooth surfaces in the water
passages themselves and in the adjacent chambers could be anywhere between 0,2 % and
2 % depending on the current condition of the old runner.

Work is currently being done by IEC TC 4 leading to a more accurate prediction of the model
to prototype efficiency step-up taking differential roughness into account. It might be possible
to use an extensmn of th|s work in the future to estlmate losses arlsmg from gross roughness

in old machine mprovement of
surface % for 20
years since it may be assumed that most types of attack on the origipal surfa co dition of a
runner afe related to the duration of service. These gains would no abte if the
original uring a

Phase 1 Rehabilitation Study, one may assume gains from thi or B0 years,
0,50 % for 40 years and 0,25 % for 20 years. For any later pha study, it
is recom i [ IaborItories to
get a befter assessment of the potential gains from improv ¢ condition in and
around th
The runn Nk i adjacent
fixed corf , i ro ghness on both the rotating
and fixe ¢ i : may be
achieved er crown
and hea le between the runner crpwn and
headcovegr or a reduction f\the components involved (hgadcover,
runner cr \ S i
The runrfer seal ga : 9 ithh\any increase of the seal clearances caused by
erosion, |cavitat] Re-establishing thg original
clearanc inth in the
place of C h may be
re-analyged to dete \ i , i , i d against
a minimu kingi S:
o deflegti pressure
loads]

e machlini

e runod
the se¢als;

ystem within the bearing clearances which leads to runout of the Jrunner in

e radial deflections of the runner components (mainly the band) during normal loading
conditions and at runaway;

e turbine bearing support deflections including those resulting from occasional unequal
loading from the servomotors when the forces acting on the operating ring are
unbalanced.
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The runner seal design and gaps impact leakage discharge and thereby the axial thrust on the
turbine. An increase in axial thrust will result in higher losses in the thrust bearing, so it may
be beneficial to consider the addition of an anti-circulation plate in the headcover to restrict
the recirculation of leakage water from the outer crown seal thereby reducing the pressure
load on the runner crown. Consideration should also be given to the ratio of balancing-hole
area in the runner crown or balancing pipe area versus the upper seal clearance area. The
balancing system transmits the upper runner seal leakage to the draft tube. A ratio of at least
5 to 1 is typical.

Table 25 provides an indication of potential efficiency improvement which may be expected
solely from restoration or design modification of Francis runner seals and this is usually from
restoration of the original runner seal clearances. The range of potential gains shown takes

into account a wide range of cases of seal damage mcludmg serious pI icle erosion and

serious Sz case as
indicated s abilitation or
design cf
These effici d runner
seals ang Nt funner or
a rehabllitated runner and no other mod|f|cat|on [ in ents are
approximate values only to be used in performing a preliminary feasibility s . e runner
seal lossps are not constant across the range of specifi ) as demonstrated in
Figure 5.|For low specific speed turbines, losses in ( . uch greater than on
high spegific speed turbines due to the very different\pressu di bals.
Table 2b — Potential impact of design an turbine
efficiency with new replac
Runner seal component \ & \/ﬁodification or replacement
Croé\ f N 0,2 to 2,0*
0,2 to 2,0*
*Highly depend%on g\ate of \axof e\\sh\g\s% and on specific speed of the turbine.
If we set|aside the p vety bad runner seal wear due to particles trgnsported
in the flqw, we ce ) ) r a firgt approximation, the potential gain from repadjiring and
improving the runner\sea of the order of 0,5 % for each of the crown and band
seals su( in for the runner replacement, again as a first approximation,
could be 3 Table 24 plus 1,0 % for a 60 year old turbine, 0,7% % for a
forty yea 0,5 % for a 20 year old turbine.
Table 26 eliminary
studies ing profile
improven e blades

crown and band of the water passages and on the runner external surfaces
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Table 26 — Potential total gain in efficiency from the replacement of a Francis turbine
runner including the blade profile improvements, the restoration of surface condition

and the reduction of seal losses

Francis turbine potential runner efficiency gains
(Period ending in 2000)

Age of unit 60 years 40 years 20 years

Profile improvements 2,2 % 1,0 % 0,5 %

Restoration of surface condition 1,0 % 0,5 % 0,25 %

Reduction of seal losses 1,0 % 0,75 % 0,5 %

Total :r\r\rnvimnfn Pntnnti:l g:in A”) 9, 2259 1,’)1-'\ 9
The valugs of Table 26 are for the case involving Francis runner rep y gains
can somgtimes be made by modifying the existing runner blades\as\in cat d igure 6
without rgplacing the runner. However, the total potential gains b be less

than the yalues indicated in Table 26.

Additiond
discusse

| potential gains in performance from modifi
j in the following Subclauses.

6.3.4.3.3

Table 27(i

potential |efficiency improvements sho
the surfafpe finish and modification or
of the tuibine runner is 1

most stuglies involve r
high imp

the rest ¢f the turbine.
values to| be us
turbine npanufacture

& component. The replacemg
lJuating these potential gains.

er itself has usually a shorter usefu
y improvements presented here are apj
vy feasibility study. For a detailed feasibilj
d to obtain specific values of potential

ilitation or

pars. The
ement of
nt or not
However,
prmally a
life than
roximate

ty study,
dditional

efficiency i g studied
Table 2 | Efficiency Improvement by Rehabilitation/Replacement
ssage Components on a Francis Turbine (%)
Water\pa\ss\aﬁk(n}o{e/n} Surface finish improvements Modification or replacgment
SpirahCase 0,3
Stay Ring 0,2 0,1t0 2,0
Guide Vanes 0,2 to 1,0** 0,2 to 1,0**
Draft Tube 0,3 0,3 to 1,0*
*Highly dependent on form of original draft tube and plant specific hydraulic energy (head). In
extreme cases, could be as high as 2,0 %.
**In extreme cases, this improvement has been found to be as high as 2,0 %.

Since modifying the spiral case or its replacement for loss reduction is out of the question for
all plants where it is embedded in concrete, the only remedial action is the improvement of the

surface finish which shall be the subject of a benefit/cost analysis.
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The stay ring cannot be replaced easily and this is seldom done, but its form can be more
easily modified for loss reduction. The potential efficiency improvement from a stay ring
modification can be determined by means of CFD analysis and confirmed by model testing,
though an economic analysis is required to determine its feasibility. The turbine manufacturer
can perform this CFD analysis. This analysis may demonstrate it to be feasible to modify the
stay vanes to reduce losses. The stay ring is a very important structural component and
therefore, careful structural analysis is required before any modifications are done.
Modifications to the shrouds are sometimes considered to improve the flow from the spiral
case to the stay ring by the addition of parallel shroud plates. For example a classic non-
Piguet stay ring (with converging shroud plates) can be converted to the Piguet type stay ring
having parallel shroud plates for a case where a significant increase in maximum discharge is
contemplated Modifications to the inflow edge proflle and angle of the stay vanes may also

¢r or bottom ring.

shape of|the guide vane itself, additional maxim

an incredse in maximum power and this hydraulic
torque and the stroke and capacity ofthe serv

The degfadation of the surface finish/of the guide i i ingrease of

losses and, if they are to be retained,
loss reduction.

The contti

and not glways pre do
determing pote
feasibility of any prep

also result in an incre
design egpecially/n

ppendent
sential to
mine the
tube will

Modificatjons ; improvement may be limited to the areas invo|ving the
mechaniga ) i ¢ but they may involve, if economically justified, sdbstantial
modifications to\th&.soncrete draft tube profiles. As indicated above, for best results| detailed
drawings| o plete” existing equipment including the draft tube and any exigting flow

improvement(dey 'ces shall be made available to the contractors being considered to|quote on

Relatively minor concrete modifications are sometimes possible to improve the velocity profile
of some of the earlier elbow draft tube designs allowing substantial performance gains at high
discharge.

Figure 7a presents a plot of points showing gains attained for varying degrees of intervention
on Francis type turbines. The points between 1908 and 1955 are from Japanese experience
and are based mainly on before and after rehabilitation efficiency tests using a number of
different methods. The points between 1978 and 1998 are from European and North American
cases and are based on comparative model tests of Francis runners with the old and new
hydraulic profiles but with conventional runner seals in comparable condition for the two
designs hence represent the potential benefit of the blade number and profile changes only
with no gain from surface condition nor from runner seal improvement. On these point plots, a
curve is added based upon the assessments described above for runner replacement from the
last line of Table 26.
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The potential benefits of other component modifications shall also be considered but they are

highly dependent on site specific conditions and are rarely considered in a Phase | Feasibility
Study for turbine rehabilitation.

The reader should note from Figure 7a that there are many cases where the performance
improvements which one might expect from the above data, were not attained and this
underlines the importance of having the appropriate expertise devoted to the studies prior to
commencement of the rehabilitation work in all cases.
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Fig s ici improvement for Francis turbine rehabilitafion

Figure 71 i S experience of potential gains on Kaplan turbings arising
from the turbine runner and the discharge ring. Some [of these
rehabilita e discharge rings which are spherical throughout fthe zone
swept b above and below the blade axis. Such interventions may not be
economigally justified.in all cases where the discharge ring is embedded as it like|ly was in
machine i 60. A number of efficiency gain evaluation methods were also
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Replacement of runner and discharge ring
Kaplan turbines

(%)

/ .

Efficiendy improvement
*

0 10 20 30 40 50
Age at rehabilitation (ye

Figure 7b — Potential efficiency improvement fa : ine rehabilitation
As menti 3 S 3 bine can
have a |significant |mpact on i i ) of potential importance, the
components which have an influence are the ide vanes and the gtay ring.
Lesser H i ignifi deterioration of the water |passage
surfaces 097 provides a method of gvaluating

the impa¢t of surface fini plicability are very strict howeyer, since

that publication was dev i ing the differences between thg surface
finishes [of turbine models “wi pectlto-the/corresponding prototypes, both [in “new”
condition| (prediction of pro . ance from model tests). Further work is bging done
by both IEC TC f ge of evaluation of surface roughnes$ effects.
Rehabilithtion of er and guide vanes or their replacement |s almost
always gconomicall ing and painting of the stay ring, surfacgs of the

headcovegr and disc ) to the flow are also usually justified. The clegning and
painting e-Wwater passages of the spiral case and draft tube may be
justified, jon of losses and sometimes to arrest materiall loss by
corrosion

6.3.4.4

6.3.4.4.1 ion in reaction turbines

Modern runner designs allow less submergence for cavitation erosion free performance at a
given discharge coefficient than do older units. This is due to better pressure distributions,
which the use of modern design and testing tools permit the manufacturer to attain
(Computational Fluid Dynamics (CFD) and model testing) particularly within the runner. The
Thoma coefficient is fixed in an existing plant unless there are changes in hydraulic conditions
or downstream channel improvements involved when the rehabilitation of the unit is done. The
margin afforded by the new designs may be used by the turbine manufacturer to provide an
increase in the maximum power at full guide vane opening (higher discharge coefficient). To
the extent that additional discharge is involved and if no downstream channel improvements
are done, an increase in the tailwater elevation for maximum discharge and increased plant
sigma will result. In addition, the available specific hydraulic energy (net head) at the turbine
will be reduced.
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Several types of cavitation erosion are typical in Frangis and axial flow reaction turbine
runners. The first is “leading edge induced erosion” on either the pressure side or the suction
side of the blades and can be caused either by design profile errors, poor flow distribution in
the runner or by wide variations in the operating specific hydraulic energy or discharge.
Manufacturers have learned to better accommodate these in post 1990 designs, although it
can still occur. The second is near trailing edge erosion as shown in Figure 8 which may be
caused by poor flow distribution giving high local velocities or local profile errors in a low
pressure zone. The latter are related almost exclusively to high load operation with marginal
downstream submergence (low Thoma coefficient). Figure 8 shows both cavitation erosion
within the bounds of the stainless steel overlay and corrosion erosion upstream of the overlay.
Axial flow fixed blade propeller and Kaplan turbines can also have cavitation erosion on the
suction side of the blades at the periphery and on the adjacent discharge ring from cavitation
occurring_in the blade tip gap. This latte pe is “design” related and is a function of pressure

cavitatio E, N g ned or
manufact .

IEC 1991/07

Figure 8 — Cavitation and corrosion-erosion in Francis runner
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6.3.4.4.2 Cavitation in Pelton turbines

The entrance edges of the buckets are often damaged by cavitation erosion or by droplet
erosion. An example is shown in Figure 9.

EC  1992/07

There ar¢ two reasons,for this damage:

e low pr

e droplets with low velocity leave the bucket after the jet of the following injector enters with
high velocity; these droplets are driven onto the runner material with sufficient force to
erode it. This type of damage is often found in multi-jet turbines in which the time interval
between two jets is too short for all the droplets to leave the bucket.

The repair requires welding and thorough re-profiling by grinding and polishing.

6.3.4.4.3 Cavitation in pump-turbines

The exposure of pump-turbines to cavitation erosion is very similar to that of the classic
reaction turbines. However, because the profile of the vanes at the outlet and inlet of the
impeller/runner is a compromise between that required by the pumping and turbining modes,
there is a greater risk of cavitation erosion in the impeller/runner of the pump-turbine.
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Typical cavitation erosion in the turbine mode is shown in Figure 10. This is particularly true
for an installation which has a wide range of specific hydraulic energy and for which the
demand in the turbine mode covers a wide range of load. Erosion on the pressure side,
downstream of the blade inlet in the turbine mode is typical of units required to operate for
long periods at speed-no-load or at very low loads. Erosion on the suction side, downstream
of the blade inlet in the turbine mode is typical of units required to operate for long periods at
very high loads. In the pumping mode, the risk of cavitation erosion on the suction side of the
blade, near the entrance, increases as the downstream level diminishes.

IEC 1993/07

Figure 1 avitation erosion on a Frangis pump-turbine causpd by

periods of operation at very low loads

6.3.4.4.4 ihilities of reducing cavitation erosion in existing hydraulic maghines

Modern runner designs are oiten based on higher strengtih stainless steel materials which
also have higher cavitation erosion resistance than the original materials which were typically
cast iron, bronze or mild steel. Modern runner designs are usually manufactured by assembly
and welding of digitally-machined separate crown, blades and band while the original runners,
prior to about 1975 in most cases, were manufactured using either one piece castings or hand
finished castings assembled by welding. The modern approach permits better adherence to
the homology between the theoretical design, the model and the prototype, which in turn,
makes for more predictable cavitation erosion performance. Small runners, however, may be
still manufactured using one piece castings. The homology between model and prototype of
these runners will still be adequate so long as a qualified foundry is used. These foundries
have developed techniques over the years which will ensure an acceptable level of precision
for small units. Careful hand finishing is equally important in these cases.
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Modern runner designs with all their attributes with respect to freedom from cavitation erosion
by design and protection against cavitation erosion by the choice of more resistant materials
should be nevertheless operated within the design range of specific hydraulic energy (head),
power and submergence. Failure to comply with these contractual criteria could subject the
new runner to cavitation erosion which may be avoidable and could void the manufacturer’s
guarantee. The keys to the longevity of the runner are strict operating rules and respect for
them, regular inspections and timely, carefully controlled weld repair and surface grinding of
any cavitation damage which does occur. Repairs of cavitation erosion damage should be
made with erosion resistant electrodes using templates to re-establish or maintain the design
blade profile.

As indicated |n Clause 8, the use of IEC 60609 is recommended as a basis for the contract
terms rege A - Lthe—oRty ymponent
stributor,
discharg

6.3.4.4.5 Experience with special overlay materials

Special ¢verlay materials for enhanced cavitation erosion” resi nsidered
when maqdel testing observations indicate that an area of.the tunner.will)be subjected to
cavitatior W|th|n or even sllghtly beyond the design/operating«ra ge\and the manufacturer
cannot eli e $chedule.
Another ¢ when the
new pro ication of
such ma

6.3.4.5
6.3.4.5.1

The flow he water

passage —Severe erosion (see Figure 11) can result in
substantipl produ need for frequent repair welding or|frequent
component repla metefs governing the severity of erosion damage are
sediment [ ‘ ' ess and shape of sediments and flow velqcity. The
flow velqci Jivides the“turbine into two areas which are subject tg varying
degrees i ions ponents with low velocities such as spiral case jand draft
tube Iine ith kigh elocities or sudden flow directional changes such a the stay

yp|cally for Franms turbmes the worst erosion occurs in the

and rotaj .
ings, guide vane body extremities (surfaces adjacent to the

runner,
headcov1

ring (parficularly the stationary wearing ring).
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1994/07

to a size
ate stabilizes. For velocities of 130 m/s and less, the particle
e little or'no impact. This covers all components of all reaction| turbines

. le and base material hardness affect the erosion rate. A particle
i on rates.
¢ erosion

rate is low.

e The particle shape has high impact on erosion rate with sharp-edged angular particles
being the worst.

e The erosion rate will exponentially increase with impact velocity and the value of the
exponent is a function of the base material elasticity. A high modulus material such as
steel will have a higher exponent than a material with a lower modulus such as rubber.

e The impact angle will affect the type of erosion. A low impact angle and a sharp particle
will literally cut away the base material; a high impact angle leads to fatigue failure of the
base material whereby pieces are broken off by a hammering effect.
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e Particle concentration and particle distribution have an important impact on the erosion
rate.

The effects of the two erosion types (cutting and impact fatigue) can be observed in the
components. For example, the erosion wear of the adjacent surfaces between the guide vane,
headcover and bottom ring is the result of the cutting type of erosion due to the high velocity
and low impact angle when the guide vanes are closed or at low openings. This will reduce
the performance of the turbine and the increased clearances between these components will
result in a higher torque being applied to the runner during a shutdown sequence. The impact
fatigue type erosion occurs on the leading edge of runner blades, guide vanes or stay vanes.
No matter what the type of erosion, it will reduce the structural integrity of the components by
metal removal, alter the profile of the component and reduce the hydraulic machine
performance. In the case of the runner, increased seal clearances will res/uli\iqan increase in
flow thropgh—the—seats—comntributing—atsoto—a reductionm i theperformmanceof thg turbine.
Increased clearances at the seals may also result in higher hydraulj Erosion
due to dquspended particles and cavitation erosion will tend to Ac another.
Damage |[due to cavitation erosion will lead to more vortices resulting in i barosion
damage frate.

6.3.4.5.3 Experience with methods used to reduce suspended i ign

The first [line of defence regarding suspended particlé erosi entration
of the paticles entering the turbine by causing the| i > Voir or in
siltation beds. Effective flushing of dep05|ted m i 3 ss of this

method. |Although, where the resery0i S b will be
eventually reduced. Some sites lend\the ' e i aps with
flushing provisions.

suspende¢d particle load j bine is operated at or near to| its peak
efficiency point. This will ast efficfent flow for a corresponding poyer, thus
exposing| the compone S ocities and to optimal flow anglds on the
distributgr compo:ent ‘ lades, reducing particle impact angles| Turbine

For minimal erosion rates, the oper N\e turbines should be such that yhen the
i igh

shutdowns with ithout penstock drainage should always be
minimizefd thus of the closed distributor assembly to |the high

velocitied at the adjg df\the-quide vanes, headcover and bottom ring.

For components 3l cases and draft tube liners, which are subjected to| low flow
velocitieq, it\i ' tain the coating system. The use of tough elastic|coatings
such as ¢ C yurethane-based plastics systems is recommended, since thefe is very
little de§ ecehergy released during the impact and the component surface [s elastic

enough tp absorb slight deformation without damage.

As is suggested by the description of the mechanisms of suspended particle erosipn, there
are three basic approaches to reducing its effects on components exposed to very high flow
velocities such as the distributor and the runner. They are:

a) design for reduced velocities in the critical regions of the hydraulic machine;
b) use of the hardest available materials for the critical components;
c) use of hard-facing materials in critical regions.


https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

62256 © IEC:2008 -99 -

A combination of a) and b) is feasible in any new hydraulic machine and to a lesser degree in
a major rehabilitation. Once the speed and geometry of the machine are fixed, modification of
the design to minimize erosion has fewer possibilities. In the case of a runner replacement,
the runner design should consider all the parameters governing suspended particle erosion:
flow velocity; change in flow direction; elimination of local flow vortices; elimination of
cavitation; runner material selection and design features. In this last category would fall, for
example, turbine seals having segmented wearing rings on the headcover and bottom ring
which are replaceable without the need for disassembling of the turbine.

If a turbine will be subjected to standstill conditions under pressure, the use of loaded (active)
stainless steel end seals adjacent to the closed guide vanes may be considered. The guide
vanes should be constructed with renewable stainless steel end surfaces. The heads of
fasteners—a—the—Heow—passages—presentirg—discontirvittes—to—the—Hew—patterr—should be
avoided gince they will produce vorticies and secondary flows, aggravati i tes.

Work is dontinually being done to assess and apply new materials in_hi i i ervice.
The best|contribution an owner can make toward alleviating thjs i that the
characteristics of the water and its suspended material are well defineg)i ifications.
In additign, the tender document should clearly indicate that ¢ ibe in its
tender the means by which it will confront this problem.

Compongnts such as the stay ring, headcover, bottom ring ide vanes vhich are
subjected to high flow velocities may be lined ¥ ( itic [stainless
steel such as ASTM A240 Type 405, q ich have
relatively|good particle erosion resistance.

When the suspended particle content is very i i i may be
considered. This Guide does not reco me S ifi i i many are
experim{ntal and have de 3 , ing\degrees>of success. The various applied coating
options are ceramic, i § ethane based. The additional expense |of these

coatings [shall be car e’ potential gains of production achieved by
reduced gowntime E ial coatings, inevitably some turbine components
will require freqt itioning \ponent replacement where the service gonditions
are seve

here the
than the

Use of |
particles

suspended particle ion i i itation erosion
attack, A i ow (high
impact ldadi n cavitation free or near cavitation free designs are opening up new
possibilit i

The appll ] lalthough

relatively expensive. Successful appllcatlon in field cond|t|ons is much more d|fflcult and some
would say, impossible. It is therefore wise to plan for a cycle of shop rebuilds whenever the
use of hard facing materials is contemplated.
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6.3.4.6 Hydraulic stability
6.3.4.6.1 General
These phenomena fall in three basic categories as follows:

e Von Karman vortex induced resonances;

e runner — distributor interactions;

e hydraulic pulsations with or without resonance and with or without power/frequency
swings.

6.3.4.6.2 Von Karman vortex induced resonances

The Von|Karman vortex induced resonances have three usual sources:
stay vanegs; vortices shed by the guide vanes and vortices shed by

frequency and intensity of such vortices are discharge (velocity)
and fornl dependent. So, if a rehabilitation project involves dandi

The first|(from the stay vanes) are often at a low enough :
with one|of the modes of vibration of the stay vanes g S a jive rise,
particulagly in low head units, to cracking of the st g nections.
The freqpencies involved can be in the sub-audible g i .g. from a
few Hz t¢ 50 Hz). Modification of th common
solution fo this potential problem.

The secdnd (from the guide vanes) arg¢ comt , , hickness
of the trailing edge of the gui ign makes
them a Iess likely source’! ge sized
machineg, in the low audible ra . o . ion, i problem

The third possi
blades. At this lo

type runper) are

ine runner
I Francis
quencies

generate selves in
water. T 3 : Cies vary
greatly from ‘what mightibe ¢ ini in air, to
what w d b i ater. Accordingly, it is difficult with current design| tools to
predict W not a\resonant condition will occur. The tools for assessing natural
frequencles ; i water are improving and it is recommended that the|selected
contractdr be_reg est es which
can excit d design.
It should™be and form

which expose the new design to potentlal resonance or forced response problems

It should be stated that, in new runners made from high strength materials, the blade
thickness at the trailing edges tend to be less than in any design which they might be
replacing which tends to raise the forcing frequencies from vortex shedding. On the other
hand, the fundamental natural frequency and all of the harmonics of a thinner blade are lower,
increasing the possibility of resonant vibrations. In the runner, the induced frequencies are in
the low to medium audible range (e.g. 50 Hz to 1 000 Hz). The one advantage with this type
of “performance” problem is that its mechanisms are easily recognized and the knowledgeable
manufacturers will be able to eliminate the problem by modification of the blade trailing edge
shape at site. It is a problem which can be solved during commissioning and not one which
should affect the long term performance of a rehabilitated unit.
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6.3.4.6.3 Runner/distributor interaction

In regard to the forced response type of vibration problems, the solutions to runner/distributor
problems are not at all so simple because they are a function of the number of guide vanes
and runner blades and the juxtaposition of the two. This potential “problem” is most common
in medium to high specific hydraulic energy (head) Francis machines for which there is close
proximity between the trailing edges of the guide vanes and the leading edges of the runner
blades. It is important that the manufacturer be required to demonstrate that the design which
it proposes, has a solid basis in previous successful operation of geometrically similar
machines or that any new feature has been analysed with the most sophisticated tools
available and is shown to be safe and reliable. This type of problem has been known to
necessitate making significant modifications to or even outright replacement of new runners.

6.3.4.6.4 Hydraulic pressure pulsations

Hydrauliq pressure pulsations in the draft tube of a Francis turbing”a i injthe draft
tube of ahy reaction turbine, are a normal feature of off-peak operation\ Si irth of the
technology in the latter half of the 19 century, designers and en trying
to minim{ze the secondary flows in and discharging from the r range of
possible in 2006,
succeede r, create
resonang s further
complica del tests,

IEC TC 4 ability of
hydraulic . date, it has succeedgd only in
defining hould be measured (IEC 60994).

Analyses| to determine thé po i equencies shall take into account the entire
water passage, “free 2 1 the power intake structure thrpugh the
power tuhnel, the pensto > he_manifold, the turbine, the draft tubg and the
tailrace donduit, ich e a e for.each site. Forcing frequencies coming|from the
runner d¢pend %} i r ischarge and are usually in the range from 25 % to
100 % oIthe runner Low load operation normally generates the lowest
draft tubé forcing ) yH loads generate the highest frequencies. In| complex
hydraulic i ariation in potential forcing frequencies makes it difficult to
preclude i hilities of resonance. When a rehabilitation involves increasing
the maxi i > d through the unit, it is possible that the range qf forcing

frequenc ate a resonant condition where it did not exist previously.

The mos lution to a problem of hydraulic resonance is the modificatipn of the
natural frequenc turbine draft tube by the admission or injection of air. The effects are
obtained|in‘two ways. Firstly, the form and frequency of precession of the draft tube vortex
(the forcing frequency) changes when air is admitied to it and secondly, the resonant
frequency of the complete draft tube changes due to the change in celerity of the modified two
phase flow (water and air). Care shall be taken in applying this method of turbine stabilization
because, in a complex hydraulic system, resonance can be created with air admission as
easily as it can be eliminated. The other important factor is that when the quantity of air
admitted (or injected) exceeds about 1 % to 1,5 % (standard temperature and pressure) of the
turbine discharge, it can have a measurably detrimental effect on turbine efficiency,
particularly in the region of the optimum efficiency of the turbine. It is therefore important not
to admit or inject air in the normal range of guide vane opening, if it is not required for
eliminating resonance. The admission or injection of air to the draft tube in the part load and
overload ranges can be marginally beneficial for turbine efficiency.
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It should be noted that for deeply set Francis turbines and particularly pump-turbines whose
runner/impeller submergence is set by the requirements of the pumping mode, that if air is
required, it will probably have to be injected from a compressed air source. The lowest static
pressure point in the draft tube may be above atmospheric pressure.

Various types of draft tube flow straighteners have been tried with varying degrees of success
but their big disadvantage is that they can be practically designed to be optimal for only a
narrow range of discharge and are therefore a performance hindrance at all other operating
conditions.

6.3.4.6.5 Power/frequency swings

Power o pressure
pulsationfs uib| system.
Repercugsions caused by draft tube pulsations on the static pressuyé e turbine
distributdr (spiral case pressure pulsations) will result in discharge ati ich>have a
direct influence on power. Such cases are more likely prodyc ) raft tube
pulsations which occur at high loads and can usually be zing the
pressure
Power/fregquency swings at [ ' i overning
paramets i ] q i he water
starting t inertia of
the unit, ing for any
and all 3 a grid).
Transien ifi \ i iSe). An increase in maximum
discharge usually means that the max' ed down
to avoid ¢ increase
in transig be within
safe limi i$ usually
acceptab runaway
condition|,
6.4 The asses
6.4.1
In the proce i itation, it is necessary to know the impact of the rehabilitation
on all of
We can @ ent categories of equipment involved:
o related ‘®equipment, directly affected by the rehabilitation of the turbine: for |[example
generator—governor—governor—oilpressure—system—pressure—reliefvalve—turbine inlet

valve, shut off valve, penstock, surge tank, power tunnel, surge chamber, tallrace tunnel;

e equipment required for the maintenance and eventual overhaul of the unit and other
equipment: for example cranes and their runway systems, disassembly and erection
equipment and tools.

The impact of the turbine rehabilitation on the related equipment shall be determined by
evaluating such aspects as:

e mode of operation (e.g. increase in the number of start/stops per day could require
improvements to the thrust bearing, and unit brake/jack equipment);
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transients on load rejection particularly if an increased maximum unit output is being
considered (speed rise and pressure rise);

governor adequacy.

increased axial thrust due to a new runner design (may necessitate changes to the thrust
bearing cooling system);

runaway speed of the new runner (stresses in rotating parts and relationship with critical
speeds);

risk of new adverse hydraulic pulsations due to new runner design, mainly for Francis
turbines and pump-turbines (for test procedure, see IEC 60994);

change in tailwater elevation in relation to increased maximum flow of the turbine, which
affects_hath specific hydrnulir‘ energy and qnhmprgpnr‘p of the tufbine for cavitation

considerations;
>(higher

Fing load

impac] on specific hydraulic energy due to increased maximup
losseq in the penstock, power tunnel and tailrace);

pressure—relief valve capacity required to limit pressure ri
rejection (if applicable);

turbing inlet valve and its control system adequacy.

It is high | similar to
the turbine itself. The assessment of the related-equipme i i in| detail in
this guidg; pf a new
runner ar

The follo at should
be consi nder the

headings| “

The Tablg

Govefnor (T
Generator (Table
Civil

Crang

A detaile i i e most relevant aspects of concern for the assessmept of the

related e
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Table 28 — Assessment of related equipment -

Governor

Aspect of concern

Possible cause or reason

Possible action

O Adequacy

Increase of stroke for
needles/guide vanes

Increase of maximum power
because of discharge
increase

Change in closing
characteristics with new guide
vane profile, or change in
servomaotor stroke or duration

Servomotor
modifications/replacement

Modifications to oil pressure
supply and storage system

Distribution valve
replacement/adjustment

Modifications to governor

primary meters, or
feedba

O Functipn

Different operating mode e.g.
direct power-frequency control
from system control signal

Control modifications required
by operations group

Automation for remote co'@
rid

Operation in isolated
islanded on local load

;(i.e.

onic or
jic

bernor
rvisory

control system

stallation of an eleftrical
power consumption ¢levice to
provide a minimum Ipad in
order to achieve or ijnprove
stability

Addition of flywheel gffect

Reduction of penstogk
velocities by replacement of
all or part of the penpgtock
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Table 29 — Assessment of related equipment —

Generator and thrust bearing

Aspect of concern

Possible cause or reason

Possible action

O Power increase

Increased turbine maximum
output

O

Verification of torque
transmitting components

Modifications to or
replacements of torque
transmitting components

Verification of stator winding
capacity

Generat tor rewind

N

m

ﬁ)r

Ace air

O Hydratlic thrust

O New runner design

O New runner sea

\ms{;ll/étion of pressre
equalizing devices of systems

sm Y/ 6 the turbine to redpce thrust
Modification of thrusf bearing
Modification of thrusf bearing
cooling system
O Add high pressure ofl injection
/\ /TN system for start-stopis
O Increaped maximum transient [ in’maxi power |O Increase of the mechanical
oversgeed e uhit with reduction of inertia of the unit
guidesvane.closure rate O Adoption of two ratelturbine
@ d closure time) guide vane closure
O Increaﬁed transiehtor New rupner design O Verifications of and
sustained runaw ee O Increased maximum guide mc.)difica.tions to sha]lt', rotor
varfe o : spider, rim, poles, gliide
pening - : .
bearings and guide bearing
{\ supports
0O Critic eed (tersion o 0O Higher runaway speed with 0O Critical speed analygis
bendi that of new runner O Modifications to rotaling parts
approaching first critical o )
bearings or their sugport
systems
O Adding of an additional guide

bearing



https://iecnorm.com/api/?name=441fc15cb187e7168a714f623f60306e

- 106 —

62256 © IEC:2008

Table 30 — Assessment of related equipment —
Penstock and turbine inlet valves

Aspect of concern

Possible cause or reason

Possible action

Hydraulic resonance with O New runner, modified outlet O CFD analyses and unsteady
turbine generated pressure swirl frequency flow analyses
pulsations O Modified draft tube O Installation of systems or
O Interaction between guide devices to suppress vortices
vanes and runner blades and/or m.Od'fy forcing
frequencies
O Draft tube air admission or
injection
——ModtfioatioTs towater
con\ée@/\;ncgiy?s}aqu
Hydraulic transient pressure |0 Pressure rise increase due to i i edle
rise higher rate of guide ;
vane/needle closure at new ving
maximum discharge edYise’fram slower
ion's to water
eonveyance system
(replagement or reinforcement
of penstock)
Turbinge inlet valve structural |O ructural modificatipn of the
integrity valve
O Reduce the valve clgsing rate
or use multiple rate ¢losure
limiting transient effgcts by
/\ design
Turbinke inlet valve functional \Qﬁ Incre in/numberof unit O Modify valve and its joperating
suitabllity t/stops system to withstand more
frequent operations
Capadijty of th@to k ven< O \Increase.inthe discharge to [0 Increase the number or size
system for emergehey intake be_interrupted because of an of the air vents
gate closure when<¢he latteris i e in the maximum
called|upon to act turbine discharge
dischdrge interrypti Vic
>‘y Maximum operating pressure |0 Valve
increase due to higher modification/replacement

Adequlacy ©f p ck
proteclion valves

hydraulic transients

O New oil driven servomotor
O New sealing

Adequiacy ofturbine draft tube
gates W

O Increase of hydraulic loads

from downstream both

O Modifications to valve or gate

sustained and transient, due

to higher maximum discharge
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Table 31 — Assessment of related equipment —

Civil works

Aspect of concern

Possible cause or reason

Possible action

O Increased head losses in O Increased maximum Limitation of the start-up ramp
headrace channel/tunnel discharge rate or the loading ramp rate
O Fouling or chocking of Limitation of the maximum
headrace channel/tunnel sustained discharge
Channel/tunnel cleaning,
lining or modification
O Potentially greater level O Increased maximum Limit ramping rates
;/ar:(atlons in upstream surge discharge Limit maximum quide
Iggd zj;gagn“p‘a"e dan@rorOm 5 |ncreased maximum guide vane/needle closure|rates
vane/needle opening or Mo surgetank
closure rates
O Greatgr level variations in O Increased maximum bémber
downsjtream surge chamber discharge
on loag pickup or rejection O Increased maximum guide osure
vane closure rates m
mber
O Increased maxi

level for sustained high
disch
tunnellor channel

O Incre?ed head losses or

rge operation in tailrace

Economic analysis t
termine if improvements are
ustified to tailrace channel or

tunnel

O Modifications to chapnel or

tunnel

A
=
W

rection equipment

related equipment —

/\}'\wsﬁle cause or reason

Possible actior

0O Safety
struct(
and ru

01 Weight increase of new unit

O

O

components
Lack of regular use

Obsolete structure, equipment
and controls

Corrosion and wear

Crane and runway
inspection/modification

Crane replacement

Overhauled or new drection
equipment

6.4.2

ring

The hydraulic thrust may change with the installation of a new turbine runner or with a new
design of runner seals with smaller clearances. The design of the thrust bearing shall be
verified for the new loading conditions. It may be useful to install a high-pressure oil injection
pump to reduce the adverse effects of more frequent start/stops or to consider the use of
thrust pads having a non-metallic coating. For sustained higher load operation, it may be
necessary to modify the bearing or its oil cooling system.
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A new turbine runner in a high head plant, if an increase in maximum discharge is planned,
will often have an increased sustained runaway speed and an increased transient over-speed
which may exceed the sustained runaway speed because of the transient overpressure. The
latter may become the governing design maximum speed for the generator. In this context,
the new sustained runaway speed and the new maximum transient over-speed shall be
determined. This is especially important if there is a downstream surge chamber since the
transient over-speed can be aggravated by the transient lower downstream pressure caused
by the level drop in the surge chamber at the same time as the distributor is seeing a
transient overpressure. These effects are sometimes overlooked.

If the number of runner blades or Pelton buckets is changed, then the relationship between
the exciting frequency and the equipment natural frequencies shall be c}e%ed, particularly
for the rotatirgparts-

The design of the coupling flange between generator shaft and the/1
shaft shall be reviewed. Very often, it is necessary to |mprove he\ah e two
components in order to decrease mechanical vibrations. It i replace
fitted coypling bolts or keys with a modern friction couplm. of stress
corrosion cracking, the coupling, if exposed to the water pa > made wlatertight.
This is particularly important for horizontal shaft Pelton

In the case of Pelton turbines (horizontal or vertical( axis) (Wi ners overhunpg on the
generatof shaft, the shaft surface is qften exp ate 9 , in that fegion, a
thorough[NDT examination. In many cases, a ct danger of stress porrosion
cracking jis merited.

An increfse of turbine output might be limited b aximum safe power output of the
generator if it was not oversized in th orie i many cases, the power optput can
be incred i [ s of the~generatar are renewed and existing components like the
stator frame or the ifi and reused. It is normally unnecessary [to make
expensiv i

Generatd
required ja i i i ss much greater than the modern epoxy/mica based
class F g : i ith class F
insulation, allow a
power in ~ and 30 % without doing much else to the generator anjd without
having tg ignifi e Class B operating temperatures. Other modificatipns to be
consider i

and non- ir-guides
etc.)
An impro ing ' 3 inted onithe rotor

and the channels WhICh gwde the coolmg air, can aIIow higher capacity utilization within
existing geometric dimensions with reduced ventilation losses.
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6.4.3 Turbine governor

If the guide vanes or injector needles are modified or replaced or a new runner is supplied for
the turbine resulting in a change to the maximum turbine discharge, then possible changes in
the opening and closing parameters shall be considered. The dimensioning of the
servomotors and particularly their stroke and the size of the oil-supply pumps and
accumulator tank(s) shall be checked. The opening for speed-no-load and the speed rise
following a load-rejection can change significantly with a new turbine runner in a reaction
turbine.

An increase of maximum turbine discharge might lead to an increase of stroke for the guide
vanes, injector needles or Kaplan runner blades which in turn also necessitates a review of

the servomotor-characteristics-and-the oil Qllppl\JI cyefnm

The mini

fixed bla

change s

6.4.4

This equ is not as exposed to
wear and 3 nction. Nevertheless
their meg allhe investigated in the same
manner 3 g

An incre i ise~in“upstream level or lowering of
downstre 2 p checking
of the va \ of their ability to operate reljably and
safely un hut

An additipnal aspect potential increase over time of the friction
isc plug or flap. If valves are kept open for long

in the bejarings op~bus )
periods, |then t i Jeffici in t bearings or bushings may increas¢ due to
corrosion, to contamjnati oreign patticles or other deposits and will result in a decrease

of their reliability t r.emergency discharge interruption conditions.

Furtherm i dation system has deteriorated, then the consequénces on
these angi their supports and anchor bolts shall absolutely be verified.
6.4.5

The pursjui i ased efficiency also includes the reduction of the power consumption of
auxiliary lequipment. To achieve this goal, pump motors, pump impellers and valvesllgvith high

losses can be replaced.

Rehabilitation of the generator may necessitate revisions to the cooling water supply system
for the generator surface air coolers. An energy balance calculation along with the
assessment of costs, operating and maintenance considerations will dictate whether it is
better to use tailrace water through a pumped system or to tap the supply off the upstream
conduit trough a suitable pressure reduction device.
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Another approach to improvement is the exchange of high viscosity lubricants with
comparable products having lower viscosity where design conditions of the bearings permit.
The use of bio-degradable lubricants and hydraulic fluids may also be considered. If the type
of the lubricant or hydraulic fluid is changed within an existing hydraulic system, the system
shall be cleaned thoroughly, as residual quantities of the old lubricant may not be compatible
with the new product. The compatibility of any new product with rubber or polymer seals,
system coatings or the material of impellers, valves, etc. shall be confirmed. With bio-
degradable lubricants, it shall be assured that they will not be in contact with water since such
contact may lead to decomposition and premature ageing.

Changes to the main shaft seal require verification of the adequacy of its clean cooling and
lubricating water supply.

Changes| in the hydraulic thrust require verification of the adequa
characteristics and the cooling system of the thrust bearing and po
scavengipg system.

icating oil

&vapour

The supgdly of a new runner may necessitate modifications to.th 81 i ystem or
indeed, may permit its elimination. In some instances ) i uired for
stabilisatjon of unit operation can be significant enough b heating

6.4.6 Fquipment for erection, dis

The heayiest lift for which the powerhouse usually,
but not always, the assembled generatorxoton is needed for unit digmantling

and this probably for the first time in decades. Be tarting any major overhaul work, it is
necessary to check and test the handling tipm

d its support system undef nominal
load and|to test the accurdcy of lgad holding and positioning of the crane itself.

The crangs in the machine hall shall be gndle any increase in design loads from new

and perhaps heayier ents. i
hook, liffing pid Jifting fixtures

componelnts.

erisure their compatibility with existing pnd new

6.4.7 Penstock and © passages

The incre discharge or specific hydraulic energy (head) requires a|thorough
recalculafi ; lic transients. The maximum transient pressure rise will intrease in
proportiof he(i ase in the maximum discharge if the time gradient of the moJyement of
the guid or the injector needles is kept constant. This investigation should glways be
based upon ‘actua ent measurements of pressure rise and speed rise to be pure that
changes [injdesign that have been made since the original commissioning are considered as

well as changes to the friction coefficients of tunnels, penstocks and valves. This is especially
true for plants with long tunnels, surge tanks and surge chambers or any combination of these
features.

Pressure pulsations in the turbine draft tube or due to the interaction of the guide vanes and
the runner vanes, whose number may be different in the new design, shall be carefully
considered and evaluated.
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The replacement of Kaplan turbine runners with increased maximum discharge also makes it
necessary to investigate the hydraulic transients and their consequences on the civil
structures.

The increase of maximum discharge may lead to higher losses or air-entraining vortices at the
intake structure. This phenomena shall be evaluated and the vortex eliminated by redesign.

The draft tube is a critical component if the maximum discharge or the turbine efficiency at full
load is to be increased. This is particularly true for low specific hydraulic energy plants. It can
therefore be worthwhile sometimes to do CFD analyses which include the draft tube and the
outlet channel with a view to introducing draft tube or channel form optimizations.

6.4.8 Consequences of changes in plant specific hydraulic ener

In some ¢ases these fundamental hydraulic characteristics have beg e years
of operatjon; examples are:

e Raising of the headwater level with the use of flash boards

e Lowerjng of the tail water level due to erosion of the rive removal
of flash boards at a downstream site.

The char|jge of the elevation of the taj ce of the

turbine rygnner (Thoma coefficient) to otection against cavitation grosion. It
might alsjo influence the frequency and * the swirl-at the turbine runner qutlet and
the press hi i hydraulic
resonang levek for a given discharge is particularly
importan i > mp mode

trash rac

7 Hydr

7.1 G¢d

When a

worthwhi
advantag
machine]

rehabilitate a hydroelectric turbine-generator pnit, it is
possible improvements that could be made in ordgr to take
dggress which has occurred since the design of thg existing

This noqn the development of a new runner design and, sometimes pf a new

The new hydraulic design can be developed and verified by the means of more or less in-
depth CFD calculations, laboratory model tests and more generally by a combination of both.

The model test still gives, today, the best available tool for confirmation of the accuracy of the
design calculations and, for all large units, it is recommended to perform model tests before
the prototype modifications are carried out. Hydraulic design changes to any pump-turbine
should be always evaluated by model tests. For small units however, only reference to
existing model test results for hydraulically similar machines is often used.
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The final result can also be checked by prototype tests, however, at that stage, the possibility
of making design modifications if a problem is detected, are necessarily much more limited
than at the stage of a model test before prototype construction has begun. A prototype test is
not a development tool, but rather a tool which allows determination of the degree of success
of the design in relation to the contractual undertakings.

The extent of the investigations by hydraulic studies and model tests shall be determined by
consideration of their relative cost and their relative necessity with regard to the technical
difficulty of the project. For a huge project, for example, the relative cost of the hydraulic
studies and the model tests in comparison with the total investment being very small or even
negligible, it is easy to decide to use in depth hydraulic studies and model tests. At the other
extreme, for a small machine with no specific hydraulic problems and good references from
similar machines, minimal hydraulic studies without a model test are probably accurate
enough. j i i i i i shall be
decided

n a case by case basis.

In decidipg how much one can afford to spend on development, > is the
present Jalue of the credible performance shortfall which may arise isipn not to
do a particular phase of the design studies and model tests? fotmance” shortfall in
power cdn often be offset by cutting back the trailing e of s on the
prototypg. A performance shortfall of between 0,5 % apd y can be
evaluated in the light of the anticipated plant operating conditi ainst the
cost of doing more design development studies (( : a given
project.

This progess shall be initiated from th count the
size, chdracteristics and features of each ind ject—For any project with jdentified
technicall| difficulties, the opinion of m > feasibility of various options should
be reque| - studies should be contemplated at

In most dases the modelNest Nif an i after award of the contract to the|selected

Contractor. For very large projects, : ers have concluded that their interests are best
served if| the d i ests are done at the detailed studies stage under
separate|contract t0 e verified
in an ind N cases it is advisable to have the potential Cqntractors
quote at the same ti esign and model test stage and for the execution of the
runner supply/a habilitation of the complete turbine. In this way, any real differences
in tested |performance.can b aluated against differences in the overall cost of the project.

To desid C ts for old machines, especially runners, adjacent par{s of the
existing all "be included in the flow simulations. This is the typical [case for

rehabilit dernization of an existing turbine, where most of the old components
remain ynehanged. Reliable prediction of the performance of new componentg§ can be
achieved only if the influence of the existing parts of the machine is properly taken into
account. Therefore, the precise actual shape and condition of the old components used for
the flow simulation and model testing, shall be available for use in building an accurate
numerical model for these components.

7.2 Computational hydraulic design
7.21 General

To be economically justified, computational hydraulic design shall be conducted with
consideration of the following aspects:
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e Choice of the software.

— The software (2D or 3D, viscous or non viscous, stationary or unsteady flow) shall be
selected with regard to the component to be calculated and to the overall value of the
project.

e Extent of the calculations.
— Calculation of the whole turbine or of critical components only?

— Calculation of the existing turbine or of the rehabilitated turbine only or both?

The choice of the software as well as the extent of the calculations shall be decided on a case
by case basis, with due regard for the size, operating conditions and other particular

conditions of the turbine to be rehabilitated.
Mthe risks
CFD

by
}al of a

Currentlyl (2006), the most sophisticated CFD tools available allo
associated with rehabilitation to a very low level. However, to
calculatigns is time consuming and the development costs can app
limited mjodel test programme.

7.2.2 The role of CFD

Numericd when it is
used cor h applied
to rehabi

e design of new components for old

e analysis of the fluid flow through existi ; e erational
problg¢ms related to the form of the (wat
e the pptential efficiency/in i C mined by

CFD pnalysis and confirm required

In the design process
rehabilitgted machines

CFD design method i i during model tests. The reason for this is

psign for
required
btion can
Sical pre-
that with

numeric re distribution on critical parts of the runner blades and other
surfaces erified and optimized resulting in better flow distribption and
more eqy i ressure loads.

In many operational problems in the turbines of existing power stations can he solved
using CH yses allow one to understand the flow phenomena. More injportantly

perhaps,LCED allows the evaluation of options when one is trying to solve a partigular flow
problem, by permitting one to change component shapes numerically and to study the
corresponding change in the resulting flow pattern. Only if the CFD results of a given option
are promising, would the new shape be integrated in the model or attempted in the prototype
machine.

7.2.3 The process of a CFD cycle
A CFD analysis involves the following major steps:

e the real coordinates and dimensions of the flow channels shall be determined (wetted
surfaces);

e based on this data, the space within the flow channels shall be divided into discreet or
finite elements or finite volumes;
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e the boundary conditions as well as initial conditions for unsteady flow simulations shall be
established for the actual operating points of interest of the turbine;

e the flow simulation is carried out;

e the results shall be post processed to provide the information that is necessary for an
informed decision on the identified problem.

The validity and accuracy of the solution depend upon how each of the steps is performed
and how the following questions are answered:

e are the basic coordinates of the machine components correct? More precisely, do they
properly represent the current state of the machine?

e has the computational domain been correctly represented by theé Tcthosen discreet

elemegnts in order to minimize numerical errors?
e have|the boundary conditions as well as the initial conditions correctly
for the operating conditions of interest of the turbine in the powe
e what|CFD-code has been used and have the specific parar tly (such
as the turbulence model etc)?
e can dne be sure that all relevant information is given i 9 5 d that no
impontant result is hidden or misrepresented?
7.2.4 he accuracy of CFD results
The accUracy of the results of CFD ca ati [ S FD- i , way it is
used an ) that flow
simulation cannot describe precisely the re i ity. i ion|is based
on a nu to reality
the numgdrical flow simulatio
The governing equations used te id flow through a turbine in a hydfoelectric
power plant are the Navi s” This set of equations is valid for Iaminar as
well as tlurbulent fig G iscous as well as vortical flow phenomena are
captured Howe Navier-Stokes equations for flows through|complex
geometries such 3 uli rbo-maghines is currently (2006) not yet possible. Thus,
normally S ier:Stokes (RANS) equations are used for the smulation
of turbule ; nean. valie and a fluctuation term are used for the Ipcal flow
velocity @ g pressure instead of the ‘true’ local values. This redquires the
introduct del which takes into account the effect of the ‘real’ tyrbulence
on the fl ehavigur.*Turbulence modelling is still under development. The turbulence model
used for utation of turbulent flow is of considerable influence on the [accuracy
of the an i
In additignythe RANS equations describe the flow as a continuum, but can only be qolved for

a finite (limited) number of points in space. As a consequence, the computational domain
shall be divided (discretized) into a number of finite elements or finite volumes depending on
the computational algorithm. This discretization can be of considerable influence on the
numerical solution and therefore on the accuracy. There are some rules on how to generate a
"good” computational mesh, but even if the rules are known to the user of the CFD-code, in
many cases it is not possible to completely avoid "bad elements” due to the geometric
constraints given by the shape of the machine or the component to be analysed. The number
of elements or the topology of the mesh for a given number of elements can have a
considerable influence on the accuracy.

For all of these reasons, the accuracy of the simulation is limited. This is particularly true in
the case of the draft tube and even more so for old forms of draft tubes.
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7.2.5 How to use CFD for rehabilitation

There are two ways to use CFD to analyse the performance of a new turbine runner and/or
other components and modifications in an existing hydraulic turbine:

e do the analysis on the new arrangement from scratch;

e analyse first the existing installation for reference calibrating with available test data, then
the new or modified components to calculate the differences between the new and the
existing installation.

The first approach relies solely on the accuracy of the numerical prediction. In this case, the
predicted performance of the new components in the existing environment is based

Comp|ete y-on the numerical means

The second approach takes into account measurements from mode ajlable, or
prototypqg tests or site data from operation of the power plant over t - Inithis proach,
the diffefence in the performance between the old and the i ati isManalysed
numerically. As a consequence, only this difference in the performa ce S ¢ old and

the new [nstallation is affected by the accuracy of the numieri icti i dent that

the secopd approach is more reliable (more precise) in_pe ~;\ ‘ icti ng CFD.
However| it is more time consuming than the first app g as well
as the ngw components shall be analysed. Furthe more e cise flow
simulatiop for the existing turbine, the eX|st|n 3 i ) nted and
consistent with the real water passage 3 ntation is

In sudh cases,

poor and especially for runners, the\xdocunte available.
precise sjte dimensional measurements a €

dictign b rse of CFD for rehabilitation projects
ever, e_expensive and more difficult bgcause of
it .

ting’component geometries.

The secd
is more rgliable than the fir
the need|to obtain accurate

7.2.6 CFD versus

CFD is algood tﬁo € ( Iternatives, but not as a stand-alone tool for establishing the
absolute [efficiency le ulicriachine. This is especially true for cases oflmachine
rehabilite1t1ion. cieristic of) CFD is also true for the evaluation of ¢avitation

performa
The quepti hether CFD calculations or model tests or both should be performed
depends ize of\the power plant and its average annual energy producfion after

rehabilit

For a ve]y small hydro power station for which a model test is often more expensive| than the
total costs for the rehabilitation measures, CFD is the only practical basis for the analysis of
existing components or for the development of new ones.

For a medium sized power station it can be feasible to perform semi-homologous model tests
to test the new installations optimised with CFD. Semi-homologous model tests allow to verify
at modest cost whether the numerical performance prediction is realistic. It gives confidence
that the planned measures will be successful, and it provides the opportunity to improve the
design further. However, one shall be aware of the fact that those machine components in the
semi-homologous model which are not similar to the existing construction can have
considerable influence on the measured performance. In many cases for semi-homologous
model tests, only the new runner is homologous while the other parts of the model are
dissimilar to some degree.
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For a large power station with high energy production, fully homologous model tests are
usually justified. If a 1 % deficit in efficiency or 1 % deficit in capacity over the years of
operation is worth more than the costs for a model test, a homologous model test in a
qualified laboratory should be considered. This approach will ensure with the best possible
accuracy, the financial success of the rehabilitation of the generating units.

This leads to three categories of design approach for rehabilitation projects:

a) Small hydro: only CFD;
b) Medium hydro: CFD in combination with semi-homologous model tests;

c) Large hydro: CFD in combination with fully homologous model test.

b) or ¢)

cannot be answered in general terms. The answer depends upon<para hich are

specific tp the power station under study such as:

e How much can the energy production be increased through{pgre

e Is cayitation erosion a major problem and can it be red

e Are there other operational problems to be improved-upo hances?

e Are t:l:qe reduced
or eliminated?

Many fadtors are changing with time [ F FD analyses. The |atter are

continually being improved. The decisi N Ce ) i s should be applied shall be

made on|a case by case basis. In all case - a.cost-benefit calculation is negded.

7.3 Madel tests

7.3.1 General

The devglopment of hydraulic.t torage pumps and pump-turbines has been carried
out historically, a S medel in a laboratory. This method, comb|ned with
empiricall calculatio as on® previous designs, has shown itself to be 4 reliable
development tool. De i ent of hydraulic calculations with the advent of CFD
techniqu i e only accurate way to assess the results of the calculations
in a suit3 r and predict the global performance of a prototype fegarding
all of the i aspects such as output and efficiency, cavitation erosion risk,
runaway fluctuations, shaft torque fluctuations, guide vane torgyes, draft
tube air i efits and hydraulic thrust. It shall be appreciated however that where
instability potential resonances are concerned, (pressure fluctuatigns, shaft

torque flu i and draft tube air admission benefits) that the model test cannot|be relied
upon to ifdentify potertial resonance with the plant hydraulic conduits even if the lattdr were to
be modelted:

Model tests allow one to establish the absolute efficiency of the hydraulic machine with a very
low level of uncertainty (x 0,2 % is common in well equipped laboratories). Since efficiency is
one of the most important performance parameters and since the model test is normally
conducted early in the development stage of a project, it is particularly attractive as a
potential benefit evaluation tool. Model test methods which are applicable to new hydraulic
machines are also well suited to evaluate rehabilitated machines with various options for
potential modifications (stay ring, distributor, runner and draft tube).
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In cases where site tests are difficult or very expensive, or where they would have high
uncertainties (large turbines having low specific hydraulic energy for example) model tests
can be used also as contractual acceptance tests. This may be particularly applicable where
model tests are conducted on a model which reproduces the existing profiles and then on one
with the new profiles. The contract is sometimes based on demonstrated performance gains
rather than on the absolute efficiency of the rehabilitated machine.

A similar technique is sometimes used with prototype testing (“before” and “after” tests) to
reduce the systematic uncertainties.

A model test program with two runners (one old and one new), can cost from a few hundred
thousand US Dollars to several million US Dollars depending upon w r or not some
componenis of the model are already avallable and upon the scope of I
latter woulld be fixed largely based on the value the anticipated effici
large plgnts with tens of units, involve two or three manufact i mpetition with
contractyal tests in an independent laboratory.

7.3.2 Model test similitude
There arI two categories of model tests:

e Fully homologous model tests

The fully homologous model duplics
companents as well as the hydraulic pre
complete and accurate geometric definitio

the orjginal drawings and through gite measure

as-buift drawings are available, some s@eu e

existing profiles.
ents are very similar to but do not |perfectly
existing or the modified improveq turbine

having a
ccess to
e original
nts may be advisable to confirm the

I turbine

e Semi-homologous

In thg semi-hgmolo
duplicpte th@d :

compq

The a
test re
lack d
interpt

model tests is obvious since a semi-homologous model
of performance corrections in order to take into ac¢ount the
components. Such performance corrections are spbject to

Howe n the degree of lack of homology is limited and the manufacturer has good
experience~in fegion of the specific speed of the turbine involved, the risk|in using
semi-homologous model testing for a few relatively small units is limited. It is therefore, in
some cases, of interest to do semi-homologous model test and to benefit from the reduced
manufacturing and engineering design costs as well as from a reduced model test cycle
time.

7.3.3 Model test content
A model test can cover the following aspects:

a) Essential investigations

— efficiency hill chart covering the complete expected operating range of the hydraulic
machine;

— determination of inlet cavitation limits (suction side and pressure side);
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— outlet cavitation influence curves for power and efficiency (measurement of efficiency
and power vs. the Thoma coefficient sigma with observations of the incipient cavitation
conditions);

— runaway speed at maximum guide vane opening and maximum specific hydraulic
energy for normal and minimum plant Thoma coefficient;

— pressure fluctuation measurements in the spiral case and the draft tube as a function
of guide vane opening for the condition of normal plant Thoma coefficient and in some
cases, for various Thoma coefficients in the range of the anticipated plant values;

— shaft torque fluctuation measurements as a function of the guide vane opening and for
various Thoma coefficients in the range of the anticipated plant values (Influence of
NPSH for a pump-turbine);

—  Kaplap-blade-teraue-tests:
praf-braaetorgye—tests:

— hydraulic thrust;
— representative checks of the principal dimensions of the mod
b) Additional data

— gyide vane torque measurements as a function of the
hydraulic energy including the influence of a desynéhronis

and specific

— aif admission influence on draft tube and spiral’case pres tions and on shaft
tofque fluctuations;

— ajial and radial thrust measurements as ( tiohs ide.vane opening at maximum
specific hydraulic energy;

— influence of tailwater level on effici a~Pelton turbine for cases of ihcreased
mpximum discharge;

— ngedle force diagram if there is 'a si

' f in the nozzle form;
s a>significapt change to the manufacturef’s usual

— cdlibration of Winte t ps -\pressure difference measurement at twg or more
pqints (o spi xample) for the limits of the ranges| of plant
specific h i

— deflector torque
practice;

7.3.4

7.3.4.1

A gain i brototype
efficienc% a model
test of th y a direct
“model tg set-up.

7.3.4.2 Model to prototype comparison

One way to proceed is to compare the existing prototype data obtained preferably from a
recent prototype field test, with stepped-up model test results of the new machine.

This procedure yields relatively poor accuracy because:
e Field measurements involve a relatively large uncertainty (0,7 % to 2 % depending upon

machine type, field conditions and test methods selected). In poor conditions, the
uncertainties can be even greater.
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e The limitations of the scale-up formulae to correctly represent the differences in real losses
between a new model and the old prototype with a new runner and perhaps some other
modifications. (IEC 60193 and future IEC 62097 were developed for new models and new
prototypes whose surface roughness does not cover the range often encountered in old
prototype machines.)

In the worst case, the total inaccuracy of this procedure may exceed 2 %.

7.3.4.3 Model to model comparison

This method compares the existing and new machine characteristics directly by model tests of
both old and new designs. Assuming that both designs are in the same surface finish
condition, without cavitation erosion damage, corrosion or other surface deterioration and with
the sam¢grunner seal clearances this method of comparison is very precise.

In the “m model
performa bl test is
performe similarity
between B precise
knowledd irements
are desc in efforts
to update focess of
elaborati odating the| surface
roughnes re [IEC 62097). When the
geometri x§pecte oughness of surfaces of the
model an y j ce can be calculated. Caution shall

be applig
results in

ototype machine wheh its age
5. such as the guide vanes |and to a

lesser ex| ¢ c d those dealt with in the current gtiide. The
roughnes € n~Jm 3 ponents before the Tender stpge. The
Tenderer oX{ pgrade on the various water |passage
compon i F ale~e can then be based on the conditijon of the
rehabilitgted compone , the surface roughness is not meagqured, an
agreement shal and contractor concerning the evalpation of
roughnegs effects:

In some fehabilita ontractor's scope does not include the entire turbine. The
homologopus i ne’ appropriate calculation of scale effects of components which are
outside the respo ilit ontractor, permits managing the work in accordancg with the

In a “model tomedel*\ comparison, both runners (old and new design) and any other proposed
modifications.are~testéd in a model consisting of the same other turbine compongnts. The
efficiency difference observed between a new runner design and the old runner design can be
defined with an accuracy that is better than that for a given stand-alone test. This approach
requires the testing of two model runners in a common test set-up.

Model testing has the distinct advantage of being an effective development tool. Prototype
testing, by comparison, provides only the means to evaluate the characteristics of the finished
product or to make a comparison between the existing prototype and the rehabilitated
machine.
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The accuracy achievable in using a “model to model” comparison for any rehabilitation of a
power plant relies on the accuracy with which one is able to construct a model fully
homologous to the old machine. There are in most instances, significant differences in blade
shape and position from blade to blade in the old runners. To accommodate this fact
economically, it is usual to measure the profiles of at least three blades and to take an
average of those profiles to construct the new model of the old prototype assuming the old
runner has uniformly positioned blades. The fact is therefore that one cannot economically
construct a new model which is perfectly homologous with the old prototype. These facts will
therefore introduce an inaccuracy of undetermined magnitude in the “model to model”
comparison.

The difference in eff|C|ency between the old and new model runners and _the old and new
prototyps wil—be—simiar—previded—that—the—hemeleg m 3 model is
perfect.
between
between [the “old” and “new” models because of the deteriorated s ¢ ition. of| the “old”
prototypd. However, this comparison will always have some S of the
procedurges described in the preceding paragraph.

This “mog¢lel to model” approach implies:

aranteed
jed with

¢ A high
efficie
confid

¢ A high
guara
runne
turbing

having to
[side the
p the old
les). This

prototy is to be
assum existing
turbin e owner
embaiks on any one of
The “moq aviour of
the new | owner of
the hydrs
Where th C rototype,
before apdafter rehapbilitation i [ [ [ ictgd by the
model rés
7.3.5
The mode L FTTed ner I the mar rer oJe] ' i an mdependent
laboratory.

a) Model test in the manufacturer’s laboratory

Practically all development model tests and most contractual model tests are carried out in
the manufacturer’s laboratory. However, some purchasers require that the contractual
model tests be carried out in an independent laboratory. In such cases, the model is
transported from the manufacturer’s laboratory to the independent laboratory at the
conclusion of the development tests.

b) Model tests in an independent laboratory

1) Conventional contractual arrangement

When a model test is required in an independent laboratory, it generally concerns the
contractual model test of a fully homologous model. If convenient for the manufacturer,
the development tests can be also carried out in the independent laboratory.
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The advantage of a contractual model test carried out in an independent laboratory is
to provide for the verification of the performance guarantees by a third party. The
drawback is the probable extension the total model test duration by up to a few months
when the development tests are carried out in the manufacturer’s laboratory and the
contractual tests elsewhere.

If the owner opts for testing of the existing turbine and the new design, both tests shall
be carried out in the same laboratory.

There is usually no problem for the adaptation of the physical model to the test loop of
the independent laboratory. In the past, some laboratory test loops could not always
accept models of the size elected by the contractor and the owner, and it was
sometimes necessary to manufacture multiple models. Currently (2006) all major
manufacturers and independent laboratories use test loops of simil%sge and power.

2) Competitive model tests in an independent laboratory

For major rehabilitation projects (Large capacity and/or large maghines), it
hgds been the practice of some owners to require a co ¢st in an
in 3id under
S es |before a
rehabilitation contract is awarded for work on tF \ J is early an
elpensive exercise when two or more contractors Yot form the
cd < ifi ompared
against the potential benefit, if manufacturers invite imi i igns and
te i 1 hponents
(njot only the runner) developed ) : cy of the
cd I the long-
tefm financial benefits of very s

74 Pr

7.4.1 eneral

Prototypg test method suited to

rehabilitgted machines

In most i stances;

y against
the manyfacturer’'s~g advantage of the prototype test is that it gives the turbine
efficienc , L i and site
conditionp. It is.impossi i rameters

such as |caVitatio PE a fests are

prototype because of the risks of damage to the |unit and
or an event which is highly improbable in the life of the machine.

By way of comparison against new turbines, rehabilitated turbines offer the advantage of
allowing comparative tests on the machine before and after rehabilitation. In such
circumstances, the parameter of primary economic interest is the efficiency increase rather
than the absolute efficiency. Provided the “before” and “after” tests are conducted by the

same

test crew with the same instruments, the inaccuracies in the efficiency increase are

significantly less than those related to the absolute efficiency measured during either test.
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In some cases (small units, for example), a minimum of field testing can be taken as
sufficient. It can consist of checking of the guaranteed output of the unit as well as a general
checking of the unit behaviour throughout the normal operating load range (smooth operation
without levels of pressure fluctuations, vibration or noise which may be detrimental to the
characteristics of the power delivered or to the long term reliability of the unit). Such basic
checking requires no sophisticated test equipment. If this basic checking identifies a potential
problem, specific measurements on the considered parameter can be carried out. The
contract shall be clear as to the criteria for and the nature of expected testing and on the
party which will support the costs of the additional measurements.

Most sites merit at least a prototype index test before and after the rehabilitation and some
measure of model development testing. The methods and IimitationsNdex tests are

covered grderH=6-66044

7.4.2 Prototype performance test accuracy

A numbef of testing organisations have improved the technolog ite i ?ydraulic
turbines;|however, the accuracy is still not as good as that of mg '

The absdlute level of uncertainty will depend upon the design 3 ing. ill gpenerally
be easie detailed
design o i i i i i . is_easier, for instance, to
achieve 38 the unit
penstock|in which to install a flow me ine.f \ it wi y closely
spaced bends. On higher specific h i achi i ement of
efficiency i i accurate
alternative.

The level of absolute unce 15 %
to £ 2 %. With the us ane qualified
test crew], this can be re iti with the

thermodynamic method ', a head
over 300 m, or@ p of eight
paths, and ten di or model
tests, thqg i cy of the
unit testsg Lcuracies
typical o f or determining the absolute efficiency of the same unit
(some of i i
A . . .
S a mi financial

performa

If it is requiréd to achieve a minimum gain in efficiency of 3 % for the project finandfial return
to be achieved, and the guaranteed increase is 5 %, then a test that provided an uncertainty
of £ 2 % would be adequate.

Companies often have a minimum level of internal rate of return to justify an investment. If the
level of uncertainty that can be achieved is, for instance, + 1 % then some companies would
deduct 1 % from the guaranteed efficiency of all tenderers, before the rate of return is
calculated. To do so or not is a matter of investment policy.
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7.4.3 Prototype performance test types

The prototype performance tests are carried out to confirm compliance with contractual
guarantees.

Absolute methods or relative methods can be used depending upon the contractual
conditions. The descriptions and limitations of the various methods are given in the IEC
60041.

If absolute efficiencies have been guaranteed, they should be checked by absolute “primary”
methods. The results can be used for assessment of penalty or bonus payments or any other
contractual consequences concerning guarantees.

For rehalpilitated machines, it is usual to justify at least part of the co ilitatipn by the
improvement in efficiency that can be obtained. It is therefore judici ure the
performanpce of the machine before and after the rehabilitation. Fok this solute
test is ngt obligatory and can be replaced by a relative test. The mea absolute
discharge through the turbine is therefore not necessary for. the \ iderations
leading {o a significant advantage and usually to cost sawi . and, for
projection of long-term earnings into the future, an abs bine efficieEcy shall
be established. This can be either by relating past measured gpin or by
conducting an absolute efficiency test on the rehabilits ithand” sometimes| by both
methods

With an [ndex test (for example the Wi , the generator power [output is

measure a pressure difference, generally

between easured. When the rehabiljtation is
complete is compared with the initigl unit at
the samq discharge (samg pre iffe the\spiral case for example). The ¢hange in
power odtput at the s i is\used to detéermine the improvement in perfprmance.

These measurements can be : nge of unit outputs.

Although|index @M a 3 3 eS and is probably the least costly solutipn, there

are somgq difficultie i :

e The s i to be such that the “before” and “after” tesfs remain
valid.

e The tyrbi ed with the means of measuring relative discharge. This would
gener; alled nor
always i penstock
diameters

e The agcuracy and’level of the maximum efficiency of the “before test” shall be acgepted by

tenderers—Thistoutdbedomethrough = testwitmessed by thesetectedtemdereror by the
employment of a qualified third party organisation for the execution of both the “before”
and “after” tests.

7.4.4 Evaluation of results

The comparison of guaranteed efficiencies against measured efficiencies should be done in
accordance with to the applicable IEC publication taking into account the measurement
uncertainties of the adopted method.

If the measured efficiencies, after application of the measurement uncertainties, are lower
than the guaranteed values, the difference may come from the following factors:

a) If absolute guaranteed performance has been checked by a model test stepped-up:
— Condition and dimensions of remaining existing components.
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— Physical differences between model and prototype, particularly on existing remaining
components (existing drawings in poor condition or access difficulties resulting in
measurement errors in the case of site dimensional measurements for example) could
explain some performance differences from model to prototype.

— Calculated scale effect higher than actual scale effect.

— For a rehabilitation project, the actual condition (defects in form and roughness) of the
existing remaining components can lead to a reduced real scale effect compared with
the theoretical scale effect calculated in accordance with IEC 60193.

b) In the case where no model test has been carried out:

— In addition to above explanations, the performance calculations may have been “too
optimistic”.

as been
ign of the

If relative performance (difference between “after” and “before” re
guarantepd and checked by model tests, no problems related to
results nged be expected.

8 Spegifications

8.1 Ggneral

This clalise should serve as a guide in the prepara ¢t documentg for the
rehabilitgtion of hydraulic turbines. The rehab io i is site specific |requiring
design cifiteria uniquely established fo 2 i )s€ of International §tandards
is promo ich should be coveled in the

detailed ]

There ar
write det

. developing the Specifications. Pne is to
he equipment design, compon{nts, and

write a
the installed equipment are descriped, with
design, fabricate, and install the equ|pment to
meet tho st specifications are a combination of the above
two appr < he other usually depends upon the owner]s normal
practices e ahd-importance of the equipment in its system.

specifica
freedom

8.2 Refer

e Tendering Document is IEC/TR 61366-1. This document covers
rations in the preparation of tendering documents and [presents

The sugg
all of the
under an

e samp|étable of contents of tendering documents;

e comments on factors for evaluation of tenders;
e checklist for tender form;

e example technical data sheets;

e technical performance guarantee;

e example of cavitation pitting guarantee;

e checklist for model test specifications;

e sand erosion considerations.
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Forming a part of this same series of documents and also recommended as a primary
reference for the preparation of tendering documents are IEC/TR 61366-2 to 61366-7. These
documents describe the technical requirements for the turbine under the following headings:

The aboye referenced IEC/TR 613686

tendering requirements;

project, general, special information and conditions;

general requirements, technical specifications/requirements;
scope of work, limits of contract, supply by employer;
design conditions, performance and other guarantees;

mechanical design criteria;

desi;c-;ln documentation, materials and construction, shop inspection

technlical specifications for fixed/embedded, stationary/removapie
vane | regulating apparatus, bearings and seals, thrust
comppnents, auxiliary systems, instrumentation;

sparqg parts;
moddl tests;
instaljation and commissioning;

field acceptance test.

guiding g purchaser in the preparation of Tende C i nes. The

general ppproach remains valid for
machineg. The objective of the above(notec
technical[considerations in preparing te ; and tender specifications. Sy

existing
it for the
bclauses

8.3 and 8.4 below provid€ a checkli items which pertain to the develdpment of
the spedifications for the eha" i ines, storage pumps and pump-tutbines. It
should glso be noted bilitati ects, the specifications may ne¢d to be
significarjtly more-_cok 3 entlal changes in the scope of th{ project
necessitgted byv a cormponents during the disassembly and supsequent

inspectiops.

The bibl ommonly
reference
rehabilitgtion\ Mos English
IEC/TR 6

Certain
available

8.3

ication of
riate.

Information to be included in the tender documents

The following is a checklist of the data which should appear in the Technical Specifications or
elsewhere in the tender document.

Site conditions including:
— range of plant “height” (gross head);

— information regarding intake structure, gates, tunnels, penstock, valves and tailrace (to
permit the determination of head losses, if they have not been measured);
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Envirpnmental constraints.

pawerhouse layout and unit rotational direction.
Intengled operational use such as base load, peaking service, Fiv a}y other
constfaints.

Powefhouse and/or geometry constraints

Custgmer requirements:

Performance evaluation
suspgnded particle i

Testing requireme g e and final model testing and/or field testing.
Codep and s

Mechpnical desig
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information on current turbine water passage condition including surface roughness;
range of “specific hydraulic energy” (net head);

available discharge;

headwater and tailwater elevation ranges;

tailrace rating curve (elevation vs. discharge);

discharge data with corresponding headwater elevation, and tailwater elevation as a
percentage of time;

water temperature range and water quality (physico-chemical and entrained solids
such as sand, silt, etc.);

centreline elevation of turbine distributor and all other essential g;ha-rgcteristic of the
tufbine;

runner construction type;
unjit axis (vertical or horizontal

cyrrent runaway design speed of genera hdy-state
runaway speed).

h and/or
erosion).

Suffidi

Delivery sch

Geon d runner
clea bearing, shaft seal, spiral case, draft tube with compl¢te water
passé raft tube liner, discharge or foundation ring, stay ring with stay vane
profil headcover, bottom ring, guide vanes (including hydraulic and frictipn torque

charactefistics i

known), guide vane operating mechanism, servomotors and stroke

limitatiot ID).

Current limiting capacities of the generator and/or transformer (lower of the two) including
maximum capacity and, details of steps which the owner is prepared to consider modifying
these (economic analyses are required).

Current thrust bearing capacity.
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8.4 Documents to be developed in the course of the project

The following is a list of documents to be obtained from the existing files or to be developed in
the course of the work. The participant responsible for the preparation of each of these
documents will depend upon what contractual arrangements are envisaged for each particular
project:
a) before contract work begins:

— pre-disassembly operational or ‘signature’ test procedure;

— pre-disassembly operational or ‘signature’ test report;

— disassembly and re-assembly procedure;

— pre=disassermbty atigrmerntthecks;

— equipment assessment and inspection procedure;
— refassembly alignment check procedure;

— refassembly testing scope and procedures;

— cgncrete substructure stability inspection report;

— cgmmissioning procedure.

b) Pre upit un-watering data:
— Signature test consisting of following:

spiral case pressures [and their
hydraulic energy);

ontal directions of guide| bearing

housing);

— | temperatures i (observe the cooling water flow|rate and
temperatures i

—| power/gate t ; \ measured versus guide vane positjon for a
known specifie aulic e

ject surement of speed and pressure rise during load|rejection

- iff ial pressure test (differential pressure of servomotgr versus

[ N otor stroke in both the guide vane opening and closing
is required when existing guide vane hydraulic torque is not
sirable in all cases).

— | \index tes

(measurement of the relative efficiency of the turbine) or

— absolute efficiency tests.
¢) Post unit un-watering:

— guide vane contact clearances (verify the contact line clearances with and without
servomotor squeeze);

— guide vane upper and lower clearances (with and without squeeze);

— guide vane opening versus servomotor stroke (angle of opening and open space
between vanes);

— guide vane opening and closing times, turbine in the dry with cushioning time.
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Unit disassembly:

alignment and clearances verification and recording (shaft positions at all bearings,
runner wearing rings, generator air gap);

verification of auxiliary system components for wear, damage or any other pertinent
observations (greasing systems, oil, air and cooling water piping, instrumentation,
walkways, etc.);

verification of generator components for wear, damage or any other pertinent
observations;

verification of turbine components for wear, damage or any other pertinent
observations, with particular attention to be given to the guide vane mechanism).

Unit reassembly:

Comnissioning:

At de

dimensions, alignment, clearances and manual rotation runouts, ve\r\(@tion and
recording.

drly test and calibration reports of all instruments;

dn
cu

mes and

ire tests

d.

tails;

y vanes,

e range,;

rise and
dguide vane servomotor closing law with corresponding

ioning times;

ngineeringYinstructions, purchase specifications (raw material,| or sub-
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COMMISSION ELECTROTECHNIQUE INTERNATIONALE

TURBINES HYDRAULIQUES, POMPES D'ACCUMULATION
ET POMPES TURBINES - REHABILITATION
ET AMELIORATION DES PERFORMANCES

AVANT-PROPOS

1) La Commission Electrotechnique Internationale (CEIl) est une organisation mondiale de no
composée de l'ensemble des comités électrotechniques nationaux (Comités nationaux de-la CEl). La CEl a

rmalisation

pour objet de favoriser la coopération internationale pour toutes les questions normalisatiop dans les
domaings de I'électricité et de I'électronique. A cet effet, la CEl — entre autres agfivité l?é&@\bc‘jes Normes
internafionales, des Spécifications techniques, des Rapports techniques, des S ificati accgssibles au
public (PAS) et des Guides (ci-aprés dénommés "Publication(s) de la CEI"). ion est copfiée a des
comitéq d'études, aux travaux desquels tout Comité national intéressé pa iciper. Les
organisptions internationales, gouvernementales et non gouvernementalg participent
égalempnt aux travaux. La CEIl collabore étroitement avec I'Organisation tion (1SO),
selon dp iti i isati

2) Les dégisi la mesure
du posgi de la CEI

intéresgé
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s'assur¢
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que la CEl

andatiens internationales et sg
i onnables sont entrepris afin
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nationa Publications de la CEIl et toutes publications
nationa én termes clairs dans ces derniéreg
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respons

6) Tous lep idation.

7) Aucune| responsa S Ng i i ceN\a Ja a ses administrateurs, employés, auxiliaires ou
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nationapx de la C 5 ] ¢ en cas de dommages corporels et matériels, ou dg tout autre
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toute a

8) L'attent éférences normatives citées dans cette publication. L'utilisation de gublications
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La Norme¢‘intérnationale CEIl 62256 a été établie par le comité d'études 4 de la CEl:|Turbines

hydrauliques.

Le texte de cette norme est issu des documents suivants:

FDIS Rapport de vote
4/231/FDIS 4/234/RVD

Le rapport de vote indiqué dans le tableau ci-dessus donne toute information sur le vote ayant
abouti a I'approbation de cette norme.
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Cette publication a été rédigée selon les Directives ISO/CEI, Partie 2.
Cette norme constitue un guide.

Le comité a décidé que le contenu de cette publication ne sera pas modifié avant la date de
maintenance indiquée sur le site web de la CEl sous "http://webstore.iec.ch" dans les
données relatives a la publication recherchée. A cette date, la publication sera

* reconduite,
* supprimée,
* remplacée par une édition révisée, ou
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INTRODUCTION

Les propriétaires de centrales hydroélectriques font d’importants investissements
annuellement pour la réhabilitation des équipements (turbines, alternateurs, transformateurs,
conduites, vannes, etc.) et leurs structures afin d’en améliorer le niveau de service a leurs
clients ainsi qu‘en optimisant leurs revenus. Sans la présence d’'un guide, les propriétaires
peuvent subir des dépenses ou étre sujets a des risques non nécessaires et ainsi atteindre
des résultats non optimisés. Ce guide se propose comme outil dans le processus
d’optimisation.

Le TC 4 de la CEIl désire remercier I'lEA pour l'accés a leur document Guidelines on
Methodology for Hydroe/ectrlc Francis Turbine Upgradmg by Runner Replacement qw a servi
de pOIr'It e ucpalt de—cettenorme—teTFC4deta-CHt applculc cette—contributton—etfeconnait
que le ddcument de I'l[EA a été une trés bonne base pour la présente \

o
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TURBINES HYDRAULIQUES, POMPES D'ACCUMULATION
ET POMPES TURBINES - REHABILITATION
ET AMELIORATION DES PERFORMANCES

1 Domaine d’application et objet

Le domaine d’application de cette Norme internationale englobe les turbines, les pompes
d’accumulation et les pompes-turbines de toutes tailles et des types suivants:

e Frandis;
e Kaplan;
e hélics;

e Pelton (turbines seulement);
e bulbe
A chaqug fois que le texte de ce guide fait référence aux turbi 2 nts d’une

turbine, ges termes devront étre interprétés comme éng 5 ings ou les
composants comparables des pompes d’accumufati - i le cas.

ents des
ation des

Ce guideg identifie aussi, mais sans entre
centraleg qui pourraient affecter ou ¢
turbines hydrauliques, des pompes d’accu

tcution de
iques, de
par les

L’objet de ce guide est d
projets de réhabilitatig
pompes |d’accumulatio

propriétajres, Ie@s
e les blesoins et e

performances;

dtion des

e l'envg
e les spécifi
o ['évad
Ce guide

e une didevau processus décisionnel;

e une bonne source d’informations sur la réhabilitation;
e un indicateur des étapes-clés du processus de réhabilitation;

e un indicateur des éléments a considérer dans le processus décisionnel.

Ce guide n’est pas un manuel d’ingénierie détaillé, ni un guide d’entretien.

2 Termes et définitions

Pour les besoins du présent document, les termes et définitions suivants s’appliquent.

Le terme “réhabilitation” est défini comme la combinaison des notions suivantes:

e le rétablissement de la capacité et/ou du rendement de I'équipement a des niveaux
proches des niveaux du neuf;
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e l'augmentation de la durée de vie de I’équipement par le rétablissement de son intégrité
mécanique.

Le terme « amélioration des performances » signifie 'augmentation de la capacité et/ou du
rendement au-dela de ceux de la machine originale et peut faire partie de la réhabilitation.

Si beaucoup d’autres termes sont employés couramment pour définir le travail de
« réhabilitation » et d’« amélioration des performances », il est néanmoins suggéré d’utiliser
les termes ci-dessus. Quelques-uns des termes considérés et écartés incluent:

e réfection - rétablissement de I'intégrité mécanique et du rendement;

e augmentation de pmssance - augmentatlon de la capaC|te (pmssance) nominale qui peut

résul

e remis

e modernisation ignifi i i e a bent de
technplogies obsolétes

e redéve : ignifi a nt de la
centrale et i Ji ques et
hydroflogiques du site, ce qui implique, la plupart du 9 Ngerr mode de

emps, du

rétablissement des performances (p . shabili a préférer);
e rempl ais peut
conce

purnit la
e guide.

La nomeg
« Nomen

3 Les

3.1 G

Les insta ipements
les plus frobuste S i les plus durables jamais produits. La robustgsse des
équipements pe i¢taires de faire fonctionner ces installations sans réhabilitation
importanfe p . 3rio de temps relativement longues. La durée de vie fiaple d’'une
turbine ay; an e rehabilitation de grande ampleur ne soit nécessaire est typiqueément de
30 a 50 ion_du’type de machine, de sa conception, de la qualité de fabrigation, de

Cependant, tous™tes équipements de production vont inévitablement voir leurs perfofmances,
leur fiabilite\et leur disponibilité décliner avec le temps, ce qui conduit un propriéthire a se
poser la question fondamentale de ce qu’il faut faire avec une centrale vieillissante. Répondre
a cette question cruciale n'est pas facile puisqu’elle fait intervenir plusieurs notions
étroitement liées entre elles comme les revenus, les colts de fonctionnement et d’entretien,
la fiabilité, la disponibilité, la sécurité et la mission des centrales de production d’énergie a
I'intérieur du systéme global. Au final, le propriétaire devra décider de réhabiliter la centrale
ou de la fermer. A un moment donné, le fait de reporter une réhabilitation de grande ampleur
cesse d’étre une option. Cela peut venir de la défaillance d’'un composant essentiel ou d’'une
évaluation économique. Le