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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 endl and in addition to other activities, [EC publishes International Standards, Technical Spdcifications,
Technidal Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred\tp as “IEC
Publicafion(s)”). Their preparation is entrusted to technical committees; any IEC National Committeq interested
in the |subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC~collabordtes closely
with the International Organization for Standardization (ISO) in accordance with conditions det¢rmined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly{@s possible, an inpternational
consensus of opinion on the relevant subjects since each technical committee has representatipn from all
interested IEC National Committees.

IEC Puplications have the form of recommendations for international use, and are accepted by IHC National
Commiftees in that sense. While all reasonable efforts are made to,ensdre that the technical confent of IEC
Publicafions is accurate, IEC cannot be held responsible for thesway in which they are used |or for any
misintefpretation by any end user.

In ordef to promote international uniformity, IEC National Committees undertake to apply IEC Hublications
transpafently to the maximum extent possible in their national and regional publications. Any [divergence
betweeh any IEC Publication and the corresponding natiopal or regional publication shall be clearly indicated in
the lattg

=

IEC its¢lf does not provide any attestation of confafmity. Independent certification bodies provide|conformity
assessinent services and, in some areas, access>to IEC marks of conformity. IEC is not responsiple for any
service$ carried out by independent certification ‘bodies.

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

No liabjlity shall attach to IEC or its directors, employees, servants or agents including individual gxperts and
membefs of its technical committees.ahd”IEC National Committees for any personal injury, property|Jdamage or
other dpmage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any| other IEC
Publicafions.

Attentign is drawn to the Normative references cited in this publication. Use of the referenced puljlications is
indispepsable for the correct application of this publication.

Attentign is drawn te ‘the possibility that some of the elements of this IEC Publication may be thg subject of
patent fights. IEC.shall' not be held responsible for identifying any or all such patent rights.

Internatignal Standard IEC 62256 has been prepared by IEC technical committee 4: Hydraulic

turbines.

This second edition cancels and replaces the first edition published in 2008. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

Tables 2 to 23 modified, completed and moved to Annex A;
7.3.2:
e subclauses moved with text changes;

e new subclauses on temperature, noise, galvanic corrosion, galling and replacement of
components without assessment;

7.3.3: complete new subclause on residual life;
Tables 29 to 32 moved to Annex C;


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

-8- IEC 62256:2017 © IEC 2017

— new Annex B with assessment examples.

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

FDIS Report on voting
4/323/FDIS 4/326/RVD

Full information on the voting for the approval of this International Standard can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The com

ittee has decided that the contents of this document will remain unchangeg
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data

the specific document. At this date, the document will be

e reconfirmed,

e withd
e repla
e amen
A bilingu

awn,
ed by a revised edition, or
ded.

bl version of this publication may be issued at a later date.

until the
elated to

IMPORT]
that it

understgnding of its contents. Users_should therefore print this document

colour p

contains colours which are considered to be useful

rinter.

ANT — The 'colour inside' logo on the cover page of this publication ir

for the

dicates
correct
using a
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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 document is intended to be a tool in
the optimisation and decision process.

Edition 1 of this International Standard was based on the IEA document Guidelines on
Methodology for Hydroelectric Francis Turbine Upgrading by Runner Replacement.
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HYDRAULIC TURBINES, STORAGE PUMPS AND PUMP-TURBINES -

REHABILITATION AND PERFORMANCE IMPROVEMENT

Scope

This document covers turbines, storage pumps and pump-turbines of all sizes and of the
following types:

This doc

The obje
and perf
turbines.

Francis;

Kapleln;

prope
Pelto

ller;

h (turbines only);

bulb furbines.

needs
SCope
speci

evalu

and economics for rehabilitation and performance improvement;
of work;
ications;

htion of results.

This docdiment is intended to be:

This dodument—is™ not intended to be a detailed engineering manual nor a mai

an aig

an ex

in the decision process;

tensive source of-information on rehabilitation;

an id

ntification of the’key milestones in the rehabilitation process;

an identification of-the points to be addressed in the decision processes.

documenit.

Iment also identifies without detailed discussion, other powerhouse equipment that
could afféct or be affected by a turbine, storage pump, or pump-turbine rehabilitation.

ct of this document is to assist in identifying, evaluating and executing rehabilitation
brmance improvement projects for hydraulic turbines, storage pumps ar
This document can be used by owners, consultants, and suppliers to define

d pump-

htenance

2 Normative references

There are no normative references in this document.

3 Terms, definitions and nomenclature

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

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp
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Wherever turbines or turbine components are referred to in the text of this document, they
shall be interpreted also to mean the comparable units or components of storage pumps or
pump-turbines as the case requires.

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;

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 ot
improve

The nom
“Nomencjature” in six language€s,to facilitate easy correlation with the terminologd
document.

Here is a|list of the acronyms used throughout this document:

upgrade or upgrading — restoration of mechanical integrity and efficieney,;

uprat

restofjation or improvement;
overhfaul — restoration of mechanical integrity;

modefnization — could mean performance improvement(Cand replacement of
technplogies;

redevielopment — term frequently used to mean repfacément of the powerplant 3
involMe changes to the hydraulics and hydrology of the site usually implying a g
mode]| of operation of the plant;

refurishment — restoration of mechanical integrity usually with restoration of per
(closgly resembles “rehabilitation”, the preferred term);

repla

hydrajulic machine in the case of small units.

AGC:

B/C:
CFD:
ETA:
FEA:
FFT:
FMA:

|:|;ent”, however use of the above terms is suggested. Some of the terms &g

and discgrded for their lack of precision or completeness include:

ng — increase of nameplate capacity (power) which may resulf in“part from

ement — usually refers to specific components but may involve the

enclature in this document’is in accordance with IEC TR 61364, which pro

automatic-géneration or direct frequency control
benefit/cost ratio

computational fluid dynamics

formance
nsidered

pfficiency

obsolete

nd could
hange in

ormance

complete

vides the
y of this

vent tree nnnlyaiq

finite element analysis
fast Fourier transform

failure mode analysis

FMECA: failure modes effects and criticality analysis

FTA:

fault tree analysis

HAZOP: hazard and operability study

IRR:

internal rate of return

MT: magnetic particle inspection technique

NDT:
NPV:
PCB:

non-destructive testing
net present value

polychlorinated biphenyl
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e PT: liquid penetrant inspection technique
e RSI: rotor-stator interactions

e SNL: speed no load

e UT: ultrasonic inspection technique

e VAR: Volt-Ampere Reactive

4 Reasons for rehabilitating

4.1 General

t ever produced. The robustness of the equipment permits owners 4o
operating these facilities without major rehabilitation for relatively long periods~As
Table 1, the reliable life for a turbine prior to a major rehabilitation being necessary ig
between [30 and 50 years depending on type of unit, design, quality of manufacturing
of servicg, and other similar considerations. However, all generating equipment will

ures and
continue
shown in
typically
severity
nevitably

suffer refluced performance, reliability and availability with time, whichideads owngrs to the

fundamental question of what to do with an aging plant. This crucial question c

annot be

answered easily since it involves many interrelated issues suchlas revenue, opething and

maintenance cost, equipment performance, reliability, availability, safety and m
generatirl]g facilities within the entire system. Ultimately, an‘.owner will have to ¢
rehabilitate the plant or eventually to close it. At someXpoint in time, delaying
rehabilitation ceases to be an option. This may comevabout as the result of
component failure or as the result of an economigievaluation. Cessation of co
operatior] does not necessarily relieve an owner of<thie responsibility for the mainte

ssion of
ecide to
a major
a major
mmercial
nance of

the civil $tructures, regulation of the flows and any,other issues which have an impact on an

owner’s ljability for the plant.

The governing reason for rehabilitation.is usually to maximize return on investn
normally lincludes one or more of the fallowing:

— reliabjlity and availability increase;
— life eftension and performance restoration;
— perfofmance improvement;

o efficiency;

e pqwer;

¢ refduction (of)Ccavitation erosion;

o ernlargement of operating range;

hent and

— plant safety improvement;

— environmental, social or regulatory issues;
— maintenance and operating cost reduction;
— other considerations:

¢ modified governmental regulations;

e political criteria;

e company image criteria;

e modified hydrology conditions;

e modified market conditions.

The opportune time for starting a rehabilitation is prior to the plant being beset with

frequent

and severe problems, such as generator winding failures, major runner cracking, cavitation or
particle erosion damage, bearing failures and/or equipment alignment problems due to

foundation or substructure movement or distortion. When a generating plant has reac

hed such
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a stage, it is obvious that a technical and an economic assessment of the equipment should
have been conducted years before. If the time frame of rehabilitation studies is too close to
the end of the useful life of the plant and its equipment, the owner may lose the option of
evaluating a range of alternatives. Catastrophic failures with potential major damage and loss
of life are, at some stage of the plant life, real risks. If significant improvements can be made
in the revenue generating capabilities of the plant by replacement of deteriorated equipment
with state-of-the-art equipment or components, there may be justification for performing
rehabilitation earlier than the date at which it would be required for purely reliability or life
extension reasons.

Typically, the renewed life of a turbine following rehabilitation would be more than 25 years
with normal maintenance. The residual life of the generating plant is dependent on the
collective residual lives of each individual component group and therefore can be determined
only by assessing all of the component groups including the civil structures.

Rehabilitation should result in a unit which is very close to its as-new condition.

Table 1 — Expected life of a hydropower plant and its subsystems-before major work

Plant subsystems Expected Considerations

lifetime

(years)
Civil works
Dams, cahals, tunnels, caverns, reservoirs, 60 to 80 Duratiemof water rights, quality of work, dtate of
surge chambers deteriotation, safety, loss of water.
Powerhouse structures, water control 40 to 50 General condition, imposed stresses, qua)ity of
structureq, spillways, sand traps, material, state-of-the-art, safety, quality of steel,
penstocky, steel linings, roads, bridges corrosion, maintenance.

Mechanidal installations

Hydrauli¢ machines

Kaplan ar]d Bulb turbines 25 to 50 Safety of operation, loss of water, cavitatipon
damage, erosion, corrosion, cracks, deterjoration

Francis, Helton and Fixed-blade Propeller 30 to 50 of efficiency, performance improvement.

turbines
Pump turlhines (all types) 25 to 35
Storage pumps (all types) 25 to 35

Heavy m¢chanical equipment and
auxiliariels

Flat gated, radial gatés; butterfly valves, 25 to 40 Quality of material, operating condition, spfety
spherical jvalves, cranes, auxiliary considerations, quality of equipment, imp¢sed
mechanichl equipment stresses, performance improvement.

Electrical installations

Generators, transtormers Z5 10 40 WIndMmg and fon core conartion, cleanimess,
safety of operation, state-of-the-art, general
condition, quality of equipment, maintenance.

High voltage switchgear, auxiliary electrical | 20 to 25
equipment, control equipment

Batteries, DC equipment 10 to 20

Energy transmission lines

Steel towers 30 to 50 Right of way, corrosion, safety of operation,
climatic conditions, quality of material, state-of-the-

Concrete towers 30 to 40 art, capacity vs. service conditions.

Wooden poles 20 to 25
Lines and cables 25 to 40
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4.2 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
outages for unplanned repairs usually cost significantly more than would a similar planned
repair, particularly when the consequential impacts are evaluated.

4.3 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 10 nearly 'as-new’ condition, guaranieeing saie and reliable
operatior] for a long period.

seals to [the new condition although, for the water passage outside the“distributoq and the

PerformTce restoration is generally achieved by restoring the water passage and runner
runner, this is not always economically justified, hence the term “nearly.‘new” is often [used.

The anti¢ipated life extension of a rehabilitated turbine will depend greatly on th¢ type of
machine linvolved and on its operating conditions before and after rehabilitation. Hqwever, if
major work is done, the owner would normally achieve life extension of 25 years and more.

4.4 PIformance improvement

Advanceinent in turbine design tools, model testing,“tmaterials, manufacturing techniques, and
inspection techniques have given rise to opportunities to substantially improve |capacity,
efficiency, and cavitation erosion performance. \f there is no cavitation erosion problem with
the existing equipment, the replacement equipment of modern design should also bg erosion
problem [free, even with a significant incredase in discharge. If there is a cavitation erosion
problem with the existing equipment, the replacement equipment should reduce or polve the
problem.|The extent to which the performance parameters can be improved is, of codrse, site-
dependent, but in most cases it is;found to be economically justified to replace the runner and
sometimes the guide vanes especially if the unit is being disassembled and re-assgmbled in
any case} for life extension repairs or for reliability reasons.

In a few pases, energy (production can also be increased by increasing the specific hydraulic
energy (head) at the_Site if, of course, the modifications to the water retention strucfures and
conduits jor canals@are cost effective. This usually requires that administrative authorigation be
obtained [for modification of the water management parameters.

In some ¢ases; a change of the speed of rotation of the unit may be justified.

4.5 Plant safety improvement

Without a pro-active maintenance and rehabilitation program, there will be a continual
increase in the risk of a major failure that may involve both major economic and potential civil
liabilities due to 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.
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4.6 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

e reduction of contaminants in water;

e minimum flow requirements;

o allowable rate of change of flows (ramping rates);
o fish and wildlife flows;

e reduction of hazardous materials in powerhouse;

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

time:

ement of fish friendliness;

igions for recreational flows;

igions for domestic water/irrigation flows;

ions produced by fossil fuel based energy production).

. The rehabilitation of the turbines can~also present an opportunity to auto
reduce future operating costs.

4.8 Other considerations

There may be one or more other criteria such as those listed below which could
impact on the decision to rehabilitate’ or its timing:

ion of fossil fuel emissions (any increase in hydro power production reduces the

of lower
from lost
address
struction
pressure
mate the

have an

e governnmental regulationstand their development and modification over time can slupport or

impoge certain rehabilitation activities;

e politigal criteria are an’ external consideration which may have no direct relations
physical aspectstof the electrical energy generating facility, but which can
impontant part-id Tehabilitation decisions. Notable among those to be considered
management;

e comppny, Jimage criteria may predominate in considering a rehabilitatior

nip to the
play an
is water

project

(mainfténance or improvement of its image) and take precedence over other criter

a’

e hydrology conditions may have changed over time;

e market conditions may have changed over time.
5 Phases of a rehabilitation project

5.1 General

Rehabilitation of a unit or a power station is a complex and iterative process which
the input of a large number of disciplines, extends over a relatively long period of

calls for
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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Numbers in parenthesis refer
| to clause numbers in text

| Trigger for action (Clause 4)

| Decision on organization (5.2) |

¥

Feasibility study - Stage 1 (5.3.2)
Very preliminary evaluation

Continue?

Feasibility study - Stage 2 (5.3.3) <

Preliminary data collection (5 3 4 2)

v

Preliminary data evaluation (5.3.4.3)

v

Preliminary evaluation of the base case
(5.3.4.5 to 5.3.4.10) No
Gost, schedule, benefits, risks, economic analysis

| Detailed study (5.3.4) | y

v
| Data collection (5.3.4.2)
¥

| Data evaluation (5.3.4.3)

No

Determination of alternatives (5.3.4.4)

Iterate ps required

y

Evaluate alternatives (5.3.4.5 to 5.3.4.10)
Jost, schedule, benefits, risks, economic analysis Yes

(0]

| Contractual issugs (5.4)

|l
|«
| Specification (5.4.2) Ii N
(o]

\]
| E}g@i’on of*project (5.5) |‘_ ' hte (5.4.3) |
|
|
|

Competiti
bidding?|

Yes

| Tendering documents/evalu

| Mo@(‘ést activities (if required) (5.5.1) | !
- * | Contract award(s) (5.4.4) |

| M design, construction, installation (5.5.2)

v

| Evaluate results/guarantees (5.6)

IEC

Figure 1 — Flow diagram depicting the logic of the rehabilitation process
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5.2 Decision on organization
5.21 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 up to and
including 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 ownegr } he } a exeeut ases—a } eam—e wH—minimize
“surprises” and thereby minimize the outage time, costs, and associated revenue |0s9.

5.2.2 Fxpertise required

When fofming the team, the owner should consider that the rehabilitation procdgss is an
iterative jprocess in all stages. In the feasibility stages, and in thelfinal detailed|planning
stage, ejfpertise from many different disciplines shall jointly focus on the best ecgnomic or
other sollition(s). The areas of expertise required include:
— Operation and income generation:

. wIat are present and past operating problems?

e hqw are units operated today?

e hqw is owner paid today?

e hqw will units be operated in the future?

e hqw will owner be paid in the future?
— Hydrgulic engineering:

e what are current conditions ang-limitations?

. w]:at possible improvements could be made?
— Equipment assessment (¢ondition, and power limits):

e turbine and generator;

o al| other related.mechanical and electrical equipment as well as civil issues;
— Cost estimating(all aspects);
— Schedulings

— Licenping;

— Economic and financial analysis,
— Detailed engineering design;

— Model and field testing;

— Construction of new parts;

— Rehabilitation of existing parts;
— Transportation;

— Field installation;

— Commissioning.

5.2.3 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:


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

-18 — IEC 62256:2017 © IEC 2017

— 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, design, manufacturing, transportation and installation (typical of large
projects) or it can include all phases from feasibility study through commissioning (more
typical of small hydro projects). These agreements can cover just a single component of
hardware such as the turbine alone or one agreement can cover many types of related
hardware including, for example, turbine inlet valve, turbine, governor, generator,
excitation system and controls.

An independent consultant can be employed in either of the above approaches to whatever
degree t:te owner’s situation requires. The degree of involvement is usually determ’Eed by a

combinatjon of the capabilities and availability of in-house staff, the nature and.overall scope
of the rehabilitation work involving both structures and equipment and the levehof cofnfort and
confideng¢e the owner has in working directly with a supplier or with several suppliers,

Regardless of the composition of the team, the scope and goals shall be lvery clear. Tlhere is a
strong nged to be precise in either approach. Clarity in any agreement or contract is ¢ssential.

The choice of contract arrangement will influence the exact steps required. Howgver, the
basic stgps are very similar regardless of contract arrangement. Therefore, the [following
subclausgs cover the basic steps without distinction of the“contract arrangement used. The
owner srlall determine how the selected contract arrangement will impact the achieement of
equipment performance improvements, costs, schedule; environmental, social and rggulatory
issues, spfety improvements, and future revenue generation.

5.3 Lejvel of assessment and determination of scope

5.3.1 General

Subclauses 5.3.2 to 5.3.4 describelthree levels of assessment and scope devglopment:
feasibility study — stage 1, feasibility study — stage 2, and detailed study. The main
differenceés between these three\levels are the degree of detail and the accuracy of rgsults.

A thorough assessment af"a plant will involve looking at alternatives for the turbing such as
the following, some of which could have several sub-alternatives:
— do nothing majgr.and continue to operate the plant until “failure of the units”;

— repaif compenents which have known physical weaknesses, then operate with normal
maintenance;

— restofenthe original water passage profiles to like-new condition (runner, guide vapes, stay
vanes, draft tube) without dismantling the unit and continue to operate if the physical
integrity is acceptable or re-established;

— 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 determination of scope is an iterative process requiring the skills and expertise of the
entire team. As the project moves forward, the process goes into more detail.
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5.3.2 Feasibility study — Stage 1

This initial stage of feasibility is often accomplished by the owner’s in-house staff. The staff
should determine if there is enough indication that age, condition, performance, industry
practice, etc. warrant a more detailed study. See Clause 4 for a list of indicators of a need for
rehabilitation and performance improvement. If the results of this study indicate that there is
the possibility of a need to rehabilitate, a more detailed feasibility study should be performed.
If desired, a very preliminary economic analysis could be done at this stage.

5.3.3 Feasibility study — Stage 2

This feasibility study would go into more detail and look at a few alternatives. A possible
“baseline” may be restoring to as-new condition. A possible first alternative may be assumed

i 9 - €, npted that
this partfcular alternative may not be the best solution. Therefore, if the resultp of this
alternatiie do not look favourable, it may be necessary to look at few more-alterngtives. In
order to determine if this project has the potential of achieving favourable econemic feturns, a
rough esiimate of performance, scope, cost, and schedule shall be madefat-this stage. If the
initial result looks favourable, the project can move to the detailed study stage.

5.3.4 Detailed study
5.3.4.1 General

In this sfudy, there shall be enough detail and sufficienf.accuracy to permit the dgcision to
move on [to the execution phase or to stop work.

During this study, all of the stakeholders should have input to the development of the scope
as well as on the methods to be used to evaluate the various alternatives. Working|with and
getting the support of all of the stakeholdersswwill greatly minimize any questions an|d related
delays agsociated with scope, analysis methods, and management approval.

It is impgrtant to note that, while this document focuses only on the turbine, the scope, costs,
benefits, [schedule, etc. shall includéyall equipment, including generator, transformer/ etc. and
structure$ related to energy production and flow control in order for the economic anpalysis to
be meaningful.

5.3.4.2 Data collection

The estgdblishment-of*when a rehabilitation evaluation should be conducted reqyires that
informatipn regarding availability, operating and maintenance costs and energy prodlction be
assemblgd, evaluated and trended on a continual basis for each unit of the plant of at least
for the whole\plant. Although this document concentrates on a single plant and partigularly on
the turbipeswithin the plant, one shall be aware that an overall parallel evaluation is also
required Tmmnem 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
obtainable, fewer years may be used with due regard for the possible impact of the reduced
data set on the accuracy of the result. A minimum period of twenty-five (25) years is desirable
for flow, head and energy production data. Flow data shall account for spillage. With the on
going climate change, however, caution is recommended with historical records.

Collection of information regarding the following elements is recommended:

— energy production (GWh) and value of energy;
— ancillary service production and value;

— operation and maintenance costs;
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turbine reliability and availability status (outage data — forced and planned);

hydraulic data in whatever form it exists in (hourly, weekly or monthly discharge, net head,
head water level, and tail water level) for the longest available period of record;

equipment assessment (mechanical integrity) and drawings for all major turbine
components and related equipment and structures;

performance assessment (original model test and/or original prototype performance test
and recent prototype performance test or at least a recent power-gate test);

data from original commissioning;
operating and maintenance manual;
history of modifications to original equipment;

regulatory requirements, current and anticipated.

trend|in total discharge (production and spillage) versus time;
trend |of energy production versus years;

trend|of annual operation and maintenance costs versus\time;
trend |of revenue versus time;

plant Joad factor versus time;

deter]:ination of turbine mechanical integrity;

determination of potential performance enhancements with current or revised hydraulic
condifions.

A signifigant 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 importan{ to get a
complete| history of the outages.of the unit, their nature, their frequency and their dufation for

at least the last ten years jn‘order to be able to identify trends.

When evpluating outages related to failure of the equipment, a distinction should pe made
between [a forced Qutage and a planned maintenance outage because they do not [have the
same copfsequenceés and costs. Often, forced outages are “failure to start”. Eithef type of
outage c@n generate, in addition to direct maintenance costs, significant revenue logses due

to a loss jof/preduction opportunity and to the cost of the energy replacement.

Restrictions on operation in certain power ranges can significantly reduce the operational
flexibility of the plant and revenue generation. Elimination or reduction of these restrictions
should be one of the performance improvement goals.

All of these factors shall be taken into account in the evaluation of the rehabilitation project.

5.3.4.3.3 Unit operation and maintenance cost

It is important to obtain all information regarding the turbine operation and maintenance
records for the repairs which have been executed and the hours (or costs corrected for
inflation) which have been incurred on the units over the last ten years or more. This
information will be instrumental in assessing the degradation of the turbine, in highlighting
troublesome components and in establishing the potential cost reductions resulting from a
turbine rehabilitation project.
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Potential maintenance cost reductions are usually secondary to other benefits, but they
should be considered in the detailed economic analysis of alternatives.

It is also important to analyse the causes of the problems. For example, are they isolated
failures or repeated failures of the same parts, problems related to a structural weakness
such as runner cracking, to hydraulic design such as cavitation erosion, vibration, or hydraulic
instability, or problems related to missing or faulty instrumentation.

5.3.4.4

Determination of alternatives

A sufficient number of alternatives shall be studied to reasonably assure that the best
alternative has been identified. The number of different combinations of turbine design

characte

istics, extent of life extension work, length of outage, etc. can become ver

large. A

logical sq
the amog
and thergq
an iterati

can usually result in a significant increase in performance. However, if the'Aew runn

increases
train coni
increase
investme

Each altg
benefits,

The follo

— repla
— restof
—  modif]

—  modif]

reening method shall be established to limit the number of options to be sfuU
nt of study time involved. The screening method is very site and owpenrd
fore, cannot be defined in this document. The determination of the bést-alte
e process requiring the skills and expertise of the entire team. A figw runn

the output to the point of requiring many of the mechanical|and electrig
ponents to be rehabilitated or replaced, it may not be the best solution;
in power with concentration on improved efficiency may’ prove to be t
nt.

rnative shall be clearly identified as a separate consideration with its own a
costs, and economic analysis.

e runner including new fixed and.retating wearing rings, if applicable;
e water passage surfaces;
y shape of stay vanes;

y or replace guide vanes;

— incre

—  modi

— turbinle inlet valve medification or replacement;

— modi

se guide vane opening;
draft tube shape;

headcover‘to accommodate more efficient seals.

died and
bpendent
rnative is
br design
br design
al power
h smaller
ne better

bsociated

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

If the oditput frem the turbine is increased, it will be necessary to analyse all of the

componehnts (mechanical and electrical) in the power train. These include, but are n

to:

Dbt limited

— channels, power tunnels and penstocks;

— shafts;

— guide

vane servomotor stroke and operating pressure;

— Kaplan runner servomotor stroke and pressure;

— thrust bearing;

— gover

nors;

— generators;

— busa

nd cables;

— transformers;

— excitation systems;

— transmission lines;
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— switchgear.

The electrical equipment is not covered in this document.

For evaluation purposes, the activities should be separated into those contributing to
performance improvement, those required to reinstate an acceptable degree of reliability and
those required for other reasons such as environmental, social, or regulatory.

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 usudlly 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 pagsage surface of the headcover that cannot be detected until the unit is digmantled.
This type of problem can cause a significant extension of the-'outage. Appropriate
contingencies shall be a part of any rehabilitation plan.

5.3.4.5 Determination of scope for alternatives

For each|alternative, a detailed listing of planned modifications or replacements of eguipment
componefts shall be developed. It is important to identifyhich items can be obtained prior to
the outage and which items shall be modified during _the outage. In addition to thg obvious
impact dn cost, this list may also significantly impact the schedule and trangportation
requiremgnts.

While this document focuses only on the details for the turbine, the hardware modifications
and prog¢urement decisions shall includeZsall equipment, including governor, generator,
transfornjer, etc. to permit a meaningful economic analysis. Any required modificatiofps to civil
structure$ shall also be included.

5.3.4.6 Determination of cost for alternatives
The cost|determination shouldhconsider all of the following elements:

— all copts related to theysupply of new or replacement components;
— all engineering and:project related costs by the owner, suppliers, and consultants
— costs|related to)the modification of existing components;

— one-time €osts such as model tests, field tests, patterns, etc.;

— costs|of fieldwork: disassembly, re-assembly, machining, crane rehabilitation, etc);

— lost opportunity costs during the outage (energy, capacity and other ancillary services);
— operation and maintenance cost changes;

— contingency for undetected problems in the planning phases;

— financing or interest charges;

— cost escalation;

— environmental/social/regulatory costs;

— influence of schedule on escalation and cash flow.
5.3.4.7 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 for the outage to
occur at the lowest energy production and value time of the year, but each outage will then
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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 cause additional cost and will impact cash
flow.

5.3.4.8 Determination of benefits for alternatives
The benefits for each alternative are determined by:

— obtaining the expected performance gains in efficiency and power from the hydrology and
hydra]:uc engineering team members,

— determining the improvement in revenue by doing a computer simulation of plant pperation
with these performance gains, the anticipated operation scheme and the anticipajed value
of engrgy for the number of years in the financial analysis;

— evalupting the reduced operation and maintenance costs;
— evalupting the ancillary benefits.

5.3.4.9 Risk management for alternatives

Risks associated with the various alternatives being studied shall be considered and, where
possible,|evaluated. Areas of risk include the following:

— non-gchievement of performance (power, efficiency, hydraulic instability and g¢avitation
pitting);

— damapge to or failure of a component that'was not rehabilitated and establishment of
related energy losses;

— damage to a component that was not intended to be rehabilitated, discovefed after
dismgntling;

— escalgtion rates (sensitivity analysis is recommended);

— finanging or interest rates (sénsitivity analysis is recommended);
— currency exchange risk (if\applicable);

— extended outage period and related energy losses;

— risks related to safety, environment, etc.;

— market changes;

— bondipg (reguired extent and timing of coverage).

Note thaf the’ scope of the rehabilitation alternative will have an impact on the levgl of risk
attributabtetoit

5.3.4.10 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.

5.4 Contractual issues
5.4.1 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.
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5.4.2 Specification requirements

The scope of supply for each activity or component, the goals and the assignment of
responsibility and project schedule shall be very clear and precise, as in any contract.

It is difficult when writing the specification for a rehabilitation project, to cover all work in
detail and to define the sharing of the responsibilities between the contractors and the owner
for unpredictable events and consequent changes in scope. Provisions should be made in the
contract for changes in scope and extra work. Labour rates for the various trades should be
called for in the tender to cover extra work involving field labour. For identifiable potential
additional supply items, prices should be called for in the tender.

The sch include
assessment, determination of scope, preparation of specification, consulting servitefs, supply
of equipment, rehabilitation of equipment, disassembly, re-assembly, project~-manpgement,
etc.

The expected performance improvements should be clearly stated ,regarding power,
efficiency, cavitation erosion and operating stability. Improvement af\the turbine pperating
charactefistics may be determined by a pre-outage “signature” test(followed by a pogt-outage
test; botH performed on the same unit, using the same method and preferably using fhe same
test instriments and test crew.

In the prgparation of the specification, a decision is required on the method for performance
guaranteg validation: model testing (fully or semizhemologous) or relative or |absolute
prototypqg efficiency testing (in the plant), or both.

The manher in which the specifications are prepared and which team members are| involved
will depehd on the selected strategy for the execution of the rehabilitation project.

5.4.3 FTendering documents and evaluation of tenders

The exagt use of tendering documents will depend upon the contractual arrangemeént 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 apd use of
tenderind documents for a_rehabilitation project is the same as for any other major contract.

Tendering documentsyshall be prepared in a manner that assures that those respofpding will
submit ifformationen:*a common basis and be judged on a common basis. To achjeve this,
the owndr should make available to all tenderers, all necessary information pertainipg to the
design and performance of the existing unit and all available information on its condifion. This
should He ,done with due respect for current laws regarding disclosure of pioprietary
informatipn.{The tender documents should provide for a mandatory site visit eaily in the
tender period, wi € walter passages o , 1o tully 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 analysed during tender
evaluation to develop confidence in the technical logic which has led the potential supplier to
its conclusions, particularly in the case of turbine rehabilitation, where the other water
passage components and the unit speed may not be ideal for a new modern runner of usual
design.

The evaluation criteria shall be clear. The value of additional energy production (kWh) is most
often represented by a value on increased weighted average efficiency and/or on increased
power. The tender documents shall either specify in detail the evaluation criteria or specify
the options which are to be priced and described in the tender along with their influence on
guaranteed performance.


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

IEC 62256:2017 © |IEC 2017 - 25—

Another key criterion is the cost of the outage that can be represented as a cost per day for a
given period of the year. The management of the outage period involves a balance between
the costs of new parts to remove their rehabilitation from the critical path against the
reduction of the outage period. The owner can offer a bonus for early completion and exact a
penalty for late completion.

Strategies of performance evaluation should ensure that the tenderer is lead to quote a
realistic level of guarantees. All of these strategies involve evaluation of performance
guarantees at the time of tender evaluations then later with the chosen contractor, some
involving bonuses and penalties at the conclusion of model or field testing.

5.4.4 Contract award(s)

award. These other documents include tender documents, all addenda ta “thp tender
documenits, the selected supplier(s)’'s tender, minutes of clarification and/or nggotiation
meetings| and any other documents which may be pertinent to the executién) of the [contract.
The confract documents shall identify all options and scope alternatives that are to be
retained |n the execution of the project.

The con{act documents shall be consistent with all other documents used prior“tg contract

5.5 [Execution of project
5.5.1 Model test activities

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

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

— installation regarding conformance to drawings, tolerances and procedures;

— turbine model testing in manufacturer’s laboratory or in an independent labgratory, if
specified, including instrument:calibrations.

If the cpmpetitive bidding .arrangement is chosen and if competitive model testing in
manufacfurers’ laboratoriessand in an independent laboratory is chosen, then at |east two
turbine spuppliers shall be selected for this testing. In the case of a competitive model test,
manufacfurers should, be/encouraged by specification to be inventive on the subje¢t of how
best to satisfy ownerisiinterests regarding performance of the rehabilitated machine.

It is impojrtant texrealize that fully homologous model tests will give a very reliable indjcation of
the incrdased revenue that can be generated from the upgraded units provided| that the
surface dondition of the entire water passage is properly taken into account. Therefofe, it may
be beneficial Tor project planning purposes, 1o periorm the model 1ests by separate contract
early in the detailed study stage.

If a project is relatively small, a model test may not be economically justifiable. In such cases,
a hydraulic design can be finalized by the use of computational fluid dynamics (CFD) tools
without the execution of a model test.

5.5.2 Design, construction, installation and testing

The owner will monitor and review the following activities in progress or at conclusion to the
extent required by its in-house policies:

— component design, drawings and bills of materials;

— materials selection as compared to specified materials;

— quality assurance, and quality control (inspection) requirements;
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— shop tests and inspections;

— dimensional control and homology verification (especially for the runner) in accordance
with IEC 60193 and the contract specifications;

— site disassembly, reconditioning or modifications of components, re-assembly, and
alignment;

— commissioning of the unit;

— prototype performance test (absolute efficiency), power-gate test or index (relative
efficiency) test;

— load rejection test;
— runner testing to identify natural frequencies and vibration mode shapes;

— turbine"component strain gauge 1ests;
— servomotor differential pressure test;
— mechpnical heat run — measuring the bearing and oil temperatures;

— measprement of draft tube and spiral case pressure fluctuations, shaft system|dynamic
runouts and headcover deflections, the latter being usually limited|t6 cases inpolving a
new design and large machines.

luation of results and compliance with guarantees

eneral

— improvements in power and/or efficiency based”on model tests and/or prototype| (relative
or absolute) tests;

— schedule performance;
— cavitgtion pitting limit;

— runaway speed withstand.
urbine performance evaluation

Turbine |performance evaluation is done normally by model tests in accordapce with
IEC 60193 and/or by protatype tests (absolute or relative) in accordance with IEIC 60041,
whichever is called for in-the contract documents. IEC 60041 covers the arrangemen{ for tests
at the site to determine the extent to which the main contract guarantees are satisfief. This is
the methpd 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 meagurementand the level of inaccuracy of measurement present the major drawbacks of
this method. to verify compliance of performance with guarantees. However, doing tTJe before

and aftef \{tésts on the same unit using the same equipment and test team reduces the
contractuarl significance of systematic Inaccuracies.

Every effort should be made to establish the roughness of the existing prototype water
passage surfaces before the bidding stage and therefore, before the guarantees are
established. This is particularly important for the runner and the distributor (the stay ring, the
guide vanes and the water passage surfaces of the headcover, bottom ring and discharge
ring) whose friction losses are significant in the establishment of the overall turbine efficiency.
Having this information in the tender document allows the tenderer to evaluate the potential
benefits of various options regarding the improvement of water passage surfaces.

Following the specified guaranteed period of operation, an inspection for cavitation erosion
should be performed. This inspection consists of recording and mapping any cavitation
erosion damage on the runner and adjacent components. The damage is then compared
against the guaranteed limits of the contract documents. For evaluation methods, see
IEC 60609 (all parts).
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5.6.3

Generator performance evaluation

If the contract is based on turbine efficiency as opposed to unit efficiency, generator
performance tests should be carried out in accordance with applicable standards.

5.6.4

Penalties and/or bonuses assessment

At any point in the above processes, the owner may assess penalties and/or bonuses in

accordance with the contract.

Penalties and/or bonuses can be based on model and/or

prototype performance, prototype cavitation pitting, conformance to the schedule, costs,

safety,

or any other aspect of quantifiable interest to the owner.

6 Scheduling;costanalysisandriskamatysis——

6.1 Sdcheduling

6.1.1

General

Considerption should be given to scheduling all phases of a rehabilitation project

assessm

specificafions, and execution of the project. Project organization\will impact scheduli
various project activities, but regardless of how the project is.organized, all of the project
activities|need to be scheduled in a logical sequence.

Scheduling is a project management tool used to coordinate activities and ensure ti
cost-effegtive completion of the work processes. To.determine the scope of work, 4
work plan and schedule should be established and,used to guide the work process. A
work plan and schedule will ensure that all of the ‘activities required to determine the
work are| completed in a timely manner, and\that only activities required to deteq
scope of work are performed.

The time|that will be required to complete the activities and the associated costs a

always

to the du

s|gnificant factors in determining the feasibility of a project. Costs are close

brief time period and may also increase if the work is drawn out over an unnecess

period.

Whateve

detailed {o identify,who does what and when. The more compressed the schedule,
importan{ detailed~planning and scheduling becomes. The planning process should

logical

activities| Whatever method of scheduling is employed, certain requirements are cg

all meth

S!

including

bnt of the equipment, feasibility study, determining the scope of work, preparation of

ng of the

mely and
realistic
realistic
scope of
mine the

e almost
y related

ration of the work. Costs may increase if the work shall be completed in an @inusually

arily long

scheduling ¢ool is used to organize the planning process, it should be sufficiently

the more
nclude a
fessment
mmon to

st-by-step identification of the work required to thoroughly perform the as

— Definition — ldentify work requirements and break them down into specific activities or
tasks.

— Sequencing — Establish a logical order in which the work activities shall be done.

— Dependency — Identify inter dependency of activities or tasks. Does one activity need to
be completed before another activity can start?

— Duration — Establish a reasonable duration for each activity. Identify the amount of effort
(work) and length of time (duration) required to complete each activity.

A detailed work plan for all of the project phases needs to be developed and specific tasks
identified. Once the work plan has been established (who does what and when) the
sequencing or scheduling can be done.
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6.1.2 Scheduling — Assessment, feasibility and detailed study phases

Collecting and evaluating historic river flow and plant operating data and conducting detailed
equipment assessment can be very time consuming, but this information can profoundly affect
the technical and economic aspects of the project. The organisational strategy of the project
team has a significant impact on the schedule. Will a contractor or consultant be involved in
this portion of the project? Is sufficient in-house staff available to work on multiple activities
or will additional resources be needed? How long will it take for responses from government
agencies or other sources of information or permits? Can equipment assessment activities be
conducted during regularly scheduled maintenance outages at off-peak times?

6.1.3 Evaluating the scheduling component of alternatives

When cofpsidering the "baseline” scope ol wWork an at for each alternative, the, linpact on
the overall project schedule should be considered as well as the impact on the \dosts and
benefits. |Estimates of the time requirements of each alternative, if not withintheé cqpabilities

of the owner, may be obtained from equipment manufacturers or from experienced cpnsulting
engineer$. Alternative scheduling options should be evaluated to determine the miost cost-
effective joption.

The cost|of the construction phase of the project is a significant portion of the overgll project
costs ang there is often opportunity to minimize some of the construction costs by| properly
scheduling the work. The advantages and benefits of the diffefent schedule alternatives need
to be weighed against the disadvantages and costs. Some_ 0f'the aspects to consider|are:

— Is thgre 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 foregope*opportunity costs, (both for energy and
capagity), should be evaluated when determining the construction schedule.

— Somg of the disadvantages of split or discontinuous schedules can include project and
ctor demobilization and remobilization costs, loss of team members and skilled

e contractor pre-assemblélreplacement components before the units are {aken out
of selvice, or between split outages to reduce the outage time?

— Schedluling rehabilitation of the units concurrently, overlapping unit outages,|or even
scheduling multiple unit.Qutages can minimize the duration of the construction [phase of
the project. Are the resources available to support the schedule?

— Lay dpwn space within the powerhouse, storage space outside the powerhouse, and floor-
loading limits need'to be evaluated. This is especially important if there is more [than one
unit ajpart at the 'same time or if extensive generator work is also planned at the spme time
or if increased capacity involves heavier components than the original componepts. Most
powefrhouses have different load carrying capacities in different areas to sgtisfy the
originaheonstruction plan.

— For parts intended to be rehabilitated and reused, it shall be determined if this intent will
affect the critical path of the project. Consideration may be given to making one new part
for the first unit, and then rehabilitating the part removed from the first unit for the second
unit, and so forth for additional units. This approach is applicable only to rehabilitation of
multiple identical units.

— How will “surprises” which inevitably occur on rehabilitation projects, affect the schedule?
Is the schedule flexible enough to accommodate unanticipated changes to planned
activities or additional activities to “recover” lost time?

— Other constraints (such as fish migration periods for example) may influence the periods in
which the units are available for rehabilitation.

— Schedule duration impacts cash flow, escalation and the cost of money.
— Transportation durations.

— Seasonal access constraints.
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6.1.4 Scheduling specification and tendering phase

Sufficient time should be allowed for development and review of the tendering documents to
assure completeness and accuracy. The tendering phase schedule will depend on the
strategy for picking a contractor and on contractor participation, but in any case should allow
sufficient time for:

— review of tenderer’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;

— evaluption of tenders;
— negofiation of terms and internal approvals;
— award of contract(s) or notice(s) to proceed.

6.1.5 Scheduling project execution phases

The schgdule for the execution phase of the project can have ,a\significant impa¢t on the
overall profitability of the project. Delays in design, construction.or installation cap lead to
project cpst overruns. A sufficiently detailed schedule should\be prepared by the|tenderer
then conffirmed by the selected contractor to permit the{ewner to monitor progress. The
schedule[should be updated regularly and monitored by the)project team. If the projeft begins
to fall behind schedule, contingency plans should be implemented to get back on thg contract
schedule

All event$ that can have an impact on the schedule should be evaluated. Some of thg items to
consider fare:

— Outage duration (lost generation opportunities).

— Schedule rehabilitation of support ‘equipment prior to rehabilitation. This inclufles such
items| as cranes, lifting devices, un-watering and drainage systems, headgateg, turbine
inlet valves, stoplogs, etc.

— Impagt of hazardous or toxic product abatement such as lead, asbestos or PCBs.

— Impagt of inspections ) following disassembly and refurbishment of equipnjent and
comppnents to be reused. Adequate durations shall be provided in the schedule for
refurishment of seritical components or spare components shall be made available at the
appropriate time:

— Impagt of damaged equipment or components and problems not anticipated| prior to
disasgembly. Does the schedule provide for contingencies?

— Aspe tshof the plnnnnd work shift schedules such as overtime cosis, worker fatique from

excessive hours, shift-to-shift transfer of information, quality of supervision on all shifts,
etc. need to be considered and planned around.

— Transportation modes available to access the powerhouse (and their limitations),
availability of storage facilities on site, limitations of access and egress into the
powerhouse and mobilization and staging areas all need to be evaluated.

6.2 Economic and financial analyses
6.2.1 General

Before starting any major rehabilitation or performance improvement program, it shall be
recognized that major investment decisions should be evaluated over the life of the project.
Most organizations will have their own well defined economic and financial analysis
procedures which should be followed before capital can be committed and it is not intended
that the following should in any way supersede those proprietary procedures. It is
recommended that, where there is any doubt, professional help be obtained from a financial
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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.

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 fav, i j it be very
simple of quite complex depending on the size of the project, number of units |involved,
number df alternatives studied, etc.

It is oftep useful for an engineer to complete a simplified economic analysis as a gcreening
tool to igentify those alternatives which provide the most favourableyeconomic vgalue and
reduce the number of options that will subsequently be examined in{more detail. Als 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 exisfing plant
has no eyident reliability or safety problems.

Whilst dgtermining whether to proceed, the financial perfermance of the plant with 3 minimal
intervention option should be compared against that.of\the plant having undergong¢ the full
rehabilitation and performance improvement.

6.2.2 Benefit-cost analysis

Although| this document concentrates uponcthe framework and details of a rehabiljtation or
performapce improvement of hydraulic turbines, these are only one component of a complete
generatirlg station and it would be unustral and indeed unwise to consider the rehabilitation of
a turbing on its own without regard for the condition of the remainder of the plant.
Considerption of benefits and g¢osts should therefore include the full scope of the project
including|all equipment and structures essential to reliable energy generation.

Many different economiec‘evaluation methods are used to evaluate the feasibility ¢f capital
expenditlires. The commeh economic evaluation tools include:

— net pesent value(NPV);
— benefjit/costiratio (B/C);
— internjal{rate of return (IRR);

— pay-back period-.

To balance the short term costs of rehabilitation against the long-term benefits, most utilities
use some form of present worth or net present value to relate the benefit and cost streams
which occur over time. The present value method is straightforward, can be used to compare
incremental benefits and costs, and does not require detailed financial criteria.

The present value of all rehabilitation benefits achieved is compared to the present value of
all costs attributable to the rehabilitation over a fixed period of time. Comparison may be
made by subtracting the present value of the costs from the present value of the benefits 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. Typically, organizations require the B/C ratio to be greater
than 1 to allow for contingencies and a positive return on investment.
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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.

Care should be exercised when evaluating between alternatives to use only the incremental
benefits End costs directly attributable to the specific alternatives being evaluated. Each

utility’s cpsts and benefits are unique to that utility and as a result, the following“cap only be
used as guidance. The utility’s own financial arrangements should therefore beyused wherever
available| to determine the benefits and costs associated with any(+ehabilifation or
performapce improvement program.

6.2.3 dentification of anticipated benefits
6.2.3.1 General

The timg interval used to evaluate the operating benéfits is the period in which the
organizafion wants to recover the costs of the rehabijtitation or performance impfovement
program.| The evaluation period may be the expected life of the rehabilitated glant, the
financing| period, or a shorter period should a mote)rapid recovery of investment |costs be
desired. [The evaluation period should be established by each individual orggnization
dependinlg on its own unique circumstances.

6.2.3.2 Plant generation benefits
These in¢lude the following:

— Incregsed output — Alternatives:that increase either or both the capacity or energy output
of th¢ plant need to be evaluated and ranked to determine which provide |the best
econgmic benefit/cost seenario.

— Incredsed efficiency~—-Efficiency gains from rehabilitation or performance impfrovement
shall pe considered as even small efficiency gains provide substantial economiq benefits
over the life of the*project particularly if the units shall be rehabilitated for reasgns of life
extengion in any~event.

— Income frem ancillary services — These include such items as spinning reserve| reactive
power control (VAR), black start capability, automatic generation control (AGC), frequency
contrgql

— Other benefits associated with the proposed (optimal) alternative.

6.2.3.3 Operation and maintenance (O&M) benefits

These include the following:

— Increased availability — Significant benefits can be realized by reducing the forced outage

rate and increasing the unit availability thereby improving the plant’s reliability.

— Improvements to operation — Operation can be improved by incorporating modern control
systems, and replacing or rehabilitating plant auxiliary equipment that has become or will
become failure prone. Many manual devices can be replaced by automated data
acquisition or supervisory control devices.

— 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.
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— 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.

— 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.

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

6.2.3.4 Environmental benefits

Plant rehabilitation—or pnrfnrmnnr‘n imprn\/nmnnf programs prn\/ir'ln the falaYalala unity to
incorpordte technological improvements that can provide environmental benefitsas well as
O&M benefits. Example would be replacing grease lubricated bearings with self-lybricating
bearings |or using of water filled Kaplan hubs.

Improved fish passage features may be incorporated into the turbine design if passage of fish
is an isspe at the particular project. Design producing minimum streamflow for doywnstream
fisheries fis another possibility as well as increased aeration of the discharge.

6.2.4 dentification of anticipated costs and benefits
6.2.4.1 General

As statedq previously, care should be exercised when evaluating alternatives to use| only the
incremental costs and benefits directly attributable to the specific alternativés being
evaluated. This is essential when examining theceffect of increasing or decreasing the scope
of the vafrious rehabilitation options.

An example could be to examine the effect of increasing or decreasing the scope of the
immediate rehabilitation. For instancejthe remaining life of different equipment of the power
station sfich as the turbine and generator can be different. It may be considered| that the
turbine cpuld operate satisfactorily~for a further five years before rehabilitation whg¢reas the
generatof is in urgent need of repair. A reasonable question to ask would be whgther the
rehabilitation of the turbine_should be delayed until repair became more urgent? There are
therefore| (at least) two options to be considered; firstly to rehabilitate the generatof as soon
as possilble while delaying the rehabilitation of the turbine and secondly to rehabilitate both
items of the plant at.the'same time. The main advantage of the former would be thaf it would
minimize|the immediate capital expenditure, whereas by rehabilitating both componepts at the
same tinfe, future Junit availability would be maximized. The value of unit availability often
predominates-ifithe intervention options are in the near term.

6.2.4.2 Gapitalcosts

The obvious capital costs include the following:

— Cost of equipment — Includes all direct costs for equipment, material, construction costs
associated with disassembly, installation of new equipment, testing, and disposal of the
old equipment.

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

— 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.

6.2.4.3 Investment related factors

These include depreciation and salvage costs and other tax-related costs if applicable.
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6.2.4.4 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 cagbeavoided:

Outage cpsts include:

— forgope revenue during rehabilitation outages (loss of energy incomerincluding |potential
spillage);

— lost market opportunity costs (peaking and ancillary services);

— potential loss of acquired rights (usually associated with<{re-licensing and| not the
rehabjilitation per se);

— other|costs associated with the proposed alternative (de*ratings, etc.).
6.2.4.5 Project staff costs

Office and staffing costs for planning, engineering,,purchasing, environmental studief, factory
and site[ QA and inspection, commissioning, /field supervision, and on-site training costs
should b¢ considered when evaluating the project costs. While this list is not all ing¢lusive, it
identifies| some of the project staffing costs_associated with the project.

Temporafy office facilities are required\to house project personnel at the site for the duration
of the prpject. Temporary facilitiesfor project personnel include office space, support staff,
rent, offige equipment, utilities, temporary computer and communications infrastructufe and all
other cogts necessary to support the project staff. At remote sites, this would alsp include
living acqommodation.

6.2.4.6 Schedule duration and effect of delay on the project

The schdduled dufation of the project will affect many facets of the economic evalugtion. Not
only the fotal preject duration and individual outage durations, but for multiple unit plants, the
staging df suCcessive unit outages can significantly impact both the benefits and the costs.
Delays with/respect to an established schedule affect both direct and indirect copts, their
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costs are high.

6.2.5 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.

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.
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6.2.6 Conclusions

The preceding subclauses 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.

6.3 Risk analysis
6.3.1 General

Risk analysis is generally conducted in addition to the overall economic evaluation to justify
proceedmg with a rehabllltatlon project or to JUStIfy not proceedmg W|th a prOJect Clause 7

certain assumption or factors on the alternatives. In addition~to the significant influence of
economig factors, the evaluation of alternatives involves estimating the probability of [failure or

Types of risks for analysis can be divided into%the following categories, which will be
described separately:

— non-dchievement of performance risk;
— damape due to failure risk;

— extengion of outage risk;

— finangial risk;

— otherjrisk.

Once the risk factors have-been identified and assessed, contingency plans should [be made
to manage the risks.

— Can the projectplan be changed to avoid, diminish or eliminate the risk?

— Can the probability or consequences of an adverse risk be mitigated or reduced?

of monéy,time, resources, etc.?

- Are ‘E)Te risks acceptable, or can their impact be provided for by a contingency gllowance

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.

6.3.2 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 probability of not achieving them. The use of CFD and model
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testing can provide increased confidence of meeting the performance expectations (at
increased cost). The obligatory scheduling of prototype testing before and after the
rehabilitation does not permit it to be used to reduce the owner’s performance related risks.
The potential uses of CFD and of various types of model or prototype testing are discussed
elsewhere in this document.

6.3.3 Risk of continued operation without rehabilitation

One of the objectives of rehabilitating the turbine is to improve the reliability of the unit. It is
important to include the “do not rehabilitate” option within the risk analysis. During the early
assessment phase of the project, the risks associated with not rehabilitating the project such
as a catastrophic failure of a component causing major project damage and an extended
unplanned outage, should be determined. The evaluation of the type and magnitude of risks
associatgd with the “do not rehabilitate” option should use the same approach as,i$ used to
evaluate [risks of each of the rehabilitation options.

Risks agsociated with damage or failure can be of a minor nature, Such as [requiring
installatign of a new spare part, or can be of major proportions including) catastroptic failure
or dangef to personnel. A condition, which is considered critical, potentially leading fo a near
term catgstrophic failure or an identifiable high consequence failure or identifiable danger to
personngl should be the basis for immediate rehabilitation.

The evalpation shall include the following costs associated with the alternative invplving no
rehabilitagtion:

— enerdgy loss due to efficiency deterioration;

— lost r¢venue due to forced outages and unscheduled downtime;
— increasing O&M cost including additional inspection costs to maintain the plant;

— increased insurance premiums.

Failure tq replace any component in seriously deteriorated condition will result in a high 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 substantiall loss of
productign and loss of life risk of _both.

6.3.4 Fxtension 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 fqr 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
constructlion phiase of the project.

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.

6.3.5 Financial risks
Examples of financial risks are:

— risk and impact of actual escalation not matching assumed escalation rate;
— risk and impact of the actual financing interest rate not matching the assumed rate;

— risk that rates for energy and capacity from which future revenue is evaluated, and from
which the lost revenues during the rehabilitation work are evaluated, differ from the
assumed values;
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— financial risks including cost to purchase replacement energy during rehabilitation;

— currency exchange risk if applicable.

In addition to evaluating the financial risks based upon the best estimates of each component,
it is generally prudent to also evaluate the sensitivity of the project economics to the

assumptions made in the financial analysis. This being said, most owners have pre-
established values for all financial parameters to be used in project evaluations.

6.3.6 Project scope risk

A good part of the financial and extension of outage risk is already built-in at the planning
stage of the project.

Depending upon the importance of the unit being rehabilitated, any work on the, Crifical path
usually ppses some risk related to its potential scope increase. Problems that are“discovered
after dismantling and inspection of the unit, can lead to extensive unplanned .apd unpudgeted
work.

When defining the project scope, two different approaches can be takefi

— Undef the terms of a contract which defines an anticipated scope, dismantle anf inspect
all components and execute required repairs according to.€ngineering recommepdations.
This may and usually does give rise to scope changes.

— Plan in advance on replacing all doubtful existing components by new parts.

Those who try to minimize the initial budget and¢have, for reasons of plant hydfology, a
comfortable planned downtime, usually retain the;first approach. This normally crg¢ates the
highest bilt-in risk of scope changes.

Those fof whom downtime is critical usually.fean toward the second approach, to minjmize the
risks related to an unplanned extension-of the outage. In a multi-unit plant, this apprpach can
be taken for the first unit and then“a mix of the two approaches may be agplied for
subsequé¢nt units. The optimum .project scope lies usually, somewhere between| the two
extremes|.

When defining the scope efiwork 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 pfarts in an unforeseen deteriorated condition and having to do repairs on additional
componets. The solution to both of these problems is to do realistic planning which|contains
some “flgat” in theyschedule and to provide contingencies which are greater than ohe would
provide fpr new-eonstruction of comparable value. The level of contingencies will dgpend on
how many components are planned to be replaced by new components, how good jthe plant
records are<concerning machine condition and how thorough an inspection was pgssible in
advance of unit dismantling.

6.3.7 Other risks

Other risks such as risks for human safety and environmental risk should also be evaluated.

Human risks include the potential for injury or loss of life during the rehabilitation project, or
the risk of corresponding losses from not rehabilitating the unit.

Environmental/fish damage risk from hydropower plants may be due to:
— planned or accidental flow changes caused by the outage for the rehabilitation or during
operation following rehabilitation;

— planned or accidental reservoir level changes caused by the outage for the rehabilitation
or during operation following rehabilitation;
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— discharging contamination such as lubricating oil during the outage or during operation.

However, an extended outage may give an opportunity for conducting several positive
environmental programs such as water quality, river flow improvement and bank protection
work. Environmental improvements may also result from the rehabilitation project if, for
instance, the runner is replaced using new design for improved fish passage.

The rehabilitated unit may have either a positive or negative influence on the environment
depending upon the specific changes made. Generally, the environmentally least aggressive
approach to increase power production is the one which does not change the discharge. The
gain is then obtained from efficiency increase and the corresponding capacity increase from
the existing units.

7 Asslssment and determination of scope of the work

7.1 Gdneral

This clause presents the main elements which should be considered dufing assessment of the
turbine gnd related equipment and which could influence or be influenced by thg turbine
rehabilitation and performance improvement work. A complete\_évaluation incllides the
following|three items:

— assegsment of the site;

— asseqsment of the turbine;

— assegsment of the related equipment.
7.2 Assessment of the site

7.21 Hydrology

also on the best use of the available flow and head. The conditions prevailing at the time of
construcfion of the facilities can change over the years. The hydraulic potential of thg site and
its operafing mode should then be reviewed taking current conditions into account.

Optimal }peration of a hydroelectric plant relies not only on the efficiency of the turpines but

A sole tufbine efficiency uprate should normally not have much effect on the operating pattern
of the plgnt. However, a~cembination of power and efficiency uprate can result in a ghange to
the opergdting mode ofithe power plant, reducing the usage factor and giving increasgd energy
productigdn with potential effects on the environment.

The main questions to be asked are:

— Is thefe.any possibility to change the flow?

— Are there any new restrictions or opportunities on headwater or tailwater levels which
would result in a change in the specific hydraulic energy on the turbines or to the plant
Thoma number?

— Are there any new restrictions or opportunities on operating mode due to environmental or
social considerations?

Good records for 25 years or more are required for reliable statistical analysis of potential
future production. A summary of the site hydrology, that is the average hourly, daily, weekly or
monthly heads and flows versus time, should be available for the longest possible period of
operation.

If this information is unavailable directly via measurements, it can be deduced from energy
production, headwater and tailwater elevation records, calculated or measured losses outside
the turbine and measured or assumed efficiency of turbine and generator then taking into
account any water releases at the spillways. Care shall be taken in using “assumed”
efficiencies. They shall be based on original manufacturers data or earlier tests with due
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regard for deterioration resulting from machine condition. This information along with a
correlation with adjacent hydraulic systems may be used to determine whether there has been
a change in the hydrology of the site or in the hydraulic parameters of the power plant.

Changes in hydraulic parameters or in the intended mode of operation of the plant can
change the turbine rated conditions and influence the selection of the best solution for the
rehabilitation or improvement of the turbine.

7.2.2 Actual energy production

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
productign data also provides the possibility of establishing a performance trénf toward
deterioration. If no such independent sources of hydrologic data are available, |the past
records ¢f energy production, estimated records of spillage at the site and @n”approximate
knowledde of the existing generating equipment characteristics allows ohe‘to copstruct a
history of the hydrology at the plant with a potential inaccuracy of the order of plus|or minus
5 %. Thig is at least as good as most available methods of establishing/the hydrology at any
undeveloped site.

For maximum usefulness, energy production records should be _obtained for each upit under
study for[the longest possible period of record, more than twenty-five years but not Jess than
ten yearqd. When the period of records is that short, inaccuracies will be higher than 5| %.

The available information should be plotted over theperiod of record and any trends should
be obseryed, questioned and explained.

Causes ¢f changes may include equipment performance degradation, changes in hlydrology,
changes [in the operating philosophy or water management and the impact of plafpned and
forced oytages which relate to equipment-reliability. Care should be taken not to oyerweight
short terms trends or events. If indeed*equipment efficiency degradation is the root cause of a
trend, it fan be confirmed by a comparison between the present and the original ¢fficiency
curves wherever such data is available.

Often, significant gains in_energy production can be achieved by improvements in [reservoir
management. Even if this\aspect is not dealt with in this document, it should always be part of
any seriolus rehabilitation-study.

7.2.3 Environmental, social and regulatory issues

Environmental,) social and regulatory rules set the conditions for the operation of
These rples” are intended to recognise multiple water use objectives by
environmental, ;
reflected in these rules, are highlighted below:

— minimum flow requirements;

— limitations on headwater and tailwater elevation variations;
— allowable rate of change of flows (ramping rates);

— fish and wildlife flows;

— dissolved gas limits;

— recreational flows;

— domestic water/irrigation flows;

— electrical energy generation flows.

If the decision is to rehabilitate the plant for efficiency only, the flows would be the same
before and after and hence the same regulatory rules may be applicable. However, any
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increase in output beyond that arising from the efficiency increase will involve the use of more
water or changes in flow patterns during plant operation. These changes may trigger new
rules that could be imposed even with no change in water use.

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.

7.3 The assessment of the turbine
7.3.1 General

The aim of the assessment process is to have in hand, upon conclusion, all of the information
necessaJ‘y to be able to determine if it is economically justified to proceed with rehabilitation

of the tlrbine in order either to guarantee its reliability, to extend its life) t¢ reduce
maintenance costs and risk, or to improve its performance. Moreover, the assessmer|t method
can also |be used by the owner to elaborate a preventive maintenance progfam and {o predict
the residtpal life of a given component.

There ar¢ two main aspects in the assessment of the existing turbine:

1) The iptegrity or mechanical condition of the turbine to be eyaluated by a combination of:

— dgterministic approach: for each selected component, analysis of detailgd visual
inspection and/or measurements and/or NDT (non<destructive test);

— sthatistical approach to take in account other' considerations for non-detectable
cdnsequences of aging components.

2) The performance of the turbine which shouldbe evaluated by a careful analysis of past
operdting records and conditions to assess“the real performance improvement potential.
This tefers to:

— efficiency;

— pqwer output;

— mechanical vibration problenis;

— hydraulic stability;

— cdgvitation/erosion problems;

— operating condijtions and restrictions.
The methods of méasurement are described in IEC 60041. It is recommendable to r¢peat the
assessment regularly, in order to capture any change or evolution of some phenomena that
can be daused\by aging process. In fact, the quality and precision of an assessment are
directly linked-to the assessments frequency and proximity. The owner shall therefofe decide

for himselfs-which assessment method will best fit his needs. He has to define which
components of the turbine he will assess and at what rate, trying to optimize the cost of
assessment, the cost of operation and the risk he can sustain.

7.3.2 Turbine integrity assessment
7.3.2.1 General

The assessment of the turbine mechanical integrity is essentially done by detailed inspections
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 is not 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
checklist such as the one presented in Annex A for turbine components.
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Detailed inspections as an assessment tool are therefore limited; 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 outage duration and the resulting potential lost revenue are difficult to determine with
precision at the time of preparation of the scope of work.

This is why the assessment method shall involve other considerations for non-detectable
consequences of aging. In order to keep it simple, some owners propose to take into account:
— the actual percentage of life expectancy which is based on the amortization period, and

— the maintenance ratio based on the actual hours used for maintenance compared to the
usual or normal hours for the same component.

It becomeés obvious that a rigorous maintenance program and reports, a journal of’eyents and
statistics|on operation constitute the base of an analysis that allows to detect-any abnormal
increase jof cost and unplanned shutdown.

The asselssment can be divided into 3 categories of actions according to.the order of jpriority:

1) easy o do inspections without dismantling and sometimes without dewatering;
2) more|in depth investigation with NDT requiring dewatering and‘maybe dismantling;
3) repairs that can be considered temporary or permanent.

The first|level of assessment is related to routine inspections and condition monitgring that
should prlovide the basic information necessary to givesan overview of the general copdition of
a power| unit. It should also provide enough infermation to point out where jdditional
investigations are required. The information collected should be recorded as part of the
maintenance program and should serve the current condition assessment tool degcribed in
7.3.3.4.

The typidal routine inspection should include a mandatory visual inspection with obgervation
report. Depending on the type of component, more typical parameters to monitor and typical
routine inspections are given in Table'2.
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Table 2 — Typical routine inspections

Type of component

Typical routine inspections

a) Embedded parts

Inspection of manhole door, hinges and security
features

Pressure measurements and/or monitoring (spiral
case and draft tube)

Leak tests in piezometric end embedded piping
Voids in concrete (draft tube hammer survey)
Concrete to steel joints

NDT for crack detection (ex.: stay vanes)

b) Turbine non-embedded, non-rotating
parts

Leakage survey and/or tests (grease-water) (ex.:
servomotors external oil leaks —  water leak

o bl I AY
throtgh-headcover
Gap measurements (ex.: guide vanes top, bottom,
contact edges)

Friction test (operating mechanism)
Oil level and temperature qmeasuremerjts and/or
monitoring for bearings

General wear  condition (ex.: operating
mechanism, bearing- and journal, shaft|seal and
wear sleeve)

Visual inspectionand hammer testing Jof critical
component fasteners (such as headcover to stay
ring fastepers)

d) Turbine rotating parts

Blade t0 discharge ring gap

Runner seals to bottom ring and head ¢over gap
measurements and/or monitoring

Cavitation (erosion) survey
Water intrusion or oil leakage for Kaplan runners

Vibration monitoring (dynamic beafing gap
monitoring)

d) Auxiliaries

Inspection and review of instrumentption set
points and calibration

Pressure temperature and flow meagurements
and/or monitoring

Speed and load signals and guide vang position
feedback systems

Leakage survey
Noise level survey

The ass
checklist
existing

“possible

pssment Tables A.1 to A.24, presented in Annex A, are designed to fperve as
5 of the~aspects that should be considered in the evaluation of each component of an
turbing. Those aspects are presented under the headings “aspect of
causes or reasons” and “possible inspections/actions” and they cover irpspection

concern”,

categories Z and 5 described above.

The tables are arranged as follows:

a)

b)

Turbine embedded parts:

stay ring (Table A.1);

spiral or semi-spiral case (Table A.2);

discharge ring (Table A.3);

draft tube (Table A.4).

Turbine non-embedded, non-rotating parts:
— headcover (Table A.5);

— intermediate and inner headcover (Table A.6);

— bottom ring (Table A.7);
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— guide vanes (Table A.8);

— guide vane operating mechanism (Table A.9);

— operating ring (Table A.10);

— servomotors (Table A.11);

— guide bearings (Table A.12);

— turbine shaft seal (Table A.13);

— thrust bearing support (Table A.14);

— nozzles (Table A.15);

— deflectors and energy dissipation (Table A.16).

IEC 2017

c) TurbiLe rotatimg parts:

- ru
- tu
— oi
d) Turbi

Some of
only, as
clarity, th
embeddg

A detailg
assessm
paragrap
or for sp

ner (Tables A.17, A.18 and A.19);
bine shaft (Table A.20);

head and oil distribution pipes (Table A.21).
he auxiliaries:

eed and load regulation system (governor) (Table A.22);
rbine aeration system (Table A.23);
prication system (guide vane mechanism) (Table A24).
the tables apply to all types of turbines while others apply to specific types
ndicated in the table headings. Some parts:fall in more than one categor

ey are listed in only one. For example, some parts may be “embedded”
d” depending upon the design.

d discussion of the most relevant’aspects of concern for the mechanical
bnt and for the performance improvement of the turbine is presented in the
hs. It suggests more detailed<recommendations for some components of th
ecific behaviour. This will guide the owner to elaborate assessment meth

componehnts he considers critical.

7.3.2.2
7.3.2.2.1
We can i

1) theq
of the

Recommendations on phenomena and behaviour
General
jentify 3 aSpects influencing turbine behaviour:

Lality of'the original design and materials can affect the durability and the re
b furbine components and can limit the possibility of new or temporary

operg

ting”conditions;

pf turbine
y but, for
or “non-

integrity
following
le turbine
bd for all

parability
extended

2) the quality of the unit's erection and maintenance; if issues originating from this aspect

exist,

they shall be properly identified in order to avoid their repetition

rehabilitated components;

with the

3) the hydraulic conditions and the setpoint under which the generating unit has been and
will be operated can have an influence on its mechanical integrity.

The acquisition of information on these 3 aspects is fundamental for a good quality
assessment.

With due regard to the original design, the information that can be collected are as-built
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 repair or modification is
contemplated, samples and analyses may be required to confirm the repair options available.
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The owner is well advised to make use of qualified personnel and proven software systems
for this work, be they in its own service or through manufacturers or consultants. Despite the
fact that many modifications are often not documented, there may be some advantage in
accessing to the original detailed drawings and bills of materials to facilitate the analyses,
planning and scheduling of the work. In some instances, it may be possible for the owner to
purchase the right to the use of the original drawings and documentation, if such right does
not already reside with the plant owner.

When available, the original erection procedure and the operation and maintenance manual
are very useful information. They can be used to assess the actual quality of assembly by
comparing original tolerances with actual measurements. They may also show existing special
tooling.

Even wit:t all documentation available, one additional precaution is to capture the sidnature of
the machine. It consists before any intervention of measurements of temperaturg, noise,
vibration| level and other parameters followed by observations of méchanicpl wear,
inappropriate mechanical gap, misalignment of components and other dysfunctions.

The inforimation related to the operation of the turbine is also essential*to correctly|evaluate
the condition of the existing unit and to adequately design the new,components. Bad [condition
of operatjon can damage some components by fatigue, wear or ef@sion.

7.3.2.2.2 Material defects

Cracks, |pores and similar defects weaken a component. However, while they do not
necessarjly lead to the need for its replacement, they always require a [thorough
documenttation, observation and analysis.

Basic aspects to be assessed are:

— the ciiticality of a potential failure of the component;
— the ofigin of the defect:
e from original manufacturing-(hot tears, porosity, lack of fusion, slag inclusions];

e or a result of the applied loads from unit operation (fatigue cracks, permanent
dgformation);

— size ¢f the defect and“the limit at which it is expected to grow under the anticipated
loading.

The critigality of (@)defect is high if a failure of the component can lead to an outage of the
turbine dr 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 should be analysed before a
decision is made to excavate and repair the defect. Welding repairs in themselves, on
components which cannot undergo a subsequent thermal stress relief, induce a change in the
residual stress pattern in the component and represent a risk factor.

Cracks which develop in service are the consequence of dynamic loads usually in
combination with high static and residual stresses or internal defects or both.

Internal defects which were not detected during original manufacturing or which were detected
and considered, by their location, size and orientation, to be acceptable might reach the
surface due to abrasion through particle or cavitation erosion. Some typical examples of


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

— 44 — IEC 62256:2017 ©

IEC 2017

exposed components and zones are the root or inner contour of a Pelton runner bucket, the
contour of a guide vane body where it joins the driving (usually upper) trunnion and the

junctions

of the blades with the crown and band in a Francis runner.

Conditions which favour the initiation and growth of cracks are high residual and applied
stresses/strains, local plastic strains, oscillating elastic stresses/strains and a corrosive
medium. Typical areas where these factors are a consideration are the shaft of a Pelton
turbine near the runner coupling, flanges in spiral casings or stay rings with improper sealing
or the coupling zones of runners with the shaft particularly in horizontal shaft machines.

Essential for a good evaluation of the impact of such defects on the structural integrity is their
documentation and the observation of their progress during operation. The documentation

should ¢

mpricn the Hner\ripfinn of the Inr‘nfinn’ of the size and orientation verified

by NDT

and a prescription regarding how to deal with the defect if it reaches or exceéds

limits.
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involving
fracture

assessin
analysis

Lation of the potential impact of defects may be done with convéntional te
analytical calculations or, if necessary, numerical analysis, in conjunc
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5e of removal by grinding only, care’shall be taken to evaluate possible sid
ple secondary flows due to a disturtbance of the hydraulic profile or weakeni
nt at the location of the defect.
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or heat teatment can increase the damage.
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metal shall be carefully selected. There are three possibilities:

the microstructure is comparable.

and their

Chemical composition of weld metal and base material is the same; also

e Similar: Chemical composition of weld metal and base material is similar; the
microstructure is not identical.
e Dissimilar: Chemical composition of weld metal and base material and also the

microstructure are not the same.

Precautions shall be applied in using dissimilar filler metals for repairs. For example, by the
use of dissimilar (austenitic) filler metals in the repair of martensitic stainless steels, carbide
precipitation leading to intergranular brittle cracking can occur during subsequent heat
treatments.
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In some cases, the replacement of a component can be more economical than the repair of
cracks or other defects. This is especially true if the affected zones are accessible only after
the dismantling of the component since the necessary repair time cannot be calculated
accurately beforehand and the planned outage duration of the unit might be overstepped.

In evaluating the importance of defects which have not, to this point, resulted in failures and
which one would propose to leave un-repaired, one shall be satisfied that, after rehabilitation,
the loading conditions on the component concerned will not be aggravated.

7.3.2.2.3 Stress level

New stress analyses should be performed on existing components even if they have given
good service without signs of deterioration to confirm their suitability for the planned life
extension period. When changes are planned to the operating mode, power, head) discharge
or speed|of the unit, it is necessary to conduct more detailed analyses of which components
will be affected by the proposed change and to what degree. Similarly, if af¢éompdnent has
suffered gracking or extensive, unallowable deformation in service, the causeyof this defective
behaviour shall be determined. This may necessitate detailed stress and)deflection [analyses
of some ¢omponents and the application of more sophisticated calculation’'methods than were
applied during the original design, for example the use of the finite element method.

The alloyable stress levels in old turbines were established at a'time when the bept design
tools avdilable referred to empirical and analytical formulae destined to calculate ‘average”
stresses [in a given component or member. If no change isTenvisaged in the maximurn 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 assesg the effects of the new conditions.

The us¢g of finite element analysis techniques during the design phase allows the
establishment of a much more accuratel picture of stresses in the main compgnents. A
combinatjon of quasi-static stress analyses and fatigue analyses should be don¢ for the
establishment of the useful life of thelnew component given the anticipated design cgnditions.
Such anglyses, though more difficult; should also be carried out for components to bg¢ reused.
To the exXtent that the levels of dynamic stresses are determined from “experience”, fhere is a
need to have occasional verifications of the assumed values. In the case of large units, the
applicatign 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
distributdr (often refefred to as rotor-stator interactions RSI). If a change in the number of
runner blades is fafeseen for cavitation and efficiency reasons, the RSI excitation ffequency
will change. It then becomes even more important to perform rotor-stator interaction analysis
and phade resonance checks inside the spiral case to evaluate the dynamic behaviqur of the
new runner/inside the existing stator parts.

It is recommended, for large units with new runners or where power increases significantly
without runner replacement, that the first runner of each design be subjected to strain gauge
tests during commissioning to confirm that the dynamic loading assumed during the fatigue
calculations has not been exceeded (see IEC 60944). If the manufacturer has similar data on
fluctuating stresses and residual stresses on large units, it will be a significant benefit for the
owners of smaller units.

7.3.2.2.4 Temperature

The temperature level and variation are symptoms of the behaviour of some equipment. For
turbines, this equipment list includes, but may not be limited to, bearings, governor and the
hydraulic power control unit.

It is a good practice to observe and report temperature at various locations for various
operating points.
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7.3.2.2.5 Noise

Noise heard in the machine vicinity contains information helpful for diagnostics. New noise or
noise observed only in specific conditions or operating point can indicate a detrimental
behaviour that needs to be investigated.

Generally, the noise level itself is limited by the technical specification. Measuring the noise
level on the existing machine permits to appreciate the degree of improvement required on
the rehabilitated machine.

More than the noise level, the acquisition of the noise for further analysis by FFT (fast Fourier
transform) can help in the identification of the source of the noise and eventually to the
correctiop_of the problem. Runner blades or stay vanes excited by von Karman vortices are
exampleg of phenomena which can be identified by FFT analysis of sound recordings

Therefore, even if only for comparison purposes, measuring the noise at various-locations and
at variou$ operating points is recommended before dismantling the existing,machine.

7.3.2.2.6 Stainless steel galvanic corrosion

Care shdll be taken in assessing the condition of existing compenents. For example, in the
case of g Kaplan or fixed blade propeller unit which has a discharge ring with stainless steel
overlay dr with stainless steel cladding, a corroded surface may not be an indicat|on of an
inadequalte thickness of stainless coating, but rather, €vidence of a carbon stegl foreign
object hgving been wedged between the runner blades‘and the discharge ring, leaviphg traces
of carbor] steel, which themselves have corroded.

The galvanic effect at the junction of the overlayf of stainless steel on carbon steel ryinners or
discharge rings can combine with local cavitation and accelerate erosion. This phenomenon is
typical where cavitation erosion repairs havesbeen done using stainless steel on carpon steel
runners.

The use |of contaminated grinding (or polishing tools on stainless steel runners can initiate
oxidation[ and corrosion and thugs deteriorate the surface finish. The use of carbon sjeel tools
on a stainless steel runner shall therefore be prohibited.

7.3.2.2.7 Galling

In order|to minimjzepotential galling problems between adjacent moving parts,| material
selection|is extremegly important. Guide vane end surfaces, adjacent headcovers and bottom
ring surfgdces and runner seals are typical significant examples.

7.3.2.2.8 Mechanical vibrations

7.3.2.2.8.1 General

A problem that may occur frequently with hydraulic units is excessive vibration. The main
sources of abnormal mechanical vibrations are:

— runner mechanical or hydraulic imbalance;

— guide bearing deficiency;

— runner seal clearance deficiency;

— generator mechanical or electromagnetic imbalance;

— generating unit misalignment;

— hydraulic instability.

See SO 7919-5:2005 for allowable values of shaft vibration and ISO 10816-5:2000 for
allowable values of non-rotating parts vibration. Both codes are currently under revision and a
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merged document ISO 20816-5 is expected in a near future. Performing vibration assessment
of rotational and stationary components is recommended at various operating conditions to
get a good signature of the unit. Displacements, velocity or acceleration measurements of the
shaft and several stationary components should be carried out and analysed for subsequent
comparisons with the refurbished unit. For units with monitoring systems, evolution of
vibrations over time can provide valuable information about unit condition.

7.3.2.2.8.2 Runner mechanical or hydraulic imbalance

The runner mechanical imbalance will cause mechanical vibration (shaft runout) and will
result in increased loading of the guide bearings and potential damage to supporting
components. Balancing tolerances for modern runners (post 1970) are sufficiently tight to
virtually eliminate this cause as a source of abnormal shaft run out (for example see
ISO 194(0-1 and Volumes | and V of the Canadian Electricity Association Guide gn| Erection
Tolerances and Shaft System Alignment).

A hydradlic imbalance may result from runner non-uniformity of geometrical* chargcteristics
such as ¢utflow openings, blade profile, inlet and outlet angles, etc. Thistype of imbalance is
usually ¢haracterized by an increasing shaft runout with increasing load (discharge).
IEC 60193 gives tolerances to be respected in this regard although-many manufactyrers and
users impose even tighter tolerances. On the other hand, unéven flow distribufion from
distributdr or draft tube can result in a non-rotating radial thrust:

7.3.2.2.8{3 Guide bearing deficiencies

Guide bdaring 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
generatof air-gap. The shaft system first critical.§peed shall have a sufficient margin above
the turbipe runaway speed to avoid resonancet>This can be achieved only with appropriate
attention|to shaft system stiffness and guide* bearing support stiffness. These fagtors are
importan{ in any unit rehabilitation if changes are proposed in either the rotating par{s system
or in the guide bearings or their support-systems or if the turbine runner is being repjaced with
one haviJg a higher runaway speed. The critical speed calculation shall be redone as well as
a verificdtion of the capability of th€ generator rotor to withstand the higher speed iffa higher
runaway gpeed by more than a few'percent is involved.

Deficient|tolerances on coldiclearances at the guide bearings and changes in guidé¢ bearing
clearancegs due to the thermal effects on both the rotating parts and on the bearing itgelf, from
the cold| condition te _the operating condition, can lead to excessive vibratiops or to
mechanigal damageon a generating unit. Excessive shaft runout usually results if the
operatind clearances are too large. Excessive bearing loads, overheating, and premature
damage and failure usually occur if operating clearances are too small. If either proplem has
been experienced on an operating machine, the rehabilitation presents an oppoftunity to
modify thiendesign and correct the deficiency.

7.3.2.2.8.4 Runner seals clearance deficiency

The runner wearing rings or faces at the seals shall have adequate clearance to avoid contact
with the fixed parts and shall be attached in such a manner as to avoid hydraulically induced
vibrations or centrifugally induced separation of the rotating seal ring. A climate of high
energy values can push the manufacturer and the owner to reduce runner seal clearances to
obtain efficiency gains during rehabilitation. Prudence should be applied to avoid going below
a safe minimum for the most critical steady state and transient operating conditions. Such
gains may be achieved with a modified seal design without reduced seal clearance. Although
momentary local contact in the runner seals at the runaway speed condition may not be
catastrophic, full contact (on diameter) would be disastrous.
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7.3.2.2.8.5 Generator imbalance

The generator related vibrations usually are of two types. The first is a mechanical imbalance
resulting from the rotor fabrication (setting of rim and poles, guiding of the rim, etc.) or its
original design or manufacture. The second is related to an unbalanced magnetic force that
results from rotor concentricity or circularity errors with respect to the axis of rotation.

7.3.2.2.8.6 Generating unit misalignment

Runouts are indicative of some shaft misalignment. Excessive runouts of the shaft line system
at the guide bearing locations can result in their premature failure. They can also indicate
possible issues with runner clearance and generator gaps. Runouts can also originate from
coupling offset, dogleg as well as lack of perpendicularity between the shaft line axis and the
thrust bepring runner face. In any major rehabilitation, shait line runouts should be measured
before disassembly to determine any need for re-machining of the coupling or thrugt runner
face.

7.3.2.2.8|7 Hydraulic instability

Excessive vibration can be related also to a hydraulic instability. Which can resplt in an
induced ftesonance and, from that, a component failure. The sources’ of hydraulic instabilities
are covefed in 7.3.4.

7.3.2.2.8|8 Erection and maintenance issues

Some of|the problems found during assessment of axurbine or generating unit are| in direct
relation tp the quality of the unit's erection and maintenance. A lack of maintenance gan result
in compgnent failures such as burnt guide bearings or premature wear of the guide vane
operatind mechanism.

The evalpation of the distributor alignment-with regard to the moving parts is an mportant
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 jedge loading and possibly binding of the gulde vane
mechanigm. Line boring of the headcover and bottom ring may be required.

If these groblems exist, they should be properly identified in order to avoid their repefition with
the rehahilitated compeneénts.

7.3.2.3 Replacement of components without assessment

7.3.2.3.1 General

In a rehabilitation project, the replacement of some components can be considered to improve
the performance, decrease the outage time and limit the risk for the schedule or the
mechanical integrity. However, it is recommended, for some components, to proceed with the
replacement without any other assessment or evaluation.

7.3.2.3.2 Fasteners and piping

It is good and justifiable practice during major overhauls, to replace all fasteners which are
exposed to water passage or alternately humid and dry conditions. It is also good practice to
replace fasteners subjected to loading on the high pressure side of the unit and those
subjected to fatigue loading. The option of cleaning and careful inspection of fasteners can be
as costly as the outright replacement. From the point of view of the schedule, replacement
implies fewer risks. It is good and justifiable practice that all accessible bolts smaller than
63,5 mm in diameter be replaced during turbine rehabilitation or major overhaul.
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Small piping in water service (50 mm and less), if it was originally supplied in non-corrosion
resistant materials, should be replaced. Even original corrosion resistant materials should
undergo hydro-static pressure tests, preferably during the project preliminary engineering
phase such that a timely decision can be made on its need for replacement. Larger piping
shall be cleaned, inspected and tested before a decision can be made.

It should be assumed that all seals and gaskets of parts that are to be disassembled and
reassembled during the rehabilitation shall be replaced.

A major overhaul presents the opportunity to reassess the complete complement of
instrumentation that was supplied and installed on the original unit. It is highly unlikely that
the original instrumentation is still functional and, if it is not, that replacements of the same
make and-model can-be found-—The best npprnnr\h isto do -an assessment of the owner’s
needs in|regard to unit indication, control and protection and to fulfil those needs| with the
most modlern and most reliable equipment available at the time of the overhaul.

7.3.2.3.3 Use of self-lubricating materials

In old mpachines, all bushings in the distributor and its operating mechanism arg grease-
lubricatedl brass or bronze. Even if the system works properly and reliably, it should be
seriously|[considered, for environmental reasons, to replace the weéaring elements uging self-
lubricating materials.

The self-Jubricating material should be selected with duefconsideration for its applicgtion and
should hfve good abrasion resistance and be dimensionhally stable when exposed [to water.
Care shduld be taken to prevent the intrusion of dirt\between sliding surfaces by the use of
adequatd seals particularly on the bushings adjacent to the turbine water passagel. From a
maintenance perspective, the ease of inspectiondand replacement should be considefed when
selecting|the material.

Many of the self-lubricating materials have thermal expansion coefficients much gregter than
the metals in which they are housed. This poses a concern of ensuring good interfefence fits
under alll operating temperatures,, particularly in cold climates. Remaining interferepce fit at
low temperature should be validated, as well as possible loosening and displacemelnt during
transportption.

All self-lybricating bushjngs’ and wearing plates require smooth non-corrosive mating surface
materials such as stainless steel.

Some of [the available materials and particularly the thin-film types require particulgr care to
avoid damagesduring installation. When properly assembled however, they can glve many
years of feliablé service.

The self-lubricating materials available on the market have a wide range of coefficients of
friction. This necessitates a careful review of the capacity of the servomotors in the guide
vane operating system.

The normal deflections of the guide vane bodies leads to a degree of edge loading particularly
on the bushings on the guide vane stems adjacent to the water passage. The choice of guide
vane bushing material should take into account the anticipated maximum degree of edge
loading. The material shall accept to “wear in” without detrimental damage.

7.3.2.4 Recommendations for specific components
7.3.2.4.1 Foundations

The effect of the foundations on the condition of the turbine should not be overlooked.

Three phenomena affecting the foundations can perturb turbine operation:
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e elastic deformation under pressure;

e swelli

e creep

ng of the concrete, as a result of alkali-aggregate reactivity;

ing of the concrete under long term loads.

They lead to the creation of temporary or permanent and evolving displacements.

For example, swelling of the concrete 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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Figure 2 — Critical zones for cracks “A” and “B”
in Pelton runner buckets
7.3.2.4.2|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 cgmponent
which mgy prove to be detrimental. For a successful repair, it is necessary to collectlas 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 detgdrmination of extent of abrasion can be done with the aid of templates. Whenever
possible,| me€asurements of the buckets on a NC-machine are useful. A comparison|between
effeCtlve IUD;dUG: Glld dUOIuIIUd UUIIt\JUIO oha“ bU dUIIU Glld thU IUIIIG;II;IIH UIUOoO SeCtIonS

determined to calculate and evaluate the consequent stresses.

For any weld repair which involves post weld heat treatment, the temperatures proposed shall
be carefully chosen to avoid detrimental effects on the physical properties of the base
material and to minimize distortions. Any heat treatment will involve distortions and the repair
procedure shall provide for re-machining where necessary.

7.3.2.4.2.3 Other aspects of the Pelton turbine

There are problems on occasion with the tailwater channel if the tailwater level is too high or
the aeration of the turbine housing and the outflow channel are inadequate. This will be true if
the water level in the tailwater basin or river has increased, if the flow passages are blocked
by sediments, if there are changes in the building structure or if the turbine maximum
discharge has been increased without appropriate modifications to the capacity of the
tailwater system.
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An increase in the aeration of the turbine runner pit may be achieved by boring additional
openings in the turbine housing, which then are connected by suitable piping to an
atmospheric air source exempt from unwanted noise effects.

7.3.3 Residual life
7.3.3.1 General
The useful life of a component is influenced by many factors including the design, the

materials used, the manufacturing methods, past and future operating conditions and effected
maintenance.

Based on the importance of the component under consideration different maintenance
strategie$ are used:

— corre¢tive maintenance, or

- prethive maintenance.
r

The corfective maintenance was used in early years and it consists in replgcing the
componelnts that failed. The life of the component is however 100 %, used; this maiptenance
strategy fould have a huge impact on the safety and availability ef-the generating unit if an
importanf component fails. This is the reason why this maintenance strategy becomes less
used and hence this subclause does not deal with it.

The availability of the generating unit, legal requirements on safety and other issues require
preventivie maintenance strategies, e.g. repair or replacement of a component should take
place before it fails. Predetermined maintenance and condition-based maintenance are the
two type$ of preventive maintenance strategies (EN 13306:2010). The estimation of residual
life is thel core requirement for their successful,implementations.

Predetermined maintenance is carried outiin accordance with established time interyals. Two
widely uded approaches are use-based\maintenance when the time interval is determined by
equipment use (e.g. operating time);~or time-based maintenance when the time interval is
determingd based on calendar. I'he-use-based strategy makes use of the bathtub clyirve (see
Figure 3). The use-based maintenance relates to the safe life design strategy in thg aviation
and nuclg¢ar industries. The bathtub curve characterizes the typical deterioration profess of a
componelnt or the whole unity"'In the first phase, namely infant mortality phase, the fajilure rate
decrease€ls. The failure fate remains nearly constant in the second phase. The failufe in this
phase ig random failure caused by sudden events such as overload, stability] loss or
resonange. The failure rate in the third phase increases rapidly and is related to [wear-out
failures ¢aused. by fatigue, wear, cavitation, erosion, or corrosion. The idea of upe-based
maintenance is<to estimate the residual life of the component up to the beginning of {he wear-
out phas¢ and-then to replace the component.

The estimation of the residual life can be done by statistical methods resting upon assumption
that the component life can be described by a probability distribution such as the Weibull
distribution or log-normal distribution.

Condition-based maintenance and appropriate maintenance actions are trigged based on a
combination of condition monitoring, inspections, tests and analyses of the equipment.
Predictive maintenance is a type of condition-based maintenance carried out following a
forecast of the remaining useful life. Fault prediction determines whether a fault is impending
and estimates how soon and how likely a fault will occur. The predictive maintenance rests
upon physical models of deterioration. Based on momentary deterioration, the residual life up
to the maximum allowable deterioration is calculated. This maintenance strategy relates to
damage tolerance design strategy. It is theoretically possible to calculate the residual life of a
component with the fracture mechanics theory. However, the application of this method
requires the evaluation of many parameters such as material properties, location, shape and
dimensions of a defect, precise loading and local stresses in the component, and the
characteristics of the loads applied including the amplitudes and number of cycles for dynamic
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conditions. Much of this data is difficult to establish with precision for most of the existing
turbine components. In order to prevent unexpected damages caused by inaccurate
calculations, this method may be completed by diagnostics and regular condition assessment.
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estimation by engineering judgement shall ensure that a unique procedure reduces the
influence of the human factor.

If we talk about residual life we have to point out that the life of a component, if it is affected
by deterioration processes such as fatigue, abrasion, wear, erosion, cavitation and corrosion
is a stochastic process and thus it is not possible to determine the life of the component
exactly. In the case of residual life, the situation is more complicated as it is impossible to
identify the state of deterioration precisely. The portion of the total life consumed can only be
estimated based on relevant number of load cycles or operation hours to which the
component has been subjected over time and based on the component's condition. This
emphasizes the importance of gathering data on operational history and component condition.
The diagram in Figure 4 shows graphically the requirements for residual life estimation
(7.3.3.2); the residual life is dependent on load condition (7.3.3.5), component condition
(7.3.3.4) and also on mathematical model of deterioration (7.3.3.2).
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Estimation of residual life
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Figure 4 — Process of residual lifevestimation

As previqusly mentioned, the residual life of a compganent is a stochastic deterioration process
and the residual life cannot be calculated exactly. It can only be estimated in combination with
informatipn on the probability of its estimatedresidual life. Thus, information such as “the
residualrrllife of this component is 20 years” cannot be given. Instead, the statement should be:
“the comlponent residual life of 20 years_can be guaranteed with sufficient relialpility”. Of
course, ip relevant codes, such as ASME\Section VIII Division 2 2013 and FKM 20{12, there
are design curves and it may look asuif_the life of a component could be calculateq exactly.
However| safety factors are imbedded in these design curves so that the estimated life of a
component becomes very conservative.

One has|to keep in mind that both unnecessarily high and unnecessarily low safely factors
can havg negative influence' on cost-effectiveness and safety. Using safety factorg| that are
too high [will lead to underestimations of the residual life and hence to replacement of the
component even if the risk of failure remains acceptable in the time period considertd for life
extension. On the _6ther hand, using safety factors that are too low will lead to overesftimations
of the regidual life_and the consequence could be failure of safety-relevant componepts in the
time peripd considered for life extension.

In a typi(,ai retrabititation plUjUbt, different types ofrestorattomwitrbetused—dependit g on the
condition of the respective components. This requires different residual life estimation
procedures as mentioned above. Subclause 7.3.3.3 covers criteria for residual life
assessment.

7.3.3.2 Residual life calculation (from current condition)

The lifetime of turbine parts is restricted by several mechanisms such as material fatigue,
corrosion, cavitation, wear, and hydro-abrasive erosion due to hard particles in the water.
Hydro-abrasive erosion applies particularly for hydro power plants in mountainous regions like
the Alps, the Himalayas and the Andes. Calculation of hydro-abrasive erosion and remedial
measures is covered in |IEC 62364. The following schematic explanations focus on fatigue life
calculation.

Fatigue damage can be interpreted as the initiation and growth of cracks that will eventually
propagate to fracture under cyclic loading. Fatigue cracks occur most likely in zones of
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elevated local cyclic stresses, e.g. at small radii of notches and corners. If cyclic stress
amplitudes exceed a certain threshold, microscopic cracks will begin to form. With an
increasing number of load cycles, the crack grows until a technical crack size (i.e. a
detectable crack length of about 1 mm) is reached. Up to this point we talk about crack
initiation (see Figure 5). With an increasing number of cycles, the stage of crack propagation
is entered. Within the stage of crack propagation, the crack may grow by each load cycle until
a critical crack size is reached. This will cause a sudden fracture to a structural part of the
entire structure. In general, the stage of crack initiation dominates the time period from virgin
conditions until fracture. In technical literature, different statements about the proportion of
crack initiations of the total fatigue life until fracture in terms of number of cycles (e.g. 60 % to
90 %) can be found depending on the existing conditions.
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Figure 5 — Schematic behaviour for the different stages in the fatigue procgess

Different|concepts which-are described in relevant technical literature can be used for fatigue
strength [ assessment” Nominal stress, structural stress, local stress and locpl strain
approaches are based on a crack-free structure while the crack propagation|analysis
investigajes the\growth of an assumed or detected crack by means of fracture mechanics.
Stress-life ($-N) approaches are widely recognized and often used for fatigue| strength
assessment(in normative standards. Furthermore, S-N approaches can be used to determine
the fatich fifetimme—unti—criticat—vatres—of—either—technicat—crack—initatitom—or—fracture are
reached. The strain-life (e-N) approach, which is (in its original version) applicable for
assessing the technical crack initiation, takes into account the effect of local yielding and is
more accurate at low-cycle fatigue.

The principle of fatigue strength assessment using S-N- or ¢-N-approaches is to compare the
acting cyclic stress/strain with their corresponding critical values, or alternatively to compare
the number » of acting load cycles with the corresponding critical fatigue life values expressed
in number N of cycles. In the case of a load spectrum (more than one cyclic stress/strain
class), a procedure for the accumulation of partial damage sums of all cyclic stress/strain
classes is necessary. In this connection, the partial damage D, of a cyclic stress/strain class i
is usually defined as D; = n/N,. The linear Palmgren-Miner approach is commonly used to
accumulate the partial damage sums of cyclic stress/strain classes in order to get the total
damage sum D = XID;. Both acting cyclic stresses/strain values and their corresponding
(critical) fatigue life values are scattered. Hence, scatter in loading and fatigue life should be
taken into account in fatigue strength assessment. Thus, normative standards should be
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checked with respect to their scope in terms of limitation of applicability to distinct boundary
conditions before applying them to a component of a hydro machine.

When assessing components of a hydro power plant after several years of operation, the
components liable to fatigue should be checked in a fatigue strength assessment. The number
of load cycles of all relevant operating modes and operating mode changes from
commissioning to the end of the required service life or the next inspection has to be
considered in the residual fatigue life calculation. Acting cyclic stresses/strains of hydro
machine components are usually determined by either analytical methods or FEA (finite
element analyses). Loads and boundary conditions have to be assumed realistically in order
to get reliable results. If strain gauge measurements become available, load hypotheses for
various operating conditions, and more specifically for transient and unstable ones, can be
reevaluated. Furthermore, residual fatigue life assessment of hydro components can also be
based on strain gauge measurements. In this case, the stress/strain spectrum isdgtermined
by Rainflpw-Counting of measured time signals of strains (ASTM E1049). For fatigud strength
assessment, usually standards such as FKM 2012, ASME Section VIII Division~2 2013, AWS
2010, VY 2008, are applied. If test data for fatigue life of a (standard) material is @vailable,
this datal can also be used for the fatigue life assessment. In selected)cases, ¢.g. if no
informatipn about the material is available, laboratory testing on'|samples should be
performefd.

Generally, surface cracks should be removed. If necessary (e.d« if cracks have been|detected
with helg of NDT), in regions with high local stresses, the ‘shape of the structur¢ can be
improved by grinding, polishing or welding, etc. in order 0\ fulfil the requirements fegarding
fatigue. If cracks can be removed completely in fatigue{relevant regions, fatigue asgessment
may be performed using S-N- or e-N-approaches. If:Cracks or inner flaws in areas| liable to
fatigue nnot be removed, a fracture mechanics<ahalysis should be applied in|order to
estimate [the residual fatigue life. Considering that the inner flaws behave like cr\£cks, the

fracture mechanics analysis gives an idea if ahd how fast the inner flaws will grow. In that
case, refer to British Standard BS 7910. In.this context, metallurgic studies can bg¢ helpful.
Based on this analysis, the following process (e.g. the period until the next inspectign) has to
be defindd.

Summariging the above, it can bessaid that a residual life calculation is not easy to| perform.
Special {echnical know-how and)experience is needed for this kind of calculatign. Other
difficultie}: consist in finding«the past operating history of the unit (which is not alyays well
documenited) and in predicting the future operating history to define the load spectrum.

7.3.3.3 Residual.life assessment criteria

As already mentioned before, the residual life is uncertain. Hence, the residual life dannot be
determined exactly and remains an estimation, even if mathematical models for regidual life
calculatign are/used (see 7.3.3.2). This estimation can be sufficient in regard to the dbjectives
of the power’plant owner. However, the owner should define the criteria for the endfof-life of
the component and the acceptable risk of not assessing this component's state precisely. One
should be clear on these two important topics before a reasonable assessment of residual life
can be done. Each owner has its own objectives. Among them are:

o extending plant life;

e limit risk of catastrophic failure;

e increase environmental friendliness;

e reduce unit downtime; and

e avoid obsolescence problems.

Above all, safety issues should be covered and in particular the risk of major catastrophic

failure as the consequences can go further than just loss of revenue. Fatigue, erosion and
cavitation are the main factors which can lead to major failures.
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The availability of the turbine in relation to non-catastrophic failure should also be considered
as it is directly linked to the owner’s revenues. This can be failures on governor systems or
auxiliary systems.

For these two points, a rating system may be helpful. Tools such as failure mode analyses
(FMA) can be used to help in defining the risks or consequences of a failure and the
probability that the failure happens (occurrence). Similar useful tools are, for example, fault
tree analysis (FTA), failure modes effects and criticality analysis (FMECA), hazard and
operability study (HAZOP) and event tree analysis (ETA).

In order to follow owner objectives, defining criteria for the residual life assessment is
recommended; either one's own criteria can be created or existing criteria can be used for the

assessment—Some n\uehng criteria are listed bhelow

— The physical condition of the components is an important consideration for.pregiction of
the rgmaining life (EPRI 2000, HydroAMP 2006). Special focus should be put'on |the parts
and defects which could cause the failure modes mentioned above.

— The gge of the component is an indicator of the remaining life. Theiumber of cqmponent
failurgs increases with age (EPRI 2000, HydroAMP 2006).

— Maintenance costs can be considered as a criterion on resgidual life (increasing costs
meank decreasing residual life for instance) (EPRI 2000, HydreAMP 2006).

— Another point to consider is performance reduction, suchr as-“decreasing efficiencyl owing to
the wlear of some components (i.e. cavitation on runfier profile or abrasion on|labyrinth
seals|of a Francis turbine) (EPRI 2000, HydroAMP 2006, IEA 2001).

— Operating conditions of the unit is also an important criterion. The more the unit ywas used
or wil] be used apart from base load operation,,the less residual life is available [see also
7.3.3/5) (EPRI 2000, HydroAMP 2006, EPRI:1989).

— Envirpnmental issues can be a criterion with, for instance, the risk of oil leakagg into the
waterway (EPRI 2000, HydroAMP 2006). The quantity of oil that is used each year is a
good jmeasurement.

— Finally, the risk of obsolescence-problems can be considered. The availability on the
market of a given product_or-service is directly linked to the risk of obsdlescence
problgms. Below a certain number of possible suppliers, we may consider that this given
product is close to the end of its useful life (EPRI 2000).

Each owner may weightdifferently these criteria for its own purpose. All criteria could be used
or just sdme of them. T he idea is that they will be used for the rating of the componejnts when
carrying put the condition assessment.

7.3.3.4 Current condition assessment

7.3.3.4.1 Level of inspection

Determining the current condition of the turbine is an essential part in order to estimate the
residual life. Several guidelines are available in the industry to assist owners in evaluating the
current condition of their equipment, for example EPRI 2000, USACE 1993 or HydroAMP
2006.

It is necessary to begin with collecting available data which describes the equipment. This
includes drawings, calculation reports and records from maintenance and operation. A review
of existing information, particular records of previous problems and repair history, will give a
first indication of the condition. The review will also give background for further investigation
and inspections.

The most important data is gathered by field inspections and tests. For each component, the
owner should develop a condition assessment guide where the types and frequency of
inspection are specified together with rating criteria of the condition. Pre-defined checklists
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and inspection sheets should be used for the inspection to ensure uniform assessment. The
tables in Annex A present the aspects that should be considered in the evaluation.

The inspections can be divided into two levels. The first level is related to routine inspections
that are easy to do without dismantling and sometimes without dewatering. Examples of
typical routine inspections are presented in 7.3.2.1. They are usually performed by on-site
maintenance personnel over the course of time. These inspections are the foundation of the
assessment process. Existing inspection reports should usually be relied upon at this level.

The second level involves more in-depth investigations which require dewatering and maybe
dismantling. These inspections could be triggered by the routine inspections and often require
specialized personnel. They include dimensional checks of non-accessible parts and non-
destructiye-testing

The quallty of the assessment can be evaluated as an independent quality indi¢ator.|It should
reflect the quality and level of the inspection in relation to when they were made| A more
recent and thorough inspection can be considered more representative and-thus have a better
rating. This indicator should also be a sign of the quality of the documentation and information
from the |nspections. Documentation is important to support findings ofcthe assessment.

7.3.3.4.2 Inspection results

The inspéction results should be presented with an observation report including sketgches and
photos of the defects found and records from dimensiona) checks. Evaluation of ipspection
results ig often subjective, based on the experience af ‘€xperts. To provide a more |objective
assessment, a predetermined condition rating system with clearly defined rating criteria
should be used. In this rating system, the results should be assigned numerical scgres. The
scoring ¢riteria may refer to conditions such as” excellent or poor condition. It could be
represenied by a percentage where 100 %.\is" a perfect brand new component| with no
noticeat:/IF defects and 0 % is extensive wear or defects that impair the function. Other rating

systems [can also be used. Table 3 shows an example of a rating scale of conditipn with 5
levels. Many levels provide a greaterxdifferentiation but it also complicates the assessment
because |t becomes harder to distinglish each level.

The resuflts should be compared”with previous inspections and measurements to ¢heck for
defects of progress wear.

Table 3 — Example of a rating system for the inspection results

Score Condition Condition description
80 to 10D Excellent Perfect brand new component with no noticeable defects
60 to 79 Very good Only minor deterioration or defects are evident
40 to 59 Good Moderate deterioration but function 1s adequate
20 to 39 Poor Serious deterioration and inadequate function but under control
0to 19 Very poor Extensive wear or defects that impair the function. Danger of failure is imminent.
7.3.3.4.3 Component rating based on relative importance

The different components should preferably be rated based on their relative importance as
part of a power unit. Among the turbine parts, the runner is generally the most critical
component, but the priority of components is at the owner’s discretion. The weighting should
be decided with great concern. It can be based on failure modes and effects analysis, and the
costs to fix or replace the component. Individual component weights may be different as long
as their sum equals 100 %. Once the weighting factors are determined, they should be fixed
from unit to unit for the same type of turbines.
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All components do not have to be included to determine the overall condition of the turbine.
The list can be extensive or limited. Sometimes, it is limited to moving parts, like the runner,
the guide vanes mechanism, the bearings and the shaft seal. But, it may also include the oil
circuit and the governor and large components such as stay rings, stay vanes, the headcover,
etc. An example of major turbine components that may be included is shown in Table 4. The
different weight factors should be decided by the owner of the power plant.

Table 4 — Example of a typical list of turbine components for Francis and Kaplan
with different weight factors X, to X; based on relative importance

Turbine components Score Weight Weighted score
Runner X, %
Guide varjes X, %
Guide varje mechanism X3 %
Guide begring X, %
Shaft sea X5 %
Hydraulic|circuit Xg %
Governor X; %
100 % ¥ Score x Weiglht

7.3.3.4.4 Ranking of inspection findings

The weighted score of the inspection findings represents the mechanical or physical condition
of the tufbine. But other indications should also(e involved in the assessment. The same
criteria as described in 7.3.3.3 can be used for the assessment of current condifions, for
example pge and maintenance costs.

It is recognized that many damages cumulated with time, particularly fatigue damages, are not
easy to detect. Therefore, the age of _the component is an important factor to include. It can
be repregented as the ratio of thelactual age to the time to amortize the cost or the [expected
lifetime of the component.

The maiptenance costs care another indicator to consider, in particular the afount of
correctivé maintenance. It can be compared with the maintenance cost of the same

nent. An
s 5 ) S 4 It shows
that physical condltlon usually is the most |mportant |nd|cator for the evaluat|on of the
condition, but it is still less than 50 % of the weighting.

Table 5 — Example of rating of a single component
assessment including three assessment criteria

Assessment criteria Score Weight Weighted score
Physical condition % of quality 47 %
Age % of time to amortize 20 %
Maintenance cost % of normal maintenance 33 %
Rating of component ¥ Score x Weight
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This method allows for a unit to be easily compared with another without the need to perform
a complex grid and score analysis. The quality indicator described in 7.3.3.4.1 gives an idea
of the precision of the assessment. This process for the assessment of the current condition
can be used as a permanent tool to help the owner with the management of the fleet. It has to
be organized and tuned to fit the owner’s needs and goals according to the level of resources
and risks they accept to sustain. Usually, this tool is part of the maintenance management
software.

In addition to component assessment, some phenomena can be assessed, such as vibration,
noise and temperature. The source of the phenomenon can be difficult to identify but its
measurement can be easy. Referring to previous measurements of the same phenomenon
can be a good way to follow the evolution of a unit's condition. The operating conditions have
a significant impact on these phenomena and should be recorded. It could be useful for the
owner to[develop a guide on how to monitor and interpret these phenomena.

7.3.3.5 Effect of the operating conditions

As stated at the beginning of this document, hydraulic turbines are amonhg the magst robust
and religble structures ever built. It is not uncommon to find units-'still producing energy
reliably gfter more than 50 years of operation. However, due to deregulation, neyw energy
equipment (such as wind turbines) and new grid requirements, hydratlic turbines, which have
been usgd mainly for base load generation, may now be required; due to their high pperating
flexibility] to operate on a much wider range. Moreover, the, hydraulic conditions under which
the genefating unit is operated, as well as the load on the dnit, can have an influence on its
mechanigal integrity.

Hydraulig turbines are nowadays very often used- for power and frequency regulation.
Operating as spinning reserve, synchronous condgnser, peaking units with frequent gtart/stop
cycles, aphd for extensive periods at low load operation are more and more common practices.
Although|these new operating schemes may:sbe fully justified for grid or financial reapons, the
operatorg have to realize the effects such_decisions have on their equipment and be fready for
the investments that will be required to maintain their availability.

Most exigting machines have been‘hydraulically and mechanically designed to operafe around
peak efficiency with few start/steps. With such schemes, the machines usually run [smoothly
and reliably with minimum maintenance. Issues such as the ones originating from von Karman
vortices |and rotor-stator~interactions (RSI) are assumed to have been solved at the
commissfoning of the unit;"The effects specifically related to new operating conditiong may be
the following:

e Fregdent start/stops: one of the effects of stopping and restarting a unit is to renove the
static|loadssrequired to produce the power, and then reapplying them, therefore greating a
high g$tress’range. At the same time, the machine has to go through the dynamic|transient
instahilifies the change of state generates (see Figure 6).
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Figure 6 — Start-up and full load strain gauge signal on Francis blade

All these load cycles occurring at start-up create fatigue accumulation which can
eventually lead to failure, which would not have happened so quickly had the number of
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start/stop cycles remained low. Studies indicate that increasing the number of start-ups
can significantly decrease the life of the runner without cracks. Moreover, low cycle high
loads, such as the cycles produced by start-ups, can influence high cycle low loads, such
as the ones produced by RSI, by increasing the defects' stress intensities that can
eventually exceed the material threshold, therefore leading to a rapid crack propagation.
Low head Francis runners, as far as damage is concerned, are generally more sensitive to
start-stop cycles than stiffer high head machines. However, some optimization of the start-
up procedure may possibly be performed to decrease the damage caused.

e Synchronous condenser mode: since there is no water in the runner, the synchronous
condenser mode may seem to be a smooth operating condition for an aging machine. But
one has to keep in mind that the cycle from full power to synchronous condenser and back
to full power con5|sts of removing the pressure load on the blades and reapplying it.
There hronous
condgnser mode a few times per day, the real effect is to accumulate moré, high load
cycleg, which may lead to quicker damage on components such as the runnerf and the
coverp.

e Requlation and control modes: operation of units in frequency and_power conftrol, with
small|or large variations of loads, may be very demanding on thesmachines. Regulating
with Kaplan units, for instance, may lead to quicker than expected deterioratipn of the
bladel lever bushings and seals.

e Operation at part load: the effect of the part load draft tube.vertex on the draft tiibe, draft
tube door and the surrounding foundations are well known, although the effe¢t on the
runner is not so clear. Some studies show that Francisfuhners are much more sensitive to
Speed No Load (SNL) and very low load operations’than to operation at part lopd under
the rdpe. On other runners, however, the rope hascheen found to be quite damaging to the
runner. However, if the unit is frequently opérated at part load, it could suffer from
increased loading on the guide bearings due ta’hydraulic instability.

e Operation at Speed No Load (SNL) and wery low load: using the machine in|spinning
reserye at SNL and at very low load has>been found to be quite damaging for thg runner.
The dffect is not certain on other compghents.

e Overlpad operation: operation at overload increases the stress on components, fincluding
the rynner, the shaft and the genérator. Components should be checked before|deciding
on operating at overload. It;can also push the operation in the region of high fhydraulic
instabilities and very low. efficiency. If model test exists, such information|may be
availgble. If the tailrace.level does not respect the design limits on the suctipn head,
cavitdtion may also occur.

e Load]|rejection: overpressure and overspeed at load rejection may change if discharge
incregases owing)to' new a runner or modified guide vane openings. The effect|of these
changes on theyunit should be assessed.

condition| ef the eX|st|ng umt and to adequately de3|gn the new components Th damage
caused by j JTtioT f ' and they
each have to be assessed individually. The reqwred mcremental costs of maintenance,
however, have to be taken into account in calculating realistic benefits obtained in using the
hydraulic turbines at these off-design steady-state and transient operating conditions.

7.3.4 Turbine performance assessment
7.3.41 General

The most important performance factors to be considered for a rehabilitation project are
certainly a potential capacity (or power) increase, a potential efficiency increase, a reduction
of cavitation erosion and an improvement in hydraulic stability. One should begin by
evaluating, as accurately as possible, the potential performance gains one might expect from
a new turbine with similar characteristics. The extent to which the performance of an existing
(old) turbine can be improved is dependent on the type and the age of the unit. A rough
assessment of potential gains is provided in the following subclauses. These data are based
on a large number of turbine makes and sizes and should only be used for a first phase


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

- 62 - IEC 62256:2017 © IEC 2017

evaluation of gains in performance which one may expect to achieve by rehabilitating a given
unit.

In specific cases, for example where a frequency change is being made on the generator, it is
required to make a speed change on the turbine. This can be advantageous for the turbine
performance if the runner is to be replaced. The technology is available at the time of
publication of this document, to build into the rehabilitated machine a “variable speed”
capability. Such a feature can be particularly advantageous for reversible pump-turbines, and
for turbines and storage pumps operating under highly variable conditions of specific
hydraulic energy (head). Changing the speed at a given site or using variable speed
technology brings with it, the obligation to carefully study, the potential impact of the modified
exciting frequencies of the hydraulic machine on a potential resonance with the overall
conduit system.

Notwithsfanding the aspect of improved performance which one might seek, the owner’s first
priority Will always be to have a generating station which has the highest possible [reliability
and availability. It will not benefit the owner to gain marginally in unit maximum oufput or in
efficiency if the changes made to the unit result in a reduction of its reliability or aVailability.
The folloying subclauses deal with the four main considerations in performance assegsment.

7.3.4.2 Power increase

Based upon information collected from plant operating records-over time, or determined by a
carefully lexecuted power-gate test or still better, by an index test corrected to rated jhydraulic
conditions, one may establish if there is evidence of serious power output degradgtion. 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 copdition of
the hydrdulic surfaces of the turbine and of the related water passages. If time and cpnditions
permit and the size of the unit justifies it, a professionally executed field test to detefmine the
current performance of the turbine may be done. If the runner is more than 25 years pld and it
is evident for mechanical reasons that_oné has to intervene on a unit to mainfain it in
operatind condition and that it has to_be dismantled to be repaired, it is often ecopomically
justifiable to install a new turbine runner and possibly to modify other components t¢ achieve
improved performance.

What thgd economic solutiontis‘for a given plant in regard to maximum output depends on
many factors including:
— the ofliginal designtand condition of the mechanical components in the drive train;

— the nmjaximum _ayailable discharge (this may have an environmental or other cqntractual
consifleration);

— the g¢nerator capacity (active power — MW);

— turbinle_sétting with respect to tailwater level;

— type and characteristics of the draft tube;
— tail water level evolution vs. total discharge in tailrace channel,;

— head losses in inlet conduits.

The mechanical design of the shafts, couplings, rotor spiders, stator soleplates, (the drive
train) in older units are usually capable of accepting some increase in the maximum output of
a unit with little or no modifications. In some cases, only minor modifications are required. The
precise amount of any power increase can be determined only after verifying all the potential
impacts and evaluating all cases where such action will give rise to higher stresses than were
envisaged by the original designer.

Historically, power increases of between 10 % and 20 % are common since many old units
already gave a full guide vane opening power which exceeded the nominal or “rated” value by
10 % to 15 % under the rated net head. This was typical in the days before computational
fluid dynamics (CFD) and numerical control (NC) machining.
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In addition, generators built before about 1965, had class B asphalt/mica type insulation
systems on the stator windings which required a ground-wall insulation thickness much
greater than the modern epoxy/mica based class F systems. This fact will allow a generator
thermal capacity increase of between 20 % and 30 % by simply installing a new stator
winding. The Hoover Dam Generating Station in the United States is an example of what can
be achieved in the realm of rehabilitation and performance improvement when all conditions;
hydraulic, electrical and mechanical and the market, are favourable.

The Hoover Dam Generating Station Units N1-4 underwent two rehabilitation projects in 1968
and 1986. The results presented by the owner are shown on Figure 7. But not all hydroelectric
sites will provide the opportunities for increased power achieved at Hoover Dam (over 50 %).
The interval between upgrades at that plant is also much shorter than is economically
justifiable in most market circumstances.

Hoover project Units N1-4
Relative efficiency versus relative output
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Figure(7)~ Relative efficiency versus relative output —
Original and new runners

Note that in the case of Hoover Dam, the peak efficiency increase was a relatively modest
1 % becquse a_much higher discharge is being passed through the original water passages
resulting|in lasses which partially offset the efficiency gained by new runner profiles.

In other cases, it is possible to increase the speed and power of the turbine by supplying a
new generator and this can be justified economically if the increase in the maximum output of
the units is large enough. The Outardes 3 turbine and generator rehabilitation project in
Canada, Figure 8, is a good example of what can be achieved where the power increase of
44 % was accompanied by a more than 3 % increase in turbine peak efficiency. The original
unit was commissioned in 1968 and the turbine rehabilitated and the generator replaced in
2003. The hydraulic losses in the power conduit outside the turbine will have increased for all
conditions of operation above the original maximum power and these shall be evaluated in the
calculation of the net benefits.
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7.3.4.3 Efficiency improvements
7.3.4.3.1 Unit assessment

The first [step in assessing-~potential efficiency improvement is to determine the performance
of the turpine in its current-state. The second is to see what the manufacturers can offer in the
way of improved performance. These are essential to allow one to determine the performance
improvement potentialand from it, the potential benefits (annual revenue increase).

The turbipe efficiency of the existing unit should be determined in accordance with IE|C 60041.

Figure 9 is a plot of loss distribution at peak efficiency against specific speed nNg =N ‘/53
Ha
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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Figure 9 — Efficiency and distribution of losses versus specific speed
for Francis turbines (model) in 2005
Significant performance degradationnmay be obvious from a carefully conducted recgnt power
gate test| or index test, by comparing the results against reliable earlier tests.
For smal| units, this approach. along with a careful unit inspection including measurgd runner
seal cleafrances, wicket gate clearances and careful recording of all water passage|damage,
may be a sufficient basis)for an evaluation by a qualified consultant or manufacturer, of the
potential |for efficiency~improvement which may be achieved either by modificatign of the
existing funner or{by replacement of the runner with a new design. This exercise would
assess a|l possible)gains from improvements to the distributor, stay ring, spiral case jand draft
tube.
The compatiser—between—recenttestresulis—and-the—erigiral-commissionirg—testresults, 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

benchma

rk 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:

— Field

tests (a before and after test on the rehabilitated unit):

e power/gate test under controlled hydraulic conditions;

e index (relative efficiency) test under controlled hydraulic conditions;
e absolute efficiency test (IEC 60041).
— Model tests (on a new model of the existing design and a new model of the new design).
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— 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 document. 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 6) 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 supplier to modify or totally
rehabilitate economically, water passage components outside the runner itself. It shall be
appreciated that the values given are averages for an era and, as has been indicated
elsewherf in this document, all hydroelectric generating stations are particular casfes which
shall be diltimately studied on their own merits.

Any new|runner shall be compatible with the other water passage components of th¢ turbine,
failing which the anticipated efficiency gains may not be achieved. In extreme cases| the new
runner mpy have a lower efficiency than the old one.

7.3.4.3.2 Runner improvements

Table 6 is a compilation of the weighted and peak efficiency gains versus turbine vItage for
runner profile modification only. These efficiency gains aré. determined by the diff¢grence of
Francis turbine efficiency between new replacement ruanef and original runner only, with no
other mddification. The slightly better gains in weighted efficiency reflect the fact| that the
manufacfurers have achieved not only an improvement in level of the efficiency cunve but in
its flatter|shape (proportionately more improvement in the “off peak” regions than af the best
efficiency point). Efficiency gains due to modifying other water passage components Jare dealt
with sepdrately. The efficiency gains are approximate values only, to be used in performing a
preliminjiry feasibility study. For a detailed\feasibility study, turbine manufacturers ghould be
contacted to obtain specific values of petential efficiency improvement for the unit in|question
and for the proposed scope alternatives:

Table 6 — Francis\turbine potential efficiency improvement (%)
for runner profile modifications only

Francis turbine age
(Years-period ending in 2000)

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

NOTE Thisnnformation was compiled by Rousseau Sauvé Warren Inc.(RSW) during its work on the IHA 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.

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.
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Total runner blade area, which means blade length for a given distributor height, is another
variable to consider when increased power is being sought. Overlapping of the runner band
on the discharge ring or on the top of the draft tube liner and moving downstream the junction
of the runner blades with the runner crown can be done only with due regard for the influence
of this on the venting of the runner seal leakages to the draft tube since such changes affect
the static pressures downstream of the upper and lower runner seals. Pressure changes can
result in resonant vibrations.

Substantial gains can also be obtained in some cases through minor modifications to the
blade profiles without replacing the runner. Figure 10 shows the increase in efficiency
obtained on the La Grande-3 turbine runner, in Quebec, Canada, (commissioned in 1982) by
slightly cutting back the blades at the outlet. This modification was carried out only after an
extensive CFD analysis of the flow through the turbine.

Relative efficiency vs relative power output
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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 Technical Committee 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 extension of this work in the future to estimate losses
arising from gross roughness in old machines. As a first approximation, the maximum
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potential gain for improvement of surface condition may be assumed to be 2 % for 60 years,
1,5 % for 40 years and 1 % for 20 years since it may be assumed that most types of attack on
the original surface condition of a runner are related to the duration of service. These gains
would not be attainable if the original runner material was stainless steel and particle erosion
is not a factor. During a Phase 1 Rehabilitation Study, one may assume gains from this
source to be 1 % for 60 years, 0,50 % for 40 years and 0,25 % for 20 years. For any later
phases of a rehabilitation study, it is recommended to seek expertise from manufacturers or
qualified hydraulic laboratories to get a better assessment of the potential gains from
improvement of surface condition in and around the runner.

The runner “disk friction” losses are influenced by the clearance with respect to the adjacent
fixed components, the rotational speed and degree of surface roughness on both the rotating
and fixed parts. If any of these parameters can be improved, a loss reduction may be
achieved| Modifications may include a reduction of the clearance between the runner crown
and heaficover, the addition of an anti-circulation plate between the runnerscrpwn and
headcovgr or a reduction of the surface roughness of the components involved’ (hgadcover,
runner crpwn and band and discharge ring).

The runrler seal gap losses increase with any increase of the seal.clearances caused by
erosion, [cavitation and on occasion, wear due to contact. Re=establishing thg original
clearances or using a more effective seal design such as a multi-segment labyrirffth in the
place of p straight cylindrical seal, may contribute to loss reduction. The seal design may be
re-analyged to determine the optimal theoretical clearance, but.this shall be comparef against
a minimum safe clearance taking into account the following~mechanical considerationfs:

— deflegtion of the headcover and bottom ring or discharge ring as a result of the|pressure
loads|and the reaction loads from guide vanes;

— machjning tolerances on the runner and on the‘djacent fixed wearing rings;

— runout of shaft system within the bearing clearances which leads to runout of the runner in
the seals;

— radial| deflections of the runner components (mainly the band) during normal loading
condifions and at runaway;

— turbine bearing support defléctions including those resulting from occasionall unequal
loading from the servomoters when the forces acting on the operating [ring are
unbalpnced.

The runngr seal design and’gaps impact leakage discharge and thereby the axial thryst on the
turbine. An increase_in.axial thrust will result in higher losses in the thrust bearing, o it may
be benefjcial to cofisider the addition of an anti-circulation plate in the headcover fo restrict
the recirgulation (of) leakage water from the outer crown seal thereby reducing the |pressure
load on fhe runner crown. Consideration should also be given to the ratio of balanging-hole
area in thesrunner crown or balancing pipe area versus the upper seal clearance grea. The
balancing system transmits the upper runner seal leakage to the draft tube. A ratio gf at least
5 to 1 is typical.

Table 7 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 including serious particle erosion and
serious wear. The table should be used with some foreknowledge of the particular case as
indicated below and only for first approximations of a potential gain from the rehabilitation or
design change of the seals themselves.

These efficiency improvements are determined as the difference between redesigned runner
seals and the original worn runner seals only, in conjunction with a new replacement runner or
a rehabilitated runner and no other modification. These efficiency improvements are
approximate values only to be used in performing a preliminary feasibility study. The runner
seal losses are not constant across the range of specific speeds (heads) as demonstrated in
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Figure 9. For low specific speed turbines, losses in worn seals could be much greater than on
high specific speed turbines due to the very different pressure gradients across the seals.

Table 7 — Potential impact of design and condition of runner seals on Francis turbine
efficiency with new replacement runner or rehabilitated runner (%)

Runner seal component Modification or replacement
Crown 0,2 to 2,0
Band 0,2 to 2,0*

* Highly dependent on state of wear of existing seals and on specific speed of the turbine.

If we set|aside the particular cases of very bad runner seal wear due to particles trgnsported
in the flgw, we can say that for a first approximation, the potential gain from(repajring and
improving the runner seals could be of the order of 0,5 % for each of the. crown and band
seals sugh that the potential gain for the runner replacement, again as ad{irst approximation,
could be [taken as the values in Table 6 plus 1,0 % for a 60 year old turbine; 0,75 % flor a forty
year old {urbine and 0,5 % for a 20 year old turbine.

Table 8 [below shows the total gain which might be anticipated’ therefore for preliminary
studies fpr a Francis runner replacement taking all aspects~into account including profile
improvements, rehabilitation of the seals and restoration af.the surface finish on tHe blades
crown and band of the water passages and on the runner‘external surfaces.

Table 8 — 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 urlit 60 years 40 years 20 years
Profile irrlprovements 2,2% 1,0 % 0,5| %
Restoratilon of surface condition 1,0 % 0,5 % 0,2% %
Reductioh of seal losses 1,0 % 0,75 % 0,5| %
Total approximate potential gain 4,2 % 2,25 % 1,2% %

The valuges of Table 8 are for the case involving Francis runner replacement. Efficieficy gains
can sometimes \be made by modifying the existing runner blades as indicated in Kigure 10

without replacing the runner. However, the total potential gains may be expected tp be less
than the walues indicated in Table 8

Additional potential gains in performance from modification of other turbine components are
discussed in the following subclauses.

7.3.4.3.3 Improvements to other turbine components

Table 9 is a compilation of potential additional efficiency improvements by rehabilitation or
replacement of other water passage components for a turbine vintage of (50 to 60) years. The
potential efficiency improvements shown are from two possible sources; the improvement of
the surface finish and modification or replacement of the component. The replacement or not
of the turbine runner is not considered here in evaluating these potential gains. However,
most studies involve runner replacement as a first option. Runner replacement has normally a
high impact on turbine performance and the runner itself has usually a shorter useful life than
the rest of the turbine. The potential efficiency improvements presented here are approximate
values to be used in performing a preliminary feasibility study. For a detailed feasibility study,
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turbine manufacturers should be contacted to obtain specific values of potential additional
efficiency improvement for the unit being studied.

Table 9 — Potential additional efficiency improvement by rehabilitation/replacement of
other water passage components on a Francis turbine (%)

Water passage component Surface finish improvements Modification or replacement
Spiral case 0,3
Stay ring 0,2 0,1t0 2,0
Guide vanes 0,2to0 1,0" 0,2t0 1,0"
Draft tube 0,3 0,3t01,0°

Highly] dependent on form of original draft tube and plant specific hydraulic energy (head). In exiree cases,
could pe as high as 2,0 %.

In extjeme cases, this improvement has been found to be as high as 2,0 %.

Since mqdifying the spiral case or its replacement for loss reduction is-out of the quéstion for
all plants|where it is embedded in concrete, the only remedial action-is the improvemént of the
surface finish which shall be the subject of a benefit/cost analysis¢

The stay[ring cannot be replaced easily and this is seldom, done, but its form can|be more
easily mpdified for loss reduction. The potential efficiency improvement from a ptay ring
modificatjon can be determined by means of CFD analysis and confirmed by moddl testing,
though aph economic analysis is required to determinevits feasibility. The turbine manufacturer
can perfgrm this CFD analysis. This analysis may _demonstrate it to be feasible to nfodify the
stay vangs to reduce losses. The stay ring isca“very important structural compophent and
therefore| careful structural analysis is required before any modifications afe done.
Modificatjons to the shrouds are sometimes;considered to improve the flow from {he spiral
case to fhe stay ring by the addition of -parallel shroud plates. For example a clagsic non-
Piguet stpy ring (with converging shroud)plates) can be converted to the Piguet type|stay ring
having p}rallel shroud plates for a case where a significant increase in maximum disgharge is

contemplated. Modifications to théinflow edge profile and angle of the stay vanes may also
be considered. The degradation\of the surface finish will also have resulted in an ingrease of
losses arnd the improvement of the surface condition of the stay vanes and shrouds may prove
to be adVantageous.

present dn economie-possibility for performance improvement by replacement. Use [of higher
strength [material_for the guide vanes can permit reducing the thickness of the guide vane
body and improving its hydraulic shape. Provided the new guide vanes use the samq trunnion
diameter$, ca“change of guide vanes represents no significant modification to dither the
headcoverof bottom ring. It should be noted however, that in addition to a chanl;e of the
shape of the guide vane itself, additional maximum opening angle may be required to achieve

an increase in maximum power and this will require a detailed review of guide vane hydraulic
torque and the stroke and capacity of the servomotors.

Apart from the turbinenrunner itself, the guide vanes are the next most likely com})onent to

The degradation of the surface finish of the guide vanes will also result in an increase of
losses and, if they are to be retained, the improvement of their surface finish will contribute to
loss reduction.

The contribution of the draft tube to total turbine losses is highly variable and site dependent
and not always predominately related to “vintage” (see Figure 9). CFD analysis is essential to
determine potential improvements and an economic analysis is required to determine the
feasibility of any proposed changes. The degradation of the surface finish of the draft tube will
also result in an increase of losses although this effect is usually secondary to poor draft tube
design especially in very old machines.
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Modifications for performance improvement may be limited to the areas involving the
mechanical components alone but they may involve, if economically justified, substantial
modifications to the concrete draft tube profiles. As indicated above, for best results, detailed
drawings of the complete existing equipment including the draft tube and any existing flow
improvement devices shall be made available to the contractors being considered to quote on
any rehabilitation project.

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 11 presents a pIot of pomts showmg gains attained for varylng degrees of intervention
on Francjs A c (perience
and are pased mainly on before and after rehab|I|tat|on eff|C|ency tests usmg a'\number of
different methods. The points between 1978 and 1998 are from European and Nerth American
cases and are based on comparative model tests of Francis runners with theold [and new
hydraulic] profiles but with conventional runner seals in comparable condition forl the two
designs hence represent the potential benefit of the blade number and(profile changes only
with no glain from surface condition nor from runner seal improvement;On these point plots, a
curve is added based upon the assessments described above for runner replacemen{ from the
last line of Table 8.

The poteptial benefits of other component modifications shall also be considered buf 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 11 that there are many cases where the performance
improvements which one might expect from .the above data, were not attained |and this
underlings the importance of having the appropriate expertise devoted to the studiep prior to
commengement of the rehabilitation work in@ll cases.
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Figure 11 — Potential efficiency improvement for Francis turbine rehabilitation

Figure 12 is a plot based on Swedish experience of potential gains on Kaplan turbines arising
from the replacement of the turbine runner and the discharge ring. Some of these
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rehabilitated machines now have discharge rings which are spherical throughout the zone
swept by the runner blades, above and below the blade axis. Such interventions may not be
economically justified in all cases where the discharge ring is embedded as it likely was in
machines built before 1960. A number of efficiency gain evaluation methods were also
involved and the reader shall be aware that each method carries its own inaccuracies.

Replacement of runner and discharge ring

g Kaplan turbines
. 6
c
(0]
=
(0]
>
° 5
Q
E
>
[&]
s 4 A\
S
]
3
2
1
O // |
0 10 20 30 40 50 60 70 80 90
Age at rehabilitatign (years)
IEC
Figure 12 — Potential efficiency improvement for Kaplan turbine rehabilitatjon
As mentipned above, the deterioration-of the surface finish of the components of a tufbine can

have a |[significant impact on /ts  efficiency. In the order of potential importajnce, the
components which have an influence are the runner, the guide vanes and the gtay ring.
Lesser Hut potentially significant effects result from deterioration of the water|passage
surfaces |of the spiral case)yand draft tube. IEC 62097 provides a method of evalu
impact ofl surface finish differences. Its limits of applicability are very strict however, s
publicatign was developed to permit evaluating the differences between the surfacg finishes
of turbing models{avith respect to the corresponding prototypes, both in “new”
(predictign of prototype performance from model tests). Further work is being dong
IEC TecH
(IAHR) tg
surfaces
justifiable. Cleaning and painting of the stay ring, surfaces of the headcover and discharge
ring exposed to the flow are also usually justified. The cleaning and painting or other
resurfacing of the water passages of the spiral case and draft tube may be justified,
sometimes for reduction of losses and sometimes to arrest material loss by corrosion/erosion.

extend the range of evaluation of surface roughness effects. Rehabilitatipn of the
he nner and quide vanes o heir replacement is alma alwa eco omically

7.3.4.4 Cavitation erosion
7.3.4.4.1 Cavitation 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
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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.

Several types of cavitation erosion are typical in Francis 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 13 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 wjth|marginal
downstream submergence (low Thoma coefficient). Figure 13 shows both cavitatiop erosion
within thg bounds of the stainless steel overlay and corrosion erosion upstreamyof thg overlay.
Axial flow fixed blade propeller and Kaplan turbines can also have cavitation-erosign on the
suction sjde of the blades at the periphery and on the adjacent discharge,fing from ¢avitation
occurring in the blade tip gap. This latter type is “design” related and is‘a function of|pressure
differentigl from the pressure side to the suction side of the blades all along the perighery, the
blade thickness and the peripheral clearance between the blades and’the discharge ring. Anti-
cavitation lips are sometimes employed to eliminate this problem”but, if poorly designed or
manufacfured, they may, themselves be the source of an erosion problem.
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Figure 13 —/Cavitation and corrosion-erosion in Francis runner

7.3.4.4.2 Cavitation in Pelton turbines

The entrgnce_édges of the buckets are often damaged by cavitation erosion or bly droplet
erosion. An‘example is shown in Figure 14.
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Figure 14 — Back side erosion of the entrance into a Pelton bucket

There ar¢ two reasons for this damage:

— low pressure on the backside of thé\bucket cutout if the profile is not correct;

— droplgts with low velocity leave.the bucket after the jet of the following injector enters with
high yelocity; these droplets_are driven onto the runner material with sufficien{ force to
eroddq it. This type of damage is often found in multi-jet turbines in which the timg interval
betwgen two jets is too-Short for all the droplets to leave the bucket.

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

7.3.4.4.3 Cavitation in pump-turbines

The exposure jof pump-turbines to cavitation erosion is very similar to that of the classic
reaction furbines. However because the proflle of the vanes at the outlet and |nI
impeller/runner T TOiTedt DU o

there is a greater rlsk of cavitation erosion in the |mpeIIer/runner of the pump-turbine.

Typical cavitation erosion in the turbine mode is shown in Figure 15. 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.
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Figure 15 — Leading edge cavitation erosion on a Francis pump-turbine caused
by extended periods of operation at very low loads

7.3.44.4 Possibilities of reducing cavitation erosion in existing hydraulic mIchines

Modern funner designs are often based on higher strength stainless steel materials which
also have¢ higher cavitation erosionresistance than the original materials which werg typically
cast iron| bronze or mild steel..Modern runner designs are usually manufactured by gssembly
and weldjng of digitally-machined separate crown, blades and band while the original runners,
prior to apout 1975 in most'cases, were manufactured using either one piece casting$ or hand
finished tastings assembled by welding. The modern approach permits better adhgrence to
the homglogy between.the theoretical design, the model and the prototype, which in turn,
makes fgr more prédictable cavitation erosion performance. Small runners, howevel, may be
still mandifactured_using one piece castings. The homology between model and prgtotype of
these runpners-will still be adequate so long as a qualified foundry is used. These foundries
have develgped techniques over the years which will ensure an acceptable level of precision
for small luni inishing i i i

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 in 5.6.2, the use of IEC 60609 (all parts) is recommended as a basis for the
contract terms regarding cavitation erosion performance. The runner should not be the only
component which is governed by the cavitation guarantees. Adjacent components such as the
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distributor, discharge rings and draft tube liners should be included in the guarantee
coverage.

7.3.44.5 Experience with special overlay materials

Special overlay materials for enhanced cavitation erosion resistance should be considered
when model testing observations indicate that an area of the runner will be subjected to
cavitation within or even slightly beyond the design operating range and the manufacturer
cannot eliminate this cavitation by further development efforts within the contract schedule.
Another circumstance for the use of high cavitation resistant welding electrodes is when the
new prototype runner has unexpected recurring cavitation erosion damage. Application of
such materials necessitates the use of carefully controlled welding procedures.

7.3.4.5 Suspended particle erosion
7.3.4.5.1 Exposed components

The flow[through turbines carrying suspended sediments can result in grgsion on fhe water
passage |components exposed to high velocities. Severe erosion (see Figure 16) car result in
substantipl production losses due to the need for frequent repair welding or|frequent
component replacement. The key parameters governing the severity of erosion damage are
sedimenf] concentration, the density, hardness and shape of sediménts and flow velqcity. The
flow velqcity parameter divides the turbine into two areascwhich are subject tg@ varying
degrees pf particle erosion: the components with low velocities such as spiral case jand draft
tube linef and those with high velocities or sudden flow,directional changes such ag the stay
ring (particularly the stay vanes), guide vanes, headcovér, bottom ring, discharge ring, runner
and rotaling wearing rings. Typically for Francis turbines, the worst erosion occufs in the
runner, funner wearing rings, guide vane body “extremities (surfaces adjacent to the
headcovir and bottom ring), headcover (particularly the stationary wearing ring), and bottom
ring (particularly the stationary wearing ring).
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Figure 16 — Severe particle erosion damage in a Francis runner

7.3.4.5.2 Causes and effects of suspended particle erosion
The causles of suspended particleserésion are as follows:

— Partidle size increase will result in a corresponding increase in erosion rate up [to a size
threshold beyond whichi-wear rate stabilizes. For velocities of 130 m/s and Jess, the
particle size seems to-have little or no impact. This covers all components of al| reaction
turbines and pumpsturbines.

— The felative particle and base material hardness affect the erosion rate. A particle
hardness equallto or greater than the base material hardness results in high erosjon rates.
Conversely'when the base material hardness exceeds the particle hardness, thé¢ erosion
rate i$ low:

— The particte—stapehastigh—mpactomerosiom rate—with—sharp=edged—angutar particles
being the worst.

— 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.

— 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.

— 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
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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 result in an increase in
flow through the seals contributing also to a reduction in the performance of the turbine.
Increased clearances at the seals may also result in higher hydraulic thrust loads. Erosion
due to suspended particles and cavitation erosion will tend to accentuate one another.
Damage due to cavitation erosion will lead to more vortices resulting in an increased erosion
damage rate.

7.3.4.5.3 Experience with methods used to reduce suspended particle erosion

of the pafrticles entering the turbine by causing their settlement in the storage reserpvoir or in
siltation beds. Effective flushing of deposited materials is essential to the effeetiveneps of this
method. |Although, where the reservoir is used for sedimentation, itsccapacity will be
eventually reduced. Some sites lend themselves to the installation of sediment tfaps with
flushing ;E/rovisions.

The firstélllne of defence regarding suspended particle erosion is to reduce the condentration

For minimal erosion rates, the operation of the turbines should-be such that when the
suspendg¢d particle load in the water is high, the turbine is operated at or near to| its peak
efficiency point. This will result in the most efficient flow for)a corresponding poyer, thus
exposing| the components to lower secondary velocities -and to optimal flow anglgs on the
distributdr components and on the runner blades, reducing particle impact angles| Turbine
shutdowns without inlet valve closure or without \penhstock drainage should always be
minimizefl thus minimizing the exposure of the ‘losed distributor assembly to [the high
velocitied at the adjacent surfaces of the guide vanes, headcover and bottom ring.

For components such as spiral cases and draft tube liners, which are subjected to|low flow
velocitied, it is important to maintain the_Coating system. The use of tough elastic|coatings
such as ¢poxy and polyurethane-based(plastics systems is recommended, since thefe is very
little desfructive energy released during the impact and the component surface [s elastic
enough tp absorb slight deformatiod.without damage.

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

a) desigh for reduced velocities in the critical regions of the hydraulic machine;
b) use gof the hardest available materials for the critical components;

c) use df hard:facing materials in critical regions.

A combi egree 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 in the flow passages presenting discontinuities to the flow pattern should be
avoided since they will produce vorticies and secondary flows, aggravating erosion rates.
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Work is continually being done to assess and apply new materials in high risk erosion service.
The best contribution an owner can make toward alleviating this problem is to ensure that the
characteristics of the water and its suspended material are well defined in the specifications.
In addition, the tender document should clearly indicate that the tenderer shall describe in its
tender the means by which it will confront this problem.

Components such as the stay ring, headcover, bottom ring, guide vanes and runner which are
subjected to high flow velocities may be lined with or constructed of a martensitic stainless
steel such as ASTM A240 Type 405, 410 or 415 or ASTM A 743 Grade CA-6NM which have
relatively good particle erosion resistance.

When the suspended particle content is very h|gh the use of applled coatlngs may be
con3|der

coating

these coatings shall be carefully evaluated against the potential gains of production jJachieved
by redug¢ed downtime for repair. Even with special coatings, inevitably’ some turbine
components will require frequent reconditioning or component replacemént-where thg service
conditionf are severe.

Use of hard facing materials such as ceramics is fairly widespread in cases where the

particles |sizes are small and where it is clear that the selected coating is harder|than the
suspende¢d particles. Erosion resistant coatings do not perform well under cavitatiop erosion
attack, nor do they if there are very large particles such as)*rocks” entrained in the flow (high
impact Igading). Modern cavitation free or near cavitation free designs are opening up new
possibilitles for the use of hard facing materials for patticle erosion resistance.

The application of hard facing materials in the(shop is relatively straight forward |although
relatively|expensive. Successful application infield conditions is much more difficult 3nd some
would saly, impossible. It is therefore wise fo plan for a cycle of shop rebuilds whenever the
use of hard facing materials is contemplated.

7.3.4.6 Hydraulic stability
7.3.4.6.1 General
These pHenomena fall in three basic categories as follows:

— von Karman vortextinduced resonances;

— runner — distributor interactions;

— hydralulic pulsations with or without resonance and with or without power/ffequency
swings.

7.3.4.6.2 on Karman vortex induced resonances

The von Karman vortex induced resonances have three usual sources: vortices shed by the
stay vanes; vortices shed by the guide vanes and vortices shed by the runner blades. The
frequency and intensity of such vortices are discharge (velocity) and component thickness
and form dependent. So, if a rehabilitation project involves an increase in the maximum
discharge, it could produce a resonant condition where one did not exist previously.

The first (from the stay vanes) are often at a low enough frequency to enter into resonance
with one of the modes of vibration of the stay vanes themselves and as such can give rise,
particularly in low head units, to cracking of the stay vane to stay ring shroud connections.
The frequencies involved can be in the sub-audible to the low audible range (e.g. from a
few Hz to 50 Hz). Modification of the shape of the stay vane trailing edge is the common
solution to this potential problem.
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The second (from the guide vanes) are much less common because, normally, the thickness
of the trailing edge of the guide vanes relative to the flow velocities at that location makes
them a less likely source. If they do occur, they too would be, for medium to large sized
machines, in the low audible range (e.g. from 20 Hz to 100 Hz). The solution, if the problem
does arise, is the same as for the stay vanes.

The third possible source of von Karman vortices is the trailing edges of the turbine runner
blades. At this location, the discharge velocities in a reaction turbine (axial flow or Francis
type runner) are the highest flow velocities attained in the turbine and the frequencies
generated can be in the range of the natural frequencies of the runner blades themselves in
water. Turbine runners have a large number of vibratory modes and the frequencies vary
greatly from what could be calculated by finite element method (FEM) or measured in air, to
what would be measured in water. Accordingly, it is difficult with current design tools to
predict whether or not a resonant condition will occur. The tools for assessing natural
frequencies of runners in water are improving and it is recommended that the|selected
contractdr be requested by specification to establish the potential forcing frequencieq that can
excite the¢ runner and to estimate the natural frequencies in water of the pfoposed ¢lesign. It
should b¢ required to avoid combinations of crown, blade and band thicknéss and form which
expose the new design to potential resonance or forced response probléms.

For new|runners made from high strength materials, it shoulds be stated that the blade
thicknesq at the trailing edge tends to be less than the one of any-design which they|might be
replacing. This tends to raise the forcing frequencies from ‘vortex shedding. On the other
hand, thg fundamental natural frequency and all of the hapmaénics of a thinner blade gre lower,
increasing the possibility of resonant vibrations. In the rUnrer, the induced frequencies are in
the low tp medium audible range (e.g. 50 Hz to 1 000:HZz). The one advantage with|this type
of “perfoffmance” problem is that its mechanisms aré<easily recognized and the knowledgeable
manufacfurers 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 afffect the long term performance of asehabilitated unit.

7.3.4.6.3 Runner/distributor interaction

In regard| to the forced response type of vibration problems, the solutions to runner/distributor
problemg are not at all so simple because they are a function of the number of guige vanes
and runngr 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 therg is close
proximity| between the trailing edges of the guide vanes and the leading edges of the runner
blades. I{ is importantithat the manufacturer be required to demonstrate that the design which
it propoges, has a,'solid basis in previous successful operation of geometrically similar
machineg or that~any new feature has been analysed with the most sophisticajed tools
available| and dissshown to be safe and reliable. This type of problem has been known to
necessitgte making significant modifications to or even outright replacement of new| runners.

One shouyld<also consider that a new runner with different number of blades will cnange the
forcing fre :

7.3.4.6.4 Hydraulic pressure pulsations

Hydraulic pressure pulsations in the draft tube of a Francis turbine and, indeed, in the draft
tube of any reaction turbine, are a normal feature of off-peak operation. Since the birth of the
technology in the latter half of the 19 century, designers and manufacturers have been trying
to minimize the secondary flows in and discharging from the runner to broaden the range of
possible operation with respect to the peak efficiency zone. They have not yet in 2006,
succeeded in eliminating the possibility that the pulsations generated by the runner, create
resonance with the complete hydraulic system. This aspect of hydraulic design is further
complicated by the fact that the possible resonances cannot be determined by model tests,
even if the entire hydraulic system were to be modelled.
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IEC TC 4 has been working on the establishment of criteria for judging the acceptability of
hydraulic pressure pulsation for at least the last 50 years. To date, it has succeeded only in
defining how pressure pulsations due to runner design should be measured (IEC 60994).

Analyses to determine the potential resonant frequencies shall take into account the entire
water passage, “free surface to free surface” from the power intake structure through the
power tunnel, the penstock, the surge tank, the manifold, the turbine, the draft tube and the
tailrace conduit, whichever are applicable for each site. Forcing frequencies coming from the
runner depend on the design and on the discharge and are usually in the range from 25 % to
100 % of the runner rotational frequency. Low load operation normally generates the lowest
draft tube forcing frequencies while high loads generate the highest frequencies. In complex
hydraulic systems, this large variation in potential forcing frequencies makes it difficult to
preclude, by design, all possibilities of resonance. When rehabilitation involves increasing the
maximum discharge passed through the unit, it is possible that the range forcing
frequencies will change and create a resonant condition where it did not exist previously.

The mosft common solution to a problem of hydraulic resonance is the modificatign of the
natural frequency of the turbine draft tube by the admission or injection_ofj air. The effects are
obtained|in two ways. Firstly, the form and frequency of precession ©f (the draft tube vortex
(the forcing frequency) changes when air is admitted to it and secondly, the [resonant
frequency of the complete draft tube changes due to the change incelerity of the modified two
phase flow (water and air). Care shall be taken in applying thiséimethod of turbine stgbilization
because,| in a complex hydraulic system, resonance can be‘created with air admjssion as
easily ag it can be eliminated. The other important factoriis that when the quantity of air
admitted |(or injected) exceeds about 1 % to 1,5 % (standard temperature and pressufe) of the
turbine discharge, it can have a measurably detrimental effect on turbine efficiency,
particulafly in the region of the optimum efficiency aof-the turbine. It is therefore imp}rtant 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.

It should|be noted that for deeply set Erancis turbines and particularly pump-turbings whose
runner/impeller submergence is set\by the requirements of the pumping mode, thaft if air is
required,|it will probably have to be-injected from a compressed air source. The lowpgst 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 fpr only a
narrow range of discharge and are therefore a performance hindrance at all other pperating
conditionf.

7.3.4.6.5 Power/frequency swings

Power o frnqnnnny swings can occur at the frnnlllnnr‘ine caused hy draft tube pressure
pulsations particularly if these are in resonance with the hydraulic conduit system.
Repercussions caused by draft tube pulsations on the static pressure upstream of the turbine
distributor (spiral case pressure pulsations) will result in discharge pulsations which have a
direct influence on power. Such cases are more likely produced by the type of draft tube
pulsations which occur at high loads and can usually be eliminated by minimizing the pressure
pulsations as described above.

Power/frequency swings at lower frequencies can be related to improper governing
parameters. At a plant where the intention is to increase the maximum discharge, the water
starting time of the entire conduit system will increase. If no change is made to the inertia of
the unit, the governing parameters shall be reviewed to confirm acceptable governing for any
and all operating conditions of the powerplant (isolated operation or always on a grid).
Transients shall also be verified (pressure rise and speed rise). An increase in maximum
discharge usually means that the maximum rate of guide vane closure shall be slowed down
to avoid exceeding the penstock and spiral case design pressures. This results in an increase
in transient speed rise for a full load rejection, a factor which shall be confirmed to be within


https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

IEC 62256:2017 © |IEC 2017 - 83 -

safe limits in relation to overspeed and runaway speed protection devices. It is usually
acceptable for the rotating parts themselves which are normally designed for the full runaway
condition, but this is an aspect which shall be evaluated and confirmed.

7.4 The assessment of related equipment
7.4.1 General

In the process of turbine rehabilitation, it is necessary to know the impact of the rehabilitation
on all of the equipment and structures in the power plant.

We can consider three different categories of equipment involved:

a) relatdd equipment, directly affected by the rehabilitation of the turbine: far|example
generator, governor, governor oil pressure system, pressure relief valve, turbine inlet
valve| shut off valve, penstock, surge tank, power tunnel, surge chamber, tailrace|tunnel;

b) equipment required for the maintenance and eventual overhaul of th@ ‘unit gnd other
equipgment: for example cranes and their runway systems, disassembly and| erection
equipment and tools;

c) equipgment required for connection or integration of the energy té_the electric grid.

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

a) mod¢g of operation (e.g. increase in the number ‘of “start/stops per day could require
imprdvements to the thrust bearing, and unit brakefjack equipment);

b) translents on load rejection particularly if ansincreased maximum unit output|is being
considered (speed rise and pressure rise);

c) govefnor adequacy.

d) increg@sed axial thrust due to a new runner design (may necessitate changes to fhe thrust
bearipg cooling system);
e) runaway speed of the new runner (stresses in rotating parts and relationship with critical
speeds);
f) risk ¢f new adverse hydraulic pulsations due to new runner design, mainly fof Francis
turbirles and pump-turbines (for test procedure, see IEC 60994);

g) change in tailwater ‘elevation in relation to increased maximum flow of the turbinpe, which
affecfs both speegific hydraulic energy, and submergence of the turbine for ¢avitation
considerations;

h) impag¢t on sspécific hydraulic energy due to increased maximum flow of turbing (higher
lossep in the penstock, power tunnel and tailrace);

i) presslure—relief valve capacity required to limit pressure rise and speed rise during load

rejection (if applicable);

j) turbine inlet valve and its control system adequacy.

It is highly probable that the related equipment will need rehabilitation to a degree similar to
the turbine itself. The assessment of the related equipment will not be described in detail in
this document; however a few aspects are mentioned concerning the direct influence of a new
runner and possibly modified operating modes of the power plant.

The tables presented in Annex C give in a checklist format, for each component, the aspects
that should be considered in the evaluation of the related equipment. These are presented
under the headings “aspects of concern”, “possible cause or reason” and “possible action”. A
detailed discussion of the most relevant aspects of concern for the assessment of the related

equipment is presented in the following subclauses.
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7.4.2 Generator and thrust bearing

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.

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
determingd. This is especially important if there is a downstream surge chamber* since the
transient|over-speed can be aggravated by the transient lower downstream pressurg caused
by the lgvel 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 excit|ng frequency and the equipment natural frequencies shall"be checked, particularly
for the rotating parts.

The design of the coupling flange between generator shaft'and the turbine runner qr turbine
shaft ShT” be reviewed. Very often, it is necessary t0 improve the alignment off the two
components in order to decrease mechanical vibratiens. It might be considered t¢ replace
fitted coypling bolts or keys with a modern friction“coupling. To reduce the danger |of stress
corrosion cracking, the coupling, if exposed to theWater passage, should be made watertight.
This is particularly important for horizontal shaft'\Pelton units.

In the case of Pelton turbines (horizontal' or vertical axis) with runners overhung on the
generatof shaft, the shaft surface isvoften exposed to water and needs, in that fegion, a
thorough[NDT examination. In manylcases, a computation of the danger of stress forrosion
cracking js merited.

An incregse of turbine output might be limited by the maximum safe power output of the
generator if it was not ovérsized in the original design. In many cases, the power output can
be incregsed if the active parts of the generator are renewed and existing components like the
stator frgme or the.shaft are verified and reused. It is normally unnecessary |to make
expensive changesdo the civil works.

Generatdrs buift before about 1965, had class B asphalt/mica type insulation systepns which
required aground-wall insulation thickness much greater than the modern epoxy/mifa based
class F ; i i frrch ith class F
insulation, the additional copper conductor area in the same stator core slots will allow a
power increase of between 20 % and 30 % without doing much else to the generator and
without having to exceed significantly, the Class B operating temperatures. Other
modifications to be considered are a new design of the poles, the use of high permeability
stator core laminations and non-magnetic material for the end region (winding support, keying
of the poles, air-guides etc.)

An improvement of the generator-cooling system, especially the vanes mounted on the rotor
and the channels which guide the cooling air, can allow higher capacity utilization within
existing geometric dimensions with reduced ventilation losses.

7.4.3 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
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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-supply system.

The minimum allowable sustained load on Francis turbines or pump-turbines and indeed on
fixed blade propeller or Kaplan turbines due to low discharge swirl in the draft tube can

Change g gnlflr\nnfl\][ with- new runners, nnr\ncelfahng an Qd:\pfghnn of the control algn ithm.

7.4.4 Turbine inlet and outlet valves, pressure relief valve

This equ|pment is usually of the same age as the turbine but normally is;not as exposed to
wear and abrasion because they serve a mainly transient and stand-by function. Nevertheless
their meghanical integrity and their reliability of operation shall be investigated in the same
manner gs those aspects of the turbine.

An increg@se in the turbine specific hydraulic energy (rise in~upstream level or loyering of
downstream level) or in the turbine maximum discharge will.necessitate a complete |checking
of the va|ve design and that of its operating system and_of their ability to operate reljably and
safely under an emergency shut-off.

An additipnal aspect which shall be dealt with is @ potential increase over time of the friction
in the bejarings or bushings of the rotating dise plug or flap. If valves are kept open for long
periods, |then the friction coefficient in thetbhearings or bushings may increase jowing to
corrosior|, to contamination by foreign parti¢les or other deposits and will result in a decrease
of their r¢liability to close under emergency discharge interruption conditions.

Furthermjore, if the turbine foundatign*system has deteriorated, then the consequencegs on this
ancillary pquipment and their supports and anchor bolts shall imperatively have to be|verified.

7.4.5 Auxiliary equipment

The purspit of increased”efficiency also includes the reduction of the power consuption of
auxiliary equipment; To achieve this goal, pump motors, pump impellers and valves with high
losses cgn 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.

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.
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Changes in the hydraulic thrust require verification of the adequacy of the lubricating oil
characteristics and the cooling system of the thrust bearing and possibly of its oil vapour
scavenging system.

The supply of a new runner may necessitate modifications to the draft tube aeration system or
indeed, may permit its elimination. In some instances, the quantity of air required for
stabilisation of unit operation can be significant enough to unbalance the powerhouse heating
and ventilating system, particularly in the case of an underground powerhouse.

7.4.6 Equipment for erection, dismantling and maintenance

The heaviest lift for which the powerhouse crane and crane runway are designed is usually,
but not a i i i it dismantling
and this probably for the first time in decades. Before starting any major overhaul work, it is
necessarly to check and test the handling equipment and its support system undeq nominal
load and|to test the accuracy of load holding and positioning of the crane itself.

The crangs in the machine hall shall be able to handle any increase in design loads from new
and perhaps heavier components. Special attention shall be paid to the”design of the crane
hook, liffing pins and lifting fixtures to ensure their compatibility, with existing pnd new
components.

7.4.7 Penstock and other water passages

The incrg¢ase of maximum discharge or specific hydraulic energy (head) requires a |thorough
recalculation of the hydraulic transients. The maximum transient pressure rise will inprease in
proportion to the increase in the maximum discharge’if the time gradient of the moJement of
the guidg vanes or the injector needles is kept.canstant. This investigation should glways be
based upon actual recent measurements of pressure rise and speed rise to be pure that
changes [in design that have been made sipce the original commissioning are considered as
well as changes to the friction coefficients of tunnels, penstocks and valves. This is gspecially
true for pflants 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 runngr vanes, whose number may be different in the new design, shall be |carefully
considergd and evaluated(

The replgcement 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 incrdasée/of maximum discharge may lead to higher losses or air-entraining vortiges at the
intake structure. This phenomena shall be evaluaied and the voriex 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.

7.4.8 Consequences of changes in plant specific hydraulic energy (head)

In some cases these fundamental hydraulic characteristics have been changed over the years
of operation; examples are:
— raising of the headwater level with the use of flash boards or other means;

— lowering of the tailwater level due to erosion of the riverbed or to the lowering or removal
of flash boards at a downstream site.
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The change of the elevation of the tailwater requires a verification of the submergence of the
turbine runner (Thoma coefficient) to ensure adequate protection against cavitation erosion. It
might also influence the frequency and magnitude of the swirl at the turbine runner outlet and
the pressure pulsations in the draft tube itself which, in turn can be a source of hydraulic
resonance. The lowering of the downstream level for a given discharge is particularly
important in the case of pump turbines, since it may have an influence on the pump mode
trash racks and will affect directly the net positive suction head (NPSH) available.

7.4.9 Grid integration

An important aspect of turbine rehabilitation is the connection or integration of the energy to
the electric grid. The existing connection is specific to the original design of the machine. Any
modification to these characteristics (energy, operating mode, power increase, etc.) may have
an impadt on the grid. These impacts should be studied and taken into consideratipn in the
decision-making process because their related costs may be high and the amoun} of work
required may influence the project schedule. The grid integration aspects may-make|a project
less profitable, and therefore less of a priority, or even completely unprofitable.

8 Hydraulic design and performance testing options

8.1 Gdgneral

When a fdecision has been made to rehabilitate a hydroelectric turbine-generator pnit, it is
worthwhile to consider all of the possible improvements-that could be made in ordgr to take
advantage of technological progress which has occurred since the design of thg existing
machine.

This normally leads to the development of a mew runner design and, sometimes pf a new
distributdr and modified draft tube.

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

The modEl test still remains, today, the best available tool for confirmation of the acfuracy of
the design calculations. For flarge units, it is therefore recommended to perform mqdel tests
before prototype modifications are carried out. Hydraulic design changes to any pumlp-turbine
should b always evallUated by model tests. For small units however, only refgrence to
existing model test results for hydraulically similar machines is often used.

The final|result can also be checked by prototype tests. However, at that stage, the gossibility
of making design modifications if a problem is detected, are necessarily much mote limited
than at thedstage of a model test before prototype construction has begun. A prototype test is
not a develapment 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. For most projects of intermediate size, the extent of the investigations shall be
decided on a case by case basis.

In deciding how much one can afford to spend on development, one shall ask “what is the
present value of the credible performance shortfall which may arise from the decision not to
do a particular phase of the design studies and model tests?” A performance shortfall in
power can often be offset by cutting back the trailing edges of the runner blades on the
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prototype. A performance shortfall of between 0,5 % and 1,5 % in weighted efficiency can be
evaluated in the light of the anticipated plant operating conditions and compared against the
cost of doing more design development studies (CFD) or model tests or both on a given
project.

This process shall be initiated from the feasibility study stage and shall take into account the
size, characteristics and features of each individual project. For any project with identified
technical difficulties, the opinion of manufacturers on the feasibility of various options should
be requested at the feasibility study stage, and hydraulic studies should be contemplated at
the detailed studies stage.

In most cases the model test, if any, is carried out after award of the contract to the selected
contract j e are best
served if| the detailed design and model tests are done at the detailed studies stage under
separate|contract to two or more potential contractors and the results of their work*arg verified
in an independent laboratory. In such cases it is advisable to have the potehtial cqntractors
quote at the same time for both the design and model test stage and for the executipon of the
runner supply and the rehabilitation of the complete turbine. In this way{any real differences
in tested |performance can be evaluated against differences in the overall.cost of the project.

To design new components for old machines, especially runhérs, adjacent parf{s of the
existing flow path shall be included in the flow simulations:\This is the typical [case for
rehabilitation and modernization of an existing turbine, where’ most of the old components
remain ynchanged. Reliable prediction of the performance of new components| 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.

8.2 Cdgmputational hydraulic design
8.2.1 General

To be g¢conomically justified, computational hydraulic design shall be conduqted with
consideration of the following aspéects:

— Choige of the software.

e The software (2D _or 3D, viscous or non-viscous, stationary or unsteady flow] shall be
sglected with«egard to the component to be calculated and to the overall value of the
prpject.

— Extent of the ¢alculations.

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.

As of 2006, the most sophisticated CFD tools available allow one to limit the risks associated
with rehabilitation to a very low level. However, to do so solely by CFD calculations is time
consuming and the development costs can approach those typical of a limited model test
programme.

8.2.2 The role of CFD

Numerical flow simulation or CFD (computational fluid dynamics) is a powerful tool when it is
used correctly and when its restrictions and limitations are clearly understood. When applied
to rehabilitation, it can be used for:
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— design of new components for old (existing) machines;

— analysis of the fluid flow through existing machines to understand and solve operational
problems related to the form of the water passage;

— the potential efficiency improvement linked to profile modifications can be determined by
CFD analysis and confirmed by model testing, although an economic analysis is required
to determine the feasibility of the physical changes involved.

In the design process to optimize new machines from inlet to outlet or to design for
rehabilitated machines, CFD can be expected to reduce the number of modifications required
on the physical model in the test rig to achieve the guaranteed performance. Cavitation can
be reduced to a very low level to a degree quite impossible to achieve with the classical pre-
CFD design methods and fine tuning during model tests. The reason for this is that with
numericatsitaten—thepressure—distribution-en—eriticalparts—ef-therurrerblades—<nd other
surfaces [of the machine can be verified and optimized resulting in better flow distribution and
more eqyal sharing of the pressure loads.

In many tases, operational problems in the turbines of existing power stations can he solved
using CHD. Flow analyses allow one to understand the flow phenomena. More injportantly
perhaps,|CFD allows the evaluation of options when one is trying to(s6lve a partiqular flow
problem,| by permitting one to change component shapes numerically and to dtudy the
correspohding change in the resulting flow pattern. Only if the, CED results of a givén option
are promjsing, would the new shape be integrated in the model or attempted in the prototype
machine.

8.2.3 The process of a CFD cycle

A CFD aIaIysis involves the following major steps;
— the r¢al coordinates and dimensions of the” flow channels shall be determined (wetted
surfages);

— based on this data, the space withjn the flow channels shall be divided into discreet or
finite plements or finite volumes;

— the bpundary conditions as wellds initial conditions for unsteady flow simulationg shall be
established for the actual operating points of interest of the turbine;

— ther
infor

sults shall be/pest processed to provide the information that is necessafy for an

— the f:-{w simulation is carried out;
ed decision gn:the identified problem.

The validity and 5accuracy of the solution depend upon how each of the steps is performed
and how fthe following questions are answered:

— are the‘basic coordinates of the machine components correct? More precisely] do they

nnnnnnnnnnn + thao 1 bt aotata of tha o b in D
propully ToPTCSTTIT OTe SHFeRt-State—ot+tthe-macrihie~

— has the computational domain been correctly represented by the chosen discreet elements
in order to minimize numerical errors?

— have the boundary conditions as well as the initial conditions been established correctly
for the operating conditions of interest of the turbine in the power plant?

— what CFD-code has been used and have the specific parameters been set correctly (such
as the turbulence model etc.)?

— can one be sure that all relevant information is given in the numerical results and that no
important result is hidden or misrepresented?

8.2.4 The accuracy of CFD results

The accuracy of the results of CFD calculations depends on the CFD-code itself, the way it is
used and on the professional experience of the user. It shall be emphasized that flow
simulation cannot describe precisely the real flow in all its complexity. The simulation is based
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on a numerical model of the real flow, and therefore the key question is how close to reality
the numerical flow simulation can come.

The governing equations used to describe the fluid flow through a turbine in a hydroelectric
power plant are the Navier-Stokes (NS) equations. This set of equations is valid for laminar as
well as turbulent flows. As a consequence, viscous as well as vortical flow phenomena are
captured. However, the solution of the Navier-Stokes equations for flows through complex
geometries such as hydraulic turbo-machines is not possible as of 2006. Thus, normally the
Reynolds-Averaged-Navier-Stokes (RANS) equations are used for the simulation of turbulent
flow. Here, a mean value and a fluctuation term are used for the local flow velocity and for the
corresponding pressure instead of the true local values. This requires the introduction of a
turbulence model which takes into account the effect of the "real" turbulence on the flow
behaviour. Turbulence modelling is still under development. The turbulence model used for a
precise ¢omputation of turbulent flow is of considerable influence on the accuragy of the
analysis.

In additign, the RANS equations describe the flow as a continuum, but can'only be qolved for
a finite (Jimited) number of points in space. As a consequence, the computationgl domain
shall be divided (discretized) into a number of finite elements or finite;yolumes depgnding on
the computational algorithm. This discretization can be of considerable influencg on the
numerical solution and therefore on the accuracy. There are someérules on how to génerate a
"good” computational mesh, but even if the rules are known to. the user of the CFD-code, in
many cages it is not possible to completely avoid "bad elements” owing to the geometric

constraints given by the shape of the machine or the component to be analysed. Th¢ number
of elemgnts or the topology of the mesh for a given “number of elements carl have a
considerable influence on the accuracy.

For all of these reasons, the accuracy of the similation is limited. This is particularly true in
the case [of the draft tube and even more so for old forms of draft tubes.

8.2.5 How to use CFD for rehabilitation

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

— do th¢ analysis on the new arrangement from scratch;

— analype first the existihg installation for reference calibrating with available test data, then
the new or modified_céomponents to calculate the differences between the new and the
existipg installatien.

The first [approachrelies solely on the accuracy of the numerical prediction. In this tase, the
predicted performance of the new components in the existing environment [s based
completelyon-the numerical means.

The second approach takes into account measurements from model tests, if available, or
prototype tests or site data from operation of the power plant over the years. In this approach,
the difference in the performance between the old and the new installation is analysed
numerically. As a consequence, only this difference in the performance between the old and
the new installation is affected by the accuracy of the numerical prediction. It is evident that
the second approach is more reliable (more precise) in performance prediction using CFD.
However, it is more time consuming than the first approach because both the existing as well
as the new components shall be analysed. Furthermore, in order to perform a precise flow
simulation for the existing turbine, the existing installation shall be well documented and
consistent with the real water passages. Unfortunately, in many cases the documentation is
poor and especially for runners, the documentation is often not available. In such cases,
precise site dimensional measurements are necessary.

The second approach for performance prediction by the use of CFD for rehabilitation projects
is more reliable than the first one. However, it is more expensive and more difficult because of
the need to obtain accurate data on the existing component geometries.
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8.2.6 CFD versus model tests

CFD is a good tool to compare alternatives, but not as a stand-alone tool for establishing the
absolute efficiency level of a hydraulic machine. This is especially true for cases of machine
rehabilitation. This characteristic of CFD is also true for the evaluation of cavitation
performance.

The question of whether CFD calculations or model tests or both should be performed
depends upon the size of the power plant and its average annual energy production after
rehabilitation.

For a very 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 gomponents or for the development of new ones.

For a megdium-size power station, it can be feasible to perform semi-homologous madel tests
to test te new installations optimised with CFD (see 8.3.2). Semi-homalogous mqdel tests
permit verification at a modest cost as to whether the numerical perfdorpiance prefiction is
realistic. |It gives confidence that the planned measures will be successful, and it proyides the
opportunfty to improve the design further. However, one shall be aware of the fact that those
machine |components in the semi-homologous model which areé/not similar to thg existing
construcfion can have considerable influence on the measured, performance. In mahy cases
for semi-homologous model tests, only the new runner is homologous while the othef parts of
the moddl are dissimilar to some degree.

For a large power station with high energy production, fully homologous model fests are
usually justified. If a 1 % deficit in efficiency or 1'% deficit in capacity over the|years of
operatior] is worth more than the costs for axmodel test, a homologous model fest in a
qualified [laboratory should be considered. This“approach will ensure with the best| possible
accuracy| the financial success of the rehabjlitation of the generating units.

This leadls to three categories of desigh.approach for rehabilitation projects:

a) Smalj hydro: only CFD;

b) Meditm hydro: CFD in combination with semi-homologous model tests;
c) Large hydro: CFD in combination with fully homologous model test.
The question as to_whether any given rehabilitation corresponds to category a),|b) or c)

cannot be answered\in general terms. The answer depends upon parameters which are
specific tp the power station under study such as:

— How fnuch_¢an the energy production be increased through upgrading?
: Isca|' f . . I . ided?

— Are there other operational problems to be improved upon such as hydraulic resonances?

— Are there unacceptable levels of draft tube pressure pulsations or vortices to be reduced
or eliminated?

Many factors are changing with time including the accuracy of CFD analyses. The latter are
continually being improved. The decision concerning which tools should be applied shall be
made on a case by case basis. In all cases, a thorough cost-benefit calculation is needed.

8.3 Model tests
8.3.1 General

The development of hydraulic turbines, storage pumps and pump-turbines has been carried
out historically, using a reduced scale model in a laboratory. This method, combined with
empirical calculations based on previous designs, has shown itself to be a reliable
development tool. Despite the improvement of hydraulic calculations with the advent of CFD
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techniques, model tests remain the only accurate way to assess the results of the calculations
in a suitable and timely manner and predict the global performance of a prototype regarding
all of the various and important aspects such as output and efficiency, cavitation erosion risk,
runaway speed, pressure fluctuations, shaft torque fluctuations, guide vane torques, draft
tube air admission benefits and hydraulic thrust. It shall be appreciated however that where
instability phenomena and potential resonances are concerned, (pressure fluctuations, shaft
torque fluctuations and draft tube air admission benefits) that the model test cannot be relied
upon to identify potential resonance with the plant hydraulic conduits even if the latter were to
be modelled.

Model tests allow one to establish the absolute efficiency of the hydraulic machine with a very
low level of uncertainty (+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 attractjve as a
potential |benefit evaluation tool. Model test methods that are applicable to new jhydraulic
machineg are also well suited to evaluate rehabilitated machines with various options for
potential /modifications (stay ring, distributor, runner and draft tube).

In cases| where site tests are difficult or very expensive, or where;ihey would have high
uncertainties (large turbines having low specific hydraulic energy for example), mqdel tests
can be uped also as contractual acceptance tests. This may be particularly applicaljle where
model tests are conducted on a model which reproduces the existing profiles and thgn on one
with the hew profiles. The contract is sometimes based on,déemonstrated 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 ftest 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 whether or not some
components of the model are already available and upon the scope of the test program. The
latter would be fixed largely based on*the value the anticipated efficiency gains and| may, for
large plgnts with tens of units, invelve two or three manufacturers in competition with
contractyal tests in an independentilaboratory.

8.3.2 Model test similitude
There ar¢ two categories_of model tests:

— Fully homologoUs-model tests

The fully homologous model duplicates the hydraulic profiles of the existing turbine
comppnents*as well as the hydraulic profiles of the new components. It requires|having a
complete and accurate geometric definition of the existing components through access to
the ofigr i i ; original
as-built drawings are available, some site measurements may be advisable to confirm the
existing profiles.

— Semi-homologous model tests

In the semi-homologous model, components are very similar to but do not perfectly
duplicate the hydraulic profiles of the existing or the modified improved turbine
components.

The advantage of fully homologous model tests is obvious since a semi-homologous
model test requires the calculation of performance corrections in order to take into account
the lack of homology of some components. Such performance corrections are subject to
interpretation.

However, when the degree of lack of homology is limited and the manufacturer has good
experience in the region 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
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manufacturing and engineering design costs as well as from a reduced model test cycle
time.

8.3.3 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);

— outlet cavitation influence curves for power and efficiency (measurement of efficiency
anpd-power vsthe—Thoma coefficient sigma withrobservationsof the-imcipientgavitation
cgnditions);

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

— pressure fluctuation measurements in the spiral case and the draft'tube as 4 function
oflguide vane opening for the condition of normal plant Thoma(eoéfficient and in some
cdses, for various Thoma coefficients in the range of the antiCipated plant valyes;

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

— Kaplan blade torque tests;

— hydraulic thrust;

— representative checks of the principal dimeasions of the model.
b) Additional data

— gdide vane torque measurements as'@ function of the guide vane opening ang specific
hydraulic energy including the influence of a desynchronised guide vane;

— aif admission influence on draft tube and spiral case pressure fluctuations angq on shaft
torque fluctuations;

— adial and radial thrust measurements as functions of guide vane opening at maximum
sgecific hydraulic energy;

— influence of tailwater level on efficiency in a Pelton turbine for cases of ipcreased
mpximum discharge;

— ngedle force_diagram if there is a significant change in the nozzle form;

— ddgflectornterque curve if there is a significant change to the manufacturef’s usual
practice;

— cdlibration of Winter Kennedy taps — pressure difference measurement at twq or more
points (on a spiral case section for example) for the limits of the ranges of plant
specific hydraulic energy and unit discharge.

8.34 Model test application
8.3.41 General

A gain in performance can be established from the comparison of the results of a prototype
efficiency test conducted before the rehabilitation compared against the results of a model
test of the new design with appropriate step-up (“model to prototype prediction”) or by a direct
“model to model” comparison by testing the old and new components in the same test set-up.

8.3.4.2 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.
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This procedure yields relatively poor accuracy because:

— 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.

— 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 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 %.

8.3.4.3 Model to model comparison

This metlhod compares the existing and new machine characteristics directly byymodgl tests of
both old| and new designs. Assuming that both designs are in the safme:-"surfajce finish
condition} without cavitation erosion damage, corrosion or other surface deterioration|and with
the same¢ runner seal clearances this method of comparison is very precis€.

In the “model to prototype” prediction, the calculation of a step-dp to be added to the model
performapce to estimate the prototype performances is necéssary. When a model test is
performefd, the mechanism for predicting prototype performance is based on [similarity
between the model and the prototype. The prototype efficiency calculation relies on p precise
knowledde of the geometry and actual roughness of the suffaces. The similarity reqyirements
are descfibed in IEC 60193. As of 2006, a working group of IEC TC 4 is involved in |efforts to
update the provisions of IEC 60193 which deal with’scale effects and is in the pfocess of
elaborating a document which contains a calculation for accommodating the| surface
roughnegs effects of the various water passage components (IEC 62097). When the
geometri¢ similarity tolerances have been respected and the roughness of surfacg¢s of the
model arld prototype are known, the prototype performance can be calculated. Caution shall
be appligd however when evaluating the roughness of the prototype machine wheh its age
results i average roughness for important components such as the guide vanes [and to a
lesser extent, the stay vanes, whichCare well beyond those dealt with in the current dpcument.
The roughness should be measured on important components before the tender stage. The
tenderer can then recommend the optimal upgrade on the various water passage components
and the galculation of the seale effect can then be based on the condition of the rehpbilitated
componehts. If, for any reason, the surface roughness is not measured, an agreenjent shall
be reached between the“/owner and the contractor concerning the evaluation of rgughness
effects.

In some fehabilitation projects, the contractor's scope does not include the entire turbine. The
homologous model with the appropriate calculation of scale effects of components which are
outside the responsibility of the contractor, permits managing the work in accordancg with the
defined contractual responsibilities.

In a “model to model” comparison, both runners (old and new design) and any other proposed
modifications are tested in a model consisting of the same other turbine components. 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.

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
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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 efficiency between the old and new model runners and the old and new
prototype runners will be similar provided that the homology of the old runner model is
perfect. If we consider roughness differences only, the probabilities are that the difference
between the old and new prototype efficiencies will be greater than the tested difference
between the “old” and “new” models because of the deteriorated surface condition of the “old”
prototypg. However, this comparison will always have some unknowns becausge of the
procedurgs described in the preceding paragraph.

This “mogel to model” approach implies:

— A higher degree of security for the owner, who will not be expecting unrealistic guaranteed
efficigncies but rather, a measured efficiency increase which~“may be ad@ed with
configence to the prototype efficiency of the old turbine.

— A higher degree of security for the manufacturer, who will o longer be faced with having
to guprantee an absolute efficiency value on a machineé whose components outside the
runnjr itself have deteriorated but rather, an efficiency increase with respect tp the old
turbinfe for one or more model tested modifications(e.g. runner and guide vans). This
protolype efficiency increase may be demonstrated-in comparative field tests. I{ is to be
assumed that all potential physical improvements to the condition of the othef existing
turbirle components will be evaluated in .eost/benefit assessments before the owner
embarks on any one of them.

The “model to model” procedure also provides for a good evaluation of cavitation behaviour of
the new funner, lowering the probability~of disputes between the contractor and the [owner of
the hydrgulic machines.

Where the “model to model” contractual comparison is used, an index test on the grototype,
before and after the rehabilitation is sometimes used to confirm the gains predictdd by the
model results.

8.3.5 Model test dlocation

The model test can be carried out either in the manufacturer’s laboratory or in an indgpendent
laboratoryy.

a) Modd|l 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.

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
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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. As of 2006 all major
manufacturers and independent laboratories use test loops of similar size and power.

2) Competitive model tests in an independent laboratory

For major rehabilitation projects (large capacity and/or large number of machines), it

h Sasasay A S Se—0OY > g a e G

inlependent laboratory. The various tenderers are invited, and often “pali

before a
rehabilitation contract is awarded for work on the prototype. This|is clearly an
ejpensive exercise when two or more contractors are requiredoto perform the
cdmparison. However, the cost could be reasonable and justified” when, qompared
agdainst the potential benefit, if manufacturers are invited to optimise their degigns and
tept them in an independent laboratory. This may involve a sgt,of modified components
(npt only the runner) developed using CFD analyses. In this,case, the accurgcy of the
cdmparison is about £0,15 % and can reliably permit the' establishment of the long-

8.4.1 eneral

Prototype test methods that are applicable tol\new hydraulic machines are also puited to
rehabilitated machines.

In most ipnstances, the main goal of prototype tests is to check the turbine efficiency against
the manyfacturer’s guarantee. The advantage of the prototype test is that it gives thie turbine
efficiency directly within the uncértainties applicable to the selected method Jand site
conditionk. It is impossible during,the period of the test, to verify other important pgrameters
such as [cavitation performance with any quantitative precision. Runaway speed [ests are
seldom ¢arried out on the-\prototype because of the risks of damage to the |unit and
particulafly the generator\for an event which is highly improbable in the life of the mmachine.
Some owners, with due‘regard for these risks, carry out a runaway speed test on ofe unit of
each new design.

By way of comparison against new turbines, rehabilitated turbines offer the advgntage of
allowing [ comparative tests on the machine before and after rehabilitation. |In such
circumstgnces, the parameter of primary economic interest is the efficiency increage 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.

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.
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Most sites merit at least a prototype index test before and after the rehabilitation and some
measure of model development testing. The methods and limitations of index tests are
covered under |IEC 60041.

8.4.2 Prototype performance test accuracy

A number of testing organisations have improved the technology for site testing of hydraulic
turbines; however, the accuracy is still not as good as that of model tests.

The absolute level of uncertainty will depend upon the design of the machine. It will generally
be easier to achieve high accuracy with a high head than a low head machine. The detailed
design of the turbine and its conduit system is also important. It is easier, for instance, to
achieve high accuracy where there is access to a substantial straight length of the unit
penstock|in which to install a flow meter than on a turbine fed by a conduit with many closely
spaced hends. On higher specific hydraulic energy machines, the direct measurgment of
efficiency using the thermodynamic method is often a relatively low cost) and |accurate
alternativie.

The leve| of absolute uncertainty of the various IEC 60041 Primary tést‘methods is|between
1,5 % tp 2 %. With the use of the most advanced methods and equipment, and| a highly
qualified];est crew, this can be reduced to below +1 % under the béest conditions (forfexample
with the fhermodynamic method on a unit under a specific hydraulic energy of 2 900[J.kg™", a
head ovgr 300 m, or using the acoustic method with at least“four crossed-paths, g total of
eight patps, and ten diameters of straight conduit upstream,of the measuring sectiop). As for
model tests, the inaccuracy of the prototype tests usedito“establish a difference in ¢fficiency
of the U{rit tested before and after the rehabilitation is better by about 20 % [than the

inaccuragies typical of the same method used for determining the absolute efficiengy of the
same unif (some of the systematic uncertainties.are’ eliminated).

As a mipimum, the selected procedure .should be such as to confirm that the|financial
performaphce upon which the project has been justified is achieved.

If it is required to achieve a minimuni~gain in efficiency of 3 % for the project financjal return
to be acljieved, and the guaranteed increase is 5 %, then a test that provided an uncertainty
of +2 % Would be adequate.

Companips often have a-minimum level of internal rate of return to justify an investment. If the
level of Uncertainty that-ean 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
calculatefl. To do-s@. or not is a matter of investment policy.

8.4.3 Protofype performance test types

The protofype performance tests are carried out 1o coniirm 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 rehabilitated machines, it is usual to justify at least part of the cost of rehabilitation by the
improvement in efficiency that can be obtained. It is therefore judicious to measure the
performance of the machine before and after the rehabilitation. For this reason, an absolute
test is not obligatory and can be replaced by a relative test. The measurement of the absolute
discharge through the turbine is therefore not necessary for these contractual considerations
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leading to a significant advantage and usually to cost savings. On the other hand, for
projection of long-term earnings into the future, an absolute value of turbine efficiency shall
be established. This can be either by relating past performance to the measured gain or by
conducting an absolute efficiency test on the rehabilitated unit and sometimes by both
methods.

With an index test (for example the Winter-Kennedy method), the generator power output is
measured to the required level of accuracy. At the same time a pressure difference, generally
between two points of a spiral case section, is measured. When the rehabilitation is
completed, the power output of the rehabilitated machine is compared with the initial unit at
the same discharge (same pressure difference in the spiral case for example). The change in
power output at the same discharge is used to determine the improvement in performance.
These measurements can be done over the full range of unit outputs.

Although|index testing has many advantages and is probably the least costly solutipn, there
are somgq difficulties with this technique:

— The dcope of the rehabilitation has to be such that the “before” and)“after” tes{s remain
valid.

— The turbine shall be equipped with the means of measuring reldtive discharge. This would
generally be by the use of Winter-Kennedy taps but these«afe not always installed nor
alwayls in usable condition. Other pressure differences occurring across different jpenstock
diameters may also be used.

— The gccuracy and level of the maximum efficiency of/the’ “before test” shall be acgepted by
tendefers. This could be done through a test witnessed by the selected tenderer jor by the
emplgyment of a qualified third party organisation‘for the execution of both thg “before”
and “after” tests.

8.4.4 valuation of results

The comparison of guaranteed efficiencies® against measured efficiencies should be carried
out in adcordance with the applicable<IEC publication taking into account the meagurement
uncertainties of the adopted method:

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

a) If abdolute guaranteed performance has been checked by a model test stepped-up:

O

— Condition andidimensions of remaining existing components.

— Physical differences between model and prototype, particularly on existing remaining
cdmponents (existing drawings in poor condition or access difficulties regulting in
measurement errors in the case of site dimensional measurements for examgle) could
explaih 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”.

If relative performance (difference between “after” and “before” rehabilitation) has been
guaranteed and checked by model tests, no problems related to the interpretation of the
results need be expected.
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9 Specifications

9.1

General

This clause should serve as guidance in the preparation of contract documents for the
rehabilitation of hydraulic turbines. The rehabilitation of turbines is site specific requiring
design criteria uniquely established for that particular site. The use of international standards
is promoted insofar as they may be applicable. A list of items which should be covered in the
detailed technical specifications is also presented in this clause.

There are two basic approaches that can be used in developing the specifications. One is to
write detailed specifications in which the details of the equipment design, components, and

the con

truction/installation prnrndnrne are defined. The second apprnnrh is tq write a
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The above referenced IEC TR 61366-1 and IEC TR 61366-2 were prepared with a view to
guiding a purchaser in the preparation of tender documents for new hydraulic machines. The
general approach remains valid for documents governing the rehabilitation of existing
machines. The objective of the above noted documents is to provide an overall checklist for
the technical considerations in preparing tender documents and tender specifications.
Subclauses 9.3 and 9.4 below provide a checklist of additional items that pertain to the
development of the specifications for the rehabilitation of turbines, storage pumps and pump-
turbines. It should also be noted that in rehabilitation projects, the specifications may need to
be significantly more complex because of potential changes in the scope of the project
necessitated by discovery of damaged components during the disassembly and subsequent
inspections.

The bibliography provides a list of other international and national standards commonly
referencgd when preparing the specification for tendering documents covering, @ turbine
rehabilitation. Most of the ISO and IEC documents are available in both French'and English.
IEC TR 61364 provides the hydraulic machine component nomenclature in sixdanguajges.

Certain mpational standards cited above and in the bibliography provide’ an indifation of
available[references. Other equivalent national standards may be used;when approprjate.

9.3 Information to be included in the tender documents

The folloyving is a checklist of the data which should appear, in‘the technical specifigations or
elsewherg in the tender document.

— Site donditions including:
e range of plant “height” (gross head);

e information regarding intake structure, gates, tunnels, penstock, valves and tdilrace (to
parmit the determination of head losses; if they have not been measured);

e information on current turbine water.passage condition including surface roughness;
e range of “specific hydraulic energy” (net head);
e aVailable discharge;

o hgadwater and tailwater elevation ranges;

e tajlrace rating curve(elevation vs. discharge);

o discharge data with corresponding headwater elevation, and tailwater elevation as a
pgrcentage ofitime;

o water tenmiperature range and water quality (physico-chemical and entraing¢d solids
sych astsand, silt, etc.);

e cdnireline elevation of turbine distributor and all other essential characteristic of the

tukbthe:

e powerhouse layout and unit rotational direction.

— Intended operational use such as base load, peaking service, run of river or any other
constraints.

— Environmental constraints.
— Powerhouse and/or geometry constraints
— Customer requirements:
e runner construction type;
e unit axis (vertical or horizontal);
e rotational synchronous speed (generator current design criterion);

e current runaway design speed of generator (may be different from current steady-state
runaway speed).
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Performance evaluation criteria and penalties (efficiency, power, cavitation and/or
suspended particle erosion).

Testing requirements for baseline and final model testing and/or field testing.

Codes and standards for design, manufacturing, and testing of turbines.

Mechanical design requirements.

Sufficient penstock detail for transient analysis.

Delivery schedules.

Geometry and materials of existing turbine from “as-built” drawings (i.e. runner and runner
clearances, shaft, guide bearing, shaft seal, spiral case, draft tube with complete water
passage dimensions, draft tube liner, discharge or foundation ring, stay ring with stay vane

profil n torque
charalcteristics if known), guide vane operating mechanism, servomotors “and stroke
limitations).

— Currelnt limiting capacities of the generator and/or transformer (lower of the“two) [including
maximum capacity and, details of steps which the owner is prepared tolconsider modifying
these|(economic analyses are required).

— Currelnt thrust bearing capacity.

9.4 Ddcuments to be developed in the course of the project

The folloying is a list of documents to be obtained from the<existing files or to be devgloped in

the courge of the work. The participant responsible for the preparation of each |of these

documenits will depend upon what contractual arrangemeénts are envisaged for each particular
project:

a) beforg contract work begins:

— pre-disassembly operational or ‘signature’ test procedure;
— pre-disassembly operational or ‘signature’ test report;

— dipassembly and re-assembly procedure;

-  pre

— edquipment assessment and inspection procedure;
— refassembly alignment'check procedure;

— refassembly testingscope and procedures;

— cgncrete substructure stability inspection report;

— cdmmissjoning procedure.

Pre u
e

-disassembly alignment:.checks;

it un-watering data:
nature test consisting of following:

shaft runout vs. speed off-line and vs. load;

turbine stability (measurement of the draft tube and spiral case pressures and their
fluctuations plotted against load for a known specific hydraulic energy);

vibration measurements (vertical and horizontal directions of guide bearing
housing);

temperatures of bearings and shaft seal (observe the cooling water flow rate and
temperatures in and out);

power gate test (generator output measured versus guide vane position for a
known specific hydraulic energy);

load rejection test (measurement of speed and pressure rise during load rejection
at 25 %, 50 %, 75 % and 100 % of full load);

servomotor differential pressure test (differential pressure of servomotor versus
incremental servomotor stroke in both the guide vane opening and closing
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directions, this is required when existing guide vane hydraulic torque is not
available but desirable in all cases).

Efficiency test:
e index tests (measurement of the relative efficiency of the turbine) or

e absolute efficiency tests.

Post unit un-watering:

Unit disassembly:

Unit neassembly:

Commissioning:

At depign stage:

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
bgtween vanes);

glide vane opening and closing times, turbine in the dry with cushioning time.

allgnment and clearances verification and recording (shaft positions at all pearings,
runner wearing rings, generator air gap);

vgrification of auxiliary system components for wear, damage or any other [pertinent
ohservations (greasing systems, oil, air and cooling water piping, instrunentation,
walkways, etc.);

vdrification of generator components for wear, . ‘damage or any other |pertinent
ohservations;

vdrification of turbine components for wear, damage or any other |pertinent
ohservations, with particular attention to be given to the guide vane mechanism).

dimensions, alignment, clearances .and manual rotation runouts, verification and
recording.

drly test and calibration reports-of all instruments;

dry test of the guide vane mechanism and servomotors including closing times and
cyshioning;

wet tests reports,(1o" include the execution or the repetition of all signatire tests
dgscribed in b) here before and recommended at pre unit un-watering stage;

hgat run report;to testify the proper steady state operation of the unit at full load.

dgsign calculations for turbine shaft;

dgsign calculations for runner;

design justification for the runner wear ring clearances, material and design details;
design calculation for any modified component;

CFD analysis of water passage components (runner, guide vanes and stay vanes,
spiral case or semi-spiral case, draft tube;

unit flow, output, efficiency and hydraulic thrust over the specified performance range;

transient calculations for new operating characteristics and impact on speed rise and
pressure rise and resulting guide vane servomotor closing law with corresponding
nominal and effective cushioning times;

drawings, engineering instructions, purchase specifications (raw material, or sub-
contracted elements bought or fabricated), shop testing procedures.
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Annex A
(informative)

Check-list for evaluation of existing turbine

The following tables give in a checklist format, for each component, the aspects that should
be considered in the evaluation of an existing turbine. These are presented under the
headings “aspect of concern”, “possible cause or reason” and “possible inspections/actions”.
In the right-hand column of the tables, inspections, measurements and analysis are above the

dotted lines. Maintenance and refurbishment actions are below the dotted lines.

Table A.1 — Assessment of turbine embedded parts — Stay ring

Applicable to Francis, Kaplan and fixed blade propeller turbines

Agpects of concern Possible causes or reasons

Possible inspections/actions

— Craclis in stay vanes —  Pressurization cycles/pressure | —
surges/hydraulic resonance

with von Karman vortices (low,
medium and high cycle fatigue)

— Deformations due to alkali-
aggregate reactivity in the
concrete

— Reduced structural integrity
caused by erosion or cofrgsion

—  Weak structural capacity due
to poor design or
manufacturing defect

—  Material defect

Inquiry an previous rgpairs
(quantity and frequengy)
Noise and vibration
measurement aiming gt noise
frequency determination (FFT)
Complete visual inspgction
NDT inspection at staly vane
and shroud junctions

Material, flow and str¢ss
analysis

Repairs by welding
Hydraulic profile modffication

— Partigle erosion — Poor staywane profile -
— Abrasivé particles in water -

Complete visual inspgction
Inquiry on previous rgpairs
(quantity and frequengy)

Comparative analysis|with
modern designs

Flow analysis

Surface rebuilding by|welding
Hydraulic profile modffication

Application of protectjve
coating

— Corrgsion — Inappropriate coating or loss -
thereof

— Aggressive water

Complete visual inspgction

characteristics

Blast cleaning and appropriate
coating

— Hydraulic losses — Poor stay vane profile -
— Rough surface finish -

Flow analysis

Comparative analysis against
modern designs

Blast cleaning/smoothing
Hydraulic profile modification
Painting

— Seepage through radial flanges | — Deteriorated condition of radial | —
flanges due to concrete
deformations

—  Fatigue cracking of seal welds
if original flange bolting
inadequate

Visual inspection

Seal or structural repair
welding
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Table A.2 — 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 inspections/actions

— Cracks in region of stay ring; in | — Deformation due to alkali- — Complete visual inspection;

plates or welded joints

aggregate reactivity in
concrete

Reduced structural capacity
caused by abrasive erosion

Pressurization cycles/pressure

surges/hydraulic resonance
(ow _medium and high cycle

mapping of damage

NDT inspection at spiral
case/stay ring junction and
other suspect areas

Stress analysis
Inquiry on previous repairs

fatigue)

trratoreextertamdr quency)

Adjustment of.distribytor
closing time

Repair by welding

— Rivet|deterioration

Corrosion

Complete’ visual inspgction and
ND{T-inspection (if pogsible)

Repair by welding with careful
investigation of materjal
weldability and heat
deformation

Replacement where gccessible

— Surfage finish deterioration

Corrosion
Micro-organisms
Barnacles

Inappropriate ¢oating or loss
thereof

Visual inspection

Blast cleaning and appropriate
coating

— Detelfiorated concrete water
passdge surfaces

Poor quality of concrete
(generalor local)

Visual inspection

Concrete repairs

— Wall thickness deterioration

Abrasive particles in water

Combined effects of corrosion
and erosion

Plate thickness measfirements
Stress analyses

Application of protective
coating

Application of corrosipn
resistant coating
Modifications to guidq vane

closure law or derating of the
unit or both.

Reinforce spiral case

- Man hale leakage or door

Corrosion

Camplete visual inspdction of

malfunction

Door gasket and flange surface
deterioration

Door adjustment
Deterioration of hinges
Bushing wear

sealing surfaces

Gasket replacement
New seal design
Repair of sealing surfaces

Replacement or repair of hinge
bushings and/or pins

Hinge design modification
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Table A.3 — Assessment of turbine embedded parts — Discharge ring

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible inspections/actions

—  Cracks

Poor design
Manufacturing defect

Pressure fluctuations (Kaplan
and fixed blade propeller
turbines) Runner rubbing
against discharge ring

Inappropriate weld repair

Complete visual and NDT
inspection

Stress analysis

Measurement of pressure
fluctuations

Repairs by welding
Discharge ring reinforcement

Aeration (Francis)
Unit alignment and.bdlancing

— Voidd behind discharge ring

Pressure fluctuations
Deformation due to alkali-
aggregate reactivity in
concrete

Poor initial concreting and/or
anchor failures

Hammer survey; mapping of
voids

Measurement of presgure
fluctuations

Epoxy or cement groyt
injection
Supplementary anchars

—  Watef leaks

Assembly defect
Poor design
Loose bolts

Visual examination
Verification of bolting

Replacement of bolts

Repair or replacement of
discharge ring

—  Circularity defect

Deformationvof sub-structure
concrete due to alkali-
aggregate reactivity (AAR)

Measure circularity arjd blade
tip clearances

Check unit alignment

Intervention on sub-s{ructure
concrete

Reestablishment of bllade tip
clearances

— DiscHarge ring deformatiof,
mis-alignment or inclination
(Bott¢m ring support for
Frangis turbines)

Assembly defect

Deformation of concrete due to
alkali-aggregate reactivity

Measure axial positiop of
runner (Francis) with fespect
to discharge ring

Unit overhaul, reassembly and
re-alignment

— Abnofmal wear

Runner rubbing against inner
wall

Visual examination
Verification of runner plade tip

cledalrdrices

Unit alignment checks and
corrections

Repair discharge ring

— Corrosion

Aggressive water
Inappropriate coating

Visual inspection

Blast cleaning and appropriate
coating

— Particle erosion

Suspended abrasive particles
in water

Inappropriate material choice

Visual inspection

Abrasion resistant coating
(metallization or welding)

Repair or replacement



https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

- 106 -

IEC 62256:2017 © IEC 2017

Aspects of concern

Possible causes or reasons

Possible inspections/actions

Cavitation erosion

Operating conditions
Blade design
Blade tip clearances

Inspection and mapping of
cavitated areas

Verification of blade tip
clearances

Review of operating conditions

Repair of damaged surfaces

Application of cavitation
resistant overlay (metallization
or welding)

Performance and
environmental concerns

Excessive blade tip clearances

Verification of blade tip
clearances

Conversion to sphetidal
discharge ring @bove pnd
below blade axis
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Table A.4 — Assessment of turbine embedded parts — Draft tube

Applicable to Francis, Kaplan and fixed blade propeller turbines

Aspects of concern

Possible causes or reasons

Possible inspections/actions

— Distortion/deformation

Alkali-aggregate reactivity in
concrete

Draft tube liner rebuilding

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

Pressure fluctuations

Deformation due to alkali-
aggregate reactivity in concrete

Poor initial concreting and/or
anchor failures

Hammer survey; mapping of
voids

Measurement of pressure
fluctuations

Epoxy or cement grout|injection

Supplementary anchorg

—  Cavitption 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

Complete visual,inspedtion
Flow analysis

Comparative analysis ggainst
moderh designs

Shell thickness measufements

Restoration of the surface
Blast cleaning and painting

Use of cavitation erosipn
resistant overlay

Application of cavitatioh
resistant overlay (metallization
or welding)

— Craclfs

Detachmentfrom anchors or
external rihs

Pressure fluctuations due to
core.vortex at partial and high
loads

Complete visual inspedtion

Inquiry on previous regairs
(quantity and frequency)

Shell thickness measufements

NDT inspection in regipn of man
door and at junction wifh
discharge ring

Measurement of pressiire
fluctuations

Section replacement of surface
rebuilding (welding, grinding
and re-grouting)

— Corrdsion and/or erosion
damage

Presence of corrosion catalytic

micro-arganisms in water
=

Complete visual inspedtion

=4

Number of immersion cycles

Aggressive water with or without
electrolytic corrosion effect due
to unfavourable material
combination

Abrasive particle content in
water

Shell thickness measurements

Blast cleaning and application of
corrosion and erosion resistant
coating

Use of corrosion and erosion
resistant overlay or liner in high
velocity regions

—  Efficiency or power shortfall
with respect to nominal
values

Poor design

New operating conditions (load
range or hydraulic conditions)

Flow analysis

Comparative analysis against
modern designs

Steel/concrete profile
modifications

Modification to discharge ring
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

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)

Aggression of cavitation
downstream of the liner

Complete visual inspection

Survey and mapping of damage

Concrete rebuilding

Concrete grinding to achieve
acceptable flow continuity

Correction of hydraulic profile
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Table A.5 — 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 inspections/actions

Cracks

Repeated pressurizations,

Pressure fluctuations or
pressure surges

Hydraulic resonance (low,
medium or high cycle fatigue)

Deformation
Defective material or design

Complete visual and NDT
inspection

Stress analysis

Deflection and vibration
measurements

Repairs by welding

High mechanical stress by
design

Headcover reinforeénjent
Headcover replacemgnt

Detelfioration of wearing
surfage or facing plate

Abrasive particles in water
Cavitation erosion

Combined effects of corrosion
and erosion

Wire drawing (Wire drawing is
a type of erosion produced by
a high velocity clean water jet
passing through a small gap)

Contact with guide vanes

Complete visualand
dimensionakinspectio)

=)

Wearing surface repalr and
machining

Facing plate installatipn or
replacement

Assembly realignmen
Guide vane vertical afljustment

Headfover — guide vane
rubbihg contact

Headcover and/or bottom~fing
misalignment

Insufficient clearance ‘between
guide vanes and headcover

Headcover excessive
deflection

Evaluation of risk of quide
vane malfunction by duide
vane torque test

Complete visual inspdgction,
searching for wear and/or
galling at component |nterface

Complete dimensiona|
inspection of guide vgnes,
headcover and bottonp ring
alignment

Assembly realignmen
Guide vane vertical agljustment

Headcover wearing siirface
rebuilding and re-madhining

Wearing plate installation or
replacement

Uppef runner seal (labyrinth)
damage

Headcover misalignment
Runner misalignment
Inappropriate clearances

Alkali-aggregate reactivity in
concrete

Complete visual inspgction

Complete dimensiona|
inspection of head cojer and
runner alignment

Clearance modification

Runner seal (labyrinth)
machining or replacement

Head cover replacement
Runner replacement

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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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Flatness of wearing surface or
facing plate

Assembly defect
Unequal wear

Complete dimensional
inspection of machined
surfaces

Machining of the headcover
wearing surface or facing plate

Wearing plate installation or
replacement

Headcover replacement
Unit reassembly

Water leakage

Wear of shaft seal or sealing
surfaces

Fat | I
otHGe—vafe-Sears—weat

Visual inspection

Shaft seal replacemeit
Guide vane sealswreplacement

Reconditioning‘of sealing
surfaces

Lubrigation including
envirpnmental concerns

Broken grease conduit

Grease distribution system
failure

Poor grease distribution
grooving

Excessive loss of grease to the
environment

Guide vane bushing wear

Completervisual inspgction of
headeover and its bughing
greasing system

Guide vane bushing
replacement

Installation of self-lubficating
guide vane bushings

Greasing system modification,
repair or reprogrammi{ng or
elimination

Loos¢ or broken bolts — Assembly defect — Complete visual inspgction of
— Deformation of*headcover the flange and bolts and NDT
—  Poor choice.df material or lack | — Measurement of vibrations and
of respectfor the specified pressure fluctuations
material — Verification of theoretjcal bolt
- Quality control problems during loads
manufacture and installation -
- \Excessive design stresses — Bolt replacement
— ) Abnormal pressure fluctuations | — Modify headcover natpral
—  Hydraulic resonance (low, frequency
medium or high cycle fatigue — Improve turbine aeratjon
loading) —  Modify number and/of size of
— Insufficient bolt pre-tension bolts and/or their matgrial
_ and/or their preload
Wate[ retention-(drainage — Blocked or insufficient drain — Complete visual inspgction
problem) holes _

Insufficient drainage capacity
Fouling of drain piping

Inquiry concerning papt
problems

Analyse pumping timg for

Mamshaftsearand/or gutde
vane water leakage too high

drainace-svsiem
I J

Inspection of guide vaneseals,
shaft seals and head cover
flange seals

Drain hole and piping cleaning
Drainage pump (ejector) repair
or replacement

Drainage system design
modification

Replacement of unit shaft seal
or guide vane seals

Access problem for
maintenance consideration

Poor design

New maintenance or security
needs

Comparative analysis against
modern design

Headcover design modification
Headcover replacement
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Problem with guide strips for
gate-operating ring

Guide strip segment wear
High friction

Friction test

Guide strip replacement or
conversion to self-lubricating
materials

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,

repaier-reprogrammmng or
elimination
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Table A.6 — 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 inspections/actions

—  Cracks

Design deficiency

Poor material or poor choice of
material

Abnormal pressure
fluctuations, pressure surges.

Frequent up-lift of the runner
during transients

Intrusion of foreign objects in

Complete visual and NDT
inspection

Stress analysis

Measurement of pressure
fluctuations

Repairs by welding
Reinforcement

water passages

Replacement

Check of clearance b¢tween
runner and inner-head cover

—  Watef leaks

Assembly defect
Poor design
Loose bolts

Visual inspéction
Verification of bolting

Replacement of bolting

Joint seals replacemgnt and/or
sealing surfaces recopditioning

—  Hydraulic surface erosion

Abrasive particles in water

Discontinuity on hydraulic
surface

Visual examination and
mapping of defects

Weld overlay of damaged
surfaces

Removal of hydraulic
discontinuities

— Loosg or broken bolts

Assembly problem

Poor choice of material or
defective material

Insufficient bolt pre-tension
Vibration loosening of bolts

Visual examination fof flange
fit problems

Measurement of vibrations and
pressure fluctuations

Verification of theoretjcal bolt
loads, material and agsembly
torque

Verification of bolting

Replacement of bolting —
modification of materipl and/or
size of bolts

Machining of headcover
seating and/or assemply
surfaces

— Drainpgg problem

Blocked or insufficient drain
holes

Inspection of wicket gate
seals, shaft seal and head

Fouling of drain piping

Main shaft seal and/or guide
vane water leakage too high

Insufficient drainage capacity

cover tlange seals

Analyse pumping time for
drainage system

Cleaning of drains and piping
Replacement or repair of
drainage pump or ejector
Drainage system modification
Replacement of wicket gate

seals, shaft seal and head
cover flange seals

— Access problem

Poor design

New maintenance or security
requirements or regulations

Comparison against modern
designs

Modifications
Replacement
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Table A.7 — 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 inspections/actions
— Facing plate deterioration — Abrasive sediment in water — Complete visual and
_  Cavitation erosion dimensional inspection

—  Wire drawing
- Contact with guide vanes —  Surface repair and machining

— Facing plate installation or
replacement

— Assembly realignment

—  Guide vane vertical|\ppsition
adjustment

— Interfprence with guide vane — Headcover and/or bottom ring — Complete visgalinspgction
operdtion misalignment - Complete dimensiona

— Insufficient clearance between inspectionof guide vgnes,
bottom ring and guide vanes bottom ring and head|cover
alighment

- Assembly realignmen

~ Guide vane axial bea
replacement

—  Surface repair and machining

— Facing plate installatipn or
replacement

ng

— Lowef runner seal (labyrinth) —  Bottom ring misalighment — Complete visual inspgction

damage (Francis turbines) —  Runner misalignient — Complete dimensiong

— Inappropriate design inspection of bottom 1ing and
clearances runner alignment

— Bottom ring deformation due to
alkaliaggregate reactivity in —  Clearance modification

concrete —  Runner seal (labyrinth})
machining or replacernent
—  Bottom ring replacemgnt
— Levellinaccuracy — Assembly problem — Complete dimensiong
—  Power station dimensional inspection of bottom fing and
instability its foundation

— Alkali-aggregate reactivity in
concrete — Machining of bottom 1fing
support surface

— Facing plate flatness — Assembly problems — Complete dimensiona
—  Wear inspection of machingd
. . surfaces
— Distortion

—  Machining of the bottom ring
— Bottom ring replacement
—  Unit reassembly

— Facing plate installation or
replacement

— Water leakage — Seal damage or deterioration — Visual inspection
of sealing surfaces

— Seal replacement

— Sealing surfaces
reconditioning
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

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

Complete visual inspection of
bottom ring bushings and their
lubrication system

Guide vane bushing
replacement

Installation of self-lubricating
guide vane bushings

Lubrication system
modification, repair or
reprogramming

Loose or broken bolts

Assembly problem
Deformation of bottom ring

Complete visual inspection of
bolting and sealing

Poor choice of bolting material
or poor material

Insufficient bolt pre-tension

Verification of theonetjcal bolt
loads, material and agsembly
torque

Replacement of bolting —
Modification of materipl and/or
size;of bolts

Machining of bottom 1ling
seating and/or assemply
surfaces

Guidg vane bushing wear

Bottom ring and headcover
misalignment

Lubrication problem
Extreme service or age

Alkali-aggregate reactivity in
concrete

Complete visual inspgction

Complete dimensiona|
inspection of bottom ring and
headcover alignment

Unit reassembly and
realignment

Bushing replacement jwith
similar or self-lubricating
materials

Lubrication system
modification, repair o
reprogramming
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Table A.8 — Assessment of turbine non embedded, non-rotating parts —

Applicable to Francis, Kaplan and fixed blade propeller turbines

Guide vanes

Aspects of concern

Possible causes or reasons

Possible inspections/actions

— Cracking

Vibration

Reduced structural integrity
caused by particle or cavitation
erosion

Defects in material, design or
manufacture

Exceptional accidental loading

Inquiry on previous repairs
(nature, extent and frequency)
Complete visual and NDT
inspection

Vibration measurement aiming
at vibration frequency
determination (FFT)

Improper control circuit (results
in excessive number of load
cycles)

Stress—amdmateriatanpalyses

Measurement of dead band
and insensitivity

Repairs by welding
Re-machining
Profile’modification
Replacement

Governor parameters
adjustment

— Deformation

Defects in material, design or
manufacture

Exceptional accidental lI6ading
due to debris

Inadequate or malfunetioning
of protective device

Complete dimensiona|
inspection

Replacement

Verification and correftion or
replacement of protedtive
device

Repair or replacement of trash
racks

—  Cavitption erosion

Guide,vane profile

Operation under abnormal
conditions

Significant changes in the
plant operating or hydraulic
conditions

Complete visual inspgction
Inquiry on previous rgpairs
(quantity and frequengy)

Material and flow analyses

Comparative analysis|with
modern designs

Surface rebuilding by|welding
Modification to hydraglic profile
Replacement

— Corrgsion

Inappropriate coating

Aggressive water with or
without electrolytic corrosion
effect due to unfavourable

Complete visual inspgction

Blast cleaning and application

material combination

Contamination of stainless
steel by carbon steel

< o
orcorroston—ana—erosion

resistant coating

Use of corrosion and erosion
resistant overlay

Removal of contaminated area
and rebuilding of profile

Passivation of guide vanes
surfaces

— Abrasive erosion

Abrasive sediments in water

Complete visual inspection

Inquiry on previous repairs
(quantity and frequency)

Surface rebuilding by welding

Deposit of abrasion resistant
material (welding,
metallization)

Replacement with more
appropriate material
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

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

Investigate and eliminate if
possible, sources of foreign
particles

Surface rebuilding by welding
Use of anti-galling materials

Unit disassembly, adjustment
and reassembly

Hydraulic performance

Poor hydraulic profile

Flow analysis

N E el
ot rormguraevante

angular position

Inadequate maximum opening
of guide vanes

CUIII'JGI ative GIIG:yO;D with

modern designs

Profile modification
Replacement

Verifieation and adjustment of
guide vane operating
mechanism

Trunrlion wear

Greasing system malfunction
Abrasive sediments
Corrosion

Poor choice of material
combination

V/isual and dimensionp
inspection

New stainless steel sleeves on
trunnion or stainless gteel
trunnion machining

Guide vane replacement

Replacement of greade
lubricated bronze buj;uing
system by self-lubricgting
bushings

Greasing system modification,
repair or reprogramm|ng

Poor gealing at ends and on
contalct lines

Wear/erosion on contact faces

Gap between guide vanes on
vane to vane sealing line (poor
adjustment)

Particle erosion or wire
drawing at clearances between
guide vanes and headcover
and/or bottom ring (Wire
drawing is erosion caused by a
high velocity jet of clean water
passing through a small
clearance)

Insufficient contact pressure
when closed

Gap measurements

Repair of contact facgs

Repairs to headcover| bottom
ring and ends of guid¢ vanes

Adjustment of guide fane
operating mechanism

Adjustment of servomlotor

preloading in closed gosition
(squeeze)
Guide vane replacemgnt with

possible headcover/bpttom ring
repairs

Poor originar choice of
materials

Vibration

Loss of assembly tolerances
Deficient profile

Complete dimensional and
condition inspection of
operating mechanism

Flow analysis

Vibration measurement aiming
at vibration frequency
determination (FFT)

Operating mechanism
modification or repair

Modification of profile
Replacement
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Table A.9 — 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 inspections/actions

—  Cracks and deformation

Exceptional loading due to
debris or improper adjustments

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

Failure of some shear pins or
other load limiting devices or

Complete visual and
dimensional inspection

NDT inspection

Operating mechanism friction
test

Stress calculations and
analysis

malfunction of friction drive
system

Increase in servomotor
operating pressure without due
verification of the effects

Poor material or design

Bushing replacement jor
conversion to.self-lubficating
bushings
Adjustments/verificatipn and
correction
Compornent machinin

Anti-gripping coating
application

— Detelfioration of surfaces

Corrosion on guide vane links
and levers

Complete visual inspgction

Blast cleaning and application
of corrosion and erosfon
resistant coating

Use of corrosion and gerosion
resistant overlay

— Excessive play in linked
compjonents

Bushing wear

Visual and dimensionp
inspection

Bushing replacement jor
modification to self-lupricating
bushings

— Adjudtment difficulties

Guide vane trunnion or
bushing wear

Poor lever/link eccentric pin
locking system

Access problem
Mechanism design

Complete guide vane
mechanism evaluatio

Visual and dimensionp
inspection

Modification to the ecfpentric
link-pin locking system
Application of anti-galling
coating

Access and tooling
improvements

- Repelitive shear pin failures

Guide vane and servomotor

QOperating mechanism friction

adjustment
Shear pin design

Guide vane restraint system
design for broken shear pin
Problem with guide vane
bushings

Contact with headcover and/or
bottom ring

test

Inquiry regarding frequency,
location and causes of failures

Stress analysis

Shear pin design modification

Modification of guide vane
restraint system for broken
shear pin

Guide vane, link, operating
ring and servomotor
adjustments

Rehabilitation of guide vane

bushings or modification to
self-lubricating bushings
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Lubrication including
environmental issues

Broken grease conduit

Grease distribution system
malfunction

Bushing wear

Excessive grease entering the
environment

Complete visual inspection

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

Removal of existing system
and modification to self-
lubricating bushings

Lubrication system
modification, repair or

............

Problem with shear pin failure
detegtion system

Electrical problem

Outdated detection
system/poor design for humid
conditions

Detection system,desjgn
review

Modernization or replacement
of the shear pin failurp
detection system

Applicabl

Table A.10 — Assessment of turbine non embedded <non-rotating parts -

Operating ring

le to Francis, Kaplan and fixed blade propeller turbines

Agpects of concern

Possible causes or reasons

Possible inspections/actions

CracHls and deformation

Abnormal loading.-due to debris
in guide vanes

Misalignment with respect to
servomators or guide vane
levers

Poormaterial or design
Manufacturing defect

Complete visual and
dimensional inspectiol

NDT inspection
Stress analysis

-

Re-alignment of servgmotors
Replace wear strips supporting
operating ring and redlign
operating system

Abnofmal wear

Lack of grease

Defective link bushings or
operating ring wear strips
Contamination of bearing
surfaces by foreign material

Misalignment with respect to
servomotors or guide vane
levers

Operating mechanisn friction
test

Complete visual inspgction

Grease system verifidation

Replacement of link bjushings
or operating ring weaf strips

Addition of barriers against

L:Ulltcllll;llclt;ull
Re-alignment of servomotors

Replacement of wear strips
supporting operating ring and
realignment of operating
system
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Table A.11 — 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 inspections/actions

Oil leakage Broken or worn seals Complete visual inspection
Worn bushings Leakage test
Piston rod wear or scoring due
to oil contamination Seal replacement
Stem rebuild
Stem re-chroming
Stemreptacemnent
Bushing replacement
Servomotor rebuild of
replacement
Alignnent Inadequate servomotor bolting Servomotoeralignmen

and dowelling

Soleplate surface flatness or
alignment

Wear of operating ring support
wear strips

Concrete instability affecting
servomotor/operating ring
alignment

verification

Servomotor/soleplate
realignment

Wear strips supporting
operating ring replacgment and
vertical position alignfnent

Inadgquate operating forces

Piping problems

Governor/hydraulic,system
problem

Servomotor cylinder or piston
ring wear (excessive leakage
past piston)

Servomotor binding due to
excessive bushing wear or
misalignment

Operating mechanism friction
test

Piston ring leakage tgst

Piston ring replacemgnt
Piston/piston rod rebdild

Cylinder honing and/d
machining

Bushing replacement

Governor/hydraulic system
rehabilitation

Operating system realignment

= =

Guidg vane pre-stressing
adjusfment problems (closed
positipn “squeeze”)

Guide vane sealing line
deterioration

Poor lever/link eccentric pin
locking system design (loss of
uniform simultaneous closure
of all guide vanes)

Poor and/or maladjusted
servomotor position indicator

Low ojl pressure

Visual inspection
Contact surfaces stra|ghtness
and flatness

Contact edges gap
measurements with apd
without pre-stress

Guide vane contact s{irface

Poor pre-stressing
adjustment/stroke limit system
design

afd-seatrgtre—rebutding
Pre-stressing
adjustment/stroke limit system

and adjustment process
modifications

Lever/link eccentric pin locking
system modification

Servomotor rebuild
Servomotor replacement

Governor/hydraulic system
rehabilitation
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Servomotor locking system

problems and safety concerns

Weak locking system design

Change in maximum opening
of guide vanes

Wear or damage to parts

— Complete visual inspection

— Complete rehabilitation or
replacement of locking system

— Locking system design
modification

— Replacement of servomotors
with new locking system

Applicabl

Table A.12 — Assessment of turbine non embedded, non-rotating parts —

Guide bearings

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

Agpects of concern

Possible causes or reasons

Possible inspections/actions

Qil logs

Oil sump gasket/O-ring
deterioration

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

Oil sump overfilling

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

Excessive disturbance and
instability of 6il flow in sump

— Complete visual inspeftion

—  Gasket/O-ring replacement
—{Adjustment of oil level

=. Inspection and correcfion of
alignment of adjacent jparts

— Addition of oil retaininp
ring(s)/seal(s) at innenf wall of
oil sump

—  Guide bearing modificption to
stabilize oil flow

— Inner oil sump repair (o restore

inner wall circularity)
replacement

=

Presepce of water and/or solid

particles in oil

Cooling-coil/water supply
connection(s) leakage

€ondensation
CGontaminated oil

Inadequate or infrequent oil
filtration

Paint coating deterioration
Babbitt deterioration

— Oil test for evidence of water
and foreign particles

— Babbitt inspection

— Repair of water supply
connection(s)

—  Cooling coil replacemeént

—  Oil filtration

—  Oil change (always usg a filter
during sump filling)

— Re-babbitting

— Surface cleaning and fe-
painting

Babbiftsinipoor condition

Excessive wear

— Complete inspection for

Excessive shaft vibration
Loss of bond

Inappropriate oil quality or
contaminated oil

. PERAR
CVIUTTIUT UT UVauuTlll
deterioration: wear, melting,
cracking and loss of bond

— Hand scraping or re-machining
— Re-babbitting

— Bearing pad or shell
replacement



https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

IEC 62256:2017 © |IEC 2017

-121 -

Aspects of concern

Possible causes or reasons

Possible inspections/actions

Oil/bearing metal high
temperature

Malfunction of cooling water
supply system or insufficient
water supply

Too tight bearing/shaft journal
clearance

Excessive shaft run-out at guide
bearing (shaft vibration)

Shaft journal non-uniform wear

Loss of thermal detector
calibration

Complete visual inspection

Measurement of shaft journal
circularity and concentricity

Correct water supply fault
Water supply pipe cleaning
Readjustment of bearing/shaft

journal clearance or remachine
bearing

Correction of shaft run-out
problem (unit mechanical or
hydraulic balancing)

(=] machin chaft oL al

1Ot

Replace or recalibfatel thermal
detectors

Excegsive or non-uniform
bearirlg/shaft journal clearance

Babbitt wear
Shaft journal non-uniform wear

Poor adjustment of bearing
shoes (shoe type bearings)

Misalignment or distortion of
bearing shell (shell type
bearings)

Complete visual,and
dimensionalinspection of
bearing-clearance

Complete inspection df babbitt
condition and adherence

Inspection of the bear|ng shoes
adjustment and blockipg
devices

Hand scraping or re-machining
bearing

Re-babbitting

Readjustment of radia| position
of bearing shoes

Bearing shell realignment, or
repair to restore circularity

Bearing pad replacempnt
Bearing shell replacement

Crackp in bearing support

Excessive vibration

High dynamic loads (stresses)
Abnormal operating conditions
Defective material or design
Loose or broken bolts

Complete visual and NDT
inspection

Analysis of operating ¢onditions
Design review

Bolt re-tightening or bplt

replacement

Weld repairs with stregs-relief
and machining as requyired

Bearing support reinfdrcement
Bearing support replagement

Instruméntation malfunction

result ng inno-alarm-on

Unreliable or faulty devices

Inspection and review|of

mstrumentation-set a} ints and

abnormal temperature or oil
level

LOSS O] deUbllllelll Of
calibration

Outdated technology

calibration

Instrumentation modernization,
such as use of instruments with
self-diagnostics

Adjustment and recalibration
Providing redundancy



https://iecnorm.com/api/?name=6c2c60e2ceeef54a585b2328a06f3892

Applicable to Francis, Kaplan and fixed blade propeller turbines

-122 -

IEC 62256:2017 © IEC 2017

Table A.13 — Assessment of turbine non embedded, non-rotating parts —
Turbine shaft seal (mechanical seal or packing box)

Aspects of concern

Possible causes or reasons

Possible inspections/actions

Excessive water leakage or
filtered water consumption

Sealing element wear
(segment or packing
deterioration)

Corrosion damage on seal
components

Shaft sleeve wear
Interruption or inadequacy of

Complete visual inspection

Ring replacement (sealing
elements)

Shaft sleeve replacement

Shaft sleeve machining and/or
stone polishing

ot : .
HIeTrcu walcl

Shaft seal packing/and/or
gland replacement

Excegsive wear rate of sealing
elemgnts

Shaft sleeve wear
Corrosion damage

Visual inspection’of shaft
sleeve

Shaft $leeve machinirlg or
handpolishing

Shaft sleeve replacenent

Applicabl
or with t

Table A.14 — Assessment of turbine non embedded, non-rotating parts -

Thrust bearing support

to Francis, Kaplan and fixed blade propeller turbines with separate bearin
rust support on turbine headcover

j bracket

Agpects of concern

Possible causes or reasons

Possible inspections/actions

CracHls

Poor material or design
High(mechanical stress
licreased hydraulic thrust
Unit unbalanced

Abnormal dynamic loading
(hydraulic or component
resonance)

Complete visual and INDT
inspections

Inquiry regarding preyious
interventions

In-situ testing (loads, [stresses,
frequencies)

Stress and load analyfsis

Weld repairs

Thrust-bearing suppoft
reinforcement

Identify and correct cquses of
abnormal static and diynamic
loading

Verification and correftion of

runner upper seal water
venting to draft tube

Unit alignment and balancing

Level (or perpendicularity with
axis of rotation)

Assembly problem

Power station dimensional
integrity

Complete dimensional
inspection of bearing support
foundation

Machining or adjustment of
bearing support foundations

Access problem

Poor design

New maintenance or safety
requirements

Comparative analysis with
modern design

Thrust-bearing support design
modification
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Table A.15 — Assessment of turbine non embedded, non-rotating parts —

Applicable to Pelton turbines

Nozzles

Aspects of concern

Possible causes or reasons

Possible inspections/actions

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

Visual inspection

Leak testing

Design of replaceable nozzle
seat ring

Rebuilding seat rings

Replace needle tip§ and nozzle
seat rings

Erosipn on the needle and
nozzle seat rings

Abrasive sediment in water

Visual inspection

Leak testing

Rebuild needle tips apd nozzle
seat rings

Replace needle tips and nozzle
seat rings

Hard facing of the negdle tips
and nozzle seat rings

Erosipn on the nozzle bodies
(nozZze hats)

Abrasive sediment in water

Visual inspection

Rebuild nozzle hats

Replace nozzle hats with or
without change of maierials

Imprdper operation of needles

Sediments in the bushings
increasing the coefficient of
friction

Lubrication system malfunction
Worn servomotors

Inadequate operating forces
(deficient oil pressure or
malfunction of mechanical
compensating mechanism)

Operating mechanism friction
test

Look for time of similgr event

Replacement of bushings
(where practicable, d¢sign for
self-lubricated bushinps)

Overhaul lubrication gystem

Rehabilitate servomofors with
replacement of piston|rings

Overhaul governor and
hydraulic system

Overhaul mechanical

compensathgmeehanism

Cracks or fracture

Additional friction or
stick-slip effect

Fracture of spring

Improper control circuit

Visual inspection

Measurement of dead band
and insensitivity

See above: Improper operation
of needles
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Table A.16 — Assessment of turbine non embedded, non-rotating parts —
Deflectors and energy dissipation

Applicable to Pelton turbines

Aspect of concern Possible causes or reasons Possible inspections/actions
— Improper operation — Damaged bearings or bushings | — Visual inspection
or operating mechanism — Measurement of dead band
—  Worn servomotor and insensitivity

— Eroded deflectors -

— See Table A.15: Improper
operation of needles

— Damaged runner pit liner — Frequent operation with jets — Visual inspection and
deflected appropriate NDT

— Inadequate reinforcement of -

runner pit liner in zones of jet —  Weld repairs
impingement
ping — Addition of anchors in affected
— Loss of embedded anchors zones

— Reinforcement of runper pit
linerin affected zone{
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Table A.17 — Assessment of turbine rotating parts —

Applicable to Francis, Kaplan and fixed blade propeller turbines

Runner

Aspects of concern

Possible causes or reasons

Possible inspections/actions

—  Cracks Exceptional operating Inquiry into previous repairs
conditions (nature, scope and frequency)
Changes in the plant operating Complete visual and NDT
mode inspection
Residual welding stresses Measurements of model and/or
Load induced stresses prototype loading
Metal loss caused by cavitation Material, ~stress and flow

. . . dlialyses
Periodic stresses induced by .
contact in the runner seals Runlner g tes(:'ynna nic/modal
analyses an i
Thickness loss caused by .y _ ¢
surface erosion Fatigue analysis
Resonance  with  external Comparisen-’ analygis  with
exciting frequencies moderh designs
Evaluate effectiveness of post-
weld stress relipf heat
treatment
Evaluate impact [|of weld
repairs if done witholyit thermal
stress relief
Weld repairs
Blade outlet edgd profile
modification (change Von
Karman vortex frequency and
intensity)
Re-establishment of hecessary
runner seal or Hlade tip
clearances
Runner modification
Runner replacement
- Watef passage surface Poor material selection Complete visual nd NDT
deterforation Abrasive particle or cavitation inspection 1
erosion Inquiry into previoup repairs
Erosion of corrosion products (nature, scope and fregquency)
Barnacle type growths in low Flow and material anglysis
velocity runners Model and/or prototyge testing
Repair welding with [cavitation
or particle erosion | resistant
materials
Hard-facing in zones pubject to

particle erosion
Blast cleaning and painting
Runner modification

Runner replacement with
possible change of material
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Vibration

Pressure fluctuations
Resonance
Mechanical unbalance
Hydraulic unbalance

Excessive or uneven main
bearing clearance

Changes in the plant operating
mode

Complete visual and NDT
inspection

Inquiry into past experience
(causes, trends, operational or
physical changes)

Prototype testing for vibration
analysis

Verification of unit alignment
Flow analysis

Guide vane profile analysis
Draft tube analysis

Inspection of bearing and main

bafii ]
SHaroutiar

Repair of bearings | (with or
without modification)

Inspectionand repaif of main
shaft journals

Balancing of rotating parts

Runner modificatipns to
improve hydraulic balgnce

Runner replacement

Cavitption erosion

Improper operation
Poor blade profile

Modification of profiles €aused
by inadequately controlled
weld repairs

Change in the plant operating
mode involving{lack of respect
for the power limits for
cavitation free performance

Poor material selection

Complete dinensional
inspection

Complete visual gnd NDT
inspection

Model and/or prototyge testing
Inquiry into past opefating and
repair practices (sqope and
frequency)
Material and flow analyses

Comparative analyses against
modern runner desigr

Blade modifications
Runner replacement

Repair by overlay welding with
cavitation resistant | material
and reestablishment pf original
or revised blade profiles

Interference  with.\\headcover
and Hottom ring

Assembly misalignment
Tight runner seal clearances
by design

Bottom ring or headcover
distortion due to unstable
concrete foundations

Complete visual, dilnensional
and ailgnment inspecfion

Inquiry into past experience
(nature, dates and | remedial
actions)

Unit realignment
Runner seal (labyrinth)
machining or replacement

Bottom ring or headcover
modifications

Re-machining of headcover
and bottom ring support
flanges (surfaces)
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Aspects of concern

Possible causes or reasons

Possible inspections/actions

Unusually limited range of
stable operation

Draft tube
fluctuations

Hydraulic resonance with the
external water conduit system

Runner and/or draft tube
hydraulic design

Hydraulic unbalance (unequal
blade outflow openings)
Improper operation (e.g. long
durations at very low loads)

Change in the plant operating
mode

pressure

Ineffective draft tube aeration

Complete dimensional

inspection

Inquiry into operating practice
changes and experience

Inquiry into  changes in
hydraulic conditions

Model and/or prototype testing
Flow analysis

Comparison with
runner design

Evaluation/modification of draft
tube aeration system(s)

modern

Runner modification
Runner replacement

Efficiency or power shortfall
with rlespect to nominal values

New operating modes

Cavitation or particle erosion
or other surface deterioration

Pressure fluctuations which
limit load range

Excessive runner seal or blade
tip clearances

Excessive air admission
Poor hydraulic design

Complete dimensional
inspectiof
Inquipy |,into  chapges in
opetating practicgs and
experience

Model and/or prototyge testing
Performance and flow analysis

Comparison with modern
turbine design: spifal case,
stay vanes, guidg vanes,
runner and draft tube| hydraulic
profile evaluation

Runner modification
Runner replacement
Replacement of guidg vanes

Modifications to stqy vanes
and/or guide vanep and/or
draft tube hydraulic pfofile
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