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Sammanfattning 

Ett ökat intresse av produktivitets, säkerhets och miljöfrågor  har  lyft fram om-
rådet underhåll och tillförlitlighet. Det täcker  in  både bevarandet och nyttjandet av 
resurser  samt en  medvetenhet om underhållets betydelse för att försäkra sig om 
avkastningen både på  kort  som lång sikt. 

Det främsta målet med detta forskningnsarbete är att utveckla och tillämpa 
metoder för tillståndskontroll för att minska underhållskostnader  samt  att tillhan-
dahålla ett ramverk för utveckling och nyttjande av datorbaserade beslutsverktyg. 
Vidare  har  metoder där befintlig prosessinformation, tillsammans med  informa-
tion  från kostnadseffektiva givare, analyseras och diagnostiseras både undersökts 
och prototyper  har  byggts.  

De  områden som täckts  in  i denna studie  har  varit vattenkraftsturbiner, järnvägsräls 
och cirkulationspumpar i reaktorer. 

Intresset för diagnostik av vattenkraftsturbiner  har  växt ur behovet av att känna till 
riskerna för förorening av vatten och dyrbara renoveringar som orsakas av slitage 
i turbiner.  Studien  av risker i turbinsystemet motiverades av Vattenfall's intresse 
av att känna till tillståndet i sina anläggningar. Metoden för att övervaka tillståndet 
baseras på dels befintlig processinformation, mätning av vibrationer, tryck och 
vinklar  samt  beräkning av åldringsförloppet av utsatta komponenter.  En  modell av 
hur  en  styrlänk i  en  kaplanturbin kan åldras  har  föreslagits och hur denna åldring 
påverkar risken för haveri. 

Det finns ett behov av ett systematiskt angreppsätt för att finna feltillstånd, deras 
påverkan, deras orsaker och konsekvenser. Målet med detta projekt var att under-
söka ett systematiserat angrepp där feltillstånd och deras orsaker i  en  vattenkraft-
sturbin kartläggs.  Studien  begränsades till turbinkonstruktioner av kaplan, francis 
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och rörtyp. Ett sådant ramverk  har  tagits fram och ur  de  studerade materialet  har  
ett antal enheter listats, dessa utgör  de  största riskerna till funktionsfel eller haveri. 

Målet med rälsstudien var att utveckla metoder och utrustning för detektion av yt-
skador på rälshuvudet som ytterligare ett stöd vid tillståndsövervakningen av räls.  
Den  nyutvecklade utrustningen är tänkt att nyttjas för att få ett objektivt statistiskt 
underlag vid planering och utvärdering av underhållsåtgärder.  Studien  är begrän-
sad till utskador av typen "headchecks" och "spalling" på ytan av rälshuvudet och 
farkanten. Mätning av dessa skadetyper  har  möjligjorts med hjälp av induktiva gi-
vare som  har  stor känslighet för avståndsförändring. Hypotesen var att frånvaro av 
material indikerar  en  skada på rälshuvudet vilket mätningarna visade. 

Målet med konditionsövervakning av cirkulationspumpar var att få  en  möjlighet 
till att upptäcka lagerproblem i  god  tid för att på så sätt kunna planera  in  under-
håll och renovering för att undvika haveri.  Studien  begräsades till huvudcirku-
lationspumpslager och motorer moterade i reaktorn på ett kärnkraftverk. Meto-
den för övervakning var att mäta matningsströmmentill pumpmotorerna och dess  
variation. Analysen  av mätningarna visade att konditionsövervakning på detta sätt 
fungerar trotts att dessa pumpar varvtalsregleras av  en  tyristorstyrd frekvensom-
formare som kraftigt stör mätningen. 
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Summary 

Increasing interest in productivity, safety and environmental issues have high-
lighted the area of maintenance and reliability. The increasing cost of maintenance 
covers both preservation and sustainable exploitation of resources and awareness 
in maintaining equipment in a way to ensure return on investment both in the short 
and long run. 

The information obtained from condition monitoring of existing turbine, plant, 
rails and pumps can provide an important basis for dimensioning of future systems 
and components. 

The main objective of this research work is to develop and apply methods for ef-
ficient condition monitoring, and hence reduce maintenance costs and provide a 
framework for development and implementation of computer based decision tools. 
Furthermore, methods enabling existing process data and cost effective transduc-
ers to be used together with modern data analysis and diagnostic tools for condi-
tion monitoring of complex mechanical systems have been examined and proto-
types developed. 

The areas of investigation covered in this work are hydropower turbines, rails and 
the main cooling pumps in a nuclear power-plant. 

The interest in diagnostics for hydropower turbines was driven by the obvious 
risk of contamination of water by oil leaks and expensive refurbishments caused 
by wear of the Kaplan turbine vane bearings. The intrest in risk analysis was 
motivated by Vattenfall's intrest in gaining knowledge about the state of all tur-
bines in the company. The aim of this project was to develop a generic model of 
hydropower turbine behavior using physics-based models based on material prop- 
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erties, load tolerances, etc.. An important question was whether it was possible to 
predict the wear rate and plan predictive replacement or maintenance. 

A systematic approach to find failure modes, their effects, their causes and con-
sequences in combination with Fault Tree Analysis was needed. The objective of 
this project was to examine a systematic approach to map failure modes and their 
causes in an hydropower turbine. We have restricted the study to turbine units of 
the Kaplan, Francis and tube types. 

The objective of the study concerning rail track was to develop methods and equip-
ment for detection of surface damage in rail track rail in addition to the present sys-
tem of practice of visual examination. The equipment developed has to be used 
to obtain objective statistical data for evaluating maintenance methods and efforts. 
We have restricted the study to spalling and headchecks on the rail head surface 
and running edge. The method developed enables measurements of different types 
of surface damage such as spalling and shelling to be made with inductive trans-
ducers sensitive to the distance to the measured object. The assumption here is 
that the damage being detected is characterized by the absence of material from 
rail surface. 

The main object of condition monitoring of the cooling pumps was to be able to 
detect bearing wear in order to be able to plan and carry out restoration well ahead 
of breakdown or bearing seizure. The study was restricted to the main cooling 
pump motor and its main bearings. Condition monitoring of the pumps was done 
using a method based on current measurements. Analysis of the currents on the 
main cooling pump of the power plant proved that it is possible to monitor the 
condition of the pump in spite of the presence of electronic frequency converters 
which distorts the signal.  
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Part I 

Theory 



Introduction and background 

Increasing interest in productivity, safety and environmental issues have high-
lighted the area of maintenance and reliability. The increasing cost of maintenance 
covers both preservation and sustainable exploitation of resources and awareness 
in maintaining equipment in a way to ensure return on investment both in the short 
and long run. Another reason why maintenance has made its way into the corpo-
rate agenda is the introduction of "just in time" manufacturing. To be able to take 
advantage of tightly scheduled deliveries as well as being able to deliver in time a 
company has to know that it's equipment will perform as expected. It is difficult to 
plan production if machine availability is low. Also important is repairability and 
the time required before the equipment is up and running again. System reliability, 
maintainability and availability characteristics have a major influence on system 
or manufacturing performance. 
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All these issues have revitalised 
awareness of maintenance and re-
liability. One of the most obvious 
reasons in the quest for increased 
reliability is the increasing use of 
automation which has decreased the 
number of people that walk around 
equipment on a daily basis, peo-
ple who were one of a company's 
source's of "condition monitoring" 
services earlier. 

10 

0 
Time to Failure 

Figure 1.1: Performance degradation. 

Another aspect concerns the mechanical system, the relationship between the risk 
of breakdown versus the ability to detect oncoming failure. When is it reasonable 
to carry out preventive maintenance? When the first signs of impending failure 
appears or is it possible to wait a while? The question of when to refurbish, at 
point 1, 2 or 3 in figure 1.1, is discussed by Ruckley [1993]. 
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I Introduction and background 

It is important not to forget that the ability to understand the production process, 
both in detail and at system level, makes it easier to analyse the maintenance need 
of process and equipment with respect to safety, environment and economics. 
Such analyses are helpful when deciding the type of maintenance approach to 
be used; Preventive Maintenance(PM), Condition Based Maintenance(CBM) or 
other strategies. 

Figure 1.2: Map of case relationship. 

From this background, work was 
initiated at the  Polhem  Laboratory, a 
competence centre that was initiated 
by NUTEK1. Member organisations 
of the  Polhem  Laboratory include thir-
teen companies, several departments 
at  Luleå  University of Technology and 
four research institutes. One area that 
was prioritised from the beginning 
by the participating companies was 

maintenance. The main goal of projects within the maintenance area is to develop 
technologies to improve maintenance in Swedish industry. 

There are numerous methods described in the literature that have been used in real 
life to manage maintenance effectively. Two of the better known approaches are 
Reliability Centred Maintenance(RCM) and Total Productive Maintenance(TPM). 
In almost all cases some form of risk analysis is used to evaluate the consequences 
of failure. Furthermore, company type and what is produced as well as who the 
actual customer or user for whom the products or services are intended for do 
affect the selection process. Other aspects are the number of employees that can 
help implement the intended maintenance strategy, their skill and average age. 

Often a unit or system draws attention to itself because it breaks down and causes 
trouble "all the time". This unit or system is then subjected to a closer investiga-
tion. By the time the problem is solved some new problems appear that become 
critical, and actions to correct these are taken. After a while we start looking for 
a better way of dealing with those problems, in a way that resemble root cause 
analysis. 

1 In 2001 renamed to VINNOVA. 
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I 	Introduction and background 

This motivates the management to get information about the state of rate of degra-
dation (if any) and related consequences to know how different decisions will 
affect safety, environment and economy. To know the rate of change there has to 
be some kind of measurements, diagnostics and analysis which can provide the 
basis for corrective actions that have to be taken. 

We must first look at different ways to indicate oncoming failure, sensors are 
placed at points that we believe are of interest and which can provide us with 
the desired information. This information then forms the basis for planning main-
tenance work in order to prevent the breakdown or initiate repair action. The 
advantage is that we become aware of the condition of equiptment in a more ob-
jective way. However, the choice of what to monitor is still based more on intu-
ition than on knowledge about the facility. The first step, which we always must 
consider in this stage, is to determine which parameters will enable the condition 
monitoring of the machine or system under consideration. Secondly we have to 
consider which sensors are needed to obtain the data in the machine or system, 
either directly or indirectly. 

We need an approach and methodology to guide us through the vast amounts of 
information about a facility and a way to identify which units and systems that are 
essential to keep the facility running. The approach should be able to locate bot-
tlenecks in the system, system with severe failure consequences concerning safety, 
environment and economy, which systems involve costly or time consuming re-
pairs and which systems are potentially dangerous to health and environment. To 
start we need to know what is expected of the facility in terms of production vol-
ume and rate and quality expectations. The next is to identify the purpose of each 
system in the facility. A further help when analysing systems, subsystems and 
units is to classify them into logical groups, where an example of group array 
could look like the matrix in figure 1.3 where systems are classifyed by critical-
ity and detectability of failures. This provides a structure when identifying which 
systems, subsystems or units to focus on when applying strategies to maintain the 
facility. 

There is quite a lot to keep in mind so it helps to divide the plant (or process) 
into areas such as INTAKE/PREPARATION, REFINING/PROCESSING and SUPPLY/-

DELIVER. This can be a geographical divide or based on product flow through 
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I Introduction and background 

the facility. This plant or process can also be divided up into logical systems and 
subsystems. When investigating systems and subsystems, there are limitations 
and expectations both in what to consider and how to consider, some examples of 
limitations and expectations are shown in 

Some of the examples of factors to be considered in maintenance improvment 
process are: 

• System environment 

• System requirements 

• Avaible survilance methods 

• OEM requirements 

• Purpose of the system 

• Laws surrounding safety, environment 

To sum up the strategies I have mentioned so far: 

• Run to breakdown and then repair. 

• Monitor the units or systems we think are critical in order to predict their 
breakdown in advance, let the other units or systems run to breakdown and 
then repair. 

• Analyse the facility with respect to safety, environment and economic con-
sequences to decide what kind of maintenance program and actions that will 
fit best to assure uptime and quality requirements of the plant and products. 

Of course, there are variations in these examples which satisfy the needs of differ-
ent types of companies and equipment at different level better or worse. You can't 
say that any of the above strategies are better than another, it all depends on the 
situation the facility is exposed to. In some cases a mixture of "Run to breakdown" 
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Fias to be 
analyzedt,9  

Ought to be 
analysed Non obvious 
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analyzed 

ele worth 
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(all scenarios 
considered) ' 

Obvious 

Figure 1.3: Maintenance 	classifica- 
tion matrix, criticality and 
detectability of failures. 

I 	Introduction and background 

and "Monitor the units" will give acceptable results, other might need some or all 
systems to be analysed in depth. If you know that you are working with "Just In 
Time", then uptime is important to guarantee date and time of delivery. If there is 
redundancy in the system i.e., similar facility's that can replace each other, that are 
not operating at 100% capacity then it might be sensible to run it to breakdown. It 
all comes down to ensure the equilibrium of the overall balance between the needs 
or requirements of the customers and what's most economical for the company. 

There are other steps that must not 
be forgotten when setting up a main-
tenance plan. First we look at the 
maintenance needs, what has to be 
done to keep the plant running? Is 
it mandatory to deliver in time? Is 
quality more important than deliv-
ery time and so on. We must also 
consider the utilisation of the facility. 
Does production run 24/7 (24 hours a 
day, seven days a week) and if that's 
the case, is it really running? Is it 
necessary to run 24/7? 

When investigated more closely, utilisation often turns out to be somewhere be-
tween 50 - 98% of available time so it might be a case of reaching higher avail-
ability. Tracking down the causes why utilised time does not add up to available 
time is the obvious step. Often the answer is known at an instinctive level, but 
sometimes it is not obvious. 

Concentrating maintenance effort on the essentials by using the 20/80 "rule", i.e. 
20% of the units cause 80% of the loss in time, money or whatever is the most 
valued measure, see figure 1.4. Looking at the 20%, in what areas are they located? 
What seems to be the most effective way to eliminate or minimise the source of 
error? 

This is often the point when choosing between either replacement, redesign or 
monitoring of the unit as the most cost effective strategy. Nevertheless, it is a 
good idea to analyse the unit with respect to system requirements. This will help 
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1 Introduction and background 

highlight the shortcomings in the unit making it easier to make an updated list 
of requirements needed to reach the overall system aims and hence selection of 
redesign or replacement of the unit or, if it is to be monitored, a list to point out 
the what's, whens, hows and whys; the latter being one outcome from an RCM or 
MSG-32  analysis. 

Several tools or methods have been developed to help in the analysis, including 
RCM, TPM and Fault Tree Analysis(FTA). In some respect all of these are related 
to each other and depending on the point of view relate to each other in slight 
different way's. One view is that shown in figure 1.5. 

 

ii ! e  if! 
2 3 4 5 6 7 8 9 10 

Problem no. 

Figure 1.4: Example of occurrence 
of fault in ten units or 
systems, compare with 
Pareto's 20/80 split. 

Figure 1.5: One view of the connec-
tion between the different 
optimazition approaches (the 
size of the rings comes from 
the size of the text, nothing 
else). 

The increasing cost of maintenance has motivated many companies to initiate mea-
sures to optimise the maintenance process. Condition monitoring is a technique 
that provides information that helps predict the failure of a component or piece of 
equipment or even a system. 

2  MSG-3, Maintenance Steering Group 3. This document is widely used in the aircraft industry, 
available at ATA Distribution Center [1993], and basically forms the base of the RCM document. 
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Objectives, Scope & limitations 

The information obtained from condition monitoring of existing turbine, plant, 
rails and pumps can provide an important basis for dimensioning of future sys-
tems and components. In fact, information from existing systems can provide 
important information about degradation mechanisms and other operating charac-
teristics which can be used when designing and developing of new generations of 
products. 

2.1 Main objective 

The main objective of this research work is to develop and apply methods for effi-
cient condition monitoring in different fields of operation, and hence reduce main-
tenance costs and provide a framework for development and implementation of 
computer based decision tools. Furthermore, methods enabling existing process 
data and cost effective transducers to be used together with modern data analy-
sis and diagnostic tools for condition monitoring of complex mechanical systems 
have been examined and prototypes developed. 

2.2 Main scope 

The areas of investigation covered in this work are hydropower turbines, rails (with 
respect to wear and surface damage) and the main cooling pumps in a nuclear 
power-plant. The investigated areas are generally well documented in quite lot of 
aspects, but affordable monitoring and diagnostic instrumentation, Smith [1993]. 
So the method used have been somewhat empirical, measurements being con-
trolled against well known basics (the surface damage detector) and, in the turbine 
case, a well known analysis method is applied to ordinary control signals used 
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2 Objectives, Scope & limitations 

for the operation of the turbines. In the following objectives, scopes and limita-
tions for the individual case studies covering hydropower turbine, rails and main 
cooling pump are discused. 

2.3 Objective, scope and limitations of Case 1 

Case 1 consists of two subcases, Case 1 A which covers diagnostics and Case 1B 
which covers risk analysis. The interest in diagnostics was driven by the obvious 
risk of contamination of water by oil leaks and expensive refurbishments caused 
by wear of the Kaplan turbine vane bearings. The intrest in risk analysis arouse 
from the need to know about the state of all turbines in the company. 

The first part of this case was initiated as the project "Measurement and Prediction 
of Degradation of Kaplan Turbines". As time went by methods to help choose the 
items or units to monitor and knowledge about the state of turbines led to the 
project "A systematic approach to find failure modes and their causes, PMEA1  in 
combination with FTA". 

2.3.1 Objectives in "Measurement and Prediction of Degradation of 
Kaplan Turbines": Case 1A 

There is a general interest in developing a satisfactory method for surveillance 
of hydropower turbines. In this case study, four hydropower turbines have been 
equipped with monitoring equipment with data logging of measurement data. 

The aim of this project was to develop a generic model of hydropower turbine 
behaviour using physics-based models based on material properties, load toler-
ances, etc.. An important question was whether it was possible to predict the wear 
rate and plan when and in which plants the vane bearings should be replaced or 
maintained. 

The study is restricted to the actual turbine unit. Breakdown of turbine units in 
hydropower plants result in enormous repair costs. Some of these breakdowns 

I  Failure Mode and Effect Analysis. 
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2.3 	Objective, scope and limitations of Case 1 

have to be monitored to be detected, other, like catastrophic failures, are easily 
detected. Everything stops! Leakage is hard to detect and will, in some cases, 
eventually lead to catastrophic failure. By detecting when leakage starts it is pos-
sible we are able to plan refurbishment. 

2.3.2 Objectives in a systematic approach to find failure modes and 
their causes using FMEA in combination with FTA: Case 1B 

The number of hydropower turbines in Sweden is quite large so the interest in 
being able to reuse as much data as possible from an FMEA analysis via some 
form of "template" modules is large. To make a complete FMEA for each turbine 
would take a lot of time and resources which raises questions about which func-
tions are the same and can be treated, as for an FMEA's concerned in the same 
manner. This is one of the motivations to this work which has identified differ-
ences and similarities between different turbines and designs, mainly Francis and 
Kaplan turbines. 

The objective of this project was to examine a systematic approach to map failure 
modes and their causes in an hydropower turbine. We have restricted the study to 
turbine units of the Kaplan, Francis and tube type. 

If different designs solutions are known along with how they affect the FMEA 
analysis then the results from one FMEA analysis can be reused, in a modular ap-
proach, when an analysis on a new hydropower turbine is to be done. This method 
allows that a fairly complete and well documented FMEA can be developed with 
relatively little work. However problems can arise if the boundaries or interaction 
between adjacent modules are not taken into account. For example, a number of 
different turbines might have the same modular solution but boundaries that differ. 
The difference might lie in different types of connection between the turbine and 
shaft or different matherial in a filler piece. 
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2 Objectives, Scope & limitations 

2.4 Objective, scope and limitations of Case 2 

The interest for improved diagnostics is a result of the high rate of wear of rails. 
By predicting the wear rate, it is possible to plan when and where the rail should 
be replaced or re-ground. 

The objective of case 2 was to develop methods and equipment for detection of 
surface damage in rail track rail in addition to the present system practice of visual 
examination. The equipment developed has to be used to obtain objective statis-
tical data for evaluating maintenance methods and efforts. We have restricted the 
study to spalling and headchecks on the rail head surface and running edge. 

2.5 Objective, scope and limitations of Case 3 

In nuclear power plants, the working environment is fairly inhospitable in the 
vicinity of the nuclear reactor. This makes condition monitoring of the cooling 
pumps difficult if not impossible for humans to carry out using traditional meth-
ods. In this work, the condition monitoring of the main cooling pumps has been in-
vestigated by a modified form of Motor Current Signature Analysis(MCSA) called 
Current Plot Analysis(CPA). 

The main object of condition monitoring of the pumps was to be able to detect 
bearing wear in order to be able to plan and carry out restoration well ahead of 
breakdown or bearing seizure. The study was restricted to the main cooling pump 
motor and its main bearings. 
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Approach / methodology 

In most of the areas under investigation, quite good documention is available, 
however, affordable diagnostic instrumentation is not yet available, Smith [1993]. 
The current methods used have been somewhat empirical, using measurements 
which are controlled against well known conditions. In the turbine case(case 1A) 
an analysis method is applied to ordinary control signals used for operation of 
the turbines. In the pump case(case 3) the pumps have been disassembled and 
inspected, and in the rail case (case 2) a couple of worn rails which include samples 
of headchecks and spalling damage have been used. In one case this measures 
have been supported with risk and Sress Strenght Time (SST) analysis, partly on 
an independent level why it's parted in two subcases. Two cases are in the area of 
power production and the last in transportation, all areas have in common a need 
of condition degradation phenomena, not easily detected by staff at the facility or 
plant. 

Case 1 have been divided up in two subcases. 

3.1 Case 1A; basic concepts and methodology 

Traditionally it is assumed that stress and strength are deterministic. In real situ-
ations both stress and strength are random variables distributed around a known 
value as shown in figure 4.1 on page 18. In order to consider the variation of 
the stress and strength SSI models have been used, Schatz [1973], Carter [1986, 
1997]. 

Physics-based reliability models are valuable for large and expensive systems 
where it is, in practise, impossible to build several identical systems for reliability 
testing, Cruse [1997]. Hydropower units are almost always unique designs, even 
though the principles used are the same. To assess the reliability of hydropower 
units, physics-based reliability models have potential to be an effective tool. 
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3 	Approach / methodology 

3.2 Case 1B; Failure Mode and Effect Analysis and Fault 
Tree Analysis 

This study covers how an truncated FMEA can be used to examine a large number 
of turbines to estimate their state. The idea was to examine how an FMEA analysis 
can be used to evaluate the status of turbine health, and the methodology to be 
adopted with the analysis. 

3.3 Case 2 

The method developed enables measurements of different types of surface damage 
such as, spalling and shelling to be made with inductive transducers sensitive to 
the distance to the measured object. The assumption here is that the damage being 
detected is characterised by the absence of material. 

The measurement equipment currently consists of two inductive probes mounted 
about 10cm apart in the direction of the rail and staggered side ways by half a 
probe diameter in order to help locate the damage, see figure 3.1 on the next page. 

The probes is mounted on a movable dolly on a 6 meter long frame which is in 
turn mounted on the side of the rail. The probes are located via mounting holes 
which allow the probes to be placed at different points across as well as distance 
to the rail surface. To verify repetitivity and stability of the measurements a series 
of artificial damages where used. The areas of artificial damage are in groups of 
three. Each group consists of three holes with diameter of 1:1?2, 41)6 and (1)10mm, in 
a row as seen in figure 3.2 on the facing page. An example of how the three areas 
of artificial damage is detected by the two probes and at different probe distances 
is shown in figure 4.3 on page 21, for the second and third series of damage (see 
figure 3.2 on the facing page) the (1)10 and 06mm holes are marked. 

Measurements done show good repetitivity and stability between different mea-
surement series and measurement direction. Nine of the measurements taken over 
a rectangular steel plate with holes drilled as in figure 3.2 on the next page are 
shown in 7.5 on page 59 where all measurements are collected. Data measure-
ment data acquisition speed was 1000 Hz and the probe dolly was moved by hand. 
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Measurement direction 

3.3 	Case 2 
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Figure 3.1: Probes seen from birds view, with probes displaced half of probe di-
ameter orthogonal to rail stretch. 

Damage  serie  1 Damage  serie  2 Damage  serie  3 

   

o 
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Measurement direction '2mm 6mm lOmm 

Inductive probe 

Figure 3.2: Location of the drilled holes on the measurement length, damage series 
1 at left followed by 2 and 3. 

To detect the position of the damage sideways on the rail head two probes were 
mounted slightly separated perpendicular to the measurement and movement di-
rection. Damage was quite easy to detect, the 4)2mm, 4)6mm and 010mm holes 
give an idea about the sensitivity. The 41)2mm hole could not be seen, e6mm holes 
can be detected if they are under the probes sensitivity field and can be seen clearly 
if located directly under the probe. The (1)10mm's "damage" is clearly visible in 
all cases even if the signal is a little weak when on the edge of the probe which 
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3 	Approach / methodology 

can be seen in figure 7.2 on page 55. 

3.4 Case 3 

Condition monitoring of the electric motors was done using a method called Cur-
rent Plot Analysis (CPA), a variant of Motor Current Signature Analysis (MCSA), 
where sudden phase-shifts in the motor current are assumed to indicate a radial 
movement of the rotor. Test on a small 4 pole motor gave good results, although 
how well the method works in the field remains to be seen since the motors to 
be investigated use an electronic frequency converter which distorts the signal and 
which may render the method unusable. Westinghouse Atom,  (formly  ABB  Atom) 
allowed measurements to be made on two main cooling pumps at an nuclear power 
plant, in May 2000. 
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Analysis of measurement data 
and discussion of results 

In order to make the most of the results of the analysis it is important to assure 
that the right items is monitored in the best way possible using the most suitable 
equipment. Whilst at first glance the cases seem to be totally different, the method 
needed to obtain good results follows more or less the same path. The aim in all 
cases being how to optimise maintenance at a reasonable cost. 

It is established that by using existing process data, and possibly with additional 
data obtained from a few additional transducers, together with modern acquisition 
and decision logic it's possible to provide a good basis for correct decisions in and 
effective management of maintenance. 

4.1 Case 1 

There are two ongoing projects at Vattenfall(the Swedish Hydropower Agency), 
the first concerning diagnostics and the second Failure Mode and Effect Analy-
sis(FMEA). To first perform an FMEA coupled with FTA to identify, or in some 
cases to reduce the number of, items or functions to be monitored, reworked or 
modifyed in some way to make sure they do not harm the production in the future 
seems to be effective. In case 1B this approach helped identify the most critical 
items and the way they failed. To prevent such failures may involve some redesign 
or monitoring of the device or function. In case 1A, a method for monitoring a 
hydropower turbine, and in particular the pitch link in a turbine was studied. 

4.1.1 Case 1A: Basic concepts and methodology. Pitch-link 

Most items, before being subjected to operating loads, have a strength which al-
most follows a Gaussian distribution. As long as the actual strength has not been 
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4 	Analysis of measurement data and discussion of results 

measured by testing, it's possible to assume Gaussian distribution. For a given 
component, it's also  relativly  easy to see how it will lose it's strength depending 
on the loads acting upon it. The load, can either be measured or estimated from 
earlier experience of the load and it's distribution of this or similar items. From 
this load it is possible to calculate the remaining life of the item. It was found that 
stress and strength variables, along with surface roughness, determine how long an 
item such as the pitch link will survive. Thus, with a little knowledge about stress, 
strength, surface roughness and geometry it is possible to calculate the remaining 
life of the item, see chapter 6.1. 

0,08 

0,06 

eo,o4  

0,02 

oo 	 

Figure 4.1: The probability density func- 
tions of stress and 
strength at  n  = 1. 

is  y  with a probability density function  

Assuming cyclic stress acting on 
the link with a Gaussian distribution 
and mean itsa  and standard devia-
tion 6sa, and a Gaussian distributed 
strength with a mean value IAR, and 
standard deviation aR,n. Strength for 
consecutive cycles follows the law:  
y,  = yo * ix,  i  = 1, 2, ... , where  X  is 
the degradation factor, Rice [1997]. 
With random independent stress and 
random fixed strength and given that 
the stress in ith cycle is s, with a 
probability density function g,(x,),  
i  = 1, 2, ... and given that the strength 
f  (y)  , then the probability of failure 

— Stress 
-- Strength 

300 	600 	900 
MPa 

will look something like figure 4.2 depending on the surface roughness of the 
component. 

From this it is possible to estimate the remaining life, depending on surface rough-
ness. 

The probability of failure in the model is a function of the number of load cycles; 
it is therefore important to have a clear definition of a load cycle. Using a peak 
counting method when estimating the number of load cycles in the reference plant, 
we counted an average of 11 load cycles per day. Assuming that the component 
has a fine surface, Ra16, the cumulative probability of failure would be around 
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Figure 4.2: Probability of failure v.s. 
number of load cycles. 

4.1 Case 1 

12% and for a coarse surface, Ra40, around 33% calculated over 30 years, which 
might appear rather high. 

The assumed operating pressure of 
2 MPa in the hydraulic servo-motor 
has not been measured and might 
well be lower. This would mean that 
the stress was lower than used in the 
model above. The standard deviation, 

GS, has been obtained from data about 
produced power and it's coupling to 
the stress. It would clearly be better 
to measure the stress on the pitch-link 
directly using strain gauges or by 
measuring the pressure acting on the 
servo-motor piston. 

The fatigue stress limit of steel is between 106  and 107  load cycles, Broberg 
[1978]. A conservative assumption that the fatigue stress limit is 106  load cycles 
has been used in the calculations, which results in an overestimate of the proba-
bility of failure if the real fatigue limit is higher. Clearly, to obtain accurate results 
from the calculations it is important that the input data is as accurate as possible. 

4.1.2 Case 1B: Failure Mode and Effect Analysis and Fault Tree 
Analysis 

FMEA used in combination with FTA offers an efficient way of reducing the num-
ber of items to monitor or to redesign. FMEA or FTA reveals how an item will 
eventually fail and often helps locating which signs of impeding failure to look 
for. With the help of FMEA and a portion of FTA it is fairly easy to select the 
items or functions which must be  delt  with to to improve plant operation. 

By using an FMEA and combining it with a calculated Risk Priority Number 
(RPN) on different failure modes, a list of the failure modes with the highest risks 
can be obtained. The RPN's are calculated by adding the consequences then mul-
tiplying these by the failure frequency, see chapter 6.2. 
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4 	Analysis of measurement data and discussion of results 

The advantage of developing a modularised FMEA becomes clear when the anal-
ysis is to be carried out a number of times. When using a modularised FMEA, it 
is essential to identify those parts that are alike and those that are not, and for the 
latter, what the differences are. Modularisation can be a dangerous path to follow 
if the boundaries or interaction between the modules are not taken into account. 
For example, a number of different turbines might have the same modular solution 
but boundaries that differs. 

4.2 Case 2 

The monitoring method developed to study rail head wear does not cover every 
concievable fault that can occur with a rail. It does, however, reveal the size of 
flaws or damage which can be detected and counted. The techniqe also detects 
surface corrugation (also known as long and short waves) which can be separated 
from specific points of surface damages by filtering the data, see chapter 7. It 
is also possible to locate the damage accurately with an array of probes. The 
goal of measuring rail wear, specifically spalling and headchecks, with portable 
equipment is clearly reachable. The measurements made so far have shown good 
results. 

After measurement data been interpreted, figure 4.3 on the facing page, following 
way of thinking have been used, the slow, wave like motion emulates corrugation 
with a wavelength of about 30cm and on this reach there is three identical groups 
of damages consisting of three damages only staggered sideways along the rail, see 
figure 3.2 on page 15. When the signal is saturated the measurement has reached 
outside the rail and the next part is measured in the opposite direction. This is seen 
in figure 7.5 on page 59. The three shown damage series are measured at three 
different probe-rail distances. Compare with figure 7.2 on page 55 and figure 3.2 
on page 15. 

To get a view of the similarity of the measurement parts in the fore and aft direction 
data have been modified. The modification consists of four parts, first data is cut 
in between the forward and backward going measurement parts then the backward 
part have been mirrored then translated along the abscissa and last translated along 
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4.3 	Case 3 

the ordinate. The measurement data outside the measurement length have then 
been removed. As can be seen in the diagrams the measurement speed have not 
been the same during the fore and aft parts but this does not affect the analysis that 
much as the analyse is mainly based on mean and standard deviation of the data 
of the measurement length. 

Neither mean nor standard de-
viation varies much between 
the different measurement series 	08 

 

which implies that repeatability 
is good. This can be seen in the 
upper two diagrams in figure 4.4. 
Linear regression of the mean and 
standard deviation is shown in the 
right hand side diagrams in figure 
4.4. Both the mean and standard 
deviation covers the measurement 
length. 

To understand how probe distance 
affects the sensitivity, both the 
mean and standard deviation have been plotted against the original data series. 
These diagrams are the two lower ones in figure 4.4. As expected the mean grows 
with increasing distance whilst the standard deviation does not appear to change. 
Linear regressions onthis data are shown in the lower right hand diagram in figure 
4.4. It is obvious that a probe:rail distance between 5,25 - 9mm gives acceptable 
results both in detail and shape and that the probes are linear in this interval. 

4.3 Case 3 

Current Plot Analysis (CPA) on the main cooling pump of an nuclear power plant 
gave good results. On this first test of two different pumps, called Pi and P2, 
some minor differences where found. The standard deviation indicated a differ-
ence between P1 and P2 in that P2 is slightly bigger than PI. This indicated that 
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Figure 4.3: Series of measurements showing 
three different probe distances to 
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Figure 4.4: Repeatability of measurements with respect to individual damages and 
corrugation (diagram a and  b)  and with respect to distance from probe 
to rail head surface (diagram  c  and  d).  

no significant difference in wear shold be found when restoration were made, this 
assumption where confirmed at review when the pumps were restored. There were 
no differences and little wear in both pumps. 

From the filtered signal, a measure on the width of the curve can be calculated 
from the remaining data, see figure 4.7. The width corresponds to the deviation 
of the phase current during the measurement interval. The directional shift also 
has been calculated over time (directional shift in radians) of the vector between 
to consecutive data points (with a divission of 1/10000 s), see figure 4.8. In the 
diagrams, curve width, vector length and directional change are plotted against 
abscissa in radians (±7t) or 10  x  radian (±10  x n).  This can be thought of as the 
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4.3 	Case 3 

direction of an imaginary vector showing the phase current as seen in figure 4.8. 
The vector starts in the center of the ellipsis with start at zero radians horizontal 
to the right, i.e. three o' clock, positive direction counterclockwise. Some of the 
measurements have reversed sign because of the orientation of the current probes. 
This does not affect the analysis but simply mirrors the plot of the ellipsis and 
the direction the vector is thought to rotate. A constant rotation counterclockwise 
gives a mean > 0 while a constant rotation clockwise gives a mean < 0. The 
standard deviation of the directional change has been calculated which indicates 
the stability of the signal. Poor stability caused by large bearing clearance leads to 
a high standard deviation. 

The method seems to be of practical use in this hostile environment. It's possible 
to remove unwanted transients to obtain a clear picture of how the cooling pumps 
behave. None of the pumps showed any major wear when disassembled which 
confirmed the results from the analysis that there were no significant differences 
between the two pumps, see chapter 8. The analysis was based on plotting the 
phase currents against each other during a number of revolutions of the motor. In 
this particular case the period analyseed was limited to two seconds. The amount 
of power produced by the motor is assumed to be unchanged during the measure-
ment which means that short duration changes in the current are almost certainly 
related to about mechanical problems in the motor. The data is disturbed by tran-
sients in the current caused by the frequency controllers ignition pulses which 
must be filtered out before analysis, see figure 4.5 and 4.6. 
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4 	Analysis of measurement data and discussion of results 
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Figure 4.5: Typical signal from phase 
current  LI  plotted versus 
L2. Axis scaled in volt 
where lmV=1A, P2 at 
1190 rpm. 
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Figure 4.6: The signal in figure 4.5 fil-
tered to eliminate distortion 
from the frequency con-
troller. 

Figure 4.7: Curve width and vector Figure 4.8: Direction change of filtered 
length in filtered signal in 	signal in figure 4.5 versus po- 
figure 4.5 versus polar posi- 	lar position ± radian. 
tion ± radian (scale factor 
10X). 

24 



Conclusions and future work 

Using sensors and transducers in the control loop of equipment for condition mon-
itoring is one way of getting rid of externaly mounted transducers that require spe-
cial wiring and that are a conceivable source of failure. Remote monitoring are 
thus achievable at a low cost if suitable instrumentation is in place. Future work 
in the area will concentrate on the analysis of the hydropower turbine data and the 
possibility's to obtain a general model describing the condition of a hydropower 
turbine based on measurements. 

Risk analysis(FMEA) is one way to identify the most important systems in a plant. 
There are some advantages in carrying out the analysis in a modular fashion. This 
is most clearly seen when very similar analysis have to be caned out numerous 
times. What is important is to find those parts that are similar and those which are 
not. As already mentioned, modularisation can be problematic if the boundaries or 
interaction between the modules are not taken into account. Future work should 
include other equipment in a hydropower plant, such as generator, transformer, 
buildings and so on to provide a more complete view of the maintenance needs in 
hydropower plants. 

Measuring rail head damages with a distance sensitive probe offers a reliable way 
of monitoring the condition of rail as far as head damage such as spalling, shelling 
and headchecks are concerned. As the sensor:rail distance is detected with high 
precision, the number and size of flaws or damages, can easily be detected. Also 
corrugation in the form of long and short wave variation in rail height can be 
separated from surface damage signals by filtering the raw data. The position of 
damage over the width of rail can be estimated using an array of probes. Future 
work will involve speeding up the measurements and analysis and presenting re-
sults in an appropriate way as well as upgrading the equipment from a laboratory 
test rig to a level where it can be used in the field. 

Comparing current measurements from all three phases when monitoring electri-
cal motors can be used for condition monitoring. From the studies made on main 
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S Conclusions and future work 

coolingpump motor it was demonstrated that remote measurements is possible if 
suitable instumentation is avaible. 

No future work is planed due to the fact that the Swedish company involved,  ABB  
Atom, has been bought by Westinghouse. 
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Part II 

Case studies 
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Case 1,  Vattenfall 

Vattenfall  is the main power supplier and distributor in Sweden; roughly 40% of 
the power they produce comes from hydropower plants. Their interest in diag-
nostics was driven by the obvious risk of contamination of water and expensive 
repairs caused by wear of vane bearings in  kaplan  turbines. An important question 
for them was whether it was possible to predict the wear rate and hence plan when 
and where the vane bearings should be replaced or maintained? 

The work with  Vattenfall  started with the project "Measurement and prediction of 
degradation of  kaplan  turbines". 

6.1 Diagnostics in a hydropower turbine 

Failure of turbine units in hydropower plants result in enormous costs in repair. 
A catastrophic failure is easily detected; everything stops. Leakage, on the other 
hand, is hard to detect and often preceeds catastrophic failure. If it was possible 
to discover the start of leakage, time would be avaible to plan repair during a 
shutdown or period of low manufacturing volume. There is thus an interest in 
finding a satisfactory method for surveillance of hydropower turbines. 

The areas of investigation has been widely studied, although affordable diagnostic 
instrumentation is lacking, Smith [1993] The method generally used have been 
somewhat empirical, using measurements which are checked against well under-
stood basics. Vibration detection, oil analysis and strain measurements are typical 
methods. 

Four hydropower turbines, located both in the north and south of Sweden, have 
been equipped with monitoring equipment which stores data about the state of the 
turbines. The aim of this work was to develop a generic reliability model based on 
the operational characteristics of hydropower turbines complemented by physics-
based models based on material properties, load tolerances etc.. 
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6 Case 1,  Vattenfall  

6.1.1 Life fatigue limit 

When choosing between replacement and re-investment alternatives, economic, 
safety and ecological constraints must be considered. Reliability models able to 
predict the risk of future failure will help provide the decision guidance document, 
a support and factual base for any decision. 

An important part in the decision guidance 
document, when considering replacement or 
re-investment alternatives, is risk analysis, 
where the advantages and disadvantages 
of different alternatives are assessed. The 
decision of which of the two alternatives 
that is most profitable, living with the risk 
or elimination by investment. The accuracy 
of the decision guidance document depends 
on the quality of the risk assessment. Risk 

Figure 6.1: 	Kaplan-hub with is defined as a "Combination of the fre- 
pitch-link. 	 quency, or probability of occurrence, and the 

consequence of a specified hazardous event", IEC [1995]. 

In this study the probability of failure of a pitch-linkl  in a  kaplan  hub has been 
investigated in terms of the number of load cycles the link is exposed to. The 
failure reliability model developed is based on basic design variables, e.g. material 
properties, load tolerances etc. and the probability density functions of failure 
for these variables. From this the probability of failure can be calculated using 
statistical methods. 

Physics-based reliability models are one way of deter-
mining the probability of failure for components in hy-
dropower plants. These models give an estimation of 
how different operational and design variables affect 
component life expectancy. The pitch-link from a ka- 

Figure 6.2: Pitch-link. 	plan hub, see Figure 6.1, was chosen as a suitable ob- 
ject of investigation as the stresses in the link have been analyzed using  FEM  by 
Lundborg [1998]. The analysis concluded that fatigue faliure might occur in the 

1A sketch of the pich-link is found in Figure 6.2. 
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6.1 	Diagnostics in a hydropower turbine 

pitch-link.. The function of the pitch-link assembly is to translate the force from a 
hydraulic actuator into movement of the runner blade. 

To quantify the probability of failure in an structured way a physics-based reliabil-
ity model is used. The probability of failure is often computed from the properties 
of material, loads etc. based on basic probability. This approach is called stress-
strength interference(SSI) modeling. If the time dependency is considered it is 
called stress-strength time(SST) modeling. The areas of investigation have been 
the Swedish hydropower agency,  Vattenfall  AB  Vattenkraft,  and their installations, 
mostly turbines. 

6.1.2 Basic concepts and methodology 

It is generally assumed that stress and 
strength are deterministic. In practice 
both stress and strength are random vari-
ables distributed around a known value, 
see Figure 6.3. In order to consider the 
variation of stress and strength SSI models 
can be used, Schatz [1973]. 
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The physics-based reliability models are 300 	600 900 
I 

valuable for large and expensive systems 	
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where it, in practice, is impossible to 
Figure 6.3: The probability density build several identical systems for  reha- 

functions of stress and bility testing, Cruse [1997]. Hydropower 
strength at  n  ------- 1. units are of different reasons unique con- 

structions even though the principles are the same. To assess the reliability of 
hydropower units, this kind of model has potential to be an effective tool. 

Stress-Strength Interference model In Figure 6.4 on page 32, the probability 
density functions for stress, f  (x),  and strength,  g (y),  are shown where the shaded 
overlapping area is related to the probability of failure. As the shaded area grows 
larger, the probability of failure increases. This area visualizes the interplay be-
tween the probability density functions of stress and strength. This is the SSI 
(Stress-Strength Interference) model. 
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6 Case 1,  Vattenfall  

Stress-Strength Time model When using the SSI model it is possible to assess 

the reliability of a component exposed to one single load cycle. In practice most 
components are exposed to a number of load cycles. In order to consider mul-
tiple load cycles, the model can be expanded into an SST model, Schatz [1974], 
which is valuable when studying aging processes which affect component reliabil-
ity. Figure 6.5 shows how the stress and strength curves approach each other as the 
number of load cycles increase. With increasing numbers of load cycles, strength, 

g(y), decreases and moves to the left. This leads to an increased probability of 
failure, as indicated by the increase in size of the shaded area. 
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Figure 6.4: Probability of failure 	Figure 6.5: Cumulative probability of 

from 	stress 	strength 	 failure, F(n), v.s. number 

distributions, 

	

	 of load cycles. The prob- 
ability of failure increases 
with the number of load 
cycles,  n.  

6.1.3 Results 

Stress and strength variables can be eather known, random fixed or random inde-
pendent, see Figure 6.6. An explanation of the classification of stress and strength 
variables concepts is given below. 

• Known: The variable is known and therefore has no distribution. This pre-
sumes that the manufacturing process is fully controlled and the variable 
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6.1 	Diagnostics in a hydropower turbine 

Figure 6.6: Matrix of stress strength models. As described in Schatz [1974] 

being considered can be measured using a non-destructive technique(NDT). 
This assumption is often far from reality. 

• Random fixed: The variable has either a fixed value or varies with time. The 
value of the variable is not known, only its probability density function. The 
value is given once according to a random process, for example during the 
manufactoring process, and does not change between successive load cy-
cles. If the value of the variable could be measured using NDT, the variable 
would change to a known variable. 

• Random independent: The value of the variable changes in a random way 
between successive load cycles. Values at different load cycles are indepen-
dent of each other. If it were possible to measure the value of the variable 
during a certain load cycle, it would be impossible to predict its value at the 
next load cycle. 
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6 Case  I, Vattenfall  

Depending on the characteristics of the stress and the strength, one of the alter-
natives above must be chosen. Mathematically these are treated different in the 
reliability calculations. 

Another assumption that has to be made in SST modeling is to decide whether the 
stress is applied: 

• at known times: The stress is cyclic with known cycle times and the magni-
tude of the stress is either constant or varies between different load cycles. 

• at random times: The load cycle times are random and independent. The 
magnitude of the stress is either constant or varies between different load 
cycles. 

6.1.4 Assumptions 

There are nine different load cases listed in Figure 6.6 on page 33 where the stress 
and strength is either known, random fixed or random independent. 

The stress in a pitch link in a hy-
dropower unit is assumed to be ran- 

600[ 	 dorn  independent. This is because it 
400F 
300 , 	 is impossible to know the size of the 

200 - 	 next load cycle since this is depen- 
dant on the instantaneous demand for 
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9 

to be random fixed, since no random 

Figure 6.7: Approximation of the s-N  variations in strength occur between 

curve using ,uR  and ,uRg. The the load cycles. The only variation 
lower curve is reduced with in strength that occurs is due to some 

the mean stress ,uR„, . 	aging process, in this case fatigue. 
The model of the rate of degradation 

was developed using the fatigue damage curve, or the s-N  diagram, Figure 6.7, 
and the load analysis in Lundborg [1998] are used. 
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6.1 	Diagnostics in a hydropower turbine 

Stress and strength are assumed to be distributed about a certain value. A common 
assumption is that stress and strength follows Gaussian distribution, Graham et al. 
[1968]. Constant load-cycle time is assumed since the reliability using random 
load-cycle times is far lower than indicated by real data as pointed out by Spigel 
[1991]. 

6.1.5 Input data 

Amplitude and mean stress levels are taken from Lundborg [1998]. The standard 
deviation of the amplitude stress, US,'  is assumed to have the same relationship to 
the produced power, affect, as the mean amplitude stress,  ps„  has to the mean 
produced power,  P  - mean • 

1:Y  Sa = 

 ilSo  • Geffect 	
(6.1) 

1-  mean  

The mean power data is from a similar hy-
dropower station,  Tuggen,  in Umeälven out-
side  Lycksele,  where equipment is installed to 
measure produced power, pitch angle etc. The 
data concerning produced power that has been 
analyzed covers four seasons, a total of 785 
hours, and is close to Gaussian distribution 
with: 

Pmean = 50MW and Geffect = 1.7MW. 
These figures put into equation 6.1 with 

Psa  = 145MPa gives  asa  = 5MPa. 

The material in the link is SS steel 2244-05 
and the ultimate strength is Gaussian dis- 

0,015 

0,010 

0,005 

0,000 

800 900 1000 1100 
MPa 

Figure 6.8: Ultimate 	strength 
with assumption of 
Gaussian distribu-
tion and confidence 
interval of 95%. 

tributed and the 95% confidence interval is between 900-1050 MPa, MNC [1987], 
Figure 6.8. This gives a mean value, pR, of 975 MPa with standard deviationaR. 
The fatigue strength, pRg, is calculated using the formula for estimation of rotating 
fatigue strength limit, Broberg [1978]: 
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6 Case 1,  Vattenfall 

PRg  -= 0.51 • cos  — 1.67(64 —Z), where Z is taken from standard document SS2244-
05 and Z = 50%. This gives, leg  = 474MPa. 

Correction for push-pull stress, not rotating. pRug  0.8µRg  

Surface correction of  Ra  40pm, 	= 0.50, surface correction of  Ra  16pm, 1÷. = 

0.62, size correction 1-÷-
d 
 = 0.94 

An estimation of the time dependency of the strength came from an approxima-
tion of the s-N  curve with PR = 975MPa at the first load cycle to pRg  = 474MPa 
at 1 • 106  load cycles. The effect of mean stress is taken into account by compen-
sating the s-N  curve; letting it start at PR„, = PR — psm  with the same slope as the 
previous curve, Graham et al. [1968]. This also gives the strength at fatigue limit, 
pRn  g,  Figure 6.7 on page 34. The standard deviation  GR„,  is calculated in the same 
manner as given in equation 6.1. F 

Mean 	value 

[MPa] 

Standard 

deviation 

[MPa] 

Amplitude stress  ps,,  -= 145 as„ = 5  

Mean stress fern — 187  
Ultimate 	strength, 

552244-05 

PR = 975 cYR = 38 

Strength at fatigue limit pRg  = 474 

Strength with respect to 

mean stress 
PR,,, = 788 c5R = 36 

Strength with respect to 

mean stress at the fatigue 

limit 

pRmg  = 361 

Strength, 	correction 	for 

Ra  16 

pRRai, = 160  

Strength, 	correction 	for 

Ra  40 

PR„„„ = 136  

Table 6.1: Input data. 
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6.1 	Diagnostics in a hydropower turbine 

6.1.6 Analysis 

Probability calculations The cyclic stress acting on the link is Gaussian dis-
tributed with mean  ps,  and standard deviation  asa  . Strength is Gaussian distributed 
with mean pRm  and standard deviation GRm . Strength at consecutive cycles follows  

y,  = yo * i2",  i  = 1, 2, ... , where is the degradation factor, Rice [1997]. 

With random independent stress and random fixed strength the calculations are as 
follows: 

Let the stress in ith cycle  be s,  with probability density function gi(x,),  i  = 1, 2, ... 
and let the strength be  y  with probability density function f  (y).  

Rn 	P  [El  , E2n, • -, En]  

P 	Y) n  (x2 5_  y) n  (x3 <  

n... (x„ 	Y)] 
P 	<  y  foralli,  i  = 1_, 2, 3, ..., 

fy_o
[{P (that  y  takes a value between  

y  and  y  +  dy)}  *  {P  (that for all  i, 

(i  = 1, 2, ..., n)x, are less or equal 

toy)}] 

f
y
7o

f (Y)[111: gi(xi)dx] dy 

Equations 6.2 to 6.6 are from Misra [1992]. To calculate the cumulative probabil-
ity of failure from the reliability the following relation is used; F = 1 —  R.  

Figure 6.9 shows the accumulated failure probability of the link, F(n), as a func-
tion of the number of load cycles. Calculations have been made for two different 
surface roughness values, Ra16 and Ra40. As can be seen in the figure there is a 
significant difference between the cumulative failure probability for the two rough-
ness values. Not surprisingly, the surface roughness impacts on the probability of 
failure when fatigue is considered. 
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6 Case 1,  Vattenfall  

To exemplify the above statements and the data presented in Figure 6.9, imagine 
two identical hydropower units with different operating strategies; one is regulated 
5 times a day and the other 20 times a day. For the link above with Ra40 the 
probability of failure 20 years from now is about 2% (5  x  20  x  365 = 36500 load 
cycles) if regulated five times a day but rises to about 15% (20  x  20  x  365 = 
146000 load cycles) if regulated 20 times a day! 

Hydropower units are often unique 
designs; this implies that the model 
must be adapted using relevant input 
data from the actual unit. With this in 
mind, it is difficult to compare these 
calculated results with real failure 
statistics as there is often only one 
unit that fits a given set of design 
criteria. 

Using SST-modeling allows the prob-
ability of failure in hydropower units 

Figure 6.9: Relationship between cumu- to be calculated, based on physical 
lative probability of failure properties and loading characteristics. 

and the number of load cy- The advantages of this technique are 

des, that there are no requirements to build 
a special facility for reliability testing 

and the assessment of the probability of failure becomes objective. 

6.1.7 Discussion, pitch-link 

The probability of failure given by the model is a function of the number of load 
cycles; it is therefore important to have an explicit definition of what counts as a 
load cycle. Using a peak counting method were used on the data from  Tuggen,  
gives an average of 11 load cycles per day which would mean for the fine surface, 
Ra16, a cumulative probability of failure of around 12% and for the coarse, Ra40, 
around 33% calculated over 30 years. This might appear high but highlights the 
need off accurate data used in the calculations. 
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6.2 Risk analysis 

The operating pressure of 2 MPa in the hydraulic servo-motor has not been mea-
sured directly and might well be lower. This means that the stress is probably 
lower than calculated in the model. The standard deviation, as, is taken from the 
data of produced power and its coupling to the stress. It would be better to mea-
sure the stress directly using strain gauges applied directly on the pitch-link or by 
measuring the pressure acting on the servo-motor piston. 

The fatigue stress limit of steel is between 106  and 107  load cycles, Broberg 
[1978]. A conservative assumption that the fatigue limit is 106  load cycles has 
been used in the calculations, which means an overestimate of the probability of 
failure if the real fatigue limit is higher than assumed. It is clear that to obtain 
accurate results from the calculations it is important that the input data is as good 
as possible. 

6.2 Risk analysis 

This section outlines a systematic approach to find failure modes and their causes, 
so called "Risk Analysis". 

6.2.1 Background 

When considering renewal of turbines it is important to be able to objectively 
prioritize alternatives in order to select the best option for a given turbine. One 
way of doing this is to use risk analysis to systematically map weaknesses and 
criticality in the turbine. 

The number of hydropower turbines in Sweden is quite large so the possibility of 
being able to reuse as much as possible from one FMEA analysis in another is of 
intrest. To carry out a complete FMEA analysis on each turbine would take a lot 
of time and resources. By identifying parts and functions that are the same and can 
be treated in the same manner would help save time. This analysis aims identify 
differences and similarites between the different types of turbines, mainly Francis 
and  kaplan  turbines. If the effects of different design solutions and how they affect 
the FMEA analysis are known then existing FMEA analyses can be reused in a 
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6 Case 1,  Vattenfall  

modular way when a new study is to be done on new hydropower turbines. In this 
way a fairly complete and well documented FMEA can be developed in a fraction 
of the time required to make a complete, unique, study. 

6.2.2 Scope & limitations 

The FMEA study has been carried out for  Vattenfall  AB  Vattenkraft  at a num-
ber of their installations, mostly turbines. The aim of the work was to examine 
and develop a systematic approach to map failure modes and their causes in an 
hydropower turbine. 

This study is not an complete study of an hydropower turbine, but rather an exam-
ination of how an FMEA analysis can be used and re-used and a methodology for 
working in a "modular" fashion. 

6.2.3 Method / Assumptions 

The methods are derived from  Heland  and  Rausand  [1994], Stamatics [1995] and 
the Fault Tree Handbook, Goldberg et al. [1981] with the assumption that there are 
a posibility to modularise a FMECA analysis. 

A short description of Failure Mode and Effect Analysis (FMEA) and Fault Tree 
Analysis (FTA) is presented below. 

FMEA or Failure Mode and Effect Analysis was one of the first systematic ap-
proaches to failure analysis, being developed at the end of the 1950's to study 
potential failures in military systems. The first step in a system reliability study is 
often FMEA since it is fairly simple to carry out. To use FMEA, no advanced ana-
lytical skills are needed, however, it is important to know and understand the sys-
tem under analysis, why it's there and it's limitations. When conducting FMEA, 
a worksheet like the one in Figure 6.10 on the next page is used, a tabular form 
of system, sub-system, functions, failure modes, failure effects and an estimation 
of the probability(risk) of the failure modes. Risk is defined by the IEC [1995] as 
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Failure 
mode 

Funktion  F  Present 
control 
control 

Action 
taken 

Problem—
owner  

New 
analysis 

6.2 Risk analysis 

a combination of the frequency or probability and the consequence of an speci-
fied event. The FUNCTION identifies the objects intended function, the FAILURE 
MODE identifies how the object fails and the FAILURE EFFECT identifies the con-
sequences of each failure mode and the potential chain of events triggered by a 
given failure mode. 

Unit: 
Effect 	Effect 
(present 	(side 
system) 	system)  

Date: 
Effect 
(higher 
system) 

Id:  
Possible 	Sugestions 
root cause to awoid SUD  

Figure 6.10: Example on FMEA worksheet, following MIL-std. 629. 

An FMEA should, according to Stamatics [1995], be conducted systematically for 
it to be effective. The following eight steps are recommended: 

1. Select the team and brainstorm around what kind of problems there are. 

2. Draw functional block diagrams and (or) process flowchart. 

3. Prioritize. 

4. Data collection. 

5. Analysis. 

41 



6 Case 1,  Vattenfall  

6. Present results. 

7. Confitm/Evaluate/Measure 

8. Do it all over again. 

According to Hoyland and  Rausand  [1994] the analysis can follow the following 
steps: 

1. Definition and delimitation of the system. 

2. Definition of the main functions of the system. 

3. Description of the operational modes of the system. 

4. System breakdown into subsystems that can be handled effectively. 

5. Review of system functional diagrams and drawings to determine the inter-
relationships between the various subsystems. 

6. Preparation of a complete component list for each subsystem. 

7. Description of the operational and environmental stresses that may affect 
the system and its operation. 

According to IEEE Std. 352 the main questions that FMEA answers to are: 

• How can each part conceivably fail? 

• What mechanisms might produce these modes of failure? 

• What could the affects be if the failures did occur? 

• Is the failure in the safe or unsafe direction? 

• How is the failure detected? 

• What inherent provisions are provided in the design to compensate for the 
failure? 
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6.2 Risk analysis 

FMEA has developed into a number of branches witch Stamatics [1995] grouped 
in: 

• System FMEA - Used to analyze systems and subsystems in the early con-
cept and design stage. 

• Design FMEA - Used to analyze products before they are released to man-
ufacturing. 

• Process FMEA - Used to analyze manufacturing and assembly processes. 

• Service FMEA - Used to analyze services before they reach the customer. 

This report analyzes hydropower turbine system, at a  relativly  high level, and con-
sequently system FMEA was used. 

System FMEA is used to analyze systems and subsystems during the early design 
and concept stage. It focuses on potential failure modes of the functions of the 
system subject to deficiencies. Interactions between systems and elements in the 
systems are included. 

The output from system FMEA is: 

• A list of failure modes ranked by the Risk Priority Number (RPN). 

• A list of system functions detecting potential failure modes. 

• A list of design actions eliminating failure modes, increasing safety and 
reducing occurrence of failure. 

The benefits of system FMEA include: 

• Helping to select optimum system design alternatives. 

• Helping to determine redundancy. 

• Helping to define he basis for system level diagnostic procedures. 
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• Increased likelihood that potential problems will be considered. 

• Identification of potential system failures and their interaction with other 
systems or subsystems. 

The results of an FMEA are usally presented in a tabular form. Table 6.8 on 
page 52 shows an example of such a table with explanations of the fields and the 
information presented in the columns. 

FTA , Fault tree analysis weas developed in 1961 by Bell Telephone Company. 
In 1962, at Bell Telephone Laboratory's, fault tree technique was introduced in 
connection with a safety evaluation of the Minuteman missile launch system. Boe-
ing further developed the technique and introduced software tools for both qualita-
tive as well as quantitative fault tree analysis. According to 1-10yland and  Rausand  
[1994] FTA is currently the most commonly used technique for risk and reliability 
studies. 

Fault tree diagrams are a logical way of describing expected and un expected 
events and their causes. It can be used in both the qualitative and quantitative 
analysis of systems. One difference compared to FMEA is that FTA uses a "top 
down" or deductive approach, whilst FMEA is "bottom up" or inductive. This 
means that in FTA -analysis we start out with the unwanted event and work down 
towards the component level in search of the potential causes of failure. 

The style and apperance of the graphics used in the fault tree analysis depends on 
the standard used, Goldberg et al. [1981]. Some examples of common icons are 
given in table 6.2. 

To give a simple illustration of a fault tree analysis, a coffee machine (shown 
schematically in Figure 6.11) was studied. The coffee machine can be said to 
consist of: a container where the water is heated, water pipe to transport the water 
to the coffee filter, a filter to contain the coffee powder, a jug to hold the brewed 
coffee and heating elements. 

With the help of fault tree analysis the causes of the top event "Can't brew coffee" 
are mapped in Figure 6.12. This top event "impossible to brew coffee" might have 
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6.2 Risk analysis 

Waterpipe  

Water 
container 

Temp. 
sensor 	 
Water 
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Coffe 
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Coffe 
jug  Can 

heater 
Switch 

Relay 

Figure 6.11: Illustration of coffee machine. 

to causes, there is no way to heat the water or it comes no water down into the 
bucket. If no water comes down into the bucket the transportation of the water 
might be broken, i.e. broken water pipe, or clogged filter. If the water cant be 
heated it can be caused of a broken power switch or broken wiring. The analysis 
continues in this fashion until we reach a level where we find it suitable to end. 
As example there is the expert on material physics who stops at atoms and the 
maintenance engineer who ends at "broken pump". 

Figure 6.12: Fault tree describing the top event "coffee cannot be brewed". 
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Symbol Description 

CI 
Intermediate event, a fault event that occurs because of one 
or more antecedant causes acting trough logich gates. 

00E And-gate, output fault occurs if all of the input faults occur. 

2 2E 
Or-gate, output fault occurs if at least one of the input faults 
occure.  

V.L\  
Tranfer  to other fault tree diagrams, indication of develop-
ment  in corresponding branches from other fault tree dia-
gram(s).  

At 
Tranfer  from other fault tree diagrams, indicates that this 
branch is a appendage to the corresponding  "Tranfer  to other 
fault tree diagram". 
Incomplete event, used because the cause of the event is in-
complete or because of lack of information. 

0 Basic event, basic events do not need dividing up. 

Table 6.2: Examples of typical symbols used in fault tree analysis. 

An OR-gate is used to show that the output event occurs only if one or more 
of the input events occur. There may be any number of input events to an OR-
gate. If event A and  B  are connected to the gate and these events are independent 
of each other the probability of the output of the gate  Q,  is given by  P (Q)  =  
P  (A)  P (B)  —  P  (A)*  P (B)  

An AND-gate is used to show that the output event occurs only if all of the input 
events occur. There may be any number of input events to an AND-gate. If event 
A and  B  are connected to the gate and these events are independent of each other 
the probability of the output of the gate  Q,  is given by  P (Q)  =  P  (A)*  P (B)  

How to conduct a fault tree analysis? According to I-Ireland and  Rausand  
[1994] fault tree analysis follows five steps: 

1. Definition of the problem and boundary conditions. 
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2. Construction of the fault tree. 

3. Identification of minimal cut and/or path sets. 

4. Qualitative analysis of fault tree. 

5. Quantitative analysis of fault tree. 

Output from FTA , according to Høyland and  Rausand  [1994], could include: 

• A listing of possible combinations of environmental factors, human errors, 
normal events and component failures that might result in a critical state in 
the system. 

• The probability that the critical event will occur during a specified time 
interval. 

• The most likely course of events which leads to the critical state of the  sys- 
tern. 

FMEA and FTA in combination . As already mentioned, FMEA documents 
function, failure mode, failure effect and ranks their criticality by an RPN (risk 
priority number). FTA analysis can then be used to analyze the root causes of the 
critical failure modes. In this case, critical failure mode is the top event of the 
failure tree under investigation. Table 6.3 shows a schematic of this process. 

To sum up, inductive methods such as FMEA can be used to identify the fail-
ure modes whilst deductive methods such as FTA are used to understand how a 
specific failure mode occurs and it's root causes. 

Dividing up into type solutions. 	While the number of hydropower turbines 
is large their general structure and major components can be  relativly  easily sum-
merised. Table 6.4 gives an example of how a classification of type solutions might 
appear indicating how to combine the FMEA's. The acctual FMEA are done at the 
lowest level, . 
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Identify systems 

FMEA 

Function 
4,  

Failur mode, influence on frequency 
4,  

Failure effect (concequence), influence 
on concequence 

4,  
Detection, influence on detection 

4. 
Calculation of RPN 

4,  

Ranking list of failure 
Critical failure modes 	-> 

modes 
4,  

FTA 
Critical failure mode as top event 

Cause of critical failure mode 	
List of critical failure 
modes 

Table 6.3: Schematic of the work flow when combining FMEA and FTA. 

It is worth noting that although components and subsustems may be similar inter-
faces between these can differ, i.e. the method of mounting varies or the distance 
to sensitive equipment is not the same, all of which might affect the consequences 
of a failure. 

Identifying type solutions. An FMEA carried out on type solutions gives crit-
ical failure modes whilst FTA on these critical failure modes gives the causes. It is 
thus possible to decide which critical failure modes and their causes are associated 
with a given turbine. 
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1:st level 2:nd level 3:d level 

Runner 

Kaplan 

Hub with link control 

Hub with dice control 

Francis 

Tube (this type is often identical to  kaplan  with link) 

Seal pot 

Labyrinth seal 

Radial - coal ring box 

Axial - coal ring box 
"Bestobell" - box 

Braided box seal 

Radial bearing 

Block 

Neck 

Rotating oil bowl 

Horizontal 

Water lubricated 

Rubber 

Metal 

Axial bearing 

Segment type 

Kingsbury 

Guide vane apparatus 

Inbound mechanism 

Outbound mechanism 

Safety link 

Friction connection 

Induvidual rotating servo motors 

Table 6.4: Examples of type solutions for hydropower turbines. 
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FMEA for type solutions. In this work an FMEA has been carried out for the 
type solution  "kaplan  runner with link control". Since this construction is of same 
type as the one used in tube turbines, these results are applicable to both types. 

Assessment criteria template. To be able to rank between the different failure 
modes the RPN is used, that is the occurrence of the failure mode, severity or 
consequence and detect-ability is estimated on a three grade scale which then is 
used to calculate the RPN. The severity is divided up in three parts assessed on its 
own, economic consequences, environmental consequences and personal safety, 
see assessment criteria template in table 6.6. 

What is the occurrence of the failure mode? 

1 Newer heard about it 
2 It has happend some times 
3 It has happend numerous times 

Table 6.5: The frequency of the failure mode. 

Which possibility's are there to detect the failure mode before breakdown or func-
tional failure? 

RPN Possibility to detect the failure mode before breakdown or functional 
failure 

1 Station crew finds out about the failure easily or are made aware by 
monitoring equiptment 

2 The failure mode is detected by station crew by measurements or visual 
inspection. 

3 Impossible to detect the failure without speclialist competence 

Table 6.6: Detectability of the failure. 
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6.2 Risk analysis 

Its notable that in severity all three components is taken into account, i.e. eco-
nomic consequences  (E),  environmental consequences (M) and personal (S). 

RPN Economic 	conse- 
quences  (E)  

Consequences 	on 
the 	environment 
(M) 

Human safety (S) 

1  Stopp  < 1 month None/minor None/minor injury 
like 	bruises 	or 
scratches 

2  Stopp  1 month to 1 
year 

Minor damage of 
self healing type 

Injury which will 
heal, sick leave. 

3  Stopp  1 year < Major inpact on the 
environment (dam- 
age that will not 
self 	heal 	in 	the 
close future  eg.  oil 
lekage larger than 
200 	litres 	at 	one 
time) 

Injury which will 
not heal, life threat-
ning injury, death 

Table 6.7: How serious is the failure effect. 

6.2.4 Results 

Using an FMEA analysis and calculateing risk priority numbers (RPN) on the dif-
ferent failure modes gives a "top ten" list of the failure modes with the highest 
risks. The RPN numbers are calculated by adding the consequences then multi-
plying with the failure frequency. In this case the detectability is not accounted 
for. 

The most critical failures 

In Table 6.8, the nine most critical failure modes found by the FMEA analysis are 
presented. It can be seen that most of these failure modes come from two main 
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6 Case 1,  Vattenfall  

problem areas, namely when regulating and oil leakage. 

System Unit Critical failure modes found by FMEA analysis 

Runner Link mechanism Does not transform linear motion to rotational 
Vane with bearing Turns in stepvise motion 

Oil leaks 
Cracks in vanes 
Axial play 
Radial play 
Is loose 

Runner cup Does not protect drain pipe 
Linear motor Stopped 

Table 6.8: The nine most critical failure modes for runners of  kaplan  type with 
links according to the FMEA analysis. 

6.2.5 Discussion 

The advantage of using/developing a modularized FMEA becomes clear when a 
similar analysis is required numerous times. By identifying those parts that are 
functionally similar, allows us to reuse the analysis done on those a number of 
times. Onje drawback is that modularisation can be a dangerous path to follow if 
the boundaries or interaction between the modules are not taken into account. For 
example, a number of different turbines might have the same modular solution but 
boundaries that differs. 
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Case 2,  Banverket  

There is a clear interest in a system for detecting surface damage on rails to com-
plement the visual inspection done today. The detection system must be able to 
give an objective measurement of the damage and provide statistical data for eval-
uating the need for maintenance work and its effects. 

During the work with STAX301, it was found that almost half of the rail damage 
found constituted of surface damage on the rail head and side, classified as head-
checks, spalling and shelling. Aim of the work presented here was to examine 
methods used to measure surface damage on rail; primarily spalling and shelling 
but also to see if headchecks can be detected. A measurement device was de-
veloped based on an earlier laboratory prototype. That prototype was based on a 
ski, supported by air pressure, floating on the rail head. Damages was detected 
by changes in the air pressure beneath the ski, as well as an inductive transducer 
and an eddy current probe mounted on the ski. This equipment was mounted on 
a measurement vehicle, EM80, and tested in the field south of  Boden,  in northern 
Sweden. 

This equipment was found to be able to detect damage in the order of 10mm  x  
1  Omm x  0, 7mm and larger. The damage could be quantified by the number of 
occurrences per unit length, but not easily by size. 

A new laboratory prototype was developed to investigate the reproducibility and 
damage detection levels. Using this equipment a closer study of the effects of 
probe distance from the rail head, as well as offsetting the position of the probe 
sideways on the type and size of damage that could be detected. 

A project to rise maximum axle load  fron  25 to 30 tones. 
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Geometry measurement,  eg.  STRLX Area which at the 
moment is diffict 
to inspect  

Figure 7.1: Sketch over measurement 
volumes ultrasonic wave 
measurement covers on rail 
in the STRIX measurement. 

7 Case 2,  Banverket  

7.1 Background 

One of the main reasons for replacement or regrinding of rails is surface damage 
on the rail head and side. Grinding can also cure waviness on the rail head if the 
waves are shorter than 0.5m; damages that subjects the rail to great forces, Com-
mittee [1988]. The method used to find such damage today is visual inspection. 
There is a need for a method to complement the existing inspection methods like 
STRIX2  and ultrasonic detection used today, see Figure 7.1. 

When working with STAX 30 it was 
found that of 116 documented occu-
rances of damage 56 were spalling, 
shelling or headchecks, Bjurström 
et al. [1996]. To optimize track main-
tenance there is a need to detect such 
damage as early as possible. 

The most common method used for 
inspecting rails from a track bound 
vehicle is ultrasonic wave measure-
ment, Editorial and Railway Track 
&  Struktures  [1990]. This method 

is limited as far as speed and detection depth. Ultrasonic wave measurements 
cannot detect surface damages. The speed of the vehicle carrying the detection 
equipment is governed by rail head geometry, waves/corrugation, occurance of 
heavy damage and station yards switches/turnouts which reduce the speed of the 
vehicle which is otherwise able to travel at 100 km/h. 

Earlier studies have shown that shelling starts as subsurface cracks between 2-
8mm under the rail surface which eventualy extend to the surface. Headchecks 
and spalling start at the rail surface and work their its way into the rail,  Münster  
and Schmedders [1996], Kumar and Rajkumar [1981] and Ekberg et al. [1995]. 
Spalling and shelling occurs at a late state in rail degradation. There is a lot to be 
gained both in economic and safety terms from being able to detect and measure 
this kind of damage. Long term planing of activities such as regrinding which can 
reduce the growth rate of this type of damage is a further guiding factor. 

2Measurements of rail bed, rail section profile and contact wire. 

54 



7.2 	Method / Assumptions 

7.2 Method / Assumptions 

The method developed detects of surface damage such as spalling and shelling 
using inductive transducers sensitive to the distance to the measured object. The 
working assumption is that this kind of damage will eventually result in the of 
absence of material. 

The measurement equipment consists of two inductive probes mounted about 
10cm apart along the lenght of the rail and staggered sideways by one half probe 
diameter as seen in Figure 7.6 on page 60. For test purposes the probes were 
mounted on a 6 meter long slider mounted on the test rail. Artificial damage in the 
form of groups of three holes with diameter 4)2mm, e6mm and 4)10mm was made, 
see Figure 7.7 on page 60. 

7.3 Preliminary results 

Damages as seen in measurement data 
Drilled holes, O 2mm, 6ffun and lOmm 

_"0,3 

jg 0.1 

The equipment showed good 
sensitivity and stability between 
different measurement series  ir-  Figure 7.2: Sensitivity of individual damages 
respective of measurement direc- 	 and how they are detected by sen- 
tion. Nine measurement series are 	 sor  1 and 2. 
shown in Figure 7.5 on page 59 
where all measurements are taken over a rectangular steel plate with artificial 
damages as in Figure Figure 7.7 on page 60. The data acquisition frequency was 
1000 Hz and the probe dolly was moved by hand. 
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An example of how the signal 
caused by the damage is detected 
by the two probes at different 
probe distances is shown in Fig-
ure 7.2, the second and third 
series of damages (see Figure 7.7 
on page 60), 010mm and 4)6mm, 
are marked. 
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7 Case 2,  Banverket  

To detect the lateral position of the damage on the rail head, the two probes were 
mounted offset to each other. The size of the damage is quite easy to detect, the 
holes of diameter e2mm, 06mm and 4)10mm gives a notion about the sensitivity. 
The equiptment was not able to detect the 4)2mm holes. The (1)6mm holes were 
detected if they were directly under the probes sensitivity field and were seen 
clearly if directly under the probe. The el  Omm  "damage" was clearly detected in 
all cases, although the signal was weak when on the edge of the probe as seen in 
Figure 7.2 on the preceding page. 

0,5 

0,4 

0,3 

0,2 

0,1 

Sensetivity vs. distance 
Three damage series in a row, 2,6 and I  Omm  

— muss 24. 7.5ram seversed 
meats IS, 7,5mm 
mess 23,6mm, reversed 

-- mess 23,6mm 
— axes 22,4.5mm, reversed 
— muss 22.4.5ms 

Damage 	Damage 	Damage  
serie  3 	serie  2 	 serie  

After the measurement data been 
interpreted, Figure 7.3, it could 
then be analysed, The slow, wave 
like motion eminates from rail 
corrugation with a wavelength of 
about 30cm which was known 
to exist on the test rail. On the 
simulated rail damage piece there 
is three identical groups of dam- 

200 	400 	600 	800 	 ages consisting of three damages 
only staggered sideways along the 
rail, see Figure 7.7 on page 60. 
When the signal is saturated the 
measurement has reached the end 
the opposite direction as seen in 

Figure 7.5 on page 59. The three artificial damage series have been measured at 
three different probe-rail distances. 

To get a view of the similarity of the measurement parts in both directions data 
have been rearranged. The rearrangement was done in four steps, first data is cut 
in between the forward and backward going measurement parts then the backward 
part have been mirrored and translated along the abscissa and last translated along 
the ordinate. Data other than from the artificial set of damages have been removed. 
As can be seen in the diagrams the measurement speed was not always the same 
during the forwards and backwards scans but this does not significantly affect the 
analysis since it is mainly based on mean and standard deviation of the data over 
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Figure 7.3: Series of measurements showing 
three different probe distances to 
rail. 

of the rail and the next part is measured in 



7.3 	Preliminary results 

the measurement length. 

Neither mean nor standard deviation differs much between the measurement series 
which indicates good repeatability, Figure 7.4 a,  b.  To get an idea of correlation, 
linear regression has been carried out on the mean and standard deviation, Figure 
7.4  b, d.  Both the mean and standard deviation covers the measurement length. 

To understand how probe distance affect the sensitivity both the mean and standard 
deviation were plotted against the original data series, Figure 7.4  c, d.  As expected 
the mean increases with increasing distance whilst the standard deviation does not 
change, Figure 7.4  d.  It is obvious that any probe—rail distance between 5,25mm - 
9mm gives acceptable result both in detail and shape and that the probes are linear 
in this interval. 

7.3.1 Conclusions of the study 

• As the probe—rail distance is detected with good precision the number of 
deviations, flaws or damage, can be counted. 

• Corrugation, long and short waves, can be separated from surface damage 
if the data is filtered. 

• The lateral position of the damage can be estimated using an array of probes. 
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7 Case 2,  Banverket  

a) 	Surface measurement data 
All data transposed  y,  =0  ty, 	normalized data 

0.2  	 0,07 
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g 	 0,01 
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b)  

oo 

Mean & standard deviation on normalized data 
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1 
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Figure 7.4: Repeatability of measurements with respect to individual damage and 
corrugation (a +  b)  and with respect to distance from probe to rail head 
surface  (c  +  d).  
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7,3 	Preliminary results 

7.3.2 Diagram of measurement data 

Measurement series 21-29 

meas 21, 4mm 
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Figure 7.5: Repeatability test with different rail-probe distances, unmodified data. 
Unit volt on  ordinata,  unit "sample number" on abscissa. 
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7 Case 2,  Banverket  

7.3.3 Geometry 

Placement of probes 

Birds eye 
view 

Measurement direction 

yid
e
w from 

Figure 7.6: Probe location seen from above and from the side. 

Placement of holes used to simulate rail damage 

Dama  sene  1 	 Damage  serie  2 

—7 

0 0 	
0 

Measurement direction 2mm 6mm lOmm 

Inductive probe 

Figure 7.7: Location of the drilled holes used to simulate damage. Series 1 at the 
left followed by series 2 and 3. The relative position of the inductive 
probes is also shown. 
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Case 3,  ABB  

In nuclear power plants the working environment can be pretty inhospitable. This 
makes condition monitoring of the cooling pumps difficult if not impossible for 
humans to carry out. A technique for condition monitoring using current and 
voltage monitoring equiptment is presented below. 

8.1 Condition monitoring of main cooling pumps 

Condition monitoring of electric motors has been achived using a method called 
Current Plot Analysis(CPA) which is based on Motor Current Signature Analy-
sis(MCSA). The technique relies on the hypothesis that sudden phase shifts in the 
motor current indicate a radial movement of the rotor. Tests on a small 4 pole mo-
tor have shown that this assumption holds. In the plant being studied an electronic 
frequency converter is used which distorts the raw signal. Signal conditioning was 
used to remove this distortion. Westinghouse Atom, (former  ABB  Atom) allowed 
measurements to be made on two main cooling pumps at a nuclear power plant in 
may 2000. 

8.1.1 Scope & limitations, objective 

The areas of investigation have been the condition monitoring of the main cooling 
pumps in an nuclear power-plant by a modified form of MCSA (Motor Current 
Signature Analysis) called CPA (Current Plot Analysis), which have been exam-
ined. 

Main object of applying condition monitoring to the pumps is to be able to detect 
wear in the bearings in order to be able to plan and carry out repair well ahead of 
breakdown or bearing seizure. 
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8 Case 3,  ABB  

Measurement equipmpent to carry out the measurements, three current probes 
(AmpFlex, 010kHz, 1 mV/A, 1000A) where used. These were connected to an 
AST Ascentia portable PC via National Instruments connection box (SCH68) and 
measurement card (PcCard 16E4). Logging and analysis software was developed 
inhouse using National Instruments LabView. 

8.1.2 Measurement 

The pumps examined are refered to asd P2 and Pl. The pump motors are 4 poles 
asynchronous motors designed to function in water. In this case water is used as 
a lubricant in the sleeve/journal bearings in the motor. The rotor in the motor is 
connected to the pump wheel, which is inside the reactor housing, by a long shaft. 
Both motors are frequency controlled with a speed range of 340-1500 RPM. Dur-
ing the measurements the motors where run a couple of minutes at three different 
speeds: 340, 760 and 1190 RPM. Phase currents where logged via current probes 
attached to the wires between the frequency controller and electric motor. The 
acquisition speed was 1000 Hz. The motor speed was monitored from the control 
room and the current from instruments on the electronic frequency converter, see 
Table 8.1. 

8.1.3 Method 

The CPA analysis involves plotting the phase currents against each other over sev-
eral rotations of the motor axle. In this case the analysis time is limited to two 
seconds. The utilized power is assumed to be constant during the measurement 
which means that pulses in the measured current can be assumed to indicate me-
chanical looseness in the motor. The analysis is complicated by the fackt that the 
electronic frequency converter causes transients which had to be filtered out before 
analysis, see Figures 8.1 and 8.2. 

Measurement data from pump P1 and P2 are given in 8.1.6 and 8.1.9 respectivly. 
The signal shown in Figure 8.1 filtered to eliminate disturbances from the elec-
tronic frequency converter, Figure 8.2. From the filtered signal, a measure of the 
width of the curve is calculated as shown in Figure 8.4. The width is a measure 
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8.1 	Condition monitoring of main cooling pumps 

of the current deviation during the measurement period. The directional change is 
also calculated, on a moving basis, as the incremental vector between two consec-
utive measurement point readings (1/1000s), see Figure 8.5. The diagrams show 
the current curve width, vector length and directional change plotted against motor 
angle in radians (± 3,1) or 10  x  radian (± 3,1). This shows an imaginary rotat-
ing vector plotting the phase of the current, as shown in Figure 8.2. This vector 
starts in the center of the ellipsis with start at 0 radians horizontal to the right, i.e. 
three a clock. Positive direction counterclockwise. Some of the measurements 
have inverted sign because of the orientation of the current probes. This does not 
affect the analysis but simply mirrors the plot of the ellipsis and the direction that 
the vector is thought to rotate in. A constant rotation counterclockwise gives a 
mean > 0 while a constant rotation clockwise gives a mean <0. Also, the standard 
deviation of the directional change is calculated which hints of the stability of the 
signal. A low stability caused by large bearing clearance leads to high standard 
deviation. 

Equiptment Time (h:min) RPM Current 

P2 09:09 340 160 
09:22 760 230 
09:32 1190 400 

P1 10:26 340 180 
10:35 760 230 
10:44 1195 390 

Table 8.1: Speed and current data. 

8.1.4 Results 

The measurements do not show any significant differences between the two main 
cooling pumps. The width of the curves is about the same aalthough P2 shows 
a slightly larger standard deviation than P1 as seen in Figure 8.5, 8.8 and 8.11 
vs. 8.14, 8.17 and 8.20. The standard deviation and RMS of the direction change 
increased at lower speed. This could be compared with the behaviour of vibrations 
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8 Case 3,  ABB  

in sleave bearings at low load, when instability in the oil film might occur, where 
this kind of behaviour is  relativly  common. When the pumps were subsequently 
stripped down for maintenance there was little wear in both pumps. 

8.1.5 Analysis 

The analysis is based on plotting the phase currents versus each other during a 
number of revolutions of the motor. In this particular case the the time of analysis 
have been limited to two seconds. The amount of power output from the motor 
is assumed to be unchanged during the measurement which means that short du-
ration changes in the current might tell about mechanical looseness in the motor. 
The analysis is disturbed by transients in the current caused by the frequency con-
trollers ignition pulses witch later are filtered out before analysis, see Figure 8.1 
and 8.2. 

pop 

Figure 8.1: Typical signal from phase 
Li plotted versus L2. 
Axis scaled in volt where 
lmV=1A 

ca 	o 

Figure 8.2: The signal in Figure 8.1 fil-
tered to eliminate distortion 
from the frequency con-
troller. 

,ü,r;  

From the filtered signal a measure on the width of the curve is calculated used on 
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8.1 	Condition monitoring of main cooling pumps 

the remaining data, look at Figure 8.4. The width corresponds to the deviation of 
the phase current during the measurement interval. Also, the directional shift is 
calculated versus time ( radian) of the vector between to consecutive data points 
(1/10000 s), see Figure 8.5. In the diagrams curve width, length of vector and 
directional change is plotted versus abscissa in radian (±7r) or 10  x  radian (±10  x  
m). It should be thought of as the direction of an imaginary vector showing the 
phase current as in Figure 8.8. 
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8 Case3, ABB 

8.1.6 Measurement data of pump P2 at 1190 rpm 
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Figure 8.3: Unfiltered and filtered orbit of phase current at 1190rpm. Axis units 
volts where lmV=IA. 

Figure 8.4: Curve width and vector Figure 8.5: Direction change of filtered 
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8.1 Condition monitoring of main cooling pumps 

8.1.7 Measurement data of pump P2 at 760 rpm 
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Figure 8.6: Unfiltered and filtered orbit of phase current at 760rpm. Axis units 

volts where lmV=lA. 

Figure 8.7: Curve width and vector Figure 8.8: Direction change of filtered 

length in filtered signal in signal in Figure 8.6 versus 

Figure 8.6 versus polar po- polar position± radian. 

sition ± radian (scale factor 

lOX). 
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8.1.8 Measurement data of pump P2 at 340 rpm 
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Figure 8.9: Unfiltered and filtered orbit of phase current at 340rpm. Axis units 
volts where lmV=1A. 
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8.1 	Condition monitoring of main cooling pumps 

8.1.9 Measurement data of pump P1 at 1195 rpm 
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Figure 8.12: Unfiltered and filtered orbit of phase current at 1195rpm. Axis units 
volts where lmV=1A. 

Figure 8.13: Curve width and vector Figure 8.14: Direction change of filtered 
length in filtered signal in 	 signal in Figure 8.12 versus 
Figure 8.12 versus polar po- 	 polar position ± radian. 
sition + radian (scale factor 
10X). 
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8 Case 3,  ABB  

8.1.10 Measurement data of pump P1 at 760 rpm 
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Figure 8.15: Unfiltered and filtered orbit of phase current at 760rpm. Axis units 
volts where lmV=1A. 

Figure 8.16: Curve width and vector Figure 8.17: Direction change of filtered 
length in filtered signal in 	 signal in Figure 8.15 versus 
Figure 8.15 versus polar po- 	 polar position ± radian. 
sition ± radian (scale factor 
10X). 
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8.1 	Condition monitoring of main cooling pumps 

8.1.11 Measurement data of pump P1 at 340 rpm 
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Figure 8.18: Unfiltered and filtered orbit of phase current at 340 rpm. Axis units 
volts where lmV=1A. 
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Figure 8.19: Curve width and vector Figure 8.20: Direction change of filtered 
length in filtered signal in 	 signal in Figure 8.18 versus 
Figure 8.18 versus polar po- 	 polar position ± radian. 
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