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"A little neglect may breed great mischief. .. 
For want of a nail the shoe was Jost; 

For want of a shoe the horse was Jost; 
And for want of a horse the rider was Jost." 

Benjamin Franklin 
Poor Richard's Almanac 1758 
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ABSTRACT 
In this project an approach for establishing the sequence of events leading unplanned 
unavailability of a generic power plant is estimated and the critical areas and equipment are 
identified . This is done by identifying the failure modes, their causes and effects on the major 
components of the power plant. Those failure modes are used to develop event sequences 
for the failures of the total plant. These event sequences may be used to estimate how often 
a failure of a power plant occurs and how long it takes to have the power plant running 
again. Also, these event sequences are used to identify critical components. 
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MANAGEMENT SUMMARY 
Introduction 
Electrical power is nowadays becoming more and more important. In The Netherlands the 
electrical power consumption has grown from 33 PJ in 1992 to 66 PJ in 2001 that is an 
increase of 7% per year, but the population grows in the same period with 1 % per year. Also 
the black outs in North-America and Europe demonstrate the major impact of having no 
electrical power. Up to several million people had no electrical power for several hours up to 
weeks. The availability of electrical power is very important. Availability is the fraction of time 
that the electrical power can be delivered to the customers. For electrical power generating 
and transporting companies it is important to provide the right amount of electrical power 
with an availability as high as possible, because they get confronted with fines and recovery 
payments if they cannot deliver electrical power to their customers. 

Availability 
The availability of electrical power depends simplified on the availability of a power plant and 
the availability of the transportation network. The focus in this report will be on the availability 
of the power plant. The availability (A) of power plant can be defined as: 

Up: planned unavailability 
Uup: unplanned unavailability 

A =I-Up-Uup 

Planned unavailability is unavailability due to planned, regular, preventive maintenance. This 
type of unavailability has no consequences for customers, because the company can plan it, 
meaning that the electric energy generated by this plant can be provided by the other plants 
the company owns or the company can buy the electric energy from another company. The 
customer will not experience this as unreliable. 

Unplanned unavailability is unavailability due to unexpected, unplanned failure of a single 
component or due to a failure of several components. This type of unavailability has the 
potential to have a great effect on the customers of the company, if the company has no 
chance to provide their customers with electric energy. In this report the focus will be on this 
type of unavailability, because fines and recovery payments by the company and the amount 
of corrective maintenance can be reduced if this type of unavailability is reduced. 

Power Plant 
In this project, a generic power plant with 2 units will be studied. Unit 1 has a boiler that 
burns fuel (oil, gas or coal) and produces steam, which drives the steam turbine. The steam 
turbine is connected to a generator that produces electricity. The electricity will be 
transformed to a higher voltage for easy transportation by a transformer. The total electric 
output of this unit is about 300 MW. Unit 2 has a gas turbine that burns fuel and drives the 
generator. The combustion gasses of the gas turbine are used in the heat recovery steam 
generator to produce steam, which drives the steam turbine. The steam turbine is connected 
to the same generator as the gas turbine. This called a single shaft unit. The generator 
produces electricity that will be transformed to a higher voltage level by a transformer for 
easy transportation. The total electric output of this unit is about 300 MW, which is equal to 
unit 1. 

Both units have their own condenser and cooling tower for cooling the steam-water mixture 
from the steam turbine to water. This water will be reused by the boiler or the heat recovery 
steam generator. 
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Objective 
The objective of this project is: 

ESTIMATE THE EVENTS LEADING TO UNPLANNED UNAVAILABILITY OF THE POWER PLANT AND 

IDENTIFY CRITICAL AREAS OF PLANT AND EQUIPMENT. 

To achieve this objective, answers have to be found to the following research questions: 
• How can the different components of a power plant fail and what are the causes of 

this failure? 
• How often does a typical failure occur? 
• What are the effects of typical failure of a component for the component and for the 

total power plant? 
• Are there any countermeasures to prevent the component from failing? 
• How can a power plant fail, based on the failures of the different components? 
• What are the effects of this failure? 
• How often will those failures occur? 
• How long will it take to repair the component/system? 

Tools 
To find answers to these questions some tools are needed. The first tool is needed to 
identify how a component of a power plant can fail, the causes of this failure, the effects of 
this failure, and the frequency of occurrence of this failure. The failure mode and effect 
analysis (FMEA) is very useful tool to identify the possible failures of a component (Failure 
modes), the causes of this failure, effects of those failures, and the frequency of occurrence. 
For the severity of a failure the duration to repair the failure is chosen . 

Another tool which is used is the event tree analysis (ETA). With the event tree analysis, the 
actual event sequence model will be built. The event sequence model is a set of event tree 
analyses. The event tree analysis is an inductive tool, a "what happens if' tool. This tool is 
very useful to identify the different states of a system if a failure of a component is used as 
an initiating event. The results of all those states in terms of durations of the state until the 
system is repaired and the frequency of occurrence can be used to calculate the unplanned 
availability of a power plant. Also the set of event tree analyses can be used to identify 
components that are very often involved or that lead to states with a high frequency of 
occurrence and catastrophic effects. 

The fault tree analysis is used to make a connection between the FMEA and the event tree 
analysis. The top event of the fau lt tree analysis is used in the event tree analysis as an 
event. The fault tree analysis is a deductive tool, a "what caused this" tool. The fault tree 
uses the information collected with the FMEA to determine the basic events of the top event. 

Assessment process 
The first step in the assessment process after identifying and describing the different 
components of the power plant is building the block diagrams. The block diagrams will be 
used to determine the effect of a failure on a component level for the whole power plant. 

The next step in the assessment process will be filling out the FMEA form. The information 
for the FMEA is based on literature. 

The FMEA gives information about how the different sub systems and components can fail. 
With this information, the last step in the assessment process can be made. By using the 
event tree analysis (ETA) and the information of the FMEA, the event sequence model can 
be constructed . The event sequence model is a set of event tree analyses. The event trees 
give the possible failure sequences of the power plant, starting with an initiating event on 
component level. The event trees can be built in two ways. The first way is that the FMEA is 
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used to identify the initiating events. The failure mode with the highest ranked risk is picked 
as the first initiating event. The effect of this failure mode will propagate through the power 
plant as a sequence. Using an example the way of building an event tree is demonstrated. 

The second way of building an event tree analysis is that the FMEA is used to build a fault 
tree analysis. The events or causes are obtained from the FMEA. The top event of the fault 
tree analysis will be used as an initiating event in the event tree analysis. The following 
events in the sequence are often engineering systems, which minimizes the effects of the 
failure of the previous event. The failing of an engineering system can be seen, in the same 
way as the initiating event, as a top event of a fault tree analysis. Using an example the way 
of building an event tree is demonstrated. 

The two examples show how the different event tree analyses can be built. It is possible to 
calculate the unplanned unavailability, if the event sequence model is comprehensive and 
the required information (frequency of occurrence and duration to repair the different failure 
modes of the components) is available. One of these event tree analyses is verified with a 
case study to demonstrate that an event sequence of an incident in a power plant can be 
retrieved from an event tree analysis. Also it is shown that in terms of consequences the 
monetary damage is missingJn the ev_ent sequence model. 

Conclusions 
An objective was formulated and to achieve this objective a number of research questions 
were formulated. These research questions will be answered with the findings from this 
project. 

The first five research questions are: 
• How can the different components of a power plant fail and what are the causes of 

this failure? 
• How often does a typical failure occur? 
• What are the effects of typical failure of a component for the component and for the 

total power plant? 
• Are there any countermeasures to prevent the component from failing? 
• How long will it take to repair the failure of the component 

The FMEA form was developed to get, in structural way, information on the component 
failure modes, causes, effects, the frequency of occurrence, duration to repair the failure 
mode, and the countermeasures to prevent the failure mode from happening. The different 
components of a power plant are identified, which are the items that will be used to fill out 
the FMEA form . The block diagrams are built, so that the interaction between components 
can be seen. These block diagrams make it possible to see what the effect is for the total 
system/power plant if a single component fails. All this information results in a filled out 
FMEA form. At this point some of the information to fill out the FMEA form completely was 
not available, especially in regard to the frequency of occurrence, the duration to repair and 
secondary failures; the FMEA contains at this point mostly primary failures. Three out of five 
questions can be answered. It is shown how different components can fail (primary failures 
and a few secondary failures), what are the causes of these failures, and what are possible 
countermeasures to prevent those failures. Also is shown what the effects are of these 
failures. The research questions "how often does a typical failure occur?" and "how long will 
it take to repair the failure of the component?" cannot be answered at this point, due to 
missing information. 

Now that the first five questions are dealt with , the last four research questions can be 
discussed. These research questions are: 

• How can a power plant fail, based on the failures of the different components? 
• What are the effects of this failure? 
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• How often will those failures occur? 
• How long will it take to repair the system? 

It is shown how the event trees analysis can be build. This can be done in two ways: 
• By using the FMEA information for the initiating event and the effect of this failure 

mode will propagate through the system. 
• By using the FMEA information to construct a fault tree and the top event of the fault 

tree will be used to construct the event tree. 
All those event tree analyses together are the event sequence model and will give possible 
ways how the generic power plant can fail. In this project only two possible event trees are 
built of which one is verified with a case study. This case study shows that one branch of the 
developed event tree actually happens. These two event trees give a good indication that 
this method shows how a power plant can fail , based on the failures of the different 
components and what the effects are of this failure. Also it shows how often every end state 
of an event tree occurs, but the data used for these calculations is estimated and not real 
data from a component. Only the research question that cannot be answered is "how long 
will it take to repair the system?", because this kind of information is also not available in the 
FMEA. 

The monetary damage is not addressed as consequences of an accident. The monetary 
damage should be addressed to in the FMEA to have information on how much it will cost to 
replace the component. In the FMEA two columns should be added, one with the monetary 
damage in euros or dollars and one column with the ranked number of the monetary 
damage. As a consequence the risk should be calculated in a different way. This should be 
the ranked number of the frequency of occurrence times the ranked number of the time to 
repair times the ranked number of the monetary damage. 

Based on what is discussed previously, it can be concluded that the objective of this project 
has not been fully met. It will be fully met, if the missing information on how often a 
component has a typical failure mode and how long it will take to repair that failure. With this 
information, it is possible with the methodology as described in this report to calculate the 
frequency of occurrence of system (power plant) failure and the time to repair this system 
failure. Also, much more event trees have to be built to determine all possible ways a power 
plant can fail. If these calculations and more event trees are available it is possible to 
estimate the unplanned unavailability of the power plant and to identify critical areas of plant 
and equipment. 

Recommendations 
The conclusions have shown that some information is missing to meet the objective. To fill 
up the missing information the following recommendations are made. 

• The information on frequency of occurrence and duration to repair the failure could 
be found at the electrical power generating companies. This information enables the 
possibility to calculate the frequency of occurrence of a system/power plant failure. 
The information on duration can be used to calculate the total repair time in man
hour. To estimate the minimal repair time of event information on the repair sequence 
of the failure modes and also repair sequences between components would be 
required. The information on frequency of occurrence and duration to repair the 
failure makes it also possible to estimate the risk of a failure mode and also to 
prioritize the failure modes. 

• In this project only components of the primary process are described and evaluated, 
but a power plant consists of more components than the components of the primary 
process. The power plant also consists of components for controlling the process, 
safety, supporting components for higher efficiency, and components that provide the 
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power plant with electricity. These components together are the balancing of the 
plant (BOP). In discussions with experts it was stated that the BOP is responsible for 
many failures in a power plant. It is advised to incorporate also these components in 
the event sequence model. 

• The FMEA is focused on primary failures. The secondary failures and human errors 
were not incorporated. It is advised to incorporate these types of failures into the 
FMEA. 

• The monetary damage of each component should be added to the FMEA, because 
this gives a better overview of the consequences of a failure mode, then only the time 
to repair. This means that the calculated risk should change in the ranked number of 
the frequency of occurrence times the ranked number of the time to repair times the 
ranked number of the monetary damage. 

• The contact person inside the electrical generating company has to be someone who 
works on a strategic level and not on a operational level , because on operational 
level he/she focus more on the daily processes and this assessment will not on short 
term improve the operational p_erformance of the power plant, where he/she is 
responsible for. The information needed, on the other hand, will be provided by this 
person. Also he/she could be very helpful in verifying the FMEA forms to be sure the 
forms are comprehensive. 

• To identify the critical areas of the plant and equipment, it is necessary that the event 
sequence model contains much more event trees than mentioned in this report. Also, 
these event trees have to be verified with real events which happen in the electrical 
power generating companies. These event trees make it possible to identify failure 
modes of components that generate a catastrophic event with a "very high" 
frequency of occurrence or components that are very often involved in different event 
sequences. 
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1 INTRODUCTION 
In this chapter a short introduction will be given on the role of electricity in the society, the 
generic power plant that will be studied, and last but not least the objective of this project will 
be described, including the research questions. This report is written as a part of the master 
thesis project. 

1. 1 Role of electricity in the society 
The hospitals' intensive care departments use for example heart lung machines, cardio 
vascular monitoring systems. In the operating rooms optical electronic devices to minimize 
the number of necessary surgical incisions are used. Almost the whole trade in stocks is 
nowadays electronic. Banks are pushing their clients to use the internet for payment 
transactions, buying or selling stocks and so on . A lot of companies use very often e
markets. Very often households use electric stoves and microwave ovens for cooking. The 
common factor in all these examples is that they all need electricity for their operation. The 
use of electric energy rose for example in the Netherlands from 33 PJ in 1992 to 66 PJ in 
2001 [CBS, 2006], which equals an increase of about 7% per year. For the same period the 
population in the Netherlands increased with nearly 1 % per year. Electric energy is therefore 
becoming more important in people's lives. 

Also major blackouts in USA, Canada and Europe show, that people depend very much on 
electric energy. For example the black out of north-west of north America on 14 august 2003 
causes that 50 million people were without electricity, including cities like New York City, 
Cleveland, Detroit, Ottawa, and Toronto [CBC, 2003], [WIKIPEDIA, 2003]. Also in Europe 
black outs occur and leave ten thousands of people without electricity. In November 2005, in 
the east part of the Netherlands and the west part of Germany heavy snowfall made it 
possible that some grid lines broke and leaving several towns and cities for a few days up to 
two weeks without or with a limited amount of electricity. The effects of these black outs are: 
banks are closed, food stores have to throw away their perishables and cannot sell anything, 
because the checkouts do not work. Also people cannot go to work, because public 
transport is not working. 

The examples discussed earlier, show that the public and companies rely greatly on the 
availability of electric energy. For companies generating and transporting electric energy, it is 
a challenge to provide the right quantity of electric energy to the public with a high 
availability. In other words, today the public are provided with electric energy, they needed, 
but they do not know if they will receive electric energy tomorrow. Availability is the fraction 
of time that the electrical power can be delivered to the customers [IEC 1131, 1992]. 
Because customers want to have some guaranties that a electricity generating companies 
and electricity transportation companies provide them with electric energy, governments 
have developed legislation to cover a part of the expenses of households in case of a black 
out. Other customers have in their contracts with these companies a part that deals with 
black outs and the consequences of a black out for the generating or transporting company. 
It is also in the interest of electric energy generating and transporting companies to achieve 
a certain level of availability of electrical power to minimize the total costs of fines, 
maintenance, and investments in new parts with a higher availability than the old ones. 

1.2 Research project 
In section 1.1, it is shown that electric energy generating and transporting companies have 
benefits when achieving a certain level of availability of electrical power by minimizing the 
total costs of fines, maintenance, and investments in new parts with a higher availability than 
the old ones. The availability of electrical power for customers consists, simplified, out of two 
parts: 
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1. The availability of a power plant, which produces the electrical power 
2. The availability of a transportation network, which distributes the electrical power to 

the customers 
In this report the focus will be one the availability of a power plant. The availability (A) of 
power plant can be defined as: 

Up: planned unavailability 
Uup: unplanned unavailability 

Planned unavailability is unavailability due to planned, regular, preventive maintenance. This 
type of unavailability has no consequences for customers, because the company can plan it, 
meaning that the electric energy generated by this plant can be provided by the other plants 
the company owns or the company can buy the electric energy from another company. The 
customer will not experience this as unreliable. 

Unplanned unavailability is unavailability due to unexpected, unplanned failure of a single 
component or due to a failure of several components. This type of unavailability has the 
potential to have a great effect on the customers of the company, if the company has no 
chance to provide their customers with electric energy. In this report the focus will be on this 
type of unavailability, because fines and recovery payments by the company and the amount 
of corrective maintenance can be reduced if this type of unavailability is reduced. 

1.3 Generic power plant 
In this project, a generic power plant with 2 units will be studied. Unit 1 has a boiler that 
burns fuel (oil, gas or coal) and produces steam, which drives the steam turbine. The steam 
turbine is connected to a generator that produces electricity. The electricity will be 
transformed to a higher voltage for easy transportation by a transformer. The total electric 
output of this unit is about 300 MW. Unit 2 has a gas turbine that burns fuel and drives the 
generator. The combustion gasses of the gas turbine are used in the heat recovery steam 
generator to produce steam, which drives the steam turbine. The steam turbine is connected 
to the same generator as the gas turbine. This called a single shaft unit. The generator 
produces electricity that will be transformed to a higher voltage level by a transformer for 
easy transportation. The total electric output of this unit is about 300 MW, which is equal to 
unit 1. 

Both units have their own condenser and cooling tower for cooling the steam-water mixture 
from the steam turbine to water. This water will be reused by the boiler or the heat recovery 
steam generator. 

This layout is chosen, because the components in this generic plant are commonly used 
components in power plants. 

1.4 Objective of this project 
In this section the objective will described, including the research questions. 

The objective of this project could be described, keeping in mind what is written in sections 
1.1 and 1.2, as: 

ESTIMATE THE EVENTS LEADING TO UNPLANNED UNAVAILABILITY OF THE POWER PLANT, AS 

DESCRIBED IN SECTION 1. 3, AND IDENTIFY CRITICAL AREAS OF PLANT AND EQUIPMENT. 
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To achieve this objective, answers have to be found on the following research questions: 

• How can the different components of a power plant fail and what are the causes of 
this failure? 

• How often does a typical failure occur? 
• What are the effects of typical failure of a component for the component and for the 

total power plant? 
• Are there any countermeasures to prevent the component from failing? 
• How can a power plant fail, based on the failures of the different components? 
• What are the effects of this failure? 
• How often will those failures occur? 
• How long will it take to repair the componenUsystem? 
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2 METHODOLOGY 
In chapter 1 the reason of this project is discussed. In this chapter the methodology will be 
discussed, in other words how will this project be done to get the answers to the research 
questions in chapter 1. 

In the first phase of the project information about the power plant will be collected. This 
information about reliability relevant components of the power plant is collected from 
literature, textbooks, handbooks, and experts. This information will be put in a reliability 
model so that this information is collected in a systematic way. The information in the 
reliability model is used in the next phase to build an event sequence model. For building 
this event sequence model the event tree analysis will be used as a suitable tool. This model 
will be verified with experts' opinions and with case studies. In figure 1, the research model 
is given. 

Literature 

I Textbooks I 
Reliability 

model 

Event 
I Handbooks I 

Case 
studies 

sequence 
model 

Experts 
I 

Experts 
I 

Figure 1: Research model (based on {VERSCHUREN, 1995]) 

The structure of this report is as follows. In chapter 3 the definitions are given. In chapter 4 
the theory about failure mode and effect analysis (FMEA), event tree analysis (ETA}, and 
fault tree analysis (FTA) will be explained. In chapter 5, the description of the generic power 
plant is given. In Chapter 6 the block diagrams will be built to determine the effects of a 
failure on both component and system level. Afterwards, it will be shown how the FMEA is 
done for the generic power plant and how the failure sequence model is built. In chapter 7 a 
case study will be used to verify the failure sequence model build in chapter 6. In chapter 8 
some conclusions are drawn and in chapter 9 some recommendations are given. 
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3 DEFINITIONS 
In this section some definitions will be given, based on [MEULEN, 2000]. 

Availability: 

Cause: 

Component: 

Effect: 

Event: 

Event sequence model: 

Event tree analysis: 

Failure: 

• 
• 
• 

Failure mode: 

• 
• 
• 
• 

Fault: 

Fault tree analysis: 

Function: 

The fraction of time that the system is actually capable of 
performing its mission [IEC 1131, 1992] In the context of this 
report the definition of availability is: The fraction of time that 
the system is actually capable of performing its function 

The circumstances during design, manufacture, or use which 
lead to a failure. [prEN 50126, 1998], [BS 4778-3, 1991], and 
[IEC 50, 1990] 

One of the parts that makes up a system [IEEE STD-610.12, 
1991] 

The consequence(s) a failure mode has on the operation, 
function, or status of an item. [MIL-STD-721C, 1981] 

A significant happening that may originate in the system or its 
operating environment [Def Stan 00-58, 1996] 

A set of event tree analyses 

A method for illustrating the intermediate and final outcomes, 
which may arise after the occurrence of a selected initial event 
[JONES, 1992] 

The termination of the ability of an item to perform a required 
function [ECSS-P-001A, 1997], [BS 4778-3, 1991], [IEC 50, 
1990], and [O'CONNOR, 1981]. Failures can be classified into 
three groups: 
Primary failure (inherent weakness failure) 
Secondary failure (overstress or misuse failure) 
Command fault 

The predicted or observed results of a failure cause on a 
stated item in relation to the operating conditions at the time of 
the failure. [prEN 50126, 1998] General failure modes can be 
classified in the following four categories [BS 5760-5, 1991 ]: 
Failure to operate at prescribed time 
Failure during operation 
Failure to cease operation at a prescribed time 
Premature (spurious) operation 

The state of an item characterised by the inability to perform a 
required function. [BS 4778-3, 1991], [IEC 50, 1990] 

A method for representing the logical combination of various 
system states, which lead to a particular outcome. [JONES, 
1992] 

The action or actions which an item is designed to perform. 
[MIL-STD-973, 1992] 
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Hazard: A chemical or physical condition that has the potential for 
causing damage to people, property, or the environment. [ISA
S84.01, 1996], [CCPS, 1993] 

Item: An item is a functional or structional unit of arbitrary complexity 
(component, device, assembly, equipment, subsystem or 
system) that can be considered as an entity for investigations. 
It may consist of hardware, software or both and may also 
include human resources. [BIROLONI, 1994] 

Preliminary Hazard Analysis: An early or initial system safety study of potential loss events. 
[MOHR, 2002b] 

Probability: The fraction of occasions on which a specified value or set of 
values of a quantity occurs, out of all possible values for that 
quantity [MUSA, 1987] 

Reliability: The probability that an item can perform a required function 
under given conditions for a given time interval (t1 , t2) [prEN 
50126, 1998], [ECSS-P-001A, 1997], [BS 4778-3, 1991], [IEC 
50, 1990] 

Risk: The combination of the frequency, or probability, of occurrence 
and the consequence of a specified hazardous event. [IEC 
300, 1995] 

Risk priority number (RPN): The product of the ranked number of the frequency, or 
probability, of occurrence, the ranked number of severity, and 
the ranked number of the probability of detection [ST AMA TIS, 
2003]. 

Severity: A classification of a failure or undesired event according to the 
magnitude of its possible consequences. [ECSS-P-001A, 
1997] 

System: A collection of components organized to accomplish a specific 
function or set of functions. [IEEE STD-610.12, 1991] 
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4 THEORY 

4. 1 Introduction 
To describe the failure behaviour of a system and its components, many different analysis 
tools are available. Rouvroye, et al [ROUVROYE, 2002] describe the most frequently used 
safety analysis tools. In figure 2, an overview of the safety analysis tools is given. Rouvroye, 
et al [ROUVROYE, 2002] grouped the analysis techniques in two groups: 

• Quantitative: the interval between the resulting numbers and the ratio of the resulting 
numbers has a meaning 

• Qualitative: the resulting numbers, if there are resulting numbers, are only used for 
distinction or rank ordering 

In addition to these two groups, a third group is introduced. This group consists of 
techniques that can be used in both quantitative and qualitative analysis. 

Qualitative 

HazOp 

FMEA 

Analysis by 
ex erts 

PRISMA 

FTA 

Figure 2: OveNiew of most used analysis techniques 

Safety 
assessment 

Qualitative/ 
uantitative 

ETA 

Petri nets 

Parts count 
anal sis 

Hybrid 
techni ues 

Quantitative 

Markov 
anal sis 

Reliability 
block dia ram 

A suitable analysis tool for this project has to be a systematic tool for identifying potential 
failures, their consequences, and causes. The quantitative tools make often use of this kind 
of information, but they do not identify this kind of information. The same as for quantitative 
tools applies to qualitative/quantitative tools, Event Tree Analysis (ETA), Fault Tree Analysis 
(FTA}, and Petri nets applies, they often use this kind of information, but do not identify this 
kind of information. PRISMA could be useful, but only to identify single-point failures that 
already occurred and it will not identify potential failures and the same applies for the 
analysis by experts. The only two analysing tools that can be used are HazOp and FMEA. 
Both tools are a systematic tool for identifying potential failures, their consequences and 
causes, but HazOp is more focused on process failures and keeping a process between 
boundaries. The FMEA is more focused on component failures. In this case the FMEA is the 
more suitable tool, because this project deals with failures of power plant components, their 
consequences and causes. More and additional information about the different analysis tools 
can be found in [ANDREWS, 2002], [ERICSON, 2005], [LEWIS, 1996], [MIL-STD-1629, 
1980], [PETRI, 1962], [PETERSON, 1981], [ROUBROEKS, 2005], [ROUVROYE, 2001], 
[ROUVROYE, 2002], [SCHAAF, 1992], [SCHAAF, 1995], [STAMATIS, 2003], and 
[VUUREN, 1995]. 

Other tools that will be used in this project are the event tree analysis (ETA) and the fault 
tree analysis (FTA). The event tree analysis (see section 4.8) will be used to construct the 
event sequence model. The event sequence model is a set of event tree analyses, which 
makes it possible to estimate the unplanned unavailability of a power plant and to determine 
the critical areas of the power plant and equipment (see section 6.3). The Fault tree analysis 
(see section 4.9) is a connection between the FMEA, which contains failure behaviour on 
component level, and the event tree analysis, which describes the behaviour of the power 
plant after an initiating event (see section 6.3.2). Firstly the failure mode and effect analysis 
will be explained in the nested sections. 
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4.2 Introduction into FMEA 
What is a FMEA, how it is done, what are the limitations of a FMEA, and what is the 
outcome of a FMEA will be discussed in this section. First what is a FMEA will be discussed. 

A failure mode and effect analysis is an engineering technique used to define, identify, and 
eliminate known and/or potential failures, problems, errors and so on from the system, 
design, process, and/or service before they reach the customer [STAMATIS, 2003). It is a 
way of describing how a system, design, process, and/or service can fail, in terms of how the 
failure is observed (failure mode), the cause of this failure, and the effect of the failure. As 
shown in figure 2, this is a qualitative method. It gives no information about how reliable a 
system, design, process or service is. The only numbers in the FMEA are the ranking 
numbers of the severity of the effect. 

Rausand, et al [RAUSAND, 2004] define three different types of FMEA and Stamatis 
[STAMATIS, 2003] extended those three types with one additional type of FMEA. The FMEA 
types are: 

1. System-level 
2. Design-level 
3. Process-level 
4. Service-level 

In the next sections those 4 types will be discussed briefly. 

4.2.1 System-level 
A system-level FMEA, also know as a concept FMEA, is used to analyse systems and 
subsystems in the early concept and design stage. A system FMEA focuses on potential 
failure modes between the functions of the system caused by system deficiencies. It 
includes the interactions between systems and elements of the system. [Stamatis, 2003, pg. 
40 ff.] 

The goal of this analysis would be to maximise the system quality, reliability, and 
maintainability at minimal cost. To achieve this goal the outcome of this analysis would be: 

• A potential list of failure modes ranked by severity, risk, or risk priority number (RPN) 
• A potential list of system functions that could detect potential failure modes 
• A potential list of design actions to eliminate fa ilure modes, safety issues, reduce the 

occurrence, the severity, and/or increase the detectability of a failure mode. 
These three lists can help to select the optimum system design alternative at minimal cost, 
because the actions to change the system start with the highest ranked failure mode. Some 
other benefits are [STAMATIS, 2003, pg. 40 ff.]: 

• Increase in likelihood that potential problems will be considered 
• Identification of potential system failures and their interaction with other systems or 

subsystems 

The results can be used in the design-level FMEA. More information on the relation between 
the different FMEA-levels can be found in [STAMATIS, 2003, pg. 108 ff] 

4.2.2 Design-level 
A design-level FMEA is used to analyse products before they are released to manufacturing. 
A design-level FMEA focuses on failure modes caused by design deficiencies. [ST AMA TIS, 
2003, pg. 41 ff] In other words, a design-level FMEA is used as a tool to help identify and 
prevent product failures that are related to the product design. It is intended to validate the 
design parameters selected for a given functional performance requirement. 

The goal of this analysis is to maximise the design quality, reliability and maintainability at 
minimal costs. To achieve this goal the outcome of this analysis would be: 

10 



Risk assessment of a power plant 

• A potential list of failure modes ranked by severity, risk, or risk priority number (RPN) 
• A potential list of critical and/or significant characteristics 
• A potential list of design actions to eliminate failure modes, safety issues, reduce the 

occurrence, the severity, and/or increase the detectability of a failure mode. 
• A potential list of parameters for appropriate testing, inspection, and/or detection 

methods 
• A potential list of recommended actions for the critical and significant characteristics 

These lists can help to select the optimum design alternative at minimal cost, because the 
actions to change the design start with the highest ranked failure mode. Some other benefits 
are [STAMATIS, 2003, pg. 42]: 

• Helps to identify and eliminate potential safety concerns 
• Helps to identify product failure early in the product development phase 
• Helps to identify the critical or significant characteristics 

A variation on the design level FMEA is the machinery FMEA, which will be discussed in 
section 4.6) 

The results of a design level FMEA can be used in the process-level or service-level FMEA. 

4.2.3 Process-level 
A process-level FMEA is used to analyse manufacturing and assembly processes. A 
process FMEA focuses on failure modes caused by the process or assembly deficiencies. In 
other words how does the manufacturing or assembly process influence the failure 
behaviour of the product? 

The goal of this analysis is to maximise the total process quality, reliability, maintainability, 
and productivity at minimal cost. To achieve this goal the outcome of this analysis would be: 

• A potential list of failure modes ranked by severity, risk, or risk priority number (RPN) 
• A potential list of critical and/or significant characteristics 
• A potential list of recommended actions for the critical and significant characteristics 

These lists can help in the analysis of the manufacturing or assembly process and assists in 
selecting the optimum process at minimal costs, because the actions to change the process 
start with the highest ranked failure mode. Some other benefits are [STAMATIS, 2003, pg 
42]: 

• Identifies process deficiencies and offers a corrective action plan 
• Identifies the critical and/or significant characteristics and helps in developing control 

plans 

4.2.4 Service-level 
A service-level FMEA is used to analyse services before they reach the customer. A service 
FMEA focuses on failures modes (tasks, errors, mistakes) caused by system or process 
deficiencies. In other words, to minimise the service failures on the total organization. 

The goal of this analysis is to maximize the customer satisfaction through quality and 
reliability of the service at minimal cost. To achieve this goal the outcome of this analysis 
would be: 

• A potential list of errors ranked by the severity, risk, or risk priority number (RPN) 
• A potential list of critical or significant tasks, or processes 
• A potential list of bottleneck processes or tasks 
• A potential list of actions to eliminate the errors 
• A potential list of monitoring system/process functions 
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The list can help to analysis the service system and/or process and assists in selecting the 
optimum service system and/or process at minimal cost, because the actions to change the 
process start with the highest ranked failure mode. Some other benefits are [STAMATIS, 
2003, pg. 43]: 

• Identifies task deficiencies 
• Identifies critical or significant tasks and helps in the development of control plans 

4.3 Extensions and deviations 
In the previous section the FMEA is briefly described. In this section, some extensions and 
deviations of a FMEA are briefly discussed. MIL-STD-1629, published by the Department of 
Defence [MIL-STD-1629, 1980], identifies two other FMEA-like methods or extensions to 
FMEA: 

1. DMEA: Damage Mode and Effect Analysis 
2. FMECA: Failure Mode, Effect and Criticality Analysis 

DMEA is a tool used in the military sector. The MIL-STD-1629 defines DMEA as the analysis 
of a system or equipment conducted to determine the extent of damage sustained from 
given levels of hostile weapon damage mechanisms and the effects of such damage modes 
on the continued controlled operation- and mission completion capabilities of the system or 
equipment [MIL-STD-1629, 1980]. This tool could also be extended to civil systems by 
replacing "hostile weapon damage mechanisms" by, for example, "forces of nature" and 
leaving out the part "and mission completion" 

The FMECA is a FMEA extended with a Criticality Analysis (CA). The CA is a procedure for 
associating failure probabilities or failure rates with each failure mode. Since the CA 
supplements the FMEA and depends upon information developed in that analysis, it should 
not be imposed without imposition of the FMEA. The CA is probably most valuable for 
maintenance and logistics support oriented analyses since failure modes, which have a high 
probability of occurrence or a high rate of occurrence (high criticality numbers) require 
investigation to identify changes, which will reduce the potential impact on the maintenance 
and logistic support requirements for the system. Since the criticality numbers are 
established based upon subjective judgments, they should only be used as indicators of 
relative priorities. [MIL-STD-1629, 1980] 

The objectives of a FMECA are [RAUSAND, 2004]: 
• Assistance in selecting reliable and safe design alternatives 
• Ensure all failure modes and their effect on operational success have been 

considered 
• List potential failures and identify the magnitude of their effects 
• Develop early criteria for test planning and the design of the test and checkout 

systems 
• Provide a basis for quantitative reliability and availability analysis 
• Provide historical documentation for future reference to aid in analysis of field failures 

and consideration of design changes 
• Provide input data for trade off studies 
• Provide basis for establishing corrective action priorities 
• Assist in the objective evaluation of design requirements related to redundancy, 

failure detection systems, fail-safe characteristics, automatic and manual override 

A third FMEA extension is the FMEDA, Failure Mode, Effect and Diagnostic Analysis. It 
combines standard FMEA techniques with extensions to identify online diagnostic 
techniques. It is a technique recommended to generate failure rates for each important 
category (safe detected, safe undetected, dangerous detected, dangerous undetected) in 
the safety models.[GOBLE, 1999] 
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4.4 Advantages and limitations 
In this section some general advantages and limitations of a FME(C)A will be discussed. 
Firstly the advantages will be discussed. 

FMEAs and FMECAs have the following advantages [MOHR, 2002a]: 
• Provide an exhaustive, thorough mechanism to identify potential single-point failures 

and their consequences. A FMECA provides risk assessments of these failures. 
• Results can be used to optimize reliability, optimize designs, incorporate "fail safe" 

features into the system design, obtain satisfactory operation using equipment of 
"low reliability," and guide in component and manufacturer selection. 

• Provide further analysis at the piece-part level for high-risk hazards identified in a 
preliminary hazard analysis (PHA). 

• Identify hazards caused by failures that may have been previously overlooked in the 
PHA. These can be added to the PHA. 

• Provide a mechanism for more thorough analysis than a fault tree analysis, since 
• Assesses every failure mode of each component of the system. 

The followingJimitations are imposed when performing FMEAs and FMECAs [MOHR, 
2002a]: 

• Costly in man-hour resources, especially when performed at the parts-count level 
within large, complex systems. 

• Probabilities or the consequences of system failures induced by co-existing, multiple
element faults or failures within the system are not addressed or evaluated. 

• Although systematic, and guidelines check sheets are available for assistance; no 
check methodology exists to evaluate the degree of completeness of the analysis. 

• This analysis depends heavily on the ability and expertise of the analyst for finding all 
necessary modes. 

• Human error and hostile environments frequently are overlooked. 
• Failure probability data are often difficult to obtain for a FMECA. 
• If too much emphasis is placed on identifying and eliminating single-point failures, 

then focus on more severe system threats (posed by co-existing failures/faults) may 
be overlooked. 

• A FMECA can be a very thorough analysis suitable for prioritizing resources to higher 
risk areas if it can be performed early enough in the design phase. However, the 
level of design maturity required for a FMECA is not generally achieved until late in 
the design phase, often too late to guide this prioritization 

4.5 Procedure for performing a FMEA 
In this section, an overview of a procedure for performing a FME(C)A in general will be 
given, but first which members should be a part of the team that will be performing this 
FME(C)A . 

FME(C)A is a method that should be performed by a team of specialists, because of the 
synergy of a team. This team could or should change if other parts of a 
plant/installation/product will be examine. The team leader should not be independent and 
was not responsible for the design of any component of the plant/installation under 
examination. He/she is responsible for a discussion that is focused on the component under 
examination and a correct procedure that will be followed to obtain a complete, if possible, 
FME(C)A of the component. 
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In their book, Andrews and Moss [ANDREWS, 2002] give, a possible procedure of 
performing a FMEA. Andrews and Moss define 7 essential steps: 

1. Define the system to be analysed and its required reliability performance 
2. Construct functional and reliability block diagrams (if necessary) to illustrate how 

different sub-systems and components are interconnected 
3. Note the assumptions that will be made in the analysis and the definition of system 

and sub-system failures 
4. List the components, identify their failure modes, and, where appropriate, their modal 

failure rates (alternatively failure rate ranges can be used) 
5. Complete a set of FMEA worksheets analysing the effect of each sub-assembly or 

component failure mode on system performance 
6. Enter severity rankings and failure rates (or ranges) as appropriate on to the 

worksheets 
7. Review the worksheet to identify the reliability-critical components and make 

recommendations for design improvements or highlight areas requiring further 
analysis 

A possible outline of a worksheet, as mentioned in step 4, is given in figure 3 and figure 4. 

System: 
Indenture level: 
Ref. Drawing: 
0 f t t 1oera mg s a e: 

Identification Function Failure Failure effect 
mode Local System 

effect effect 

Figure 3: Out/me of a FMEA Worksheet [ANDREWS, 2002] 

Date: 
Sheet 
Originator: 
A d .oorove : 

Failure 
detection 
method 

Of: 

Compensating Severity Remarks 
provisions 
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Figure 4: Outline of a design FMEA worksheet [ST AMA TIS, 2003] 
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In section 4.2 different FMEA levels are discussed, but these cannot be used in this case. 
The system- and the general design-level FMEA deal with failure modes of a product that is 
still under design. This project deals with machinery and tools that already exist and are 
used in a production process. Another option would be a process-level FMEA, because the 
machinery and tools are used in a production process, but as was mentioned earlier in 
section 4.2.3 the process-level FMEA analyses the failure modes of a product caused by the 
production process. For example, a pick and place machine has no components to pick and 
place, then this is a failure mode in the sense of the process-level FMEA, because the 
product is missing this component. The product has a failure that is caused by the process 
and should be listed in the process-level FMEA. The pick and place machine however is 
doing its job. The pick and place machine fails to perform its function, pick up a component 
and place it on the right place, are the kind of failure modes dealt with in this project, but not 
for pick and place machines but for power plant components. 

This project needs a FMEA model that analyses the failure modes of the machinery and 
tools that are used in a production process. A variation on the design-level FMEA, the 
machinery FMEA, would be a suitable tool to use for analysing the failure modes of 
machinery and tools used in a production process. The machinery FMEA was developed by 
a joint effort of Chrysler Corporation (nowadays DaimlerChrysler Corporation}, Ford Motor 
Company, and General Motors Corporation. 
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The machinery FMEA is a systematic approach to identify the machine's potential failure 
modes, potential effects and potential causes of the failure modes, and develop a corrective 
action plans that will remove or reduce the impact of the potential failure modes [ST AMA TIS, 
2003, pg 211]. The machinery FMEA follows a hierarchical model that divides the machine 
into subsystems, assemblies, and lowest replaceable units. For example [STAMATIS, 2003, 
pg 211]: 

Level 1: System level - Generic machine 
Level 2: Subsystem level - Electrical, mechanical, controls 

Level 3: Assembly level - Fixtures/tools, material handling, drives 
Level 4: Component level 
And so on 

4. 7 FMEA form 
After identifying the right FMEA model now the right FMEA form can be developed. Section 
4.5 shows that there is no standard form of a FMEA, but they have some common elements. 
These are: 

• Component function(s) 
• Failure mode 
• Cause 
• Effect 
• Severity 

All these common elements will be used in the FMEA form that will be used in this project. In 
addition the frequency of occurrence and the risk will be used in the FMEA form. Some of 
the elements will be discussed more in detail. The other elements speak for themselves. 

• Effects: Effects are considered at two levels: component-level and plant-level. The 
effect of a failure mode on component-level is called a local effect and the plant-level 
effect is called an effect on the whole plant. 

• Severity: The severity of a failure mode will be measured in the duration of repairing 
the failure. The duration will be recorded in the form as the actual time needed for the 
repair and also as a ranked number for calculation of the risk. 

• Frequency of occurrence: This is how often a typical failure will occur. This will be 
recorded in the form as # times per year and will also be ranked for the calculation of 
the risk. 

• Countermeasures: These are the procedures, tools, and systems in place that 
prevent the failure from happening. 

Before the failure modes can be identified, the function(s) of the component under 
investigation must be described. In figure 5, the FMEA form used in this project is shown and 
in chapter 6 this form will be filled out for one component. Firstly the generic power plant will 
be described in section 5. 
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Component: 
Function: 
Normal operation mode: 

Frequency of Effect Duration Failure 
Cause occurrence Risk 

Counter-
mode Component- Plant- measures 

#/year Ranked Ranked 
level level 

month 

Figure 5: FMEA Form 

4. 8 Event Tree analysis 
In this section another tool that will be used in this project will be discussed. This is the tool 
that will be used to build the event sequence model. The event sequence model is a set of 
event tree analyses. 

There are two approaches, which can be used to analyse the causal relationship between 
component failures and system failure events. These are inductive, or forward , analysis and 
deductive, or backward, analysis. A deductive analysis is used to identify the causal 
relationship leading to a specific system failure mode. A deductive analysis is a "what can 
cause this" approach . An inductive analysis starts with a set of component failure conditions 
and proceeds forward, identifying the possible consequences, that is, a "what happens if' 
approach. An event tree analysis is an example of an inductive analysis. [LEWIS, 1996), 
[BASU, 1999) The event tree analysis will be used as the tool for building the failure 
sequence, because of the fact that it is an inductive analysis. 

An event tree can be built by starting with an initial event and by starting to ask: "what if the 
initial event occurs". Then, each of the possible sequences of events is followed that results 
from assuming failure or success of the components and humans affected as the incident 
propagates. After such sequences are defined, it is possible to attach probabilities or rates of 
occurrence to them if such a quantitative estimate is needed. [LEWIS, 1996) 

Event trees are a particular adaptation of the more general decision-tree formalism that is 
widely employed for business and economic analyses. Event trees are quite useful in 
analysing the effects of functioning or failure of a safety system in response to an incident, 
particularly when events follow with a particular time progression [LEWIS, 1996). 

As an example of an event tree analysis, the power failure in a hospital will be analyzed in 
order to determine the probability of a blackout. For simplicity the assumption is made that 
the situation may be analysed in terms of three components: 

1. The off-site local utility power system that supplies electricity to the hospital 
2. A diesel generator that supplies emergency power 
3. A voltage-monitoring system that monitors the off-site power supply and, in the event 

of a failure, transmit a signal that starts the diesel generator. 

The initiating event is the loss of off-site power. The second event is the detection of the loss 
and subsequent functioning of the voltage-monitoring system. The third event is the start-up 
and operation of the diesel generator. This sequence is shown in the event tree in figure 6. 
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Off-site 
power 

Fail 

Figure 6: Event tree for power failure 

Voltage 
monitor 

Operate 

Fail 

Diesel 
generator 

Operate 

Fail 

Operate 

Fail 

No 
Blackout 

Blackout 

Blackout 

Blackout 

Some of the branches can be reduced, by eliminating impossible branches. One of the 
branches is the diesel generator branch as the voltage monitor already has failed. This 
branch is not important any more, because the diesel generator gets no signal from the 
voltage monitor to start. The reduced event tree is shown in figure 7. 

Off-site Voltage Diesel 
power monitor generator 

Operate 
No 

Blackout 
Operate 

Fail 

Blackout 

Fail 

Fail 

Blackout 
Figure 7: Reduced event tree for power failure 

If the probability of a black out has to be estimated, the event tree is read from left to right. 
With the assumption that the failures are independent, the probability of a blackout is 
therefore P;Pv + P; (1-Pv )Pg, where the three probabilities are Pi for the initial event, Pv for 

the failure of the voltage-monitoring system, and P9 for the failure of the diesel generator. 
This example is taken from Lewis, pg. 374 ff. [LEWIS, 1996]. 
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4. 9 Fault tree analysis 
Section 4.8 already mentioned that there are two different types of analysis, inductive and 
deductive. Fault tree analysis is an example of a deductive methodology. The fault tree will 
be used as a connection between the FMEA, which contains failure behaviour on component 
level, and the event tree analysis, which describes the behaviour of a power plant after an 
initiating event. In this section the different parts used to build a fault tree will be discussed 
and also an example of a fault tree will be given. 

The fault tree is centred around determining the causes of an undesired event, referred to as 
the top event, since fault trees are drawn with it at the top of the tree. From this top event it 
goes downward, dissecting the system in increasing detail to determine the root causes or 
combination of causes of the top event [LEWIS, 1996]. 

The fault tree analysis can be used for both qualitative and quantitative analysis. The 
construction of the fault tree in itself provides the analyst with a better understanding of the 
potential sources of failure. Also the fault tree can be used to calculate the demand failure 
probability, unreliability, or unavailability of the system in question. The failure tree can be 
used, in some cases, to build a reliability block network. 

Take the example from section 4.8 about the power supply of a hospital to show how a fault 
tree is built. The top event is "Black out". The question that must be answered is: "What 
caused or could cause this black out to occur?" There are two failures that must occur to 
have a black out: off-site power loss and emergency system failure. The emergency system 
has two components: voltage-monitoring system and the diesel generator. It is known, from 
section 4.8 that if the voltage-monitoring system fails, the emergency system will also fail. 
This means that either the diesel generator or the voltage-monitoring system may fail to 
cause the emergency system to fail. In figure 8 is the fault tree shown. 

Off-site power 
loss 

Figure 8: Fault tree for black out [LEWIS, 1996] 

Black out 

Voltage
monitoring 

failure 

Diesel 
generator 

Failure 

The events shown in figure 8 are not basic events, but consist of other here not mentioned 
fault events. 

In figure 8 shows already three symbols that are commonly used in fault trees. These and 
other symbols are shown in table 1 with their description. 
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Table 1: Fault tree symbols commonly used [LEWIS, 1996] 
Symbol Name Description 

Rectangle 

Circle 

Diamond 

House 

OR Gate 

AND Gate 

INHIBIT Gate 

Triangle-in 

Triangle-out 

4. 10 Summary 

Fault event; it is usually the result of the logical combination of 
other events 

Independent primary fault event 

Fault even not fully developed, for its causes are not known; it is 
only an assumed primary fault event 

Normally occurring basic event; it is not a fault event 

The union operation of events; i.e. the output event occurs if one 
or more of the inputs occur 

The intersection operation of events; i.e. the output event occurs if 
and only if all inputs occur 

Output exits when X exists and condition A is present; this gate 
functions somewhat like an AND gate and is used for a secondary 
fault event X 

Triangle symbols provide a tool to avoid repeating sections of a 
fault tree or to transfer the tree construction from one sheet to the 
next. The triangle-in appears at the bottom of a tree and 
represents the branch of the tree shown someplace else. The 
triangle-out appears at the top of a tree and denotes that the tree 
is a sub tree to one shown someplace else 

In this chapter several FMEA models have been discussed and the machinery FMEA was 
the most suitable for this project. The event tree analysis was discussed. The event tree will 
be used to build the event sequence model. The event sequence model is a set of event tree 
analyses, which makes it possible to estimate the unavailability of a power plant and to 
determine the critical areas of plant and equipment. The last tool that was discussed is the 
fault tree analysis. The fault tree analysis is a connection between the FMEA and the event 
tree analysis. 
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5 POWER PLANT DESCRIPTION 
In this chapter a generic power plant will be described and its components will be identified. 
In figure 9, the generic power plant model is given, which will be discussed in this report. 
This description is based on [LITTLER, 1991] and [SNOW, 1991] 

To,qu_, 7 
·I Boiler H20(g Steam turbine Generator Transformer 

Natural gas 

Unit 1 
Ail H20(g,1) H20(1) 

HTJ) 

'+ ~H20(g , I Cooling tower 

H20(1 

'+ 
H20(1 

~H20(g , I Cooling tower 

I 
H20(g,I) 

H20(g.I) 
H20(1) 7 

Unit 2 H20(g 
To,qu_, 

Generator ·I Transformer 

Combustion gases 
T0<que 

Natural gas I I 
Oil 

A:____i Gas turbine 

Figure 9: Power plant model 

This layout is chosen , because the components in this generic plant are commonly used 
components in power plants. 

7 

7 

In this power plant there are two separate units and each unit produces half of the total 
power output of the power plant, 600 MW. Each unit has one drive shaft. The first unit 
consists of a boiler, steam turbine, generator, transformer, condenser and cooling tower. The 
boiler is used for 2 purposes. Firstly, the boiler is used to burn coal, oil or gas to generate 
superheated steam with a high pressure from water and secondly to reheat the steam from 
steam turbine to superheated steam with an intermediate pressure. This superheated steam 
goes from the boiler to the steam turbine. The steam turbine with the superheated steam will 
drive the generator, which is coupled to the steam turbine. The superheated steam will go 
through the steam turbine and after that it goes back to the boiler to be reheated . The 
superheated steam with intermediate pressure from the boiler will go through the steam 
turbine and go the condenser as a water steam mixture. The generator will produce the 
actual product of the power plant, electricity. The electricity will be transferred to the 
transformer and transformed to a higher voltage. The water steam mixture from the steam 
turbine will be cooled down to the right temperature and pressure for reuse in the boiler. The 
cooling will be done with water that circulates between the condenser and the cooling tower. 

The second unit is a little bit different from the first unit. This unit has a gas turbine and a 
heat recovery and steam generator instead of the boiler in the first unit. The gas turbine 
burns fuel (oil, gas) and the gas turbine drives the generator. The combustion gases of the 
gas turbine are used in the heat recovery and steam generator (HRSG) to produce 
superheated steam. The steam cycle is just the same as in the first unit with the boiler. The 
steam turbine is connected to the same generator as the gas turbine (see figure 9) . 

Now that it is clear which main components are present at the power plant and how they 
interact with each other, let's have a look how the different components operate. One of 
these components is the steam turbine. 
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The steam turbine is the component that uses the steam generated by the boiler or H RSG to 
drive the generator. The steam turbine has three sections where this transformation takes 
place. The high pressure turbine (HP) is the first section. In the high pressure turbine, the 
high pressure superheated steam from the boiler/HRSG is used and it returns to the boiler. 
In the second section (IP) the intermediate pressure superheated steam, which is reheated 
steam, will be used and go after that to the low pressure turbine (LP), which is the third 
section of the steam turbine. Steam water mixture from the third section goes to the 
condenser. Other steam turbine configurations are possible, but are not dealt with in this 
report. The yellow parts in the figure are couplings, the light blue parts are journal bearings 
and the green square in figure 10 is the turning gear. The dark blue and red are controlling 
and closing valves respectively. These valves are operated hydraulically. 

The descriptions of the other components of the power plant are given in appendix A. 

Boiler 

Lub oil 

Hydraulic oili l 
Boiler 

Figure 10: Steam turbine 

Boiler 

Hydraulic oil i 
I I 
• • ·5 

Lub oil 

Turning gear 

Lub oil 

Hydraulic oil i l 
Condenser 

Lub oil 
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6 ASSESSMENTPROCESS 

6. 1 Block diagrams 
In this chapter the assessment process will be discussed. In chapter 5 the generic power 
plant is described and from this description block diagrams are generated. These are shown 
in figure 11 for unit 1 and in figure 12 for unit 2. The block diagrams will be used to 
determine the effect of a failure on a component level for the whole power plant. 

~~-~~-B-oi-ler-~~---··4 Steam turbine l ·····--------········4~_G_e_ne_rat_or_~l---·4 Transformer ............. 

Auxi liary stream 

------·-··4 Condensor l·····-·---··-····-··4 Cooling tower 1------·• 
Figure 11: Block diagram unit 1 

Fuel 

Gas turbine 
Heat recovery and 
steam generator 

Auxiliary stream 

Figure 12: Block diagram unit 2 

Steam turbine 

Condenser Cooling tower 

Transformer 

After developing the block diagrams for the two units, the next step is to develop the block 
diagrams for the different components, based on the description given in chapter 5 and 
appendix A. The block diagram for the steam turbine, based on the description given in 
chapter 5, is given in figure 13. 

Steam 

-·-·1 Control valve r--·--··1 HP turbine I········- ................ 1 Control valve I···· ....................... , MP Turbine l·············-··········-···1 LP turbine I·.. . ·-.. 

·-· ·---·-·· 1 Housing ~-----4 Journal bearing I·-··-- ················1~--Sh-aft_~l-----4 Coupling I TC>nl: 

Auxiliary Stream 

Closing vavles Control valves Bypass Turning gear 

Figure 13: Block diagram steam turbine 

It is possible to split up the different components of the steam turbine into sub components, 
but at this point there is no indication that it would be necessary to have a more detailed 
level. The other block diagrams of the sub systems of the power plant are given in appendix 
A. 
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6.2 FMEA 
The next step in the assessment process will be filling out of the FMEA form. This will be 
done for the steam turbine and one of its components. The information for the FMEA is 
based on [BASU, 1999], [GANAPATHY, 2003], [LITILER, 1991], and [WAKKERMAN, 
1996]. The FMEA of other sub systems and components will be given in appendix B. 

Component 
Function: 

Steam turbine 

Normal operation mode: 
Transform the steam power into torque to drive the generator at the right number of revolutions 
continuous 

Effect 
Frequency of 

Duration 
Failure mode Cause occurrence Risk 

Component Plant #/year Ranked month Ranked 

Turbine 
No torque No electric 

closing or 
control valves 

generated by the power output of 5,40E-02 

failed to open steam turbine the unit 

No torque from No electric 
Turbine does 

steam turbine to power output of 
not turn 

the generator the unit 

Coupling with No torque from 
No electric 

the gas the steam 
power output of 

turbine does turbine to the 
not work generator the unit 

No torque from 
No electric 

Shaft broke 
the steam 

power output of 
turbine to the 

No revolutions generator 
the unit 

Journal No torque from 
No electric 

bearing 
the steam 

power output of 
turbine to the 

breaks 
generator 

the unit 

No steam flow No torque No electric 
from generated by the power output of 

boiler/HRSG steam turbine the unit 

Too few Steam No electric 

revolutions Turbine leaks (superheated/sat power output of 
urated) flows out the unit 

High friction in 
Probability of 

No electric 
breaking journal 

journal bearing, reduced power output of 
bearings 

torque output 
the unit 

Not enough 
reduced torque 

No electric 
steam flow 

output 
power output of 

from the boiler the unit 

Turbine Probability of No electric 
friction too breaking a power output of 

high turbine blade the unit 

Bypass 
closing or 

reduced torque 
No electric 

controlling power output of 1,75E--01 
valves internal 

output 
the unit 

leakaae 

Bypass valves reduced torque 
No electric 

power output of 5,40E--02 
failed to close output 

the unit 
Bypass valves 

reduced torque 
No electric 

leak in closed power output of 1,41E--01 
position output 

the unit 

Bypass or Steam flowing No electric 7,62E-02 
turbine valves out to oower outout of 

leak to environment, the unit 
environment reduced torque 

Countermeasures 

Maintenance 

Maintenance, 
better design, 

vibration 
measurement 

Maintenance 

Vibration 
measurement. 
maintenance 

Maintenance. 
bearing oil outlet 

temperature 
measurement. 

metal 
temperature 

measuremenL oil 
inlet pressure 
measurement. 

lubrication back 
up system, 
insoection 

Maintenance 

Maintenance, use 
of less erosive 

materials, better 
electric insulation. 
lubrication back 

up system. use of 
less corrosive 

materials 

Maintenance. 
improved start up 

and shut down 
procedure, use of 

less corrosive 
materials. use of 

a turnina aear 

Maintenance 

Maintenance 

Maintenance 
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Steam turbine Component 
Function: 
Normal operation mode: 

Transform the steam power into torque to drive the generator at the right number of revolutions 
continuous 

Effect 
Frequency of 

Duration 
Failure mode Cause occurrence Risk 

Component Plant #/year Ranked month Ranked 

cutout 
Controlling Reduced electric 

valves reduced torque power output of 
1,77E-02 

delayed output the unit for a 
operation short period 
Too high No electric 

steam flow power output of 
from boiler the unit 

Turbine 
controlling Too much 

valves failed torque output No electric 
to close or 

Over speeding bypass 
power output of 8,09E-02 

controlling 
the unit 

valves failed 
to ooen 

Controlling 
Reduced output No electric 

valves 
delayed 

for a short power output of 1,77E-02 

operation period the unit 

Component: Turbine 
Function: Transform the steam power into torque to drive the generator 
Normal operation mode: continuous 

Effect 
Frequency of 

Duration 
Failure mode Cause occurrence Risk 

Component Plant #/year Ranked month Ranked 

Blade disk 
has been 
broken No electrical 

Does not tum Blade has No torque 
power output of 

been broken generation 
this unit 

Shaft has 
been broken 

Rotor and 
cylinder 

distortion due 
to uneven 
heating or 

cooling of the 
turbine 

Reduced torque 
No electric 

Friction to high power output of 
Corrosion on 

generation 
the unit 

blades 

Corrosion on 
housing 

Corrosion on 
blades 

Erosion on 
blades No electric 

Turbine Leaks 
Reduced torque 

power output of 
Corrosion on 

generation 
the unit 

turbine 
housing 

Erosion on 
turbine 
housina 

6.3 Event sequence model 

Countermeasures 

Maintenance 

Maintenance 

Maintenance 

Countermeasures 

Maintenance, 
better design 

Maintenance, 
better design 
Maintenance, 

vibration 
measurement 

Better design, 
better start up or 

shut down 
procedures, use 
of a turning gear 

Use of less 
corrosive 
materials, 

maintenance 
Use of less 
corrosive 
materials, 

maintenance 
Use of less 
corrosive 
materials, 

maintenance 
Use of less 

erosive materials, 
maintenance 
Use of less 
corrosive 
materials, 

maintenance 
Use of less 

erosive materials, 
maintenance 

The FMEA gives information about how the different sub systems and components can fail. 
With this information the last step in the assessment process can be made. By using the 
event tree analysis (ETA) and the information of the FMEA, the Event Sequence Model can 
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be constructed. The Event Sequence Model is a set of event tree analyses. The event trees 
give the possible failure sequences of the power plant, starting with an initiating event on 
component level. The event trees can be built in two ways. These will be discussed in 
section 6.3.1 and 6.3.2 

6.3.1 Example effect propagation 
The first way is that the FMEA from section 6.2 is used to identify the initiating events. The 
failure mode with the highest ranked risk is picked as the first initiating event. The effect of 
this failure mode will propagate through the power plant as a sequence. This way of building 
an event tree will be demonstrated for the following situation. This example is purely 
illustrative and not based on the FMEA; because the FMEA is at this point not 
comprehensive enough to do so (see chapters 8 and 9). In figure 14 the plant layout is given 
for the generic power plant of chapter 5. 

Cooling Cooling 
tower 1 tower 2 

Unit 1 Unit 2 

Figure 14: Layout of the generic power plant 

For the construction of an event tree in this case it is not so important to know how the 
different components inside the building are located. The transformers have on two sides 
separation walls and the transformers are located very close to the power plant building . The 
FMEA of the transformer shows the failure mode "electrical ground fault" . This is the initiating 
event of the event tree. The effect of this failure mode could be a fire. This would be the next 
event in the sequence. Due to the fire the separation wall between the transformers could 
fail , event 3 in the sequence. Now that the separation wall is missing the fire could spread to 
transformer 1, event 4. The last event of this sequence is that the fire of the two transformers 
damages the wall of the plant building that it collapses and destroys the two units inside the 
building, leaving only the two cooling towers undamaged. The complete event tree is given 
in figure 15 and in table 2 the frequency of occurrence and the possible effects of each 
branch are given. 
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Initiating event 
Electrical fault 
Transfonner 2 

0,02/year 

Fire 

No: 0.4 

Yes: 0,6 

Figure 15: Event tree analysis 

Seperation wall 
between Transfonner 1 fire 

transformers fails 

No: 0,95 

No: 0,4 

Yes: 0,05 

Yes: 0,6 

Wall of plant 
building collapse 

No: 0,9 

Yes: 0,1 

Occurrence 
and effect 

2 

3 

4 

5 

Table 2: Freauencv of occurrence and effect of event tree analvsis 

Frequency of occurrence Effect 

5 0,000036 /year Total damage: both units and building are destroyed 

4 0,000324 /year Two Transformers destroyed: both units cannot deliver power until transformers 
are replaced and separation wall reconstructed 

3 0,0024 /year Transformer 2 and separation wall destroyed: Unit 1 can produce electrical 
power after a short stop to clean up the mess around transformer 1 

2 0, 0114 /year 
Transformer 2 destroyed: Unit 1 can produce electrical power and unit 2 can 
produce electrical power after replacement of transformer 2 

1 0,008 /year Transformer 2 damaged: unit 2 can produce electrical power after maintenance 
of transformer 2 

6.3.2 Example fault tree analysis 
The second way of building an event tree is that the FMEA is used to build a fault tree. The 
primary fault events or basic causes come from the FMEA. The creation of a fault tree will 
lead to a top event. This top event will be used as an initiating event in the event tree 
analysis. The following events in the sequence are often engineering systems, which 
minimises the effects of the failure of the previous event. The failure of an engineering 
system can be seen, in the same way as the initiating event, as a top event of a fault tree. A 
demonstration of this way of building an event tree will be given for the following situation. 
This example is purely illustrative and not based on the FMEA; because the FMEA is at this 
point not comprehensive enough to do so (see chapters 8 and 9). The generic power plant 
from chapter 5 has an oil leakage. This is the initiating event of the event tree, but also the 
top event of a fault tree. The basic causes of the fault tree are also identified in the FMEA, 
including information on the frequency of occurrence and the duration of the cause. This 
information can be used in the fault tree to calculate the frequency of occurrence or the 
duration of the top event, if needed. The fault tree analysis is given in figure 16 and in figure 
17. 
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Lube oil leakage 

Figure 16: Fault tree analysis 

Wear Rupture Faulty installation 

Figure 17: Fault tree analysis (continued) 

Oil leakage 

Come lose Wear 

Hydraulic oil 
leaka e 

Valve failure 

Leak to envirorvnen 

Pump failure 

External leakage 

The fault tree presented in figure 17 applies to A as well as B with regard to the structure, 
but the data for the different failures are completely different. 

The next event in the sequence is the ignition of the oil. If the oil ignites a fire protection 
system will come into action to minimize the consequences of this fire. This engineering 
system (fire protection system) can also fail, event 3. In that case, event 4 will be the failure 
of the switch gear and DC power. This could happen because the cabinet of the switch gear 
and DC power is in proximity of the oil leakage and thus of the fire. The event tree, 
frequency of occurrence, and the effects of each branch are given in figure 18. 

Oil leakage Ignition of oil 

Yes: 0.2 

0,001 /year 

No: 0,8 

Figure 18: Event tree analysis 

Fire protection 
fails 

Yes: 0,01 

No: 0,99 

Switch gear 
and DC power 

fail 

Yes: 0,1 

No: 0,9 

Frequency of 
occurrence 

o, 000002/year 

0,0000018/year 

0,00018/year 

0,008/year 

Effect 

Lost of step up transformers 
Fire damage to generator un~ 1 

Fire damage to construction 
Damage to the bus ducts of unit 1 and 2 

Fire damage to construction 
Fire damage to generator un~ 1 

Small fire damage to 
construction and generator 

Oil-water spillage 

Oil spillage 
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6.3.3 Results 
The examples from sections 6.3.1 and 6.3.2 show that it is possible to use the failure 
behaviour on component level, collected in the FMEA, to describe the behaviour of a power 
plant after an initiating event on component level, if the FMEA is comprehensive and all 
relevant components of the power plant are identified. If many of these event trees are built, 
it is possible to estimate the unplanned unavailability of the power plant and identify the 
critical areas of the power plant and equipment. 
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7 CASE STUDY OF THE FAILURE SEQUENCE TREE 
To illustrate the use of an event tree form chapter 6, a fire in a power plant in Venice, Illinois 
(USA) on august 101

h, 2000 is assessed. Before describing this accident, let's have a look at 
the power plant. 

7. 1 Venice power plant 
The power plant in Venice, Illinois (USA) is located next to the river Mississippi. On the 
opposite side of the river, Saint Louis is located. In figure 19, a map is given with the location 
of the ower plant. 

Figure 19: Location Venice power plant 

The power plant has six generating units with a total electrical output of 480 MW. Because 
the accidents involve the units 1, 2, 3, and 4, these units will be described in more detail. 

• Unit 1: This unit consists of a boiler, steam turbine, generator, step-up transformer 
and two substation service transformers. This unit produces 40 MW electrical power. 

• Unit 2: This unit is the same as unit 1 and consists of a boiler, steam turbine, 
generator, step-up transformer and two substation service transformers. This unit 
produces 40 MW electrical power. 

• Unit 3: This unit consists of a boiler, steam turbine, generator, and a step-up 
transformer. This unit produces 100 MW electrical power. 

• Unit 4: This unit consists of a boiler, steam turbine, generator, step-up transformer, 
and a 69 kV to 138 kV tie transformer. This unit produces 100 MW electrical power. 

30 



Risk assessment of a power plant 

7.2 Event sequence of accident 
On august 101

h, 2000 a nightmare for every operator, plant manager, etc. becomes reality at 
the power plant in Venice, Illinois (USA). A small fire is the start of a major accident at this 
plant, which destroys several transformers, a generator, and some other infrastructure at the 
power plant. In table 3, the event sequence of this accident is given. 

Table 3: Event sequence accident Venice power plant 

Time Event 
17.30 h All six units are running 
17 .55 h Lube oil line on the front of unit 1 generator ruptures and a fire starts 
18.10 h Operators manage to shut down all units 
18.15 h 13.8 kV switchgear on unit 1 and the DC power to the power plant 

and the switchyard fails 
18.15 h until 20.00 h 138 kV and 69 kV substations continue to feed the electrical fault 

Substation service transformer 1 a and 1 b fail 

20.00 h 
02.00 h 

Step-up transformer 1 fails 
Step-up transformer 2 fails 
Step-up transformer 3 fails 
Step-up transformer 4 fails 
Tie transformer 4 fails 
Finally all power to the power plant and the substation is dead 
Fires finally burn out 

The consequences of this accident are in terms of casualties and environmental issues: 
• Two workers have minor injuries 
• No major environmental issues 

The total effects for the power plant are: 
• Turbine generator of unit 1 is destroyed 
• Electrical buses and transformers of unit 1 are destroyed 
• Floors and structural steel of unit 1 and 2 is damaged by the fire 
• Step-up transformers of unit 2, 3 and 4 are destroyed 
• Tie transformer unit 4 is destroyed 
• Bus ducts of unit 3 and 4 are heavily damaged 

The consequences in terms of money: 
Unit 1 retirement 
Unit 2-4 electrical restoration 
Clean up and restart of units 5 and 6 
T&D restoration cost 

$ 575.000,
$ 22.000.000,

$ 500.000,
$ 1.750.000,-

Total estimated cost $ 24.825.000,-

These are the estimated costs without fines from not fulfilling the contracts and purchasing 
electric power from other companies. It is known that this plant has an insurance provided by 
Lloyds of London of$ 750.000.000,- cap with a deductible of$ 5.000.000,-, including asset 
replacement. The total cost including fines and the purchasing of electrical power at other 
companies will be more like $ 750.000.000,- mentioned in the insurance, then the $ 25 
million in the calculation above. 
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Consequences in terms of time and production loss are: 
• Unit 5 and 6 were on august 31 5

\ 2000 back online 
• Unit 3 and 4 will be off line for a period of 6 to 9 months, because of replacing the 

transformers. 
• Unit 2 was under review to estimate the complete damage of the unit and than the 

decision will be made between retirement and restoration. At this point it is not clear 
which decision was made. 

• Unit 1 was retired . 

7.3 Comparison of real event with event tree analysis 
In this section, the event tree will be assessed to illustrate if a sequence can be found that is 
corresponds to the sequence mentioned in section 7.2. In section 7.2. It is not mentioned 
that this power plant has a fire protection system but from the information from the company 
it is clear they have one. It is presumed that this system failed also. The sequence of events 
is given in figure 20 

Lube oil line rupture - ~ Ignition of oil I ~ 

Figure 20: Event sequence accident Venice power plant 

13 8 kV switch gear and 
DC power fail 

Step up transfonner 1, 2, 3. and 4 fai l 
Substalion service transformer 1a and 1 b fail 

Bus duct unit 1, 2, 3, and 4 fai l 
Tie transformer 4 fails 

The fault tree (see section 6.3.2) connects the top-event "Oil leakage" (see figure 21, red 
line) with the component failure "Lube oil line rupture" (see figure 22, red line). This is the 
actual failure that started the accident at the Venice power plant (see figure 20). (The B 
branch of the fault tree is not shown here) 

Lube oil leakage 

Figure 21: Fault tree 

Line fa ilure 

Wear Rupture Faulty installation 

Figure 22: Fault tree (continued) 

Oil leakage 

Come lose 

Hydraulic oil 
leaka e 

Valve failure 

Wear Leak to environment 

Pump failure 

External leakage 

The top-event from the fault tree is the initiating event for the event tree (see section 6.3.2 
and figure 23). Here the red line shows how the accident at the Venice power plant develops 
to the end state. 
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Oil leakage Ignition of oil 

Yes 

No 

Fire protection 
fails 

Yes 

No 

Switch gear 
and DC power 

fail 
Yes 

No 

Effect 

Lost of step up transformers 
Fire damage to generator unit 1 

Fire damage to construction 
Damage to the bus ducts of unit 1 and 2 

Fire damage to construction 
Fire damage to generator unit 1 

Small fire damage to 
construction and generator 

Oil-water spillage 

Oil spillage 

Figure 23: Event sequence accident Venice power plant (red line) with the event tree of section 6.3.2 

This case study shows that a sequence of event from a real accident can be found in an 
event tree from the event sequence model. Only the consequences from the event tree are 
not as big as in the case. This is of course the generic power plant, as described in chapter 
5, has only two units instead of the six units of the Venice power plant. The monetary 
damage, as described in this chapter, which is a consequence of this accident, is not 
discussed as a consequence in the event sequence model, but of course this is, besides of 
the time to repair, also one of the consequences that should be addressed to. 
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8 CONCLUSIONS 
In section 1.4 an objective was formulated and to achieve this objective in the same section 
a number of research questions were formulated. In this chapter these research questions 
will be answered with the findings form chapter 4 until 7. 

The first five research questions are: 
• How can the different components of a power plant fail? 
• How often does a typical failure occur? 
• What are the effects of typical failure of a component for the component and for the 

total power plant? 
• Are there any countermeasures to prevent the component from failing? 
• How long will it take to repair the failure of the component 

In chapter 4 the FMEA form was developed to get in a structural way information on the 
component failure modes, causes, effects, the frequency of occurrence, duration to repair 
the failure mode, and the countermeasures to prevent the failure mode from happening. In 
chapter 5 and appendix A the different components of a power plant are identified, which are 
the items that will be used to fill out the FMEA form. In section 6.1 the block diagrams are 
given, so that the interaction between components can be seen. These block diagrams 
make it possible to see what the effect is for the total system/power plant if a single 
component fails. All this information results in section 6.2 in a filled out FMEA form. At this 
point some of the information to fill out the FMEA form completely was not available, 
especially in regard to the frequency of occurrence, the duration to repair and secondary 
failures; the FMEA contains at this point mostly primary failures. Three out of five questions 
can be answered. These chapters and sections show how different components can fail 
(primary failures and a few secondary failures) , what are the causes of these failures, and 
what are possible countermeasures to prevent those failures. Also is shown what the effects 
are of these failures. The research questions "how often does a typical failure occur?" and 
"how long will it take to repair the failure of the component?" cannot be answered at this 
point, due to missing information. 

Now that the first five questions are dealt with , the last four research questions can be 
discussed. These research questions are: 

• How can a power plant fail , based on the failures of the different components? 
• What are the effects of this failure? 
• How often will those failures occur? 
• How long will it take to repair the system? 

In section 6.3 shows how the event trees can be built. This can be done in two ways: 
• By using the FMEA information for the initiating event and the effect of this failure 

mode will propagate through the system. 
• By using the FMEA information to construct a fault tree and the top event of the fault 

tree will be used to construct the event tree. 
All those event trees together are the event sequence model and will give possible ways 
how the generic power plant can fail. In this project only two possible event trees are built of 
which one is verified with a case study. This case study shows that one branch of the 
developed event tree actually happens. These two event trees give a good indication that 
this method shows how a power plant can fail , based on the failures of the different 
components and what the effects are of this failure. Also it shows how often every end state 
of an event tree occurs, but the data used for these calculations is estimated and not real 
data from a component. Only the research question that cannot be answered is "how long 
will it take to repair the system?", because this kind of information is also not available in the 
FMEA. 
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As stated in section 7.3 the monetary damage is not addressed as consequences of an 
accident. The monetary damage should be addressed to in the FMEA to have information on 
how much it will cost to replace the component. In the FMEA two columns should be added, 
one with the monetary damage in euros or dollars and one column with the ranked number 
of the monetary damage. As a consequence the risk should be calculated in a different way. 
This should be the ranked number of the frequency of occurrence times the ranked number 
of the time to repair times the ranked number of the monetary damage. 

Based on what is discussed previously, it can be concluded that the objective of this project 
is not been fully met. It will be fully met, if the missing information on how often a component 
has a typical failure mode and how long it will take to repair that failure. With this information 
it is possible with the methodology as described in this report to calculate the frequency of 
occurrence of system (power plant) failure and the time to repair this system failure. Also 
much more event trees have to be built to have all possible ways a power plant can fail. If 
these calculations and more event trees are available it is possible to estimate the 
unplanned unavailability of the power plant and to identify critical areas of plant and 
equipment. 
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9 RECOMMENDATIONS 
The conclusions in chapter 8 have shown that some information is missing to meet the 
objective, as stated in section 1.4. To get the missing information the following 
recommendations are made. 

• The information on frequency of occurrence and duration to repair the failure could 
be found at the electrical power generating companies. This information enables the 
possibility to calculate the frequency of occurrence of a system/power plant failure. 
The information on duration can be used to calculate the total repair time in man
hour. To estimate the minimal repair time of event information on the repair sequence 
of the failure modes and also repair sequences between components would be 
required . The information on frequency of occurrence and duration to repair the 
failure makes it also possible to estimate the risk of a failure mode and also to 
prioritize the failure modes. 

• In this project only components of the primary process are described and evaluated, 
but a power plant consists of more components than the components of the primary 
process. The power plant also consists of components for controlling the process, 
safety, supporting components for higher efficiency, and components that provide the 
power plant with electricity. These components together are the balancing of the 
plant (BOP). In discussions with experts it was stated that the BOP is responsible for 
many failures in a power plant. It is advised to incorporate also these components in 
the event sequence model. 

• The FMEA is focused on primary failures. The secondary failures and human errors 
were not incorporated. It is advised to incorporate these types of failures into the 
FMEA. 

• The monetary damage of each component should be added to the FMEA, because 
this gives a better overview of the consequences of a failure mode, then only the time 
to repair. This means that the calculated risk should change in the ranked number of 
the frequency of occurrence times the ranked number of the time to repair times the 
ranked number of the monetary damage. 

• The contact person inside the electrical generating company has to be someone who 
works on a strategic level and not on a operational level, because on operational 
level he/she focus more on the daily processes and this assessment will not on short 
term improve the operational performance of the power plant, where he/she is 
responsible for. The information needed, on the other hand, will be provided by this 
person. Also he/she could be very helpful in verifying the FMEA forms to be sure the 
forms are comprehensive. 

• To identify the critical areas of the plant and equipment, it is necessary that the event 
sequence model contains much more event trees than mentioned in this report. Also, 
these event trees have to be verified with real events which happen in the electrical 
power generating companies. These event trees make it possible to identify failure 
modes of components that generate a catastrophic event with a "very high" 
frequency of occurrence or components that are very often involved in different event 
sequences. 
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APPENDIX A 

DESCRIPTION OF THE POWER PLANT COMPONENTS 
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In this appendix a generic power plant will be described. In figure 1 is the generic power 
plant given, which will be discussed in this report. This description is based on [Littler, 1991] 
and [Snow, 1991] 

7 7 
Boiler H20(g Steam turbine Tocqu-J Generator ·I Transformer 

Oil 
Natural gas 

Unit 1 
Air H20(g,I) H20(1) 

HT I) ,+, ~H20(g,I 

H20(1 

~+-· 
H20(1 

~H20(g , I Cooling tower 

I 
H20(g.I) 

H20(g,1) 
H20(1) 7 7 

Unit 2 H20(g Tocqu-J Generator ·I Transformer 

Gas turbine 

Figure 1: Model power plant 

In this power plant there are two separate units and each unit produces half of the total 
electrical power output of the power plant, 600 MW. Each unit has one drive shaft. The first 
unit is a unit with a boiler, steam turbine, generator, transformer, condenser and cooling 
tower. In the boiler coal, oil or gas is burned to generate superheated steam with a high 
pressure from water or to reheat the steam from the steam turbine to superheated steam 
with an intermediate pressure. This superheated steam goes from the boiler to the steam 
turbine. The steam turbine with the use of the superheated steam will drive the generator, 
which is coupled to the steam turbine. The superheated steam will go through the steam 
turbine and after that it goes back to the boiler to be reheated. The superheated steam with 
intermediate pressure from the boiler will go through the steam turbine and go the condenser 
as a water steam mixture. The generator will produce the actual product of the power plant, 
electricity. The electricity will be transferred to the transformer and transformed to a higher 
voltage. The water steam mixture from the steam turbine will be cooled down to the right 
temperature and pressure for reuse in the boiler. The cooling will be done with water that 
circulates between the condenser and the cooling tower. 

The second unit is a little bit different from the first unit. This unit has a gas turbine and a 
heat recovery and steam generator in stead of the boiler in the first unit. The gas turbine 
burns fuel (oil, gas) and the gas turbine drives the generator. The combustion gases of the 
gas turbine are used in the heat recovery and steam generator (HRSG) to produce 
superheated steam. The steam cycle is just the same as in the first unit with the boiler. The 
steam turbine is connected to the same generator as the gas turbine (see figure 1 ). 

A. 1 Steam turbine 
The steam turbine is the component that uses the steam generated by the boiler or H RSG to 
drive the generator. The steam turbine has three sections where this transformation takes 
place. The high pressure turbine is the first section. In the high pressure turbine the high 
pressure superheated steam from the boiler/HRSG is used and it goes back to the boiler. In 
the second section the intermediate pressure superheated, which is reheated steam, will be 
used and go after that to the low pressure turbine, which is the third section of the steam 
turbine. Steam water mixture from the third section goes to the condenser. Other steam 
turbine configurations are possible, but are not dealt with in this report. The yellow parts in 
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figure are gearboxes/couplings, the light blue parts are journal bearings and the green 
square in figure 2 is the turning gear. The dark blue and red are controlling and closing 
valves respectively. These valves are operated hydraulically. 

Boiler 

Hydraulic oi~ 
i i 

Lub oil 

Hydraulic oil j i 
Boiler 

Figure 2: Steam turbine 

Boiler 

Hydraulic oil I 

I I • • • 

Lub oil 

In figure 3 block diagram of the steam turbine is given. 

Turning gear 

Lub oil 

Hydraulic oil j i 
Condenser 

Lub oil 

Steam 

Control valve 1---1~ LP turbine f------------• 
~--~ 

MP Turbine HP turbine Control valve 

------------~ Housing L:: >----•I Journal bearing >-I --•~I __ s h-aft _ _:-- - •I Coupling ~--

Auxiliary Stream 

Closing vavles Control valves Bypass Turning gear 

Figure 3: Block diagram steam turbine 

A.2 Boiler 
The function of the boiler in a power plant is to burn fuel (coal, natural gas or oil) to heat 
water to superheated steam. New water goes through a feed pump to have the correct water 
pressure. From the feed pump the water goes to the economizer and will preheat the water 
and the preheated water goes to the boiler drum. In the boiler drum the water will be 
separated from the steam to make dry steam. The water goes to the evaporator and the 
steam will go to the super heater. In the evaporator the water will be evaporated to wet 
steam. Wet steam is a mixture of steam and water (water-steam mixture). The wet steam will 
return to the boiler drum. The super heater will heat up the steam until it is superheated 
steam. The superheated steam will go the steam turbine. Also steam from the steam turbine 
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will be used. This steam goes through the reheater to heat up the super heated steam and 
will go back to the steam turbine. Also water from the condenser will be used in the boiler. 
This water goes to the feed pump and through the economizer to the boiler drum. In ... boiler 
is shown. 

In this project only the drum boiler will be dealt with. Another kind of boiler is the single pass 
boiler. 

Steam turbine •• 

_____ ..,... __ .,......,._ . Steam turbine 

Oil 
Natural gas _.. 
Coal 

Figure 4: Boiler 

In figure 5 is the Block diagram of the boiler given. 

~ l Burner >----•I Housing 
~--~ 

>------•[ Feed pump 

------1 Drum >------•[ Evaporator 

Figure 5: Block diagram boiler 

Pump 
•Condenser 

• 

>------•[ Economizer [·-------• 

>----•[ Super heater .I ~ >----- --: Reheater ~.....-

A.3 Heat recovery and steam generator 
The heat recovery steam generator (HRSG) works in the same, but only the heat source is 
different. The HRSG (see figure 6) doesn't use a burner as a heat source, but uses the 
combustion gases from the gas turbine as a heat source. 
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Condenser 

Steam Steam 
l i Lub oil 

turbine turbine 

l l l Exhaust 

Pump 

Gas turbine 

Figure 6: Heat recovery steam generator 

In figure 7 the block diagram of heat recovery steam generator is given. 

Exhaust gase: L ____ ~i-----·~ Housing •I Feedpump 1----... •I Economizer f -------~ 

Steam 

Drum Evaporator Super heater Reheater 

Figure 7: Block diagram heat recovery steam generator 

A.4 Generator system 
The generator system (see figure 8) is the part of the power plant that is producing the actual 
product of the power plant, electricity. The generator is driven by the steam turbine or gas 
turbine and makes the rotor turn. To generate electricity the rotor has to be energized. This 
can be done by getting electricity from another plant to energize the rotor or by using another 
generator, called exciter, detached to same shaft. This configuration with an exciter will be 
dealt with in this report. The exciter has permanent magnets on the rotor, which delivers the 
electricity that is required for the rotor of the generator. The electricity induces a magnetic 
field. The magnetic field induces an electric current in the stator and will be transferred to the 
transformer. For the cooling of the generator a hydrogen cooling will be used. The shaft is 
connected by coupling (yellow) to the steam turbine and beard by a couple of journal 
bearings. The journal bearings (blue) are lubricated by a lube oil system. 
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l 

Figure 8: Generator system 

l 

111 
~ 

In figure 9 the block diagram of the generator is given 

~ Shaft ·I Journal bearing I ·I Coupling f-------· 

···--1 Exciter ·I Rotor 

Auxiliary 

--1 Housing 1---.-•I Cooling ~ 
Figure 9: Block diagram generator system 

A.5 Gas turbine 

Appendix A 

7 
·I Stator ~ 

The gas turbine (see figure 10) is, together with the steam turbine, one of the sources in the 
power plant for driving the generator. The gas turbine operates as follows. The gas turbine 
gets air from the air inlet and the air goes to the compressor. The compressor compresses 
the air before it comes to the burning chamber. The fuel inlet provides fuel to the burning 
chamber and together with the air from the compressor it will burn in the burning chamber 
and produces combustion gases. The combustion gases drive the turbine and the turbine is 
connected to the steam turbine and to the compressor. The combustion gases have some 
energy left and they go to the heat recovery and steam generator (HRSG). The shaft of the 
gas turbine is beard by a couple of journal bearings and they are lubricated by a lube oil 
system. 
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Lub oil 
Figure 10: Gas turbine 
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In figure 11 the block diagram of the gas turbine is given 

~ I I ·I f---------------i Fuel inlet ., Burning chamber - : Turbine . ... 

Appendix A 

Combustion gases 
to HRSG 

I Exhaust 

Lub oil 

~ 
------1 Journal bearing >-I --•~I __ sh_att _ _:-- - •I Coupling ~ 

Auxiliary 

--1 Air inlet 

Figure 11 : Block diagram gas turbine 

A. 6 Transformer system 

>----•I Compressor >--- -•I Housing >--- -•I Exhaust ~ 

The last system of a power plant, before the electricity will leaf the plant, is the transformer 
system. The transformer system transforms the electrical energy form the voltage delivered 
by the generator to a higher voltage, which is more economical to transport over long 
distances. This high voltage electricity is supplied to the high voltage network. 

The process of transforming works as followed. The each phase of three phases of the 
generator is connected to a primary coil of the transformer. This coil induces a magnetic flux 
that induces a current in the corresponding secondary coil. For a more efficient flux transfer 
from the primary to the secondary coil an iron core is used. For cooling and isolating the 
coils from the transformer tank, oil is used in the transformer tank. The oil is pumped through 
the transformer tank by a pump and the oil will be cooled outside the transformer tank by 
some fans. This operation mode of the cooling system of the transformer is called: OFAF 
(Oil Forced (oil pump), Air Forced (fans)). Other operation modes such as ONAF (Oil 
Natural, Air Forced) and ONAN (Oil Natural, Air Natural) are also commonly used for 
transformers, but will not investigated in this report. To make sure that enough oil is in the 
transformer tank an oil tank is attached to the oil lines. To make an electrical connection 
between outside of the transformer tank and the coils in the inside of the transformer tank 
bushings are used. 

In this power plant a three phase transformer is used, see figure 12. In other power plants 3 
one phase transformers can also be in use, but will not investigated in this report. 
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Figure 12: Transformer system 

In figure 13 the block diagram of the transformer is given. 

7 7 ---•I Transformer .,, 

Figure 13: Block diagram transformer system 

A. 7 Condenser and cooling tower 
The condenser and the cooling tower (see figure 14) will be discussed together, because 
they have only a few sub components and they are very much related to each other. The 
process of these sub systems can be described as follow. The cooling water flows through 
the pipes of the condenser and cools the water-steam mixture of the steam turbine to water. 
The cooled water returns to the boiler for reuse. The cooling water, which is now heated, 
goes to cooling tower, where the cooling water will be sprayed inside the cooling tower. The 
water will be cooled be evaporation of a part of the heated water. The cooling water will 
collected at the bottom of the cooling tower in a basin and will be pumped again to the 
condenser. To keep up the cooling water level, fresh water will be needed from time to time, 
because a part of the cooling water evaporates in the cooling process. The cooling can be 
done with different techniques the cooling tower is one of them. Other techniques can be 
found in [LITTER, 1999] 

The water valve, red in figure 14, controls the amount of cooling water in the system 
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Figure 14: Condenser and cooling tower 

In figure 15 the block diagram of the condenser and cooling tower is given 

Figure 15: Block diagram condenser and cooling tower 
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APPENDIX B 

FAILURE MODE AND EFFECT ANALYSIS 
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In this appendix the FMEA's of the different components of the power plant will be 
presented. The information for the FMEA is based on [BASU, 1999], [GANAPATHY, 2003], 
[LITTLER, 1991], and [WAKKERMAN, 1996]. Beside of these references is in appendix Ca 
list of additional references presented. These references give some additional and more 
detailed information on the different failure modes of the components. 
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B. 1 Steam turbine 
Component Steam turbine 

Function: Transform the steam power into torque to drive the generator at the right number of revolutions 

Normal operation mode: continuous 

[I) 

Effect Frequency of 
Duration 

Failure mode Cause occurrence Risk Countermeasures 
Component Plant #/year Ranked month Ranked 

Turbine closing or control No torque generated by the No electric power output of the 5,40E-02 Maintenance valves failed to open steam turbine unit 

No torque generated by the No electric power output of the Maintenance, 
Shaft broke vibration steam turbine unit 

measurement 
Maintenance, 

Turbine does not turn No torque from steam turbine No electric power output of the better design, 
to the generator unit vibration 

measurement 

Coupling with the gas No torque from the steam No electric power output of the Maintenance turbine does not work turbine to the generator unit 

No revolutions Maintenance, 
bearing oil outlet 

temperature 
measurement, 

No torque from the steam No electric power output of the 
metal temperature 

Journal bearing breaks measurement, oil turbine to the generator unit inlet pressure 
measurement, 

lubrication back 
up system, 
inspection 

No steam flow from No torque generated by the No electric power output of the 
boiler/HRSG steam turbine unit 

C.11 ...... 



(JI 
N 

Component Steam turbine 

Function: Transform the steam power into torque to drive the generator at the right number of revolutions 

Normal operation mode: continuous 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Steam 
No electric power output of the Turbine leaks (superheated/saturated) flows 

out unit 

High friction in journal Probability of breaking journal No electric power output of the 
bearings bearing , reduced torque output unit 

Not enough steam flow 
reduced torque ouput No electric power output of the 

from the boiler unit 

Probability of breaking a No electric power output of the 
Too few revolutions Turbine friction too high 

turbine blade unit 

Bypass closing or 
No electric power output of the controlling valves internal reduced torque ouput 1,75E-01 

leakai;ie unit 

Bypass valves failed to 
reduced torque ouput No electric power output of the 5,40E-02 close unit 

Bypass valves leak in 
reduced torque ouput 

No electric power output of the 
1,41E-01 closed position unit 

Bypass or turbine valves Steam flowing out to 
No electric power output of the 

leak to environment environment, reduced torque 
unit 

7,62E-02 
output 

Controlling valves 
reduced torque ouput Reduced electric power output 1,77E-02 delayed operation of the unit for a short period 

Duration 
Risk 

month Ranked 
Countermeasures 

Maintenance 

Maintenance, use 
of less erosive 

materials, better 
electric insulation, 
lubrication back 

up system, use of 
less corrosive 

materials 

Maintenance, 
improved start up 

and shut down 
procedure, use of 

less corrosive 
materials, use of 

a turning gear 

Maintenance 

Maintenance 

Maintenance 

Maintenance 
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Component Steam turbine 

Function: Transform the steam power into torque to drive the generator at the right number of revolutions 

Normal operation mode: continuous 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Too high steam flow from No electric power output of the 
boiler unit 

Turbine controlling valves Too much torque output 

Overspeeding failed to close or bypass No electric power output of the 
8,09E-02 

controlling valves failed to unit 
open 

Controlling valves Reduced output for a short No electric power output of the 
1,77E-02 

delayed operation period unit 

Component: Turbine 

Function: Transform the steam power into torque to drive the generator 

Normal operation mode: continuous 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Blade disk has been 
broken 

Does not turn Blade has been broken No torque generation 
No electrical power output of 

this unit 

Shaft has been broken 

Rotor and cylinder 
distortion due to uneven 
heating or cooling of the 

turbine 

Friction to high Reduced torque generation 
No electric power output of the 

unit 
Corrosion on blades 

Corrosion on housing 

Duration 
Risk 

month Ranked 

Duration 
Risk 

month Ranked 

Countermeasures 

Maintenance 

Maintenance 

Countermeasures 

Maintenance, 
better design 

Maintenance, 
better design 

Maintenance, 
vibration 

measurement 
Better design, 

better start up or 
shut down proce-
dures, use of a 

turning gear 
Use of less 
corrosive 
materials, 

maintenance 
Use of less 

corrosive mate-
rials , maintenance 
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Component: Turbine 

Function: Transform the steam power into torque to drive the generator 

Normal operation mode: continuous 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Corrosion on blades 

Erosion on blades 

Turbine Leaks Reduced torque generation 
No electric power output of the 

unit 

Corrosion on turbine 
housing 

Erosion on turbine 
housing 

Component: Valves 

Function: Controlling the amount steam flowing through the steam turbine, Cutting off the steam flow through the steam turbine 

Normal operation mode: lntermittence 

Effect 
Frequency of 

Failure mode Cause occurrence 

Component Plant #/year Ranked 

Blockage/plugged 1,89E-03 

Control failure 5,60E-03 

Instrument failure general 1,03E-02 

Leakage 9,44E-04 

Failure to close Material damage Fails to operate its function 
No electrical power output of 

3,71 E-03 the unit 
Material deterioration 3,71 E-03 

Material failure - general 4,65E-03 

Mechanical defect 1,58E-02 

Mechanical failure - 7,42E-03 
general 

Duration 
Risk 

month Ranked 

Duration 
Risk 

month Ranked 

Countermeasures 

Use of less 
corrosive 
materials, 

maintenance 
Use of less 

erosive materials, 
maintenance 
Use of less 
corrosive 
materials, 

maintenance 
Use of less 

erosive materials, 
maintenance 

Countermeasures 

Maintenance 
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Component: Valves 

Function : Controlling the amount steam flowing through the steam turbine, Cutting off the steam flow through the steam turbine 

Normal operation mode: lntermittence 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Material damage 1,89E-03 

Internal leakage 
Material deterioration 

Fails to operate its function 
No electrical power output of 6,23E-02 

Material failure - general the unit 2,14E-02 

Mechanical defect 1,89E-03 

Contamination 9,44E-04 

Control failure 1,89E-03 

Faulty operation 9,44E-04 

Instrument failure general 2,77E-03 

Failure to open 
Leakage 

Fails to operate its function No electrical power output of 1,89E-03 

Material damage the unit 2,77E-03 

Material deterioration 9,44E-04 

Mechanical defect 6,48E-03 

Mechanical failure -
5,60E-03 general 

Out of adjustment 2,77E-03 

Blockage/plugged 9,44E-04 

Leakage 2,77E-03 

Material damage 3,71 E-03 

Material deterioration 1, 11 E-01 
leak in closed position Material failure - general Fails to operate its function 

No electrical power output of 
7,42E-03 the unit 

Mechanical defect 1,30E-02 

Mechanical failure -
9,44E-04 general 

Out of adjustment 9,44E-04 

Duration 
Risk Countermeasures 

month Ranked 

Maintenance 

Maintenance 

Maintenance 
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Component: Valves 

Function : Controlling the amount steam flowing through the steam turbine, Cutting off the steam flow through the steam turbine 

Normal operation mode: lntermittence 

Effect 
Frequency of 

Failure mode Cause occurrence 

Component Plant #/year Ranked 

Blockage/plugged 9,44E-04 

Control failure 9,44E-04 

Leakage 9,44E-04 

Material damage 
No electrical power output of 

3,71 E-03 
leak to environment Material deterioration Fails to operate its function 

the unit 5,29E-02 

Material failure - general 7,42E-03 

Mechanical defect 8,36E-03 

Mechanical failure - 9,44E-04 general 

Blockage/plugged 1,89E-03 

Control failure 2,77E-03 

Faulty 9,44E-04 
signal/indication/alarm 

delayed operation 
Material damage Performs its function, but with Reduced electrical power 9,44E-04 

Material deterioration a time delay output for a short period 9,44E-04 

Material failure - general 5,60E-03 

Mechanical defect 2,77E-03 

Mechanical failure - 1,89E-03 
general 

Duration 
Risk Countermeasures 

month Ranked 

Maintenance 

Maintenance 
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Component: Journal bearing 

Function: Carries the shaft of the steam turbine to hold the steam turbine in place at low friction 

Normal operation mode: continuous 

Failure mode Cause 
Effect 

Component Plant 

Wear Too few revolutions 

Corrosion Too few revolutions 

High friction Electrical erosion Too few revolutions 
No or reduced electrical power 

output of the unit 

No lubrication oil Too few revolutions 

Lubrication oil is leaking 
Too few revolutions away 

Frequency of Duration 
occurrence Risk 

#/year Ranked month Ranked 
Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 

materials 

Maintenance, use 
of less erosive 

materials, better 
electric insulation 

Maintenance, 
lubrication back 

up system 

Maintenance 
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Component: Journal bearing 

Function: Carries the shaft of the steam turbine to hold the steam turbine in place at low friction 

Normal operation mode: continuous 

Failure mode Cause 
Effect 

Component Plant 

Wear 

Breaks No lubrication oil Cannot carrie the shaft 
No electrical power output of 

the unit 

Lubrication oil is leaking 
away 

Frequency of 
occurrence 

#/year Ranked 

Duration 
Risk 

month Ranked 
Countermeasures 

Maintenance, 
bearing oil outlet 

temperature 
measurement, 

metal 
temperature 

measurement 
Maintenance, 

bearing oil outlet 
temperature 

measurement, 
metal 

temperature 
measurement, oil 

inlet pressure 
measurement, 

lubrication back 
up system 

Maintenance, 
bearing oil outlet 

temperature 
measurement, 

metal 
temperature 

measurement, 
inspection 
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Component: Shaft 

Function: Transfers the torque to the generator 

Normal operation mode: Continuous 

Failure mode Cause 

Component 

Broke Fatigue No torque transfer 
False alianment 

High friction in False alic:inment 

bearings Wear 
Reduced torque transfer 

Effect Frequency of 
occurrence 

Plant #/year Ranked 

No electrical power output of 
this unit 

Reduced electrical power 
output of this unit, excessive 

wear to the bearinas 

Duration 
Risk 

Month Ranked 

Countermeasures 

Vibration 
measurement 
Maintenance 

Maintenance 
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B.2 Boiler 
Component: Boiler 

Function : Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Electrical power output of the 

Reduced output of super 
unit is reducing and if the 

Burner stops burning 
heated steam 

burner does not start again 
there will be no electrical 

output of the unit 

Leakage in super heater 
Reduced output or no output 

Reduced output, no output, 

of super heated steam, super 
super heated steam flowing 

out, too less revolutions of the 
Leakage in reheater heated steam flowing out 

steam turbine 

Reduced output, no output, 
Reduced output or no output 

Leakage in boiler drum of super heated steam, water 
water steam mixture flowing 

out, too less revolutions of the 
steam mixture flowing out 

steam turbine 
Low steam pressure 

Reduced output, no output, too 
No/ less steam return Reduced output or no output 

less revolutions of the steam 
from steam turbine of super heated steam 

turbine 

Fouling and slagging of Reduced output or no output 
Reduced output, no output, too 
less revolutions of the steam 

super heater or reheater of super heated steam 
turbine 

Combustion gases flowing into 
Reduced output of super 

enclosure rupture 
heated steam 

the plant, Fuel flowing into the 
plant 

Reduced output or no output 
Reduced output, no output, too 

Low water level less revolutions of the steam 
of super heated steam 

turbine 
Electrical power output of the 

Low steam Reduced output or no output 
unit is reducing and if the 

temperature 
Burner stops burning 

of super heated steam 
burner does not start again 
there will be no electrical 

outout of the unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials, water 

treatment 
Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of different kinds 

of fuel 

Maintenance, use 
of ultra sone 

inspection tools, 
use of less 
corrosive 
materials 

Maintenance 
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Component: 

Function: 
Normal operation mode: 

Failure mode 

No steam 

O> ...... 

Boiler 

Produce super heated steam for the steam turbine 

Continuous 

Cause 
Effect 

Component Plant 

No output of super heated No electrical power output of 
Burner does not burn 

steam the unit 

Leakage in super heater 
No output of super heated 

steam, super heated steam 
No electrical power output of 

this unit 
Leakage in reheater flew out 

Reduced output of super 

Leakage in boiler drum 
heated steam, water steam Reduced or no electrical 

mixture flowing into the plant, power output of this unit 
more water consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical 
Leakage in economizer mixture flowing into the plant 

power output of this unit 
or boiler, more water 

consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical 
Leakage in evaporator mixture flowing into the plant 

power output of this unit 
or boiler, more water 

consumption 

Reduced output of super Combustion gases flowing into 
Enclosure rupture heated steam, reduced burner the plant, Fuel flowing into the 

efficiency plant 

No water 
No output of super heated No electrical power output of 

steam this unit 

No steam return from No output of super heated No electrical power output of 
steam turbine steam this unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

Countermeasures 

Maintenance, 
backup ignition 

svstem 
Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials, water 

treatment 
Maintenance, use 
of less corrosive 
materials , use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Use of less 
corrosive 
materials, 

maintenance, use 
of ultra sone 

inspection tools 
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Component: Boiler 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Water valve fails to open 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

Water valve has a 
Reduced output of super Reduced electrical power 

delayed operation heated steam for a certain output of this unit for a certain 
period period 

No external water supply 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

No water return from Reduced output of super Reduced or no electrical 
condenser heated steam power output of this unit 

Reduced output of super 

Leakage in boiler drum 
heated steam, water steam Reduced or no electrical 

mixture flowing into the plant, power output of this unit 
more water consumption 

Reduced output of super 
Low water level heated steam, water steam 

Reduced or no electrical 
Leakage in economizer mixture flowing into the plant 

power output of this unit 
or boiler, more water 

consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical 
Leakage in evaporator mixture flowing into the plant 

power output of this unit 
or boiler, more water 

consumption 
Reduced output of super 

Reduced or no electrical 
Pump external leakage heated steam, (hot) water 

power output of this unit 
leakaoe 

Leakage to environment 
Reduced output of super 

Reduced or no electrical 
in water valve 

heated steam, (hot) water 
power output of this unit 

leakage 

Water valve fails to open 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

2,70E-02 

1,77E-02 

2,21E+OO 

7,62E-02 

2,70E-02 

Countermeasures 

Maintenance 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, 
back up pump 

Maintenance 
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Component: Boiler 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Water valve leaks in 
Reduced a no output of super 

Reduced or no electrical 
closed position 

heated steam, (hot) water 
power output of this unit 

leakaae 

No external water supply 
Reduced a no output of super Reduced a no electrical power 

heated steam output of this unit 

No water return from Reduced a no output of super Reduced a no electrical power 
condenser heated steam output of this unit 

Reduced a no output of super 
heated steam , water steam 

Reduced a no electrical power 
Leakage in boiler drum mixture flowing into the plant 

or boiler, more water 
output of this unit 

consumotion 

Reduced a no output of super 
No water heated steam , water steam 

Reduced or no electrical 
Leakage in economizer mixture flowing into the plant 

power output of this unit, 
or boiler, more water 

consumption 

Reduced a no output of super 
heated steam , water steam 

Reduced a no electrical power 
Leakage in evaporator mixture flowing into the plant 

or boiler, more water 
output of this unit 

consumption 

Pump external leakage 
Reduced a no output of super Reduced a no electrical power 

heated steam output of this unit 

Leakage to environment Reduced a no output of super Reduced a no electrical power 
in water valve heated steam output of this unit 

Too high steam 
Water pressure too high 

Tube rupture, Too much super Too many revolutions of the 
pressure heated steam steam turbine 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

1,41E-01 

2,21E+OO 

7,62E-02 

Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, 
back up pump 

Maintenance 
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Component: Boiler 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode 

Low water pressure 

Water pressure too 
high 

Component: 

Function: 

Normal operation mode 

Failure mode 

Stops burning 

Does not burn 

Cause 
Effect 

Component Plant 

Pump failed while running 
Reduced output of super Reduced electrical power 

heated steam output of this unit 

Reduced output of super 
Reduced electrical power 

Pump external leakage heated steam, (hot) water 
output of this unit 

leakaQe 

Leakage to environment 
Reduced output of super Reduced electrical power 

in valve 
heated steam, (hot) water 

output of this unit 
leakaQe 

Water valve fails to close 
Tube rupture, Too much super No output, Too many 

heated steam revolutions of steam turbine 

Water valve leaks in Tube rupture, Too much super No output, Too many 
closed position heated steam revolutions of steam turbine 

Burner 

Burns the fuel (coal, oil or natural gas) to produce hot gases 

Continuous 

Cause 
Effect 

Component Plant 

No external fuel Electrical power output of the 
Fuel controlling valve Low steam pressure, Low 

unit is reducing and if the 
closed steam temperature 

burner does not start again 
there will be no electrical 

Fuel closing valve closed output of the unit 

No external fuel No hot gases 

No hot gases, fuel streaming 
No ignition 

into the boiler 
No electrical power output of 

Fuel controlling valve 
No hot gases the unit 

closed 

Fuel closing valve closed No hot gases 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

9,57E-01 

2,21E+OO 

7,62E-02 

5,40E-02 

1,41E-01 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Countermeasures 

Maintenance, 
back up pump 

Maintenance, 
back up pump 

Maintenance 

Maintenance 

Maintenance 

Countermeasures 

Maintenance 

Maintenance 

Maintenance, 
back up ignition 

svstem 

Maintenance 

Maintenance 
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Component: Boiler drum 
Function: separates water from steam to produce dry steam from wet steam 
Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Erosion Water or saturated steam 
Leakage leaks a way, not enough dry 

Reduced or no electrical 

steam will be produced 
power output of this unit 

Corrosion 

Component: Boiler enclosure 
Function: Provides the several heat exchangers, such as economizer and super heater, a place for an optimal interaction with the combustion gases 
Normal operation mode: Continuous 

Effect 
Frequency of Duration 

Failure mode Cause occurrence 
Component Plant #/year Ranked Month Ranked 

Combustion gases flowing out 
Combustion gases flowing into 

Corrosion 
the plant 

Air sucked into the enclosure Burner efficiency reduced 

rupture 
Fuel leaks Fuel flowing into the plant 

Combustion gases flowing out 
Combustion gases flowing into 

the plant 
Fatique 

Air sucked into the enclosure Burner efficiency reduced 

Fuel leaks Fuel flowing into the plant 

Risk Countermeasures 

maintenance, use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 

materials 

Risk Countermeasures 

Use of less 
corrosive 
materials, 

maintenance 

Maintenance, use 
of ultra sone 

inspection tools 
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Component: Economizer 

Function: To preheat water before entering the boiler drum 

Normal operation mode: Continuous 

Effect 
Frequency of Duration 

Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Erosion Reduced or no electrical 
Reduced or no preheated 

power output of this unit, water 
Leakage water will entering the boiler 

steam mixture flowing into the 
Corrosion 

drum 
plant, more water consumption 

Super heater Component 

Function: 

Normal operation mode: 

Heats the high-pressure steam from its saturation temperature and pressure to a higher specified temperature and pressure 

Continuous 

Effect 
Frequency of Duration 

Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Erosion Superheated steam flows out, 
Reduced or no electrical 

power output of this unit, super 
Leakage 

less or no super heated steam 
heated steam flowing into the 

production, low steam 
plant or boiler, more water 

Corrosion pressure 
usage 

Reduced or no electrical 
power output of this unit, super 

Fouling and slagging Fly ash deposite Low steam pressure, corrosion heated steam flowing into the 
plant or boiler, more water 

usac:ie 

Risk Countermeasures 

Miantenance, use 
of less erosive 

materials 
Miantenance, use 
of less corrosive 
materials , water 

treatment 

Risk Countermeasures 

Maintenace, use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 
materials, water 

treatment 

Maintenance, use 
of different kinds 

of fuel 
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Component: Reheater 

Function: Heats the partially expanded low-pressure steam to the designed high temperature 

Normal operation mode: Continuous 

Failure mode 

Leakage 

Fouling and slagging 

Component: 
Function: 
Normal operation mode: 

Failure mode 

Leakage 

Cause 
Effect 

Component Plant 

Erosion Superheated steam flows out, 
Reduced or no electrical 

power output of this unit, super 
less or no super heated steam heated steam flowing into the 

production, low steam 
Corrosion pressure plant or boiler, more water 

usage 

Reduced or no electrical 
power output of this unit, super 

Fly ash deposite Low steam pressure, corrosion heated steam flowing into the 
plant or boiler, more water 

usage 

Evaporator 

heats the preheated water to produce wet steam (water-steam mixture) 
Continuous 

Cause 
Effect 

Component Plant 

Erosion No steam, low water level, no No output, reduced output, 
water, mixture of steam and water steam mixture flowing 

Corrosion 
water flows out out 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Countermeasures 

Maintenace, use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 
materials, water 

treatment 

Maintenance, use 
of different kinds 

of fuel 

Countermeasures 

Maintenance, use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 

materials 
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Component: Water pump 

Function: That the water pressure in the boiler has the right pressure 

Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Faulty operation 

Leakage 

External leakage Material damage Water leakage, water pressure Reduced or no electric power 

Material deterioration 
lower output of this unit 

Material failure - general 

Mechanical defect 
Mechanical failure -

general 

Contanimation 

Control failure 

Earth fault 

Electrical failure - general 

Faulty operation 
Faulty 

siQnal/indication/alarm 

Failed to start Instrument failure - Water pressure lower Reduced or no electric power 
Qeneral output of this unit 

Material damage 

Mechanical defect 

Mechanical failure -
Qeneral 

Open circuit 

Out of adjustment 

Short circuiting 

Frequency of 
Duration 

occurrence 

#/year Ranked Month Ranked 

1,84E-02 

1,84E-02 

1, 16E-02 

7,07E-01 

8, 14E-02 

7,82E-01 

8,73E-02 

4,38E-01 

6,88E-02 

5,82E-03 

1,26E-02 

1,84E-02 

3, 10E-02 

1,26E-02 

2,52E-02 

1,26E-02 

5,82E-03 

4,36E-02 

5,82E-03 

2,70E-01 

3, 10E-02 

1,84E-02 

Risk Countermeasures 

Maintenance, 
back up pump 

Maintenance, 
back up pump 
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Component: Water pump 
Function: That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Earth fault 

Electrical failure - general 

Faulty operation 
Faulty 

signal/indication/alarm 

Failed while running Instrument failure - Water pressure lower Reduced or no electric power 
general output of this unit 

Leakage 

Material damage 

Material deterioration 

Mechanical defect 
Mechanical failure -

general 
Open circuit 

Out of adjustment 

Short circuiting 

Frequency of 
occurrence 

#/year Ranked 

3,78E-02 

1,84E-02 

1,84E-02 

1,84E-02 

1,26E-02 

5,04E-02 

5,62E-02 

2,44E-01 

5,62E-02 

5,82E-03 

1,25E-01 

6,88E-02 

6,88E-02 

3, 10E-02 

3,78E-02 

6,30E-02 

4,36E-02 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance. 
back up pump 
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Component: Water pump 
Function : That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Faulty operation 
Faulty 

Water pressure lower for a Low output signal/indication/alarm Reduced electric power output 

Leakage short period of time for a short period of time 

Material damage 

Material deterioration 

Mechanical defect 

Mechanical failure -
general 

No power/voltage 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

3, 10E-02 

1,26E-02 

1,26E-02 

1,25E-01 

5,62E-02 

1,84E-02 

5,82E-03 

3, 10E-02 

3, 10E-02 

5,04E-02 

3,10E-02 

5,82E-03 

Risk Countermeasures 

Maintenance, 
back up pump 
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Component: Water valve 

Function: Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Control failure 

Instrument failure general 

Leakage 

Failure to close Material damage Fails to operate its function 
No electrical power output of 

Material deterioration 
the unit 

Material failure - general 

Mechanical defect 
Mechanical failure -

general 
Material damage 

Internal leakage 
Material deterioration No electrical power output of Fails to operate its function 

Material failure - general the unit 

Mechanical defect 

Contamination 

Control failure 

Faulty operation 

Instrument failure general 

Leakage Reduced or no electrical Failure to open Material damage Fails to operate its function 
power output of this unit 

Material deterioration 

Mechanical defect 
Mechanical failure -

general 
Out of adjustment 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

1,89E-03 

5,60E-03 

1,03E-02 

9,44E-04 

3,71 E-03 

3,71 E-03 

4,65E-03 

1,58E-02 

7,42E-03 

1,89E-03 

6,23E-02 

2,14E-02 

1,89E-03 

9,44E-04 

1,89E-03 

9,44E-04 

2,77E-03 

1,89E-03 

2,77E-03 

9,44E-04 

6,48E-03 

5,60E-03 

2,77E-03 

Risk Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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Component: Water valve 

Function: Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Leakage 

Material damage 

Material deterioration No electrical power output of 
leak in closed position Material failure - general Fails to operate its function the unit 

Mechanical defect 
Mechanical failure -

aeneral 
Out of adjustment 

Blockage/plugged 

Control failure 

Leakage 

Material damage 
Fails to operate its function, Reduced or no electrical leak to environment Material deterioration (hot) water leakage power output of this unit 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 
Blockage/plugged 

Control failure 
Faulty 

sianal/indication/alarm 

delayed operation 
Material damage 

Fails to operate its function Reduced output for a certain 
Material deterioration period 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 

Frequency of 
occurrence 

#/year Ranked 

9,44E-04 

2,77E-03 

3,71 E-03 

1,11E-01 

7,42E-03 

1,30E-02 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

3,71 E-03 

5,29E-02 

7,42E-03 

8,36E-03 

9,44E-04 

1,89E-03 

2,77E-03 

9,44E-04 

9,44E-04 

9,44E-04 

5,60E-03 

2,77E-03 

1,89E-03 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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B.3 Gas turbine 
Component: Gas turbine 

Function : Burns fuel to produce torque for the generator and combustion gases for the heat recovery and steam generator 

Normal operation mode: Continuous 

Effect 
Frequency of 

Failure mode Cause occurrence 

Component Plant #/year Ranked 

No revolutions No fuel No torque to the generator No output 

Fuel valve failed to open No torque to the generator No output 2,70E-02 

Turbine blades fracture No electrical power output of 
near mid span 

No torque to the generator 
this unit 

Blade fracture after 
extensive fatigue crack No torque to the generator 

No electrical power output of 
this unit 

progression 

No electrical power output of 
Shaft broke No torque to the generator 

this unit 

Extensive high-cycle 
No electrical power output of 

fatigue crack progression No torque to the generator 
this unit 

leading to fracture 

Creep-rupture of the No electrical power output of 
No torque to the generator 

rotating blades this unit 

Creep of stationary and No electrical power output of 
No torque to the generator 

rotating components this unit 

Compressor stalls No torque to the generator 
No electrical power output of 

this unit 

No torque to the generator, 
No electrical power output of 

No ignition this unit, loss of the gas 
fuel following into GT 

turbine 

Fire or explosion in 
No electrical power output of 

burning chamber, turbine, No torque to the generator, 
this unit, loss of the gas 

or in exhaust, during start fire, explosion, loss of GT 
turbine 

UP 

Duration 
Risk Countermeasures 

Month Ranked 

Maintenance 

Temperature 
measurments, 
maintenance 

Vibration 
measurement, 

ultra sone 
inspection tools 

Vibration 
measurement, 
maintenance 

Vibration 
measurement, 

ultra sone 
inspection tools 

Temperature 
measurments, 
maintenance 

Temperature 
measurments, 
maintenance 

Air inlet filter, 
maintenance 

Maintenance, 
back up ignition 

system 

Maintenance 
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Component: Gas turbine 
Function: Bums fuel to produce torque for the generator and combustion gases for the heat recovery and steam generator 
Normal operation mode: Continuous 

Effect Frequency of 
Failure mode Cause occurrence 

Component Plant #/year Ranked 

Fire or explosion in 
No torque to the generator, burning chamber, turbine, fire, explosion, loss of the gas No electrical power output of 

or in exhaust, during this unit 
normal operation turbine 

Fire or explosion in No electrical power output of burning chamber, turbine, No torque to the generator, this unit, loss of the gas 
or in exhaust, during fuel fire , explosion, loss of GT turbine switchover 

Fire in burning chamber 
No torque to the generator, No electrical power output of 

during start up (Liquid this unit, loss of the gas 
fuel only) fire, loss of GT 

turbine 

No torque to the generator, No electrical power output of 
Fire in fuel inlet fire, loss of GT this unit, loss of the gas 

turbine 

Seizing of bearing No torque to the generator No electrical power output of 
this unit 

fracture of bearing cage No torque to the generator No electrical power output of 
this unit 

Spalling of rolling 
No torque to the generator No electrical power output of 

elements this unit 

Shaft breaks No torque to the generator No electrical power output of 
this unit 

Duration 
Risk 

Month Ranked 
Countermeasures 

Continuous 
ignition system, 
air temperature 
sensor attached 
to the fuel valve 

Inspection after 
shutdown 

Non-return valve 

Maintenance 

Maintenance 

Maintenance 
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Component: Gas turbine 

Function: Burns fuel to produce torque for the generator and combustion gases for the heat recovery and steam generator 

Normal operation mode: Continuous 

Effect 
Frequency of 

Failure mode Cause occurrence 

Component Plant #/year Ranked 

Fuel pressure too low Reduced output of gas turbine 
Reduced or no electrical 
power output of this unit 

Fuel valve failed to open Reduced output of gas turbine 
Reduced or no electrical 

2,70E-02 
power output of this unit 

Fuel valve leaks to 
Reduced or no electrical 

environment 
Reduced output of gas turbine power output of this unit, fuel 7,62E-02 

leakage 

Fuel valve delayed 
Reduced output of gas turbine 

Reduced or no electrical 
1,SOE-02 operation power output of this unit 

High friction in turbine Reduced output of gas turbine 
Reduced or no electrical 
power output of this unit 

Too less revolutions 

High friction in Reduced or no electrical 
Reduced output of gas turbine 

compressor power output of this unit 

Wiping of journal bearing Reduced output of gas turbine 
Reduced or no electrical 
power output of this unit 

Scoring of journal 
Reduced output of gas turbine 

Reduced or no electrical 
bearings power output of this unit 

Obstruction of air inlet Reduced output of gas turbine Reduced or no electrical 
power output of this unit 

Leakage in turbine Reduced output of gas turbine 
Reduced or no electrical 
power output of this unit 

Fuel pressure to high Too much torque generated 
No electrical power ouput of 

this unit 

Too many revolutions Fuel valve failed to close Too much torque generated 
No electrical power ouput of 

2,70E-02 
this unit 

Fuel valve delayed Too much torque generated 
No electrical power ouput of 

1,SOE-02 
this unit 

Duration 
Risk Countermeasures 

Month Ranked 

Maintenance 

Maintenance 

Maintenance 

Maintenance, 
usage of less 

corrosive 
materials 

Use of less 
corrosive 
materials, 

maintenance, air 
inlet filter 

Maintenance 

Maintenance 

Maintenance, inlet 
de-icing 

Maintenance, 
usage of less 

corrosive 
materials 

Maintenance 

Maintenance 
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Component: Gas turbine 

Function : Burns fuel to produce torque for the generator and combustion gases for the heat recovery and steam generator 
Normal operation mode: Continuous 

Effect 
Frequency of 

Failure mode Cause occurrence 
Component Plant #/year Ranked 

No torque transfer to Coupling with steam no torque transfer No electrical power ouput of 
steam turbine turbine/gasturbine defect this unit 

Fuel valve failed to close no effect 
No electrical power ouput of 

2,70E-02 this unit 
Torque availably, while 
no torque is required Fuel valve leaks in close 

No effect 
Generator is producing 

position electricity 1,41E-01 

Fuel valve leaks in close Gas in burning chamber and in No electrical power output of 

position HRSG, fire , explosion this unit, gas leakage, fire , 1,41E-01 
explosion 

Fuel valve leaks to No electrical power output of 
Gas leakage 

environment Gas in building, fire , explosion this unit, gas leakage, fire , 7,62E-02 
explosion 

No electrical power output of 
Burning chamber leaks Gas in building , fire, explosion this unit, gas leakage, fire, 

explosion 

Leakage in turbine 
Not enough gases available Reduced electrical power 

forHRSG output of this unit 

Exhaust gases leakage 

Not enough gases available Reduced or no electrical Leakage in exhaust 
for HRSG power output of this unit 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 

Maintenance 

Maintenance, use 
of less corrosive 

materials 

Maintenance, 
usage of less 

corrosive 
materials 

Maintenance, use 
of less corrosive 

materials 
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Component: Exhaust 

Function: Makes it possible for the combustion gases to leave the turbine and go to the HRSG 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Reduced or no electrical Leakage in exhaust Corrosion Exhaust gases leakage 
power output of this unit 

Fire or explosion Leaking fuel valve in Fire or explosion damage to No electrical power output of 
system with a motor this unit, loss of the gas during start up driven fuel pump the exhaust 

turbine 

Fire or explosion No electrical power output of 
during normal engine flame out during Fire or explosion damage to 

this unit, loss of the gas 
operation 

normal operation the exhaust 
turbine 

Fire or explosion Uncontrolled ignition Fire or explosion damage to No electrical power output of 

during fuel switchover during or after fuel 
the exhaust 

this unit, loss of the gas 
switchover turbine 

Component: Air inlet 
Function: Provides the burning chamber with air, which is first compressed in the compressor 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Obstruction of air inlet Fouling of inlet filter or 
Reduced or no air intake 

No electrical power output of 
inlet icing this unit, compressor stalls 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

Countermeasures 

Maintenance, use 
of less corrosive 

materials 

Maintenance 

Continuous 
ignition system, 
air temperature 

sensor 

Countermeasures 

Maintenance, inlet 
de-icing 
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Component Compressor 
Function : compresses the air from the air inlet before it enters the burning chamber 

Normal operation mode: Continuous 

Effect 
Failure mode Cause Component Plant 

Flow through compressor Extensive compressor No electrical power output of 
Stalls is too low and blade tips 

damage this unit 
stall 

Corrosion 
High friction in Reduced or no electrical 
compressor 

No efficient air compression power output of this unit 

Fouling of the blades 

Component: Burning chamber 
Function : Burns the fuel to produce combustion gases, which drive the turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Fire or explosion Leaking fuel valve in Fire or explosion damage to 
No electrical power output of 

during start up 
system with a motor 

the burning chamber 
this unit, loss of the gas 

driven fuel pump turbine 

Fire or explosion No electrical power output of engine flame out during Fire or explosion damage to 
during normal normal operation the burning ,chamber 

this unit, loss of the gas 
operation turbine 

Fire or explosion Uncontrolled ignition Fire or explosion damage to No electrical power output of 
during or after fuel this unit, loss of the gas 

during fuel switchover switchover the burning chamber turbine 

pool of liquid fuel at No electrical power output of Fire during start up bottom of burning Fire damage to the burning 
this unit, loss of the gas (Liquid fuel only) chamber casing after chamber 

shutdown turbine 

Fuel flowing in to the burning No electrical power output of 
No ignition no spark chamber, turbine, exhaust, this unit, loss of the gas 

and HRSG turbine 

Frequency of Duration 
occurrence 
#/year Ranked Month Ranked Risk 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Countermeasures 

Air inlet filter, 
maintenance 

Use of less 
corrosive 
materials, 
maintenance 

Air inlet filter, 
maintenance 

Countermeasures 

Maintenance 

Continuous 
ignition system, 
air temperature 

sensor 

Inspection after 
shutdown 

Maintenance, 
back up ignition 

system 
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Component: Burning chamber 
Function: Burns the fuel to produce combustion gases, which drive the turbine 
Normal operation mode: Continuous 

Failure mode 

Burning chamber leaks 

Component 

Function: 
Normal operation mode: 

Failure mode 

Fire in fuel inlet 

Component: 
Function: 

Normal operation mode: 

Failure mode 

Leakage in turbine 

High friction in turbine 

Fire or explosion 
during start up 

Cause 
Effect 

Component Plant 

No electrical power output of 
Corrosion Gas leakage this unit, gas leakage, fire, 

explosion 

Fuel inlet 
Provides the burning chamber with fuel 

Continuous 

Cause 
Effect 

Component Plant 

Backfire from burning No electrical power output of 
chamber, due to fuel Fire damage to the fuel inlet this unit, loss of the gas 

pressure drop turbine 

Turbine 
Transforms the energy from the hot gases into torque for the generator 
Continuous 

Cause 
Effect 

Component Plant 

Wear of sealings 

Exhaust gases leakage Reduced electrical power 

Corrosion output of this unit 

Corrosion Less efficient transforming of Reduced or no electrical 
energy power output of this unit 

Leaking fuel valve in 
Fire or explosion damage to No electrical power output of 

system with a motor 
the turbine this unit, fire , explosion, loss of 

driven fuel pump gas trubine 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Frequency of 
Duration occurrence Risk 

#/year Ranked Month Ranked 

Countermeasures 

Maintenance, use 
of less corrosive 

materials 

Countermeasures 

Non-return valve 

Countermeasures 

Maintenance 
Maintenance, 
usage of less 

corrosive 
materials 

Maintenance, 
usage of less 

corrosive 
materials 

Miantenance 
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Fire or explosion 
during normal 

operation 

Fire or explosion 
during fuel switchover 

Turbine blades fracture 
near mid span 

Blade fracture after 
extensive fatigue crack 

progression 

Extensive high-cycle 
fatigue crack 

progression leading to 
fracture 

Creep-rupture of the 
rotating blades 

Creep of stationary 
and rotating 
components 

Component: 

Function: 

Normal operation mode: 

Failure mode 

Seizing of bearing 

fracture of bearing 
cage 

Spalling of rolling 
elements 

No electrical power output of 
engine flame out during Fire or explosion damage to 

normal operation the turbine 
this unit, fire, explosion , loss of 

gas trubine 

Uncontrolled ignition 
Fire or explosion damage to 

No electrical power output of 
during or after fuel 

the iurbine 
this unit, fire , explosion , loss of 

switchover gas trubine 

Creep of blades due to 
Blades break off, no energy No electrical power output of 

high temperature and 
transformation this unit 

long-time operation 

Resonant blade vibration 
Blades break off, no energy No electrical power output of 

transformation this unit 

Resonant blade vibration 
Blades break off, no energy No electrical power output of 

transformation this unit 

Blades break off, no energy No electrical power output of 
Overheating of blades 

transformation this unit 

excessive temperature of Blades break off, no energy No electrical power output of 
affected parts transformation this unit 

Journal bearing 

holding the shaft of the turbine on a fixed position at minimal friction 

Continuous 

Cause 
Effect 

Component Plant 

Excessive friction, fatigue Damage to the 
No electrical power output of this unit 

of rolling elements shaft 

Excessive friction, fatigue Damage to the 
No electrical power output of this unit 

of rolling elements shaft 

Excessive friction, fatigue Damage to the 
No electrical power output of this unit 

of rolling elements shaft 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

Continuous 
ignition system, 
air temperature 

sensor 

Temperature 
measurments, 
maintenance 

Vibration 
measurement, 

ultra sane 
inspection tools 

Vibration 
measurement, 

ultra sane 
inspection tools 

Temperature 
measurments, 
maintenance 

Temperature 
measurments , 
maintenance 

Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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Component: Journal bearing 
Function: holding the shaft of the turbine on a fixed position at minimal friction 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Loss of lubrication to 
bearings 

lnsuficient oil flow to 
bearings 

Wiping of journal Contaminated lube oil 
too few Reduced or no electrical power output of this 

bearing 
revolutions, can unit 
lead to fracture 

Bearing deterioration 
from various causes 

Failure of auxiliary and 
emergency lube oil 

pumps upon trip 

Loss of lubrication to 
bearings 

lnsuficient oil flow to 
bearings 

Scoring of journal Contaminated lube oil too few Reduced or no electrical power output of this revolutions, can 
bearing Bearing deterioration lead to fracture unit 

from various causes 

Failure of auxiliary and 
emergency lube oil 

pumps upon trip 

co ..... 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 
Countermeasures 

Maintenance 

Maintenance 
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Component: Fuel valve 
Function: Lets the right amount of fuel flow to the fuel inlet 
Normal operation mode: Continuous 

Failure mode Cause 
Component 

Blockage/plugged 

Control failure 

Instrument failure general 

Leakage 

Failure to close Material damage Fails to operate its function 
Material deterioration 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 
Material damage 

Internal leakage 
Material deterioration 

Fails to operate its function 
Material failure - general 

Mechanical defect 

Contamination 

Control failure 

Faulty operation 

Instrument failure general 

Leakage 
Failure to open Material damage Fails to operate its function 

Material deterioration 

Mechanical defect 
Mechanical failure -

aeneral 
Out of adjustment 

Effect Frequency of 
occurrence 

Plant #/year Ranked 

1,89E-03 

5,60E-03 

1,03E-02 

9,44E-04 
No electrical power output of 3,71 E-03 

the unit 
3,71 E-03 

4,65E-03 

1,58E-02 

7,42E-03 

1,89E-03 

No electrical power output of 6,23E-02 
the unit 2,14E-02 

1,89E-03 

9,44E-04 

1,89E-03 

9,44E-04 

2,77E-03 

Reduced or no electrical 1,89E-03 

power output of this unit 2,77E-03 

9,44E-04 

6,48E-03 

5,60E-03 

2,77E-03 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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Component: Fuel valve 

Function: Lets the right amount of fuel flow to the fuel inlet 

Normal operation mode: Continuous 

Failure mode Cause 
Component 

Blockage/plugged 

Leakage 

Material damage 

Material deterioration 
leak in closed position 

Material failure - general 
Fails to operate its function 

Mechanical defect 
Mechanical failure -

aeneral 

Out of adjustment 

Blockage/plugged 

Control failure 

Leakage 

Material damage 
Fails to operate its function, 

leak to environment Material deterioration (hot) water leakage 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 
Blockage/plugged 

Control failure 
Faulty 

sianal/indication/alarm 

delayed operation 
Material damage 

Fails to operate its function 
Material deterioration 

Material failure - general 

Mechanical defect 

Mechanical failure -
aeneral 

Effect 
Frequency of 
occurrence 

Plant #/year Ranked 

9,44E-04 

2,77E-03 

3,71 E-03 

No electrical power output of 1,11E-01 

the unit 7,42E-03 

1,30E-02 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

Reduced or no electrical 
3,71 E-03 

power output of this unit 5,29E-02 

7,42E-03 

8,36E-03 

9,44E-04 

1,89E-03 

2,77E-03 

9,44E-04 

Reduced output for a certain 9,44E-04 
period 9,44E-04 

5,60E-03 

2,77E-03 

1,89E-03 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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Component: Shaft 

Function: Transfers the torque to the generator 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Fatigue No electrical power output of 
Broke No torque transfer this unit 

False alionment 

High friction in False alionment Reduced electrical power 

bearings Wear 
Reduced torque transfer output of this unit, excessive 

wear to the bearinas 

Frequency of 
occurrence Duration 

#/year Ranked Month Ranked 

Risk Countermeasures 

Vibration 
measurement 
Maintenance 

Maintenance 

::0 
iii ' 

" Ill 
(J) 
(J) 
CD 
(J) 
(J) 

3 
CD 
;a. 
0 -Ill 



Q) 
01 

B.4 Heat recovery steam generator 
Component Heat recovery steam generator (HRSG) 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Electrical power output of the 

Reduced output of super 
unit is reducing and if the 

No hot gases from GT 
heated steam 

burner does not start again 
there will be no electrical 

output of the unit 

Leakage in super heater 
Reduced output or no output 

Reduced output, no output, 

of super heated steam, super 
super heated steam flowing 

out, too less revolutions of the 
Leakage in reheater heated steam flowing out 

steam turbine 

Reduced output, no output, 
Reduced output or no output 

Leakage in drum of super heated steam, water 
water steam mixture flowing 

out, too less revolutions of the 
steam mixture flowing out 

steam turbine 
Low steam pressure 

Reduced output, no output, too 
No/ less steam return Reduced output or no output 

less revolutions of the steam 
from steam turbine of super heated steam 

turbine 

Fouling and slagging of Reduced output or no output 
Reduced output, no output, too 

less revolutions of the steam 
super heater or reheater of super heated steam 

turbine 

Combustion gases flowing into 
Reduced output of super 

enclosure rupture 
heated steam 

the plant, Fuel flowing into the 
plant 

Reduced output or no output 
Reduced output, no output, too 

Low water level less revolutions of the steam 
of super heated steam 

turbine 
Electrical power output of the 

Low steam Reduced output or no output 
unit is reducing and if the 

temperature 
GT stopped 

of super heated steam 
burner does not start again 
there will be no electrical 

output of the unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials, water 

treatment 
Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of different kinds 

of fuel 

Maintenance, use 
of ultra sone 

inspection tools, 
use of less 
corrosive 
materials 

Maintenance 
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Component Heat recovery steam generator (HRSG) 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

No output of super heated No electrical power output of Burner does not burn 
steam the unit 

Leakage in super heater 
No output of super heated 

steam, super heated steam No electrical power output of 
this unit 

Leakage in reheater flew out 

Reduced output of super 

Leakage in drum heated steam, water steam Reduced or no electrical 
mixture flowing into the plant, power output of this unit 

more water consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical 
No steam 

Leakage in economizer mixture flowing into the plant 
power output of this unit or HRSG, more water 

consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical Leakage in evaporator mixture flowing into the plant 
power output of this unit or HRSG, more water 

consumotion 

Reduced output of super Combustion gases flowing into 
Enclosure rupture heated steam, reduced burner the plant, Fuel flowing into the 

efficiency plant 

No water No output of super heated No electrical power output of 
steam this unit 

No steam return from No output of super heated No electrical power output of 
steam turbine steam this unit 

Frequency of Duration occurrence Risk 
#/year Ranked Month Ranked 

Countermeasures 

Maintenance, 
backup ignition 

svstem 
Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials, water 

treatment 
Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Use of less 
corrosive 
materials, 

maintenance, use 
of ultra sone 

inspection tools 
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Component Heat recovery steam generator (HRSG) 

Function : Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Water valve fails to open 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

Water valve has a 
Reduced output of super Reduced electrical power 

delayed operation 
heated steam for a certain output of this unit for a certain 

period period 

No external water supply 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

No water return from Reduced output of super Reduced or no electrical 
condenser heated steam power output of this unit 

Reduced output of super 

Leakage in drum 
heated steam, water steam Reduced or no electrical 

mixture flowing into the plant, power output of this unit 
more water consumption 

Reduced output of super 
Low water level heated steam, water steam 

Reduced or no electrical 
Leakage in economizer mixture flowing into the plant 

power output of this unit 
or HRSG, more water 

consumption 

Reduced output of super 
heated steam, water steam 

Reduced or no electrical 
Leakage in evaporator mixture flowing into the plant 

power output of this unit 
or HRSG, more water 

consumption 
Reduced output of super 

Reduced or no electrical 
Pump external leakage heated steam, (hot) water 

power output of this unit 
leakage 

Leakage to environment Reduced output of super 
Reduced or no electrical 

in water valve 
heated steam, (hot) water 

power output of this unit 
leakage 

Water valve fails to open 
Reduced output of super Reduced or no electrical 

heated steam power output of this unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

2,70E-02 

1,77E-02 

2,21E+OO 

7,62E-02 

2,70E-02 

Countermeasures 

Maintenance 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials , water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, 
back up pump 

Maintenance 

Maintenance )> 
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Component Heat recovery steam generator (HRSG) 

Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Water valve leaks in 
Reduced a no output of super 

Reduced or no electrical 
closed position 

heated ste11m, (hot) water 
power output of this unit 

leakage 

No external water supply 
Reduced a no output of super Reduced a no electrical power 

heated steam output of this unit 

No water return from Reduced a no output of super Reduced a no electrical power 
condenser heated steam output of this unit 

Reduced a no output of super 
heated steam , water steam 

Reduced a no electrical power 
Leakage in drum mixture flowing into the plant 

or HRSG, more water 
output of this unit 

consumption 

Reduced a no output of super 
No water heated steam , water steam 

Leakage in economizer mixture flowing into the plant 
Reduced or no electrical 

or HRSG, more water 
power output of this unit, 

consumption 

Reduced a no output of super 
heated steam , water steam 

Reduced a no electrical power Leakage in evaporator mixture flowing into the plant 
or HRSG, more water 

output of this unit 

consumption 

Pump external leakage 
Reduced a no output of super Reduced a no electrical power 

heated steam output of this unit 

Leakage to environment Reduced a no output of super Reduced a no electrical power 
in water valve heated steam output of this unit 

Too high steam 
Water pressure too high Tube rupture, Too much super Too many revolutions of the 

pressure heated steam steam turbine 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

1,41E-01 

2,21E+OO 

7,62E-02 

Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance, use 
of less corrosive 
materials, use of 

less erosive 
materials 

Maintenance, 
back up pump 

Maintenance 
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Component Heat recovery steam generator (HRSG) 
Function: Produce super heated steam for the steam turbine 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Pump failed while running 
Reduced output of super Reduced electrical power 

heated steam output of this unit 

Reduced output of super Reduced electrical power 
Low water pressure Pump external leakage heated steam, (hot) water output of this unit 

leakage 

Leakage to environment 
Reduced output of super Reduced electrical power heated steam, (hot) water 

in valve leakage output of this unit 

Water valve fails to close 
Tube rupture, Too much super No output, Too many 

Water pressure too heated steam revolutions of steam turbine 

high Water valve leaks in Tube rupture, Too much super No output, Too many 
closed position heated steam revolutions of steam turbine 

Component: Drum 
Function: Separates water from steam to produce dry steam from wet steam 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Erosion Water or saturated steam 
Leakage leaks a way, not enough dry 

Reduced or no electrical 
power output of this unit 

Corrosion 
steam will be produced 

Frequency of 
occurrence Duration 

#/year Ranked Month Ranked 

9,57E-01 

2,21E+OO 

7,62E-02 

5,40E-02 

1,41E-01 

Frequency of Duration 
occurrence 

#/year Ranked Month Ranked 

Risk Countermeasures 

Maintenance, 
back up pump 

Maintenance, 
back up pump 

Maintenance 

Maintenance 

Maintenance 

Risk Countermeasures 

maintenance, use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 

materials 
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Component: Enclosure 
Function: Provides the several heat exchangers, such as economizer and super heater, a place for an optimal interaction with the combustion gases 
Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Combustion gases flowing out Combustion gases flowing into 

Corrosion 
the plant 

Air sucked into the enclosure Burner efficiency reduced 

rupture 
Fuel leaks Fuel flowing into the plant 

Combustion gases flowing out 
Combustion gases flowing into 

the plant 
Fatique 

Air sucked into the enclosure Burner efficiency reduced 

Fuel leaks Fuel flowing into the plant 

Component: Economizer 
Function: To preheat water before entering the boiler drum 

Normal operation mode: Continuous 

Effect 
Frequency of Duration 

Failure mode Cause occurrence 
Component Plant #/year Ranked Month Ranked 

Erosion Reduced or no electrical 
Reduced or no preheated power output of this unit, water 

Leakage water will entering the boiler steam mixture flowing into the 
Corrosion 

drum plant, more water consumption 

Risk Countermeasures 

Use of less 
corrosive 
materials, 

maintenance 

Maintenance, use 
of ultra sone 

inspection tools 

Risk Countermeasures 

Miantenance, use 
of less erosive 

materials 
Miantenance, use 
of less corrosive 
materials, water 

treatment 
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Component Super heater 

Function: Heats the high-pressure steam from its saturation temperature and pressure to a higher specified temperature and pressure 
Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence Risk Countermeasures 

Component Plant #/year Ranked Month Ranked 

Maintenace, use 
Erosion Superheated steam flows out, Reduced or no electrical of less erosive 

power output of this unit, super materials 
Leakage less or no super heated steam 

heated steam flowing into the Maintenance, use production, low steam 
Corrosion pressure plant or boiler, more water of less corrosive 

usage materials. water 
treatment 

Reduced or no electrical 
power output of this unit, super Maintenance, use 

Fouling and slagging Fly ash deposite Low steam pressure, corrosion heated steam flowing into the of different kinds 
plant or boiler, more water of fuel 

usaoe 

Component: Reheater 

Function: Heats the partially expanded low-pressure steam to the designed high temperature 

Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence Risk Countermeasures 

Component Plant #/year Ranked Month Ranked 

Maintenace, use 
Erosion Superheated steam flows out, Reduced or no electrical of less erosive 

power output of this unit, super materials 
Leakage less or no super heated steam 

heated steam flowing into the Maintenance, use production, low steam 
Corrosion pressure plant or boiler, more water of less corrosive 

usage materials , water 
treatment 

Reduced or no electrical 
power output of this unit, super Maintenance, use 

Fouling and slagging Fly ash deposite Low steam pressure, corrosion heated steam flowing into the of different kinds 
plant or boiler, more water of fuel 

usaoe 
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Component: Evaporator 
Function: heats the preheated water to produce wet steam (water-steam mixture) 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Erosion No steam, low water level, no No output, reduced output, 
Leakage water, mixture of steam and water steam mixture flowing 

Corrosion 
water flows out out 

Component: Water pump 
Function: That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Faulty operation 

Leakage 

External leakage Material damage Water leakage, water pressure Reduced or no electric power 
lower output of this unit 

Material deterioration 

Material failure - general 

Mechanical defect 
Mechanical failure -

qeneral 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

1,84E-02 

1,84E-02 

1, 16E-02 

7,07E-01 

8, 14E-02 

7,82E-01 

8,73E-02 

4,38E-01 

6,88E-02 

Risk Countermeasures 

Maintenance. use 
of less erosive 

materials 
Maintenance, use 
of less corrosive 

materials 

Risk Countermeasures 

Maintenance. 
back up pump 
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Component: 

Function: 
Normal operation mode: 

Failure mode 

Failed to start 

Water pump 

That the water pressure in the boiler has the right pressure 

Occasionally 

Cause 
Effect 

Component Plant 

Contanimation 

Control failure 

Earth fault 

Electrical failure - general 

Faulty operation 
Faulty 

sional/indication/alarm 
Instrument failure - Water pressure lower 

Reduced or no electric power 

oeneral output of this unit 

Material damage 

Mechanical defect 
Mechanical failure -

general 

Open circuit 

Out of adjustment 

Short circuiting 

Frequency of 
occurrence 

#/year Ranked 

5,82E-03 

1,26E-02 

1,84E-02 

3, 10E-02 

1,26E-02 

2,52E-02 

1,26E-02 

5,82E-03 

4,36E-02 

5,82E-03 

2,?0E-01 

3,10E-02 

1,84E-02 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance. 
back up pump 
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Component: 

Function : 
Normal operation mode: 

Failure mode 

Failed while running 

Water pump 

That the water pressure in the boiler has the right pressure 

Occasionally 

Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Earth fault 

Electrical failure - general 

Faulty operation 

Faulty 
signal/indication/alarm 

Instrument failure - Water pressure lower 
Reduced or no electric power 

aeneral output of this unit 

Leakage 

Material damage 

Material deterioration 

Mechanical defect 

Mechanical failure -
aeneral 

Open circuit 

Out of adjustment 

Short circuiting 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

3,78E-02 

1,84E-02 

1,84E-02 

1,84E-02 

1,26E-02 

5,04E-02 

5,62E-02 

2,44E-01 

5,62E-02 

5,82E-03 

1,25E-01 

6,88E-02 

6,88E-02 

3, 10E-02 

3,78E-02 

6,30E-02 

4,36E-02 

Risk Countermeasures 

Maintenance, 
back up pump 
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Component: Water pump 
Function: That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Faulty operation 
Faulty 

Water pressure lower for a 
Low output signal/indication/alarm Reduced electric power output 

Leakage short period of time for a short period of time 

Material damage 

Material deterioration 

Mechanical defect 
Mechanical failure -

general 

No power/voltage 

Component: Water valve 

Function: Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Control failure 

Instrument failure general 

Leakage 

Failure to close Material damage Fails to operate its function No electrical power output of 
the unit 

Material deterioration 

Material failure - general 

Mechanical defect 
Mechanical failure -

general 

Frequency of Duration 
occurrence Risk Countermeasures 

#/year Ranked Month Ranked 

3, 10E-02 

1,26E-02 

1,26E-02 

1,25E-01 

5,62E-02 

1,84E-02 Maintenance, 

5,82E-03 back up pump 

3,10E-02 

3, 10E-02 

5,04E-02 

3,10E-02 

5,82E-03 

Frequency of Duration 
occurrence Risk Countermeasures 

#/year Ranked Month Ranked 

1,89E-03 

5,60E-03 

1,03E-02 

9,44E-04 

3,71 E-03 Maintenance 
3,71 E-03 

4,65E-03 

1,58E-02 

7,42E-03 
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Component: Water valve 
Function : Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Material damage 

Internal leakage Material deterioration Fails to operate its function No electrical power output of 

Material failure - general the unit 

Mechanical defect 

Contamination 

Control failure 

Faulty operation 

Instrument failure general 

Leakage Reduced or no electrical 
Failure to open Material damage Fails to operate its function power output of this unit 

Material deterioration 

Mechanical defect 
Mechanical failure -

general 
Out of adjustment 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

1,89E-03 

6,23E-02 

2, 14E-02 

1,89E-03 

9,44E-04 

1,89E-03 

9,44E-04 

2,77E-03 

1,89E-03 

2,77E-03 

9,44E-04 

6,48E-03 

5,60E-03 

2,77E-03 

Risk Countermeasures 

Maintenance 

Maintenance 
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Component: Water valve 

Function: Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Leakage 

Material damage 

Material deterioration No electrical power output of 
leak in closed position 

Material failure - general 
Fails to operate its function 

the unit 

Mechanical defect 
Mechanical failure -

oeneral 

Out of adjustment 

Blockage/plugged 

Control failure 

Leakage 

Material damage 
Fails to operate its function, Reduced or no electrical 

leak to environment Material deterioration (hot) water leakage power output of this unit 
Material failure - general 

Mechanical defect 

Mechanical failure -
Qeneral 

Blockage/plugged 

Control failure 

Faulty 
sional/indication/alarm 

delayed operation 
Material damage 

Fails to operate its function Reduced output for a certain 
Material deterioration period 

Material failure - general 

Mechanical defect 
Mechanical failure -

general 

Frequency of 
occurrence 

#/year Ranked 

9,44E-04 

2,77E-03 

3,71E-03 

1, 11 E-01 

7,42E-03 

1,30E-02 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

9,44E-04 

3,71 E-03 

5,29E-02 

7,42E-03 

8,36E-03 

9,44E-04 

1,89E-03 

2,77E-03 

9,44E-04 

9,44E-04 

9,44E-04 

5,60E-03 

2,77E-03 

1,89E-03 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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B. 5 Generator 
Compopnent: Generator 
Function: Produce electricity from the torque generated by the steam turbine or gasturbine 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Too less revolutions High friction in bearings No electrical power output No electrical power output 

Bearings break No electrical power output No electrical power output 

No revolutions 

Shaft breaks No electrical power output No electrical power output 

Frequency of 
occurrence Duration 

#/year Ranked Month Ranked 
Risk Countermeasure 

Maintenance, 
use of less 

erosive 
materials, use of 

less corrosive 
materials, better 

electric 
insulation, back 

up lube oil 
svstem 

Maintenance, 
bearing oil outlet 

temperature 
measurement, 

metal 
temperature 

measurement, 
oil inlet pressure 
measurement, 

lubrication back 
up system, 
inspection 

Maintenance, 
vibration 

measurement 
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Compopnent: Generator 
Function: Produce electricity from the torque generated by the steam turbine or gasturbine 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Rotor windings earth 
No electrical power output No electrical power output 

failure 

Stator windings earth 
No electrical power output No electrical power output 

failure 

Exciter does not No electrical power output No electrical power output 
energize the rotor 

Too high stator 
No electrical power output No electrical power output 

temperature 

No current 

Too high rotor 
No electrical power output No electrical power output 

temperature 

Coupling between 
generator and exciter No electrical power output No electrical power output 

defect 

Cable between 
generator and exciter No electrical power output No electrical power output 

defect 

Unbalcend load faults No electrical power output No electrical power output 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 
Countermeasure 

Maintenance of 
isullation, earth 
fault protection 

svstem 
Maintenance of 
isullation, earth 
fault protection 

svstem 

Hydrogen 
pressure 

measurements, 
Maintenance of 
sealing, back up 

coolinQ 
Hydrogen 
pressure 

measurements, 
Maintenance of 
sealing , back up 

coolina 

Maintenance 

Maintenance, 
fire protection 

system 
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Component: Stator 
Function: Carrying the output winding, providing a low reluctance path for the magnetic flux, and withstands the torque produced 
Normal operation mode: Continuous 

Effect Frequency of Duration Risk Countermeasure 
Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Maintenance of 
Stator winding earth Insulation failure No current output 

No electrical power output of isullation, earth 
fault this unit fault protection 

system 

Component: Rotor 

Function: 
Carrying the excitation winding, provide a low reluctance path for the magnetic flux , and transfer the rated torque from the turbine to the electromagnetic reaction at 
the air gap 

Normal operation mode: 

Failure mode 

Winding earth failure 

Compponent: 
Function: 
Normal operation mode: 

Failure mode 

Too high stator 
temperature 

Continuous 

Cause 
Effect 

Component Plant 

insulation failure 
No or less flux regerated by No electrical power output of 

the rotor 

Cooling 
Cooling the rotor and stator with hydrogen 
Continuous 

Cause 
Component 

Leakage in Housing Reduced cooling 

Cooling H2 failed No cooling 

this unit 

Effect 

Plant 

No electrical power output of 
this unit 

Frequency of Duration 
occurrence Risk Countermeasure 

#/year Ranked Month Ranked 

Maintenance of 
isullation, earth 
fault protection 

system 

Frequency of Duration 
occurrence Risk Countermeasure 

#/year Ranked Month Ranked 

Hydrogen 
pressure 

measurements, 
Maintenance of 

sealing 

Back up cooling 
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Compponent: Cooling 
Function: Cooling the rotor and stator with hydrogen 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Too high rotor Leakage in Housing Reduced cooling No electrical power output of 
temperature this unit 

Cooling H2 failed No cooling 

Component: Housing 
Function: Provides a casing for the generator which has no open connection to the out side world 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Leak in housing Wear of sealing Less H2, High temperature of No electrical power output of 
rotor or stator this unit 

__. 
0 __. 

Frequency of 
occurrence Duration 

#/year Ranked Month Ranked 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

Risk Countermeasure 

Hydrogen 
pressure 

measurements, 
Maintenance of 

sealing 

Back up cooling 

Risk Countermeasure 

Maintenance of 
sealing 
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Component: Exciter 
Function: generates the electricity required for inducing the magnetic field of the rotor 
Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Exciter rectifier bridge- No excitation of the rotor No electrical power output of 
arm failure this unit 

Exciter does not 
energize the rotor 

Loss of excitation [LIT 
No excitation of the rotor 

No electrical power output of 
1991] this unit 

Component: Journal bearing 

Function: Carries the shaft of the steam turbine to hold the steam turbine in place at low friction 

Normal operation mode: continuous 

Failure mode Cause 
Effect 

Component Plant 

Wear Too few revolutions 

Corrosion Too few revolutions 

High friction Electrical erosion Too few revolutions 
No or reduced electrical power 

output of the unit 

No lubrication oil Too few revolutions 

Lubrication oil is leaking 
Too few revolutions away 

Frequency of Duration 
occurrence Risk 

#/year Ranked Month Ranked 

Frequency of Duration 
occurrence Risk 

#/year Ranked month Ranked 

Countermeasur 
e 

Countermeasures 

Maintenance 

Maintenance, use 
of less corrosive 

materials 

Maintenance, use 
of less erosive 

materials, better 
electric insulation 

Maintenance, 
lubrication back 

up system 

Maintenance 
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Component: 

Function: 

Normal operation mode: 

Failure mode 

Breaks 

Journal bearing 

Carries the shaft of the steam turbine to hold the steam turbine in place at low friction 

continuous 

Cause 
Effect 

Component Plant 

Wear 

No lubrication oil Cannot carrie the shaft 
No electrical power output of 

the unit 

Lubrication oil is leaking 
away 

Frequenfy of 
occurrence 

Duration 

#/year Ranked month Ranked 
Risk Countermeasures 

Maintenance, 
bearing oil outlet 

temperature 
measurement, 

metal 
temperature 

measurement 
Maintenance, 

bearing oil outlet 
temperature 

measurement, 
metal 

temperature 
measurement, oil 

inlet pressure 
measurement, 

lubrication back 
up system 

Maintenance, 
bearing oil outlet 

temperature 
measurement, 

metal 
temperature 

measurement, 
inspection 
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Component: Coupling 
Function: Make a fixed coupling possible between the different parts of the generator and between generator and other parts of the power plant 
Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Coupling between 
No electrical power output of generator and exciter Wear, aging No excitation of the rotor this unit defect 

Component: Cables 
Function: provide the interconnection between the exciter and the generator 
Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence 

Component Plant #/year Ranked Month Ranked 

Fire No electrical power output of 
this unit, Fire 

Cable between No electrical connection 
generator and exciter between exciter and No electrical power output of 

defect Aging generator this unit 

Insulation failure No electrical power output of 
this unit 

Risk Countermeasure 

Maintenance 

Risk Countermeasure 

Fire protection 
system 

Maintenance 

Maintenance 

;;o 
c;;· 
:>I"" 
Q) 
(/) 
(/) 

Cl> 
(/) 
(/) 

3 
Cl> 
;:?. 
0 -Q) 

-a 

~ 
-a 
ill 
;:?. 

)> 
-a 
-a 
Cl> 
:::J 
0.. x· 
OJ 



...... 
0 
(JI 

Component: Shaft 

Function: Transfers the torque to the generator 

Normal operation mode: Continuous 

Failure mode Cause 

Component 

Broke Fatigue No torque transfer 
False alianment 

High friction in False alianment 

bearings Wear 
Reduced torque transfer 

Effect 
Frequency of Duration occurrence Risk Countermeasures 

Plant #/year Ranked Month Ranked 

No electrical power output of Vibration 

this unit measurement 
Maintenance 

Reduced electrical power 
output of this unit, excessive Maintenance 

wear to the bearinas 
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B. 6 Transformer 
Component: 

Function: 

Normal operation mode: 

Failure mode 

No current 

Step up transformer 

Transformer transforms the electrical energy from one voltage to another higher voltage so that the electric energy can be transported more economically over a 
larger distance 

Continuous 

Effect 
Frequency of 

Duration 
Cause occurrence Risk Countermeasures 

Component Plant #/year Ranked Month Ranked 

Gas in oil 

No electrical power output, No electrical power output of 
analysis, gas 

Coil short circuit 
loss of transformer this unit 

analysis, 
conductivity 

measurements 

No electrical power output, No electrical power output of 
Use of back up 

Electrical ground fault 
fire, high oil temperature this unit, fire 

switch, switch off 
procedures 

Partial discharge in the 
No electrical power output 

No electrical power output of Gas in oil 
coil this unit analysis 

Flash over in bushing No electrical power output 
No electrical power output of Cleaning 

this unit (maintenance) 

Flash over at the outside 
No electrical power output 

No electrical power output of Cleaning 
of the bushing this unit (maintenance) 

Flash over between 
No electrical power output of Gas in oil 

flexible internal No electrical power output 
connections 

this unit analysis 

Potential distribution not 
No electrical power output 

No electrical power output of Gas in oil 
correct this unit analysis 

Distortion of the coil No electrical power output 
No electrical power output of Gas in oil 

this unit analysis 

Flexible internal 
No electrical power output of Gas in oil 

connections are loos or No electrical power output 
brake off 

this unit analysis 

Too high coil 
No electrical power output 

No electrical power output of Temperature 
temperature this unit measurements 

Too high oil temperature 
No electrical power output, No electrical power output of Temperature 

fire this unit, fire measurements 

Low oil level 
No electrical power output, No electrical power output of Oil level 

fire this unit, fire measurement 
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Component: 

Function: 

Normal operation mode: 

Failure mode 

Reduced current 

Incorrect voltage 
output 

Step up transformer 

Transformer transforms the electrical energy from one voltage to another higher voltage so that the electric energy can be transported more economically over a 
larger distance 

Continuous 

Effect 
Frequency of Duration 

Cause occurrence Risk Countermeasures 
Component Plant #/year Ranked Month Ranked 

Deterioration of the 
Reduced electrical power Reduced electrical power 

Measurement of 
electric insulation of the the break down 

oil 
output output of this unit 

voltage 

Bad conductivity at Reduced electrical power Reduced electrical power Maintenance 
contacts of bushings output output of this unit 

High oil temperature 
Reduced electrical power Reduced electrical power Temperature 

output, fire output of this unit, fire measurements 

Low oil level 
Reduced electrical power Reduced electrical power Oil level 

output, fire output of this unit, fire measurement 

Wrong position of the Electrical power output but at No electrical power output of Maintenance 
tap changer the wrong voltage this unit 
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B. 7 Condenser and cooling tower 
Component: Condenser and cooling tower 

Function : Cooling the water steam mixture to the right temperature 

Normal operation mode: Continuous 

Failure mode Cause 
Effect 

Component Plant 

Water valve failed to too high temperature of water No electric power out put of 
open steam mixture this unit 

Pump failed while running 
too high temperature of water No electric power out put of 

steam mixture this unit 

No cooling 

Leakage in piping 
too high temperature of water No electric power out put of 

steam mixture this unit 

No external water 
too high temperature of water No electric power out put of 

steam mixture this unit 

Water valve failed to 
Reduced cooling capacity 

Reduced electric power output 
open of this unit 

Pump has external 
Reduced cooling capacity 

Reduced electric power output 
leakage of this unit 

Pump has low output Reduced cooling capacity 
Reduced electric power output 

of this unit 

Fouling in piping Reduced cooling capacity 
Reduced electric power output 

Reduced cooling 
of this unit 

Leakage in piping Reduced cooling capacity 
Reduced electric power output 

of this unit 

Low external water 
Reduced cooling capacity 

Reduced electric power output 
pressure of this unit 

Reduced cooling for Water valve delayed Reduced cooling capacity Reduced electric power output 
short period of time operation during a short period of time of this unit 

Frequency of 
Duration 

occurrence Risk 
#/year Ranked Month Ranked 

2,70E-02 

9,57E-01 

2,70E-02 

2,21E+OO 

4,11 E-01 

1,77E-02 

Countermeasure 

Maintenance 

Maintenance, 
back up pump 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance 

Maintenance, 
back up pump 

Maintenance, 
back up pump 

Maintenance, 
water treatment 

Maintenance, use 
of less corrosive 
materials, water 
treatment, use of 

less erosive 
materials 

Maintenance 
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Component: Condenser and cooling tower 
Function: Cooling the water steam mixture to the right temperature 

Normal operation mode: Continuous 

Effect Frequency of Duration 
Failure mode Cause occurrence Risk Countermeasure 

Component Plant #/year Ranked Month Ranked 

Water valve failed to 
Water leakage, and fixing the 

close 
valve requires a shut down of No effect 5,40E-02 Maintenance 

Basin of cooling tower the unit 
is flowing over (no 

environmental causes) 
Valve leaks in closed 

Water leakage, and fixing the 

position 
valve requires a shut down of No effect 1,41E-01 Maintenance 

the unit 

Component: Pipes 

Function: 
transfer the cooling water and provide a large surface to have an optimal interchange of heat between the cooling water and the steam-water mixture from the steam 
turbine 

Normal operation mode: Continuous 

Effect 
Frequency of Duration 

Failure mode Cause occurrence Risk Countermeasure 
Component Plant #/year Ranked Month Ranked 

Leakage 
Reduced or no cooling of the Reduced or no electrical Maintenance, 

Deposit attack steam-water mixture power output, more cooling water treatment 
water usage 

Maintenance, use 
corrosion impingement of less corrosive 

materials 

Maintenance, use 
Hot spot corrosion of less corrosive 

materials 

Maintenance, use 
Stress corrosion cracking of less corrosive 

materials 

Maintenance, use 
Corrosion fatigue of less corrosive 

materials 
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Component: 

Function: 

Normal operation mode: 

Failure mode 

Fouling 

Pipes 

transfer the cooling water and provide a large surface to have an optimal interchange of heat between the cooling water and the steam-water mixture from the steam 
turbine 
Continuous 

Effect 
Frequency of 

Duration 
Cause occurrence Risk Countermeasure 

Component Plant #/year Ranked Month Ranked 

Maintenance, use 
Steam side ammonia of less corrosive 

corrosion materials, water 
treatment 

Use of less 
Erosion impingement erosive materials, 

maintenance 

Algal growth Reduced cooling of the steam- Reduced electrical power Maintenance, 
water mixture output, pump failure water treatment 
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Component: Water pump 

Function: That the water pressure in the boiler has the right pressure 

Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Faulty operation 

Leakage 

External leakage Material damage Water leakage, water pressure Reduced or no electric power 

Material deterioration 
lower output of this unit 

Material failure - general 

Mechanical defect 

Mechanical failure -
11eneral 

Contanimation 

Control failure 

Earth fault 

Electrical failure - general 

Faulty operation 
Faulty 

si11nal/indication/alarm 

Failed to start Instrument failure - Water pressure lower 
Reduced or no electric power 

11eneral output of this unit 

Material damage 

Mechanical defect 
Mechanical failure -

11eneral 
Open circuit 

Out of adjustment 

Short circuiting 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

1,84E-02 

1,84E-02 

1, 16E-02 

7,07E-01 

8, 14E-02 

7,82E-01 

8,73E-02 

4,38E-01 

6,88E-02 

5,82E-03 

1,26E-02 

1,84E-02 

3, 10E-02 

1,26E-02 

2,52E-02 

1,26E-02 

5,82E-03 

4,36E-02 

5,82E-03 

2,70E-01 

3, 10E-02 

1,84E-02 

Risk Countermeasures 

Maintenance, 
back up pump 

Maintenance, 
back up pump 
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Component: Water pump 

Function: That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Earth fault 

Electrical failure - general 

Faulty operation 
Faulty 

sianal/indication/alarm 

Failed while running Instrument failure - Water pressure lower Reduced or no electric power 
aeneral output of this unit 

Leakage 

Material damage 

Material deterioration 

Mechanical defect 
Mechanical failure -

aeneral 
Open circuit 

Out of adjustment 

Short circuiting 

Frequericy of 
occurrence 

Duration 

#/year Ranked Month Ranked 

3,78E-02 

1,84E-02 

1,84E-02 

1,84E-02 

1,26E-02 

5,04E-02 

5,62E-02 

2,44E-01 

5,62E-02 

5,82E-03 

1,25E-01 

6,88E-02 

6,88E-02 

3,10E-02 

3,78E-02 

6,30E-02 

4,36E-02 

Risk Countermeasures 

Maintenance, 
back up pump 
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Component: Water pump 
Function: That the water pressure in the boiler has the right pressure 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Contanimation 

Control failure 

Degraded performance 

Faulty operation 
Faulty 

Water pressure lower for a Reduced electric power output 
Low output sianal/indication/alarm 

Leakage short period of time for a short period of time 

Material damage 

Material deterioration 

Mechanical defect 
Mechanical failure -

aeneral 
No power/voltage 

Component: Water valve 
Function: Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Control failure 

Instrument failure general 

Leakage 

Failure to close Material damage Fails to operate its function 
No electrical power output of 

Material deterioration 
the unit 

Material failure - general 

Mechanical defect 
Mechanical failure -

general 

Frequency of 
occurrence 

#/year Ranked 

3, 10E-02 

1,26E-02 

1,26E-02 

1,25E-01 

5,62E-02 

1,84E-02 

5,82E-03 

3, 10E-02 

3, 10E-02 

5,04E-02 

3, 10E-02 

5,82E-03 

Frequency of 
occurrence 

#/year Ranked 

1,89E-03 

5,60E-03 

1,03E-02 

9,44E-04 

3,71 E-03 

3,71 E-03 

4,65E-03 

1,58E-02 

7,42E-03 

Duration 
Risk 

Month Ranked 

Duration 
Risk 

Month Ranked 

Countermeasures 

Maintenance, 
back up pump 

Countermeasures 

Maintenance 
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Component: Water valve 
Function : Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Material damage 

Internal leakage Material deterioration Fails to operate its function No electrical power output of 

Material failure - general the unit 

Mechanical defect 

Contamination 

Control failure 

Faulty operation 

Instrument failure general 

Leakage Reduced or no electrical 
Failure to open Material damage Fails to operate its function power output of this unit 

Material deterioration 

Mechanical defect 
Mechanical failure -

aeneral 
Out of adjustment 

Blockage/plugged 

Leakage 

Material damage 

Material deterioration No electrical power output of 
leak in closed position Material fai lure - general Fails to operate its function 

the unit 
Mechanical defect 

Mechanical failure -
general 

Out of adjustment 

Frequency of 
occurrence 

#/year Ranked 

1,89E-03 

6,23E-02 

2,14E-02 

1,89E-03 

9,44E-04 

1,89E-03 

9,44E-04 

2,77E-03 

1,89E-03 

2,77E-03 

9,44E-04 

6,48E-03 

5,60E-03 

2,77E-03 

9,44E-04 

2,77E-03 

3,71 E-03 

1,11E-01 

7,42E-03 

1,30E-02 

9,44E-04 

9,44E-04 

Duration 
Risk 

Month Ranked 
Countermeasures 

Maintenance 

Maintenance 

Maintenance 
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Component: Water valve 
Function : Controls the inlet of fresh water to maintain a certain water level in the boiler 
Normal operation mode: Occasionally 

Failure mode Cause 
Effect 

Component Plant 

Blockage/plugged 

Control failure 

Leakage 

Material damage Fails to operate its function, Reduced or no electrical 
leak to environment 

Material deterioration (hot) water leakage power output of this unit 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 
Blockage/plugged 

Control failure 
Faulty 

sianal/indication/alarm 

delayed operation 
Material damage 

Fails to operate its function 
Reduced output for a certain 

Material deterioration period 

Material failure - general 

Mechanical defect 
Mechanical failure -

aeneral 

Frequency of 
occurrence 

Duration 

#/year Ranked Month Ranked 

9,44E-04 

9,44E-04 

9,44E-04 

3,71E-03 

5,29E-02 

7,42E-03 

8,36E-03 

9,44E-04 

1,89E-03 

2,77E-03 

9,44E-04 

9,44E-04 

9,44E-04 

5,60E-03 

2,77E-03 

1,89E-03 

Risk Countermeasures 

Maintenance 

Maintenance 
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Risk assessment of a power plant Appendix C 

In this appendix some additional information on the components' failure modes, how they 
can be detected and the countermeasures for these failure modes is given. 

C.1 Boiler 

Chattoraj , I., Das, Swapan K., Ravikumar, B., and Bhattacharya, D. K.; (1997); Corrosive 
degradation and failure of vertical furnace wall tubes of a boiler; Engineering Failure Analysis 4[4], 
279-286; 

Abstract: 
The failures of vertical furnace wall tubes of a co-generation boiler have been investigated. The 
thinned section failures, often accompanied by buckling prior to failure, were found to be due to acid 
as a consequence of &lsquo;hideout'. The local corrosion and consequent thick and non-protective 
iron-oxide deposition at the sites of attack produced hot spots, which is evident from the 
microstructure of those regions. Decarburization by hydrogen generated during the corrosion process 
also contributed to the loss in strength of the material. The possibility of &lsquo;alkali attack' as 
opposed to acid attack was ruled out by the various findings of this investigation. [Author abstract; 7 
Refs; In English] 

El Batahgy, A. and Metwally, W.; (1998); Failure analysis of boiler water wall-tubes at a power 
generation plant; Microstructural Science 26, 67-72; 

Abstract: 
The subject boiler is a suspension type provided on its sides with IK boxes as accesses for retractable 
soot blowers to clean up the inside of the boiler using steam. The working temperature and pressure 
of the boiler water wall-tubes are 693[deg)F (367[deg)C) and 2935 psi (20.5 MPa). After 
approximately 91317 hr. of operation, failure of several boiler wall tubes has taken place at 1 K boxes. 
Investigation disclosed that the present failure is attributed to thermal fatigue. Thermal fatigue 
damage was accelerated as a result of repeatedly rapid cooling by exposure of the external surface of 
the tubes to water droplets during soot blower function. In this regard, elimination of excessive strain 
caused by thermal cycles due to the rapid cooling cycles is necessary to eliminate this problem. [8 
Refs; In English] 

Ellis, F. V. and Tordonato, Sebastian; (1999); Failure analysis and life assessment studies for boiler 
tubes; American Society of Mechanical Engineers, Pressure Vessels and Piping Division (Publication) 
PVP 392, 3-13; 

Abstract: 
Results of typical failure analysis and life assessment studies performed on boiler tubes are 
discussed. Failure analysis studies include; cast fitting-to-reheater tube weld failure, circumferential 
cracking in a waterwall tube at the chordal thermocouple holes, thermal fatigue failure for fin welded 
extended sidewall tubes and high temperature creep failure of a T22 superheater tube. Life 
assessment studies include; the effect of variable pressure operation on tube life, creep failure for 
Type 304H tube, Weibull analysis of dissimilar metal weld failures and corrosion fatigue cracking of 
welded waterwall tubing. [Author abstract; 17 Refs; In English] 

Husain, A. and Habib, K.; (2001 ); Investigation of tubing failure of super-heater boiler from Kuwait 
Desalination Electrical Power Plant; Desalination 183[1-3], 203-208; 

Abstract: 
This paper presents the results of an investigation into the failure of steel tubes in a super heater 
boiler used at one of Kuwait Electrical and Power plant. The material of the tubes has suffered 
localized overheating, probably as a result of local heat flux impingement phenomenon, caused by 
gas or oil burners. This phenomenon gave rise to a rapid steam formation causing steam blanketing. 
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It also prevented the accessibility of the water to the tube materials and consequently local, prolong, 
overheating took place, in which the temperature rose up to 700[deg]C in a frequent manner for long 
time. The investigation has indicated that the failure attributed to the formation of thick scale of 
magnetite at the inner surface of the tube wall. The increase of the temperature is clearly shown in the 
microstructure of the tube at the stress rupture site, where ferrite matrix with spheroidized carbide 
particles were presented rather than only ferrite matrix with pearlites structure. Consequently, the 
properties of the materials of the tube have changed from its original values with respect to the design 
values of the tube due to the effect of the localized prolong overheating. Therefore, the original design 
values are no longer valid and the materials of the tube failed in a premature manner, at less than 
250,000 hours. (c) 2005 Elsevier B.V. All rights reserved. [3 Refs; In English] 

King, J. P.; (1998); Current experience in typical problems and failures with boiler piping components 
and supports; Component Analysis and Evaluation, Aging and Maintenance, and Pipe Supports; 
American Society of Mechanical Engineers, Pressure Vessels and Piping Division (Publication) PVP 
376, 161-165; 

Abstract: 
This paper will provide some current experience with typical problems and failures of boiler piping and 
supports, together with a description of the recommended actions and resolutions. The focus of the 
paper will be on recent experience in the areas of water induction in sloped steam lines and flow 
accelerated corrosion in water carrying lines. In addition, some problem areas with superheater 
crossover and outlet piping components will be described. Water induction from condensing steam 
can occur at low point locations in piping lines, and lead to corrosion, pitting, and thermal quenching 
with resultant distortions, cracking , and failures. Flow Accelerated Corrosion is a very topical subject. 
It involves the thinning of piping components from the internal effects of water velocities and chemical 
make-up etc. A detailed overview of water induction and flow accelerated corrosion in boiler piping 
components will be presented, in addition to recent examples in the form of case histories, together 
with their applicable findings, conclusions, and recommendations. [Author abstract; 5 Refs; In English] 

Ogle, Russell A., Smith, Kenneth M. J. , and Strack, Steven; (1999); Investigation of a boiler 
explosion caused by a natural gas detonation; American Society of Mechanical Engineers, Pressure 
Vessels and Piping Division (Publication) PVP 395, 143-157; 

Abstract: 
Fire tube boiler failures often involve failure of the pressure vessel leading to extensive damage. This 
paper presents results of forensic work on a boiler explosion where the initiating cause was 
detonation of the natural gas fuel. Examinations of the shape of deformed panels, examinations of the 
debris field and analysis of local pressures that led to local deformation are indicators of the cause 
and origin of the explosion. The inspection and analysis methodology are presented. Techniques 
used in the analysis are generally applicable to similar investigations and may provide insight into 
design considerations. [Author abstract; 8 Refs; In English] 

Tani, K., Harada, Y., and Kobayashi, Y.; (1998); Unusual application of plasma sprayed coating for 
boiler tubes in oil-fired boilers; Proceedings of the International Thermal Spray Conference 2, 951-
956; 

Abstract: 
The unusual effects of plasma sprayed coating on the fire-side of evaporator tubes located in an oil
fired steam generating boiler are discussed. The main heat transfer surfaces are constructed by heat 
exchanger tubes, evaporator tubes and superheaters. Maintenance to prevent of the boiler failure or 
the preserve heat exchanger effectiveness is a very important factor in the operation of boiler 
facilities. In a boiler which employs heavy gravity oil as a fuel, plasma sprayed Ni-Cr alloy has often 
been applied to boiler tubes for the relief of hot corrosion by combustion gas. However, the circulation 
of boiler water causes an internal deposit to form on the inner wall of evaporator tubes. The internal 
deposit generates excess heat load against the tubes. As the overheating of the tubes often causes 
the evaporator tubes to fail , they are chemically cleaned periodically. In this paper, the influence of Ni-
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Cr plasma sprayed coating for the heat flux, which dominates the formation of the internal deposit, is 
investigated. Ni-Cr plasma sprayed coating is substitutionally hot corrosion resistant and is a 
composite coating into which the fuel ash containing a vanadium or sulfur compound are interstitially 
penetrated and solidified . It is derived that the existence of the coating on the fire-side of the 
evaporator tubes normalizes the heat load in their inner walls. Moreover, the suppression of internal 
deposit formation decreases the frequency of chemical cleaning for tubes. The dual effects of plasma 
sprayed coating for hot corrosion resistance in the fire side and the suppression of internal deposit on 
the water side of the tubes are reported. [3 Refs; In English] 

C.2 Steam turbine 

Bulloch, J. H. and Callagy, A.G.; (1998); Malfunctions of a steam turbine mechanical control 
system; Engineering Failure Analysis 5[3], 235-240; 

Abstract: 
This paper is aimed at elucidating the cause of a series of malfunctions involving the bending or 
breaking of main steam turbine throttle valve spindles which occurred at service times ranging from 
hundreds to several thousand hours in a number of 270 MW steam raising units. It was clearly 
established, by two distinct approaches (one engineering, one micromechanistic) that the stresses 
which produced these malfunctions were bending in nature and were the result of out-of-alignment 
deflections. In the case of the bent spindles the stresses were very high and approached flow strength 
levels of around 8000 MPa while the broken spindles were the results of fatigue initiation and 
subsequent growth from a thread root (stress concentration) location on the spindle. Using relevant 
fatigue crack propagation data for the valve spindle material at 300 [deg]C it was demonstrated that 
fatigue failures occurred at spindle deflections of between 0.9 and 1.6 mm. Finally, it was 
demonstrated that the fatigue breakage problem could be significantly reduced, especially at the 
lower end of the valve spindle deflection range, by a combination of re-profiling the thread root and 
shot peening. [Author abstract; 2 Refs; In English] 

Durham, Virginia E. ; ( 1997); Boiler water treatment for industrial systems using demineralized 
feedwater; Power; American Society of Mechanical Engineers, Power Division (Publication) PWR 32, 
519-522; 

Fujiyama, K., Nagai, S., Akikuni, Y., Fujiwara, T., Furuya, K., Matsumoto, S., Takagi, K., and 
Kawabata, T.; (2004); Risk-based inspection and maintenance systems for steam turbines; 
International Journal of Pressure Vessels and Piping 81[10-11 SPEC.ISS.], 825-835; 

Abstract: 
The risk-based maintenance (RBM) system has been developed for steam turbine plants coupled with 
the quick inspection systems. The RBM system utilizes the field failure and inspection database 
accumulated over 30 years. The failure modes are determined for each component of steam turbines 
and the failure scenarios are described as event trees. The probability of failure is expressed in the 
form of unreliability functions of operation hours or start-up cycles through the cumulative hazard 
function method. The posterior unreliability is derived from the field data analysis according to the 
inspection information. Quick inspection can be conducted using air-cooled borescope and heat 
resistant ultrasonic sensors even if the turbine is not cooled down sufficiently. Another inspection 
information comes from degradation and damage measurement. The probabilistic life assessment 
using structural analysis and statistical material properties, the latter is estimated from hardness 
measurement, replica observation and embrittlement measurement. The risk function is calculated as 
the sum product of unreliability functions and expected monetary loss as the consequence of failure 
along event trees. The optimum maintenance plan is determined among simulated scenarios 
described through component breakdown trees, life cycle event trees and risk functions. Those 
methods are effective for total condition assessment and economical maintenance for operating 
plants. (c) 2004 Elsevier Ltd. All rights reserved. [Journal Article; 8 Refs; In English; Summary in 
English] 
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Haubold, Tilla and Kautz, Hans R. ; (1997) ; Considerations concerning continued operation of steam 
boilers beyond the design life; Power; American Society of Mechanical Engineers, Power Division 
(Publication) PWR 32, 667-673; 

Abstract: 
Steam boiler performance operating beyond 200,000 or even 300,000 hours at temperatures above 
500 to 650 [deg]C is described. The materials of interest are P11, P22, 12%Cr steels, and austenite. 
The major concerns in the operating performance are the main steam and reheat lines, headers, 
heating surfaces and turbines. Failure evolution and causes are referenced. Evaluation criteria for 
components operating longer that 200,000 hours are discussed. [In English] 

Kubiak, S., Gonzalez, R., Juarez, R., Nebradt, G., and Sierra, E.; (2003) ; Failure analysis of the L-0 
steam turbine blade; Proceedings of the 2003 International Joint Power Generation Conference , 
423-427; 

Abstract: 
The main objective of the paper is to present an analysis that leads to detect the most possible cause 
of the L-0 blade fracture. Recently, several L-0 blades 28.5 inches long of a steam turbine have 
fractured. The fracture appeared 5 inches from the blade root platform, Fig. 1-"C". causing the forced 
outage of the turbine. Previously, in the beginning of the last decade a finite element analysis of the 
blade was carried out calculating the natural frequencies and the vibratory stresses, and also, a 
telemetry test was carried out on these blades. These were published several years ago [1]. The 
analysis results gathered then were very precious to find a root cause of the present failure. To find 
out the causes of the blade fracture the following activities were carried out: analysis of the 
operational data during the last two years, analysis of the previous investigations, metallurgical 
investigations, identification of the mechanical and metallurgical modes of the failure. Apart from that, 
the turbine was overloaded by certain period of time. In this paper the results of the investigations 
indicated a miswelding process of the stubs as a principal cause of the blade fracture. [5 Refs; In 
English] 

Shtromberg, Y. Y. and Terentiev, I. A. ; (1997); Analysis of reliability offossil power plants units; 
Fitness for Adverse Environments in Petroleum and Power Equipment; American Society of 
Mechanical Engineers, Pressure Vessels and Piping Division (Publication) PVP 359, 109- 115; 

Abstract: 
Equipment reliability of fossil power plants depends on several factors such as design, used 
materials, regimes of exploitation and level of maintenance. General recommendations for increasing 
the reliability of fossil power plant units include: (1) the carrying out of main components diagnostic 
monitoring with assessment of remaining lifetime; (2) preventive replacement of equipment parts with 
exhausted life-time; (3) careful conservation of equipment during long outages; and (4) keeping in due 
order the hangers and supports of pipelines. [In English] 

Sindelar, R.; ( 1999); Advantages of controlled internal turbine power compared with turbine 
generator power; VGB PowerTech 79[1], 41-44; 

Abstract: 
The disadvantage of controlling the electrical power in a turbine control system is that the known 
control error or wrong-way effect occurs if there is a load change on the consumer side. For example, 
this happens after the integrated grid is broken down into isolated or sub grids and the turbine set in 
operation changes to an isolated grid with the main turbo generator breaker closed. The cause of the 
control error effect is explained. It can cause failure of the turbine set or an abortive change to an 
isolated grid. If the internal turbine power is controlled instead of the electrical power, the control error 
effect no longer occurs. The most accurate &lsquo;internal turbine power' control variable is 
determined mathematically on the basis of steam pressures and steam temperatures measured at 
relevant turbine points. The operator is then able to plan major turbine set inspections economically. 
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[Author abstract; 4 Refs; In English] 

Viswanathan, R., Swaminathan, V. P., and Foulds, J.; (1997); Condition assessment of high 
temperature steam turbine rotors; Power; American Society of Mechanical Engineers, Power Division 
(Publication) PWR 32, 373-382; 

Abstract: 
Accurate life assessment techniques are needed for steam turbine rotors for avoiding premature 
failures prior to the end of the design life and for extending the life beyond the design life. They also 
play a crucial role in optimizing operating, maintenance, and repair procedures and intervals. In the 
past, the accuracy of the assessment procedures has been undermined principally due to 
uncertainties in the interpretation of the non destructive evaluation (NOE) data and in the assumed 
material properties. Research over the last decade has systematically quantified and reduced these 
uncertainties. The capabilities of various boresonic systems for detecting and sizing flaws have been 
defined. Methodologies and data for analyzing creep and creep-fatigue crack growth have been 
developed based on testing retired rotors. Non-destructive procedures for estimating the fracture 
toughness of in-service rotors have been developed. These improvements have resulted in more 
accurate and less conservative assessment procedures for rotors. [Author abstract; 22 Refs; In 
English] 

Xing, HaiYan, Xu , MinQiang, and Li, Xue Feng; (2005); MMM stress evaluation and fracture analysis 
for steam turbine failure blade; Proceedings of the ASME Nondestructive Evaluation Engineering 
Division 2005; American Society of Mechanical Engineers, Nondestructive Evaluation Engineering 
Division (Publication) NDE 26 NDE, 25-28; 

Abstract: 
Metal magnetic memory (MMM) technology, a new NOE method, has been applied to stress 
evaluation and fracture analysis for the 50MW turbine failure blade. The static and dynamic stress of 
failure blade is calculated and analyzed. The rupture blade of steam turbine is detected at workshop. 
Given are the MMM signal characteristics of stress distribution for the failure blade and fracture face. 
It has been found : for the blade profile, the MMM air-out side curve occurs more zero passage signals 
than air-in side one; for the fracture surface, the crack transition zone's MMM variation amplitude is 
minimal, the crack initiation zone's is in the middle, and the tear fracture zone's is maximal. The result 
from small hole stress measuring method is consistent with MMM result. This shows MMM technology 
is a new tool of fracture analysis and stress testing in engineering practice. Copyright (c) 2005 by 
ASME. [5 Refs; In English] 

Yu, Wenhu and Jiang, Ruijin ; (1999) ; Knowledge scope of vibration-failure expert system for steam
turbine-generation unit; American Society of Mechanical Engineers, Power Division (Publication) 
PWR 34 (2) , 119-124; 

Abstract: 
Based upon the in-situ handing experiences of vibration-failure of 100 odd unit-times of steam 
turbines-generator units, the vibration-failure characteristics of steam turbine-generators are summed 
up and then five the essential parts constituting the knowledge scope of diagnostic experts system for 
the units' vibration failure are put forward, to create the bases for setting-up automatic failure 
diagnosis system and gradually heightening the failure diagnosis level form vibration category to 
vibration causes. [Author abstract; In English] 

C.3 Generator 

Arshad, Muhammad, Khaliq , Abdul, and Islam, Syed M.; (2004); Turbogeneratorstatorwinding 
condition assessment; 2004 International Conference on Power System Technology, POWERCON 
2004; 2004 International Conference on Power System Technology, POWERCON 2004 2, 1399-
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1403; 

Abstract: 
Stator winding is a main component of generator. Electrical, mechanical, thermal and environmental 
stresses remain major factors for insulation degradation and accelerated aging. A large number of 
generators failed due to stator winding problems, mainly insulation deterioration . Insulation 
degradation assessment plays vital role in the asset life management Mostly the stator failure is 
catastrophic causing significant damage to the plant and the environment Other than generation loss, 
stator failure involves heavy repair and I or replacement cost Early fault detection would be an 
important tool to implement condition-based maintenance (CBM) for asset better management. 
Condition based maintenance offers scheduled outages and reduces failure risks in old asset as well 
as premature failure in the new one. The winding insulation trend can be best analyzed by using 
online partial discharge monitoring. In windings insulation system, the energy discharge mainly occurs 
on the surface, slot, end winding, inter-turn and between bars. Slot discharge is dangerous in its kind 
and plays an important role in the accelerated insulation degradation. On the detection of partial 
discharge activity, accurate interpretation can establish insulation trending for stator insulation 
assessment Hot spot can lead to catastrophic failure if not caught in time. Effective monitoring will 
reduce the life cycle cost with improved reliability and better asset management This paper presents a 
detailed case study of generator stator winding failure leading to core damage. (c) 2004 IEEE. (6 
Refs; In English] 

Bailey, Bruce, Bowen, Jim, Dalke, Gerald, Douglas, Bruce, Fischer, Jay, Jones, James R., Love, 
Daniel , Mozina, Charles, Nichols, Neil, and Normand et, al ; (2004) ; Grounding and ground fault 
protection of multiple generator installations on medium-voltage industrial and commercial power 
systems Part 1 - The problem defined; 2004 57th Annual Conference for Protective Relay Engineers; 
Annual Conference for Protective Relay Engineers , 132-138; 

Abstract: 
The paper discusses typical grounding practices and ground fault protection methods for medium
voltage generator stators, highlighting their merits and drawbacks. Particular atte ntion is given to 
applications of multiple generators connected to a single bus. The paper also provides an overview of 
the generator damage mechanism during stator ground faults . Problem areas associated with each 
type of grounding are identified and solutions are discussed. The paper also provides a list of 
references on the topic. The paper is intended as a guide to aid engineers in selecting adequate 
grounding and ground fault protection schemes for medium-voltage industrial and commercial 
generators for new installations, for evaluating existing systems, and for future expansion of facilities, 
to minimize generator damage from stator ground faults. These topics are presented in four separate 
papers, Part 1 through Part 4. Part 1 covers scope, introduction, user examples of stator ground 
failure, and theoretical basis for the problem. Part 2 discusses various grounding methods used in 
industrial applications. Part 3 describes protection methods for the various types of grounding and 
Part 4 provides a conclusion and bibliography of additional resource material. (4 Refs; In English] 

Das, Dibyendu and Wollenberg , Bruce F. ; (2004); Minimizing forced outage risk in generator 
bidding; 2004 International Conference on Probabilistic Methods Applied to Power Systems; 2004 
International Conference on Probabilistic Methods Applied to Power Systems, 427-432; 

Abstract: 
Competition in power markets has exposed the participating companies to physical and financial 
uncertainties. A random outage after acceptance of bids by the ISO forces a generator to buy power 
from the real-time hourly spot market and sell to the ISO at the set day-ahead market clearing price, 
incurring losses if the real-time hourly spot market is expensive. This paper assesses the financial risk 
of the generators using risk profiles and VaRs. A risk minimization module is developed which derives 
optimum bidding strategies of the generator company such that the estimated total earning is 
maximized keeping the VaR below a tolerable limit. (12 Refs; In English] 
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Hudon, Claude and Belec, Mario; (2000); Partial discharge signal interpretation for generator 
diagnostics; IEEE Transactions on Dielectrics and Electrical Insulation 12[2], 297-319; 

Abstract: 
Several common sources of discharges activity occurring on generators have been replicated in the 
laboratory under well-controlled conditions. Each source was evaluated individually and recorded with 
a phase resolved acquisition system and with a spectrum analyzer. The dominant features of each 
respective phase resolved partial discharge (PRPD) pattern are presented. The frequency content of 
the discharge signal at the detection coupler was also investigated. The association of each well
defined type of discharge source, with its specific PRPD pattern, constitutes the basis of our database 
used for the discharge source recognition during generator diagnostics. The comparison of laboratory 
results with actual field measurements gathered over the last decade is summarized in this paper. (c) 
2005 IEEE. [32 Refs; In English] 

Jain, Pradeep, Bhakta, Umesh C., and Sanyal, Salil K.; (2000); Hydrogen leakage due to stress 
corrosion cracking of stator conductors in 210 MW generator: A case study; IEEE Transactions on 
Energy Conversion 15[1], 57-60; 

Abstract: 
This paper presents a case study conducted to find out the reasons of rupture/failure at bends of 
water cooled stator bar in a 210 MW generator. The bars containing hollow and solid subconductors 
were cleaned to remove the insulation. The failed portions were examined under scanning electron 
microscope, optical microscope and the corrosion products by X-ray analysis. The investigation 
revealed the presence of intergranular brittle cracks, cuprous oxide tarnish film, ammonia, and 
moisture. All these showed the characteristic features of SCC in copper metal in ammonical solution . 
The ultimate rupture by SCC of solid and hollow conductors took place in three stages: 1) water 
leaked from inside the hollow conductor, at the lug braze; 2) the water reacted with the insulation and 
produced ammonia; 3) the ammonia caused SCC and led to heavy leakage of water and hydrogen in 
the generator. Each stage involved in the failure process has been described. [Author abstract; 20 
Refs; In English] 

Joglekar, Jayesh and Nerkar, Yogesh P. ; (2006); A plan of islanding scheme for Pune city; 
International Journal of Emerging Electric Power Systems 5[1], 1-11; 

Abstract: 
The availability of electrical energy ensures development and progress while its non-availability 
means stagnation or 'back tracking'. The condition of 'No Power' [1] is the costliest state and leads to 
social, economical and production loss. Power system blackout means inconvenience and hardship to 
society. Uninterrupted power supply is essential for the national productivity and social structure and 
hence system must be made flawless at any cost. Reliable and disturbance free electric power supply 
is recognized as a key to 'Societal progress throughout the world'. Grid failure occurs due to continued 
overstressing, low frequency operation , increased load demand, peaking characteristics of the 
demand, ineffective load control, reduced level of security due to opening of interstate lines and 
violation of grid discipline. After occurrence of severe system disturbances, the system may split into 
parts, which may or may not survive depending on the load generation balance. The part system 
containing the generation sources and certain loads, which are planned to be separated from the 
main grid during system disturbance at, preconceived points either through under frequency and I or 
directional power relays are called 'lslands'[2]. During restoration due to wide fluctuations in the 
frequency it becomes very difficult to maintain the load-generation balance. Inability to control the 
frequency may lead to unsuccessful restoration. Repeated collapse of the system island due to 
tripping of generators either due to over frequency or under frequency causes delay in getting 
normalcy. In this situation the computer-computer links between the State Load Despatch Centre 
(SLDC) and Area Load Despatch Centre (ALDC) play a key role [3]. The priority during the restoration 
period such as railway traction, essential consumers such as water supply scheme, hospitals etc and 
lastly to the civil societies should be given. It is also necessary to have provision of disturbance 
recorder and event logger at power generation stations and various interconnected substations. 
These and other major aspects are considered in proposing the islanding scheme of the Pune city. 
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Copyright (c) 2006 The Berkeley Electronic Press. All rights reserved. (8 Refs; In English] 

Kapler, Joe, Xie, Jun, Stein, Jan, and Anders, George; (1997); Cost assessment of maintenance 
alternatives on generators with stator winding water leaks; IEEE International Electric Machines and 
Drives Conference Record , IEMDC, WB1 -WB4; 

Abstract: 
Increasing incidents of water leaks in the electrical insulation of water-cooled stator windings in large 
generators is causing concern to power utilities because of the decrease in the reliability of the power 
generating units and large potential repair costs. Several maintenance and monitoring alternatives 
have been developed which can mitigate this problem. EPRI sponsored a project to develop software 
(Generator Stator Winding Leak Decision Advisor, or SLEAK), which calculates the costs of various 
maintenance alternatives based on the probability of the leaks occurring , their severity, the capital 
cost of completing the winding leak repairs, and the consequential costs from the probabilities of 
sudden future failures. The program uses decision tree analysis for decision making and risk 
assessment. (Author abstract; 2 Refs; In English] 

King, ReginaldA., Anderson, Susan, and Cunningham, Thomas; (1997); Fatigue cracking of the 
generator rotor damper bars: Jocassee pumped storage station; Proceedings of the American Power 
Conference 59-1, 299-304; 

Abstract: 
Two Generator I Motor rotors were removed for a generator stator rewind outage. Visual inspection of 
the rotor poles revealed two poles with a horizontal crack on a damper bar. Further non-destructive 
testing on all four units, identified 17 out of 240 poles with the same type damper bar cracking. 
Subsequent non-destructive testing , mapping, destructive metallurgical failure analysis, and finite 
element analysis has attributed low cycle fatigue to be the primary cause of cracking. The crack 
initiates at a point of constraint that coincides with an indeterminate notch resulting from the design. A 
lack of post-weld heat treatment of the hardenable steel also may have contributed to the crack 
initiation. The cracks then propagated due to the normal operational cycling of the units. [Author 
abstract; In English] 

Kotlica, M.; (1997); Experience with on-line monitoring of power generating systems; Proceedings of 
the Universities Power Engineering Conference 1, 269-271; 

Abstract: 
The tendency of any power generating utility is to achieve reliable and trouble free power generation 
in their facilities. Systems for on-line quality and reliability assessment of High Voltage power 
equipment have became very popular in recent years. By having access to power equipment while in 
normal operation, plant engineers have been able to avoid catastrophic in service failures, costly 
forced outages of power generators and associated equipment, as well as significantly prolong the life 
of the equipment. By early detecting eventual problems on power systems maintenance can be 
scheduled promptly and only when necessary. Planning of work and resources can be done well in 
advance, which will tremendously reduce the cost of such intervention. Also by taking test before and 
after repair it is easy to control the effectiveness of repair. These on-line systems as being non 
destructive, reliable, quick and easy to use, in fact become a kind of standard in many power utilities 
worldwide. Major problem in HV power equipment is electrical insulation. One of on-line tests for 
power equipment integrity is PD (Partial Discharge) test for electrical insulation. PD test besides 
testing power generators and motors is also applicable for factory screening of stator bars, testing HV 
power cables and power transformers. (Author abstract; 6 Refs; In English] 

Lee, Ji Moon, Kim, Cheol Hong, and Ju, Young Ho; (2005); Stress analysis and life assessment of 
rotor and retaining ring of generator for fossil power plant; Pree.of the ASME International 
Des.Eng.Tech.Conferences and Computers and Inf.in Engineering Conf.- DETC2005: ASME/IEEE 
International Conference on Mechatronic and Embedded Systems Appl.; Proceedings of the ASME 
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International Design Engineering Tech 4, 673-679; 

Abstract: 
In addition to the higher centrifugal forces during normal operation in 3600 rpm, a generator rotor 
body is subjected to the contact pressures from shrink-fit between generator rotor and retaining ring. 
To obtain the structural reliability and life assessment of the generator, the finite element models were 
developed and structural analyses were carried out. The stress distributions and the critical locations 
of the rotor body were identified. Further, the fatigue life is performed to estimate the remaining life of 
generator. The critical crack size and probability of failure are also evaluated based on the analysis 
results. The critical sizes of a crack of generator are predicted using linear elastic fracture mechanics. 
These results will be applied to the development of a larger 1 OOOMW capacity generator. Copyright 
(c) 2005 by ASME. [3 Refs; In English] 

Lee, Sang Bin, Kliman, Gerald B., Shah, Manoj R. , Nair, N. Kutty, and Lusted, R. Mark; (2003); An 
Iron Core Probe based Inter-laminar Core Fault Detection Technique for Generator Stator Cores; 
2003 IEEE Power Engineering Society General Meeting, Conference Proceedings 3, 1880-1887; 

Abstract: 
A new technique for detecting incipient interlaminar insulation failure of laminated stator cores of large 
generators is proposed in this paper. The proposed scheme is a low flux induction method that 
employs a novel probe for core testing. The new probe configuration, which uses magnetic material 
and is scanned in the wedge depression area, significantly improves the sensitivity of fault detection 
as well as user convenience compared to existing methods. Experimental results from various test 
generators tested in factory, field, and lab environments under a number of fault conditions are 
presented to verify the sensitivity and reliability of the proposed scheme. [7 Refs; In English] 

Maughan, Clyde V. ; (2004); Root-cause diagnostics of generator service failures; Conference 
Record of IEEE International Symposium on Electrical Insulation; Conference Record of IEEE 
International Symposium on Electrical Insulation, 154-162; 

Abstract: 
Root-cause diagnostics of generator service failures has become a major problem in the industry, 
particularly during the last 20 years. Generator maintenance specialists from OEMs and independent 
generator repair companies are trained to be proficient in a specific assignment - repairing of 
generators. Typically these specialists do not have the technical background to perform diagnosis of 
the root cause of a failure, nor have they been educated for such diagnostics. As a result, mis
diagnosis is often occurring and these errors in diagnosis have been resulting in major expenditures 
for incorrect or insufficient repairs. This paper is directed toward industry generator owners. It is 
intended to give guidance to user maintenance personnel on obtaining better diagnostics of failure 
root cause. It is hoped that through better understanding of the difficulties of obtaining accurate 
generator diagnostics, maintenance costs can be reduced and generator reliability improved. The 
paper will illustrate many typical failures, and will discuss the difficulties in root-cause analysis of the 
failure. The paper will also offer suggestions on means of obtaining necessary technical assistance to 
assure accurate assessment of root cause. (c) 2004 IEEE. [In English] 

Menne, Marcus, lnderka, Robert B., and De Daneker, Rik W.; (2000); Critical states in generating 
mode of switched reluctance machines; PESC Record - IEEE Annual Power Electronics Specialists 
Conference 3, 1544-1550; 

Abstract: 
When switched reluctance drives operate in generator mode overcurrents can occur due to high back 
EMF voltages. These overcurrents produce large torque pulsations. Moreover, they can become 
excessive creating a thennal overload for the power converter. These phenomena have not been 
discussed in detail before and will be analyzed in this paper. Two overcurrent limits have to be 
distinguished. A so-called critical factor is defined to assess the risk of overcurrents leading to torque 
pulsations. In addition, an absolute maximum overcurrent will be calculated to specify converter 
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device ratings, preventing converter overload or failure. To protect the drive against uncontrollable 
overcurrents and the resulting torque pulsations, an adaptation of the drive control to avoid such 
failure states will be suggested. [Author abstract; 5 Refs; In English] 

Mohanta, Dusmanta Kumar, Sadhu, Pradip Kumar, and Chakrabarti, Rupen; (2000); Fuzzy Markov 
model for detennination of fuzzy state probabilities of generating units including the effect of 
maintenance scheduling; IEEE Transactions on Power Systems 20[4], 2117-2124; 

Abstract: 
This paper presents a fuzzy Markov model to efficiently incorporate the influences of maintenance 
scheduling as well as aging of generating units on failure-repair cycle for computation of state 
probabilities. The proposed model, different from conventional models that are based on a 
probabilistic approach, employs a fuzzy set concept together with a probabilistic Markov model. This 
model incorporates fuzzy mean time to failure (FMTIF) and fuzzy mean time to repair (FMTIR) 
instead of crisp (expected) values for capturing the generating unit uncertainties more effectively 
through expert evaluation . The fuzzy state probabilities are computed from FMTIF and FMTIR 
values using fuzzy arithmetic operations for evaluation of the reliability index, fuzzy loss of load 
probability (FLOLP). Case studies for the maintenance scheduling of a captive power plant catering to 
an aluminum smelter have been formulated to demonstrate that fuzzy state probabilities as well as 
FLOLP provide a better explanation than the respective crisp counterparts. (c) 2005 IEEE. [22 Refs; 
In English] 

Moore, William G.; (2002) ; Several case histories of generator rotor fan failures and methods of 
repair; Proceedings of the 2002 International Joint Power Generation Conference , 593-597; 

Abstract: 
Generators require cooling typically provided by one or two shaft driven rotating fans. These fans see 
large operating stresses due to rotational forces, shrink fit pressures, axial thrust forces, and thermal 
stress. Over time, fatigue cracks can develop in either the fan blade or root area, potentially leading to 
a catastrophic failure. Failure of a rotating fan inside a generator will cause extensive damage. The 
stored rotational energy in a fan that lets loose will typically destroy the stator winding, sometimes 
damage the stator core, and cause other damage to rotor components such as retaining rings, the 
rotor winding and possibly, even the rotor forging. This paper will be useful to power plant owners who 
have to maintain plant equipment and prevent failures of that equipment. A good understanding of the 
possible failure modes associated with rotating fans will enhance the emphasis on conducting good 
inspections of this equipment. [In English] 

Poyhonen, S., Negrea, M., Jover, P., Arkkio, A., and Hyotyniemi, H.; (2003); Numerical magnetic 
field analysis and signal processing for fault diagnostics of electrical machines; COMPEL - The 
International Journal for Computation and Mathematics in Electrical and Electronic Engineering 22 
[4], 969-981; 

Abstract: 
Numerical magnetic field analysis is used for predicting the performance of an induction motor and a 
slip-ring generator having different faults implemented in their structure. Virtual measurement data 
provided by the numerical magnetic field analysis are analysed using modern signal processing 
techniques to get a reliable indication of the fault. Support vector machine based classification is 
applied to fault diagnostics. The stator line current, circulating currents between parallel stator 
branches and forces between the stator and rotor are compared as media of fault detection. [14 Refs; 
In English] 

Qamber, I. S. and Al Butti, Y.; (1999) ; Developing a computer package for designing an electric 
power station; Applied Energy 64(1-4] , 353-367; 

Abstract: 
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In order to find the transient probabilities that reflect the behaviour of a large electrical-power system 
or any other system, a suitable technique is needed. Before calculating the transient probabilities for 
the overall electrical power-system, which consists of a number of sub-systems (such as generators), 
the failure and repair rates of each generator are needed. These two coefficients can form a transition 
rate matrix which represent each sub-system. In the present study, the Kronecker technique is used 
to form the overall system: this is the first part of the current study. The second part is to find the 
transient probabilities following the fourth-order Runge-Kutta method. A number of examples related 
to the State of Bahrain are considered. In addition, by applying the new technique under investigation, 
we describe the behaviours of electric-power stations. [Journal Conference Paper; 8 Refs; In English; 
Summary in English] 

Reyes, Oscar and Robles, Edgar; (2002); Assessing hydrogen direct cooling electrical generators 
through on-line partial discharge measurements; Conference on Electrical Insulation and Dielectric 
Phenomena (CEIDP), Annual Report , 495-500; 

Abstract: 
There are 22 direct cooled hydrogen generators operating in the Mexican Grid. Some of them have 
experienced outages due to critical failures. A brief description of the cooling system and the 
deterioration mechanisms is being reviewed in this article. Discharge measurements can be use to 
accurately determine the conditions of this generators. Partial Discharge activity can be recorded with 
the generator off-line during maintenance outages at different test voltages levels or on-line with the 
machine at different toad conditions. The obtained results on a 346 MVA, 20 kV generator are 
reported . Measurements were taking on-line through the RTD'S connection box. [3 Refs; In English] 

Song, Jiancheng, Yue, Bo, and Xie, Hengkun; (2000); Aging diagnosis of large generator stator 
winding insulation based on digital discharge detection; Proceedings of the IEEE International 
Conference on Properties and Applications of Dielectric Materials 2, 765-769; 

Abstract: 
The long-term accelerated aging tests in laboratory environment have been conducted on actual 
rotating coils subjected to combined stresses including electrical, thermal, mechanical vibration and 
thermal cycling factors under simulated conditions. It is to identify the meaningful diagnostic measures 
for the assessment of degradation and the identification of aging mechanisms. Experimental 
techniques for acquisition and analysis of failure data have been investigated. Partial discharge (PD) 
measurements have been performed using TE571 digital PD analyzer in different aging periods and a 
combination of statistical and basic parameters has been studied to evaluate the degradation state of 
stator winding insulation along with destructive measurements. It has been found that the statistical 
parameters such as the skewness of PD distributions appear to be correlated with the delamination in 
the epoxy-mica insulation system. The results provide a basis for an on-line interpretation method of 
stator winding insulation. [Author abstract; 13 Refs; In English] 

Stone, G. C. and Kapler, J.; (1997); Condition-based maintenance for the electrical windings oflarge 
motors and generators; IEEE Conference Record of Annual Pulp and Paper Industry Technical 
Conference , 57-63; 

Abstract: 
An expert system and on-line partial discharge measurement system have been developed as a new 
tool to help motor and generator operators implement condition-based maintenance on the electrical 
windings of a machines. The expert system analyzes all common on-line and off-line tests together 
with operating data to estimate an overall indicator of the risk of winding failure. The on-line partial 
discharge measurement system detects most of the deterioration mechanisms that occur in stator 
windings rated 4 kV and above. The problems that are most likely to occur in stator windings are 
discussed. [13 Refs; In English] 
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Stone, Oreg and Kapler, Joe; (1997); Using partial discharge measurement technology to implement 
predictive maintenance in high voltage motor and generator stator windings; IEEE Cement Industry 
Technical Conference (Paper) , 63-68; 

Abstract: 
Partial discharge (PD) tests determine which motor and generator stator windings are experiencing 
insulation problems. A deteriorated winding has a PD activity which can be 30 times or more higher 
than a winding in good condition. This great difference in PD activity enables personnel to identify the 
few motors or generators which need further investigation and/or maintenance. The key to a PD test 
which can be performed by plant staff during normal machine operation is to eliminate electrical 
interference. Any one type of sensor is likely to give false indications of problems, and thus reduce 
confidence in the test results if the sensors are not properly applied . (12 Refs; In English] 

Van Breen, H.J., Guiski, E., and Smit, J. J.; (2004); Several aspects of stator insulation condition 
based maintenance; Conference Record of IEEE International Symposium on Electrical Insulation; 
Conference Record of IEEE International Symposium on Electrical Insulation , 446-449; 

Abstract: 
The objective of power plant maintenance is to reduce the probability that an unforeseen forced 
outage takes place. Balancing maintenance with reliability is a key issue for the economical 
performance of a power plant. The paper shows that the turbo generator is the third cause for forced 
outages hours in a power plant. It will zoom into the generator failure statistics and show that the HV 
insulation system is the root cause for generator failure outage hours. Also the paper provides insight 
into the benefit of condition based maintenance (CBM) on the stator insulation system of generators. 
These benefits include: steering of insulation reliability, lengthening economical lifetime of the 
machine and decrease maintenance cost. A third topic of the paper is decision process from condition 
assessment to maintenance. This process is currently in use in some form or other at most power 
plants. Measurements are performed, interpreted and maintenance decisions are taken. However, 
this decision process is often not applied to its maximum efficiency. The main reason for this 
decreased efficiency is the problem of providing reliability numbers on the insulation system. The 
challenge of tomorrow would be to generate failure probability numbers based on measurements 
performed on machine insulation. (c) 2004 IEEE. (5 Refs; In English] 

Vogelsang, R., Fruth, B., and Frohlich, K.; (2003); Detection of electrical tree propagation in 
generator bar insulations by partial discharge measurements; Proceedings of the IEEE International 
Conference on Properties and Applications of Dielectric Materials 1, 281-285; 

Abstract: 
In order to detect the degradation of high voltage machine insulation, partial discharge (PD) 
measurements are often used. While certain defects can be identified by PD measurements a 
correlation between PD activity and remaining insulation life or immanent insulation failu re has so far 
not been convincingly demonstrated. As former investigations show, the main electrical degradation 
process of generator bars is electrical treeing. The electrical treeing and the PD generated thereby 
have therefore been investigated on generator bar insulations. The results show that treeing mainly 
causes delamination within the material. Discharges in such delaminations lead to a rise in apparent 
charge, maximum apparent charge and cumulated charge. The measured apparent charge could be 
calculated from the size of deterioration structures as observed in micrographs. The cumulated 
charge shows a characteristic bend that occurs by a change from lower to higher PD. Higher PD 
values are usually caused by serious material degradation. The bend in the curve of cumulated 
charge depends on the material and takes place between 4% and 41% of the total time to breakdown. 
It may be used as a criterion for paying more attention to the survey of the material or for 
consideration of repair work. (10 Refs; In English] 

Wan, Shuting, Li , Heming, Li , Yonggang, and Tang, Guiji; (2000); Generator vibration fault diagnosis 
method based on rotor vibration and stator winding parallel branches circulating current 
characteristics; Chinese Journal of Mechanical Engineering (English Edition) 18[4], 592-596; 
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Abstract: 
Rotor vibration characteristics are first analyzed, which are that the rotor vibration of fundamental 
frequency will increase due to rotor winding inter-turn short circuit fault, air-gap dynamic eccentricity 
fault, or imbalance fault, and the vibration of the second frequency will increase when the air-gap 
static eccentricity fault occurs. Next, the characteristics of the stator winding parallel branches 
circulating current are analyzed, which are that the second harmonics circulating current will increase 
when the rotor winding inter-turn short circuit fault occurs, and the fundamental circulating current will 
increase when the air-gap eccentricity fault occurs , neither being strongly affected by the imbalance 
fault. Considering the differences of the rotor vibration and circulating current characteristics caused 
by different rotor faults, a method of generator vibration fault diagnosis, based on rotor vibration and 
circulating current characteristics, is developed. Finally, the rotor vibration and circulating current of a 
type SDF-9 generator is measured in the laboratory to verify the theoretical analysis presented above. 
(8 Refs; In English] 

Ward, Chris; (2000); The use of eddy current arrays as a replacement for dye-penetrant inspection of 
generator and exciter end-rings; Insight: Non-Destructive Testing and Condition Monitoring 47[9] , 
543-546; 

Abstract: 
With reduced inspection time and recoverable inspection data, eddy current array technology is the 
future of surface crack detection on power station components. Generator and exciter end-rings will 
soon rea p the benefits of accurate surface crack detection using eddy current array solutions from 
RWE npower. Accurate defect mapping, quick and complete data recovery, relative defect size 
information and rapid data acquisition are just a few of the drivers behind the switch away from 
fluorescent dye-penetrant inspections. [In English] 

C.4 Transformer 

Alpatov, Michael; (2004) ; On-line detection of winding deformation; Conference Record of IEEE 
International Symposium on Electrical Insulation; Conference Record of IEEE International 
Symposium on Electrical Insulation , 113-116; 

Abstract: 
The problem of on-line control of deformations of transformers windings is stated and a method for 
their diagnostics is offered. The analysis of the reasons for failures due to this problem is presented. 
An opportunity for simultaneous diagnostics of many other parameters is also shown. (c) 2004 IEEE. 
(4 Refs; In English] 

Arshad, Muhammad and Islam, Syed M.; (2003); Transformer reliability enhancement using online 
dissolved gas monitoring and diagnostics; IPEC 2003 - 6th International Power Engineering 
Conference; IPEC 2003 - 6th International Power Engineering Conference, 379-384; 

Abstract: 
Power transformers play an important role in performance and reliability of system operation. 
Transformer failures are catastrophic and usually include irreversible internal damage. Sudden failure 
of a large transformer may cause service interruption, higher repairing I replacing costs, revenue loss 
and environmental damages. Electrical and mechanical stresses and contamination in the insulation 
chain have serious impact on the expected life of the transformer. Transformer aging is an irreversible 
process, however the rate of aging can be reduced using online monitoring and diagnostics. To 
ensure higher reliability and develop maintenance strategies, scientific assessment of incipient faults 
is very much realistic. Based on a case study, this paper presents an approach to enhance the 
transformer reliability using online dissolved gas monitoring in comparison with offline dissolved gas 
analysis. (11 Refs; In English] 
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Arshad, Muhammad, Islam, Syed M., and Khaliq, Abdul ; (2004) ; Power transformer aging and life 
extension; 2004 International Conference on Probabilistic Methods Applied to Power Systems; 2004 
International Conference on Probabilistic Methods Applied to Power Systems , 498-501; 

Abstract: 
Power transformer is a critical and expensive asset for any power utility. Many transformers around 
the world are serving close to or beyond their designed life. There is an increasing focus on 
maintenance and life extension of existing transformers to maximize the return on investment. 
Transformer failure statistics exhibit that most of the failures have occurred before reaching their rated 
life. Transformer failures due to dielectric problems are reported as high as 75%. Furanic compounds 
presence in oil provide an indication of solid dielectric deterioration. It is important to identify the 
deterioration stages of dielectrics and its degree of sensitivity towards aging. Ageing is also strongly 
dependent on temperature, oxygen and water levels in the transformer. The transformer life can be 
maximized by controlling these variables. This paper presents a fuzzy logic based approach to 
estimate the age of a power transformer using key indicators such as moisture and furanic 
compounds. [10 Refs; In English] 

Bourgeois, A., Paillat, T., Moreau, 0 ., Martha, G. , and Touchard, G.; (2005); Flow electrification in 
power transformers: Salt-type additive as a potential remedy?; Journal of Electrostatics 63[6-10), 
877-882; 

Abstract: 
Flow electrification in power transformers has been studied for the last 30 years, since the charge 
generation phenomenon was suspected to be responsible for power transformer failures. An 
experimental set-up has been built at the University of Poitiers in partnership with EDF (French utility) 
to simulate the oil path along the pressboard between transformer windings. The accumulated charge 
in a pressboard duct can then be estimated by the integration of the measured capacitive current up 
to infinite time. Among the investigations to reduce the electrostatic hazard, a chemical salt has been 
injected into new and aged oil at different concentrations. It was found that the accumulated charge 
was drastically reduced at different salt concentrations for both oils whatever the temperature and the 
flow rate applied. (c) 2005 Elsevier B.V. All rights reserved. [Journal Article; 12 Refs; In English; 
Summary in English] 

Chen, Yuan Lin , Shen, Kun Yuan, Liao, Wen Bin , and Yang, Yueh Ru; (2003); A Case Study on 
Harmonic Source Caused Transformer Failure On 3-phase 4-wire Distribution System; Proceedings 
of the Universities Power Engineering Conference 38, 630-633; 

Abstract: 
A case of harmonic on 3-phase 4-wire distribution system that resulted in failure of transformer and 
consequential the system is shut down almost caused a fire. This paper focuses on investigation both 
of the failure case and how to solve the problem. The results of the system harmonic current and 
voltage survey are reported. The most important is that the value of neutral line (N phase) current is 
two times greater than the line current (ABC phase) on the system and which is the prime reason to 
damage the system. The improvement methods considering both the cost and the total harmonic 
distortion are also presented in the paper. [4 Refs; In English] 

Ding, H. Z. and Wang, Z. D.; (2005); Modelling the ageing of cellulose insulation in power 
transformers; 3rd IEE International Conference on Reliability of Transmission and Distribution 
Networks, RTDN 2005; IEE Conference Publication, 315-319; 

Abstract: 
Ageing degradation of cellulose insulation in power transformers increases with operating cycles in a 
cumulative manner and may lead to the failure of power transformers. In this study a cumulative 
degradation model for the ageing of cellulose insulation is proposed. The concept of degradation 
accumulation is applied to predict the life of cellulose insulation; a degradation evaluation function, 
called the degree of degradation, is introduced to represent the ageing of cellulose paper insulation. 
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The model has been applied to explain the experimental data of Kraft paper over a wide ageing 
temperature range from 60[deg]C to 160[deg]C. The results indicate that the model gives a good 
description of the evolution process of ageing degradation of cellulose insulation. [16 Refs; In English] 

Florkowski, Marek and Furgal, Jakub; (2005); A high-frequency method for determining winding 
faults in transformers and electrical machines; Review of Scientific Instruments 76[11], 114701; 

Abstract: 
Improvement of diagnostic methods of both power transformers and electrical machines is crucial 
considering the function they play in electrical networks and industry as well as the cost of those 
devices. High-frequency measurements are used more and more frequently as a diagnostic tool for 
the investigation of transformer and machine windings. They are also used for identifying winding 
faults . As a base are measurement results of frequency dependencies of the winding admittance or 
the transfer function. Therefore, relations between different kinds of winding faults and changes of 
frequency dependencies of winding admittances or transfer functions should be determined. Much 
research work is done in that field , which aims to determine the sensitivity of this method and to 
develop the recognition criteria with regard to the type and range of faults. This article presents the 
comparison of measurement results of the admittance performed on the medium-voltage transformer 
winding . The quantitative results of detecting deformations and dislocations of windings by means of 
frequency response analysis are described. Of-particular importance is the early detection of winding 
failures in electrical machines, both during the manufacturing process and in operation. The results of 
investigations of winding faults in electrical machines of different construction are presented. The 
influence of turn-to-turn faults between adjacent winding wires on the admittance wave form has been 
also investigated. (c) 2005 American Institute of Physics. [17 Refs; In English] 

Garcia, Belen, Burgos, Juan Carlos, and Alonso, Angel Matias; (2000); Transformer tank vibration 
modeling as a method of detecting winding deformations - Part I: Theoretical foundation; IEEE 
Transactions on Power Delivery 21 [1], 157-163; 

Abstract: 
In this paper, a model developed for a transformer monitoring system to estimate transformer tank 
vibration is presented. The model calculates vibration on the transformer tank starting from some 
input variables that can be easily measured on the transformer. Tank vibration is also measured, 
showing a good concordance between estimated and measured values if the transformer is healthy. 
In case of a winding deformation winding vibration and, consequently, that of the tank, changes and a 
big difference between estimated and measured vibration appear. To estimate tank vibration, the 
model takes into account the main physical phenomena generating vibrations in the different 
transformer elements and how these vibrations are superposed and transmitted to the tank. The 
model has been tested experimentally on a test transformer fitted with internal and external 
accelerometers. A deformation has been provoked in the test transformer winding with the aim of 
testing the model's ability to detect it. The model has been also tested on several in-service grid 
transformers. The results of the experimental validation are shown in Part II of the paper. (c) 2006 
IEEE. [22 Refs; In English] 

Garcia, Belen, Burgos, Juan Carlos, and Alonso, Angel Matias; (2000); Transformer tank vibration 
modeling as a method of detecting winding deformations - Part II: Experimental verification; IEEE 
Transactions on Power Delivery 21[1], 164-169; 

Abstract: 
In Part I of the paper, a tank vibration model was proposed as a method to detect the winding 
deformations in power transformers. This model is incorporated in a model-based monitoring system 
for power transformers. In this paper, the experimental verification of the proposed model that 
calculates vibration on the transformer tank is reported. The model was validated in a 1500-kVA 
experimental transformer constructed as a reduced scale model of a 60-MVA 220-kV unit. In order to 
load the test transformer, the opposition method described in IEC 60076-2 Standard was used 
allowing to vary the load and power factor over a wide range. Sensors to measure vibrations and 
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temperature were installed in the test transformer. The model was validated under different test 
transformer operating conditions. In order to verify the model's ability to detect failures, a deformation 
was provoked in the test transformer winding . Model predictions were compared with the measured 
vibration in that situation. The model has also been applied to four (30-40 MVA) grid transformers. 
Some results of this field validation are presented in th is paper. (c) 2006 IEEE. [3 Refs; In English] 

Garcia, Belen, Burgos, Juan Carlos, and Alonso, Angel; (2000) ; Winding deformations detection in 
power transformers by tank vibrations monitoring; Electric Power Systems Research 74[1 ], 129-138; 

Abstract: 
There is an increasing interest in applying monitoring systems and on line diagnosis techniques to 
power transformers, as these are one of the most expensive and critical components of a power 
system. Detecting failures in an incipient stage can avoid major transformer damages, allowing 
important savings in investing, and giving time enough to plan transformer outages. In recent years, a 
great number of monitoring systems have been reported. Some of them, make use of models as a 
tool to assess transformer condition. In this paper the use of a vibration model to be applied to 
transformer monitoring is proposed. In the paper, a review of the basic theory of transformer vibration 
is performed and the results of an experimental set of tests carried out in order to establish the model 
basis are reported. (c) 2004 Elsevier B.V. All rights reserved. [14 Refs; In English] 

Garcia, Belen, Burgos, Juan Carlos, Alonso, Angel Matias, and Sanz, Javier ; (2000); A moisture-in
oil model for power transformer monitoring - Part I: Theoretical foundation; IEEE Transactions on 
Power Delivery 20[2 II], 1417-1422; 

Abstract: 
Nowadays, there is an increasing interest in using transformer monitoring systems. Some monitoring 
systems use models to predict the value of certain variables. One of the key variables to be monitored 
is moisture content in oil, as moisture has a high influence on transformer exploitation. In this paper, 
the theoretical foundation of a model for monitoring moisture in transformer oil is reported. The 
Moisture Model estimates moisture content in transformer oil under certain working conditions. 
Comparing the value of estimated moisture with the measured one, the model is able to detect 
failures producing an abnormal water content in the transformer. The Model considers the equilibrium 
relations between paper and oil , the transients that take place until the steady-state equilibrium is 
attained, and the water increase caused by the insulating paper ageing. In addition, the Model can 
alert to the possibility of oil saturation and the consequent free water formation in the transformer. In 
this paper, the theoretical foundation of the Moisture Model is described; in a companion paper, its 
experimental verification is reported. (c) 2005 IEEE. [27 Refs; In English] 

Garcia, Belen, Burgos, Juan Carlos, Alonso, Angel Matias, and Sanz, Javier ; (2000) ; A moisture-in
oil model for power transformer monitoring - Part II: Experimental verification; IEEE Transactions on 
Power Delivery 20[2 II], 1423-1429; 

Abstract: 
In the companion paper, a model to detect failures leading to an increase of the water content in 
transformer oil was proposed. In this paper, the experimental verification of the Model is presented. 
The Model was tested in a 1500-kVA test transformer constructed as a reduced scale model of a 60-
MVA 220-kV transformer. In order to load the Transformer to have the capability of varying load and 
power factor over a wide range, the opposition method described in IEC 60076-2 Standard was used. 
Sensors to measure temperature and moisture in oil were installed in the Test Transformer. The 
Model was adjusted and validated using a set of data corresponding to different operating conditions. 
The Transformer was submitted to an accelerated aging process studying the Model response in such 
a case. In order to verify the Model's ability to detect failures, a water ingress in the Transformer was 
simulated. (c) 2005 IEEE. [4 Refs; In English] 
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Geldenhuis, L. M.; (2005); Power transformer life management; Eighteenth International Conference 
and Exhibition on Electricity Distribution, CIRED 2005, Technical Reports - Session 1: Network 
Components; IEE Conference Publication 1[2005-11034], 131-134; 

Abstract: 
Utility asset management and network reliability have, over recent times, become well researched 
topics. Electrical utilities, across the globe, recognize the fact that major power system equipment is 
reaching the end stage of its expected life. The age profiles of this equipment are very similar. Recent 
power failure events have highlighted how vulnerable electrical distribution networks really are. 
Events on the east coast of North America and Europe have emphasis the real value of electricity at 
much higher levels than its selling price. The ability to extend life expectancies by effective asset 
management can have a major impact on capital investment planning programs. Power transformers 
represent the bulk of the asset value for distribution and transmission utilities. Traditional asset 
management strategies for transformers revolves greatly on time based maintenance methodologies 
and transformer oil monitoring. With increased demands for electricity power transformers are 
operated at or beyond its nameplate value. The strategic nature of power transformers makes it highly 
critical items on the distribution network. It is therefore imperative to manage power transformers to 
attain optimum utilization and thereby maximising the return on investment without lowering their 
production and availability levels. The proposed paper will detail the life assessment process of power 
transformers and include criteria for subsequent recommended remedial action. [5 Refs; In English] 

Lapworth , John and McGrail, Tony; (1998); Transformer failure modes and planned replacement; 
IEE Colloquium (Digest) , 9-1-9/7; 

Abstract: 
Planned replacements is ideal from the point of view of maintaining system reliability in the face of an 
ageing population of transformers. To implement such a policy, information on failure modes and 
asset health is required, which necessitates a careful program of inspections of redundant units, basic 
research and condition assessments. [In English] 

Marino, P., Siguenza, C., Poza, F., Vazquez, F., and Machado, F.; (2003); Supporting Information 
System for Power Transformer Fault Forecasting Applications; IECON Proceedings (Industrial 
Electronics Conference) 2, 1899-1904; 

Abstract: 
Power transformers' failures carry great costs to electric companies since they need resources to 
recover from them and to perform periodical maintenance. To avoid this problem in four working 40 
MVA transformers, the authors have implemented the measurement system of a failure prediction 
tool, that is the basis of a predictive maintenance infrastructure. The prediction models obtain their 
inputs from sensors, whose values must be previously conditioned, sampled and filtered, since the 
forecasting algorithms need clean data to work properly. Applying Data Warehouse (OW) techniques, 
the models have been provided with an abstraction of sensors the authors have called Virtual Cards 
(VC). By means of these virtual devices, models have access to clean data, both fresh and historic, 
from the set of sensors they need. Besides, several characteristics of the data flow coming from the 
VCs, such as the sample rate or the set of sensors itself, can be dynamically reconfigured . A 
replication scheme was implemented to allow the distribution of demanding processing tasks and the 
remote management of the prediction applications. VCs and the modular architecture proposed make 
the system scalable, reconfigurable and easy to maintain. [22 Refs; In English] 

Massey, Gregory W.; (2000) ; Failure analysis of a 1500 KVA, 13.2 KV/480 Volt, delta-delta 
transformer; Conference Record of Industrial and Commercial Power Systems Technical Conference 
'69-75; 

Abstract: 
This paper discusses the events surrounding the catastrophic failure of a 1500 KV A, 13.2 KV/480 
Volt, delta-delta, cast-coil transformer. The transformer supplied a 480 V, three-phase, three-wire 
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distribution switchboard serving HVAC and miscellaneous motor loads. Both utility feeders supplying 
the 15 KV switchboard suffered faulted operating conditions exterior to the building and were de
energized. The transformer subsequently failed after switching operations in the 15 KV switchboard 
supplying the transformer. The pages that follow examine the final condition of the transformer and 
enclosure, along with the 15 KV switchboard serving the transformer and the 480 V switchboard 
served by the transformer, to speculate how the transformer failed . Note: The views expressed in this 
paper do not necessarily reflect the views of the United States of America, the Department of Justice, 
or the Federal Bureau of Prisons. [Author abstract; 3 Refs; In English] 

McNally, Monica; (2000); Insuring against equipment breakdowns; Scrap 62[3], 37; 

Abstract: 
Various issues related to insurance against equipment breakdowns are discussed. Equipment 
breakdown coverage is considered to be one of the least understood forms of insurance, but it's one 
that is also extremely important to businesses. Equipment breakdown coverage can be used to insure 
a wide range of objects. One can cover his nonproduction equipment such as boilers and 
transformers, or the policy can be extended to also cover actual production machinery. [Edited 
abstract; In English] 

Meijer, Sander, Jongen, Rogier A. , Guiski, Edward, and Smit, Johan J.; (2005); Location of 
insulation defects in power transformer based on energy attenuation analysis; Proceedings of 2005 
International Symposium on Electrical Insulating Materials, ISEIM 2005; Proceedings of the 
International Symposium on Electrical Insulating Materials 3, 2-44; 

Abstract: 
Power and distribution transformers form important components in the electricity grid . Failure of such 
important components can give rise to high costs (such as costs for repair and cost for non-delivery). 
Therefore means to determine the risk of failure of transformers are of importance. For on-line partial 
discharge detection in transformers, the UHF technique has been introduced several years ago. In 
this paper a technique to locate the discharging insulation defect is introduced, based on the energy 
content in the frequency spectra, detected on all couplers. It is known that the energy, radiated by the 
PD source, is attenuated by the distance and due to propagation in oil. Therefore, a two-steps 
procedure is necessary and is described in this paper: a correction matrix is defined based on a 
sensitivity check which is then used to correct actual PD measurement results . Results are shown 
from calibration measurements on and PD testing of a 150 MVA power transformer. [5 Refs; In 
English] 

Molle, Gary M.; (2005); A new non destructive method to screen for corona/breakdown of a 
transformer core; ISTFA 2005 - Conference Proceedings from the 31st International Symposium for 
Testing and Failure Analysis; Conference Proceedings from the International Symposium for Testing 
and Failure Analysis 2005, 422-426; 

Abstract: 
There is a problem with testing torroidal or encapsulated transformers for their Dl./N characteristics in 
that the core is normally inaccessible. For high voltage transformers, knowing whether or not the core 
is sufficiently insulated to prevent breakdown is crucial to the component reliability. If there is a lack of 
dielectric material between any winding set and the core, it is impossible to determine potential failure 
susceptibility by the normal D'IN testing means. Using MILT-27's "Corona discharge" test circuits for 
this determination requires special equipment, "corona free" capacitors, and has other issues. I have 
developed a screening method using a Fluorescent Lamp Supply "drive box" with a sinusoidal output 
from 2 to 7KVpp at or above 25 KHz that will expose corona in transformers when directly back driven 
into the secondary windings. Transformers that do not have sufficient insulation between winding sets 
and windings to core can develop corona discharge which can be seen on an oscilloscope via a 
commercially available isolated current probe as high frequency spikes modulating the original sine 
wave, heard on an AM radio the same as lightning or static discharge, or cause complete collapse of 
the voltage at test voltages within seconds when tested up to the rated voltage of the particular 
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winding set. A sample set of 80 transformers was tested , and a 30 percent failure rate was 
discovered. Copyright (c) 2005 ASM lnternational[registered trademark]. [1 Refs; In English] 

Morched, A. S., Marti, L. , Brierley, R.H., and Lackey, J. G.; (1996); Analysis of internal winding 
stresses in EHV generator step-up transformer failures; IEEE Transactions on Power Delivery 11 [2], 
888-894; 

Abstract: 
This paper describes studies carried out to investigate the failure of one phase of a 990 MVA 
generator step-up transformer bank at one of Ontario Hydro's major generating stations. A high 
accuracy frequency dependent transformer model was used to determine the behaviour of the 
transformer at the terminals under transient conditions. With this information, and with measured 
transfer functions between the terminals and various points inside the windings, it was possible to 
create internal voltage distribution maps. This information was then used to evaluate the insulation 
stresses within the winding, and to ascertain that the use of additional capacitance at the HV 
terminals to reduce the magnitude and frequency of incoming transients would be adequate to reduce 
the disk-to-disk stresses near the line end of the HV winding . The values of the HV terminal 
capacitances were chosen so that no undue stresses in other portions of the winding would take 
place. [Author abstract; 5 Refs; In English] 

Muthanna, Kshira T., Sarkar, Abhinanda, Das, Kaushik, and Waldner, Kurt; (2000); Transformer 
insulation life assessment; IEEE Transactions on Power Delivery 21 [1], 150-156; 

Abstract: 
This paper presents novel techniques for life assessment of the insulation of the generator stepup 
units in power plants. Load and ambient temperatures are two important factors that influence the life 
of insulation in transformers. Hourly load and ambient temperatures obtained through condition 
monitoring are used to assess the operating profile of the equipment. Modeling techniques for 
estimating load factors and the ambient temperatures using the operating history are discussed in this 
paper. The estimated load factors and ambient temperatures are input to the IEEE life consumption 
models to assess the consumed life of insulation. A full simulation approach and a renewal process 
approach have been presented to evaluate the time to failure of the insulation. Estimation of some 
relevant reliability parameters such as Bx life, time-to-reach design life, and probability of failure at a 
given time are also presented . The methods discussed are useful for estimating residual life of 
insulation to support the repair and maintenance policies of transformers. (c) 2006 IEEE. [13 Refs; In 
English] 

Naderi, Mohammad S., Vakilian, M., Blackburn, T. R., Phung, B. T., Zhang, Hao, and Naderi, Mehdi 
S.; (2005); A method for studying partial discharges location and propagation within power 
transformer winding based on the structural data; Proceedings of 2005 International Symposium on 
Electrical Insulating Materials, ISEIM 2005; Proceedings of the International Symposium on Electrical 
Insulating Materials 2, 1-51; 

Abstract: 
Power transformer inner insulation system is a very critical component. Its degradation may pose 
apparatus to fail while in service. On the other hand, experimental experiences prove that partial 
discharges are a major source of insulation failure in power transformers. If the deterioration of the 
insulation system caused by PD activity can be detected at an early stage, preventive maintenance 
measures may be taken. Because of the complex structure of the transformer, accurate PD location is 
difficult and is one of the challenges power utilities are faced with. This problem comes to be vital in 
open access systems. In this paper a theory for locating partial discharge and its propagation along 
the winding is proposed, which is based on structural data of a transformer. The lumped element 
winding model is constructed . Quasi-static condition is applied and each turn of the winding is 
considered as a segment. Then an algorithm is developed to use the constructed matrices for PD 
location. A software package in Visual Basic environment has been developed. This paper introduces 
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the background theory and utilized techniques. [13 Refs; In English] 

Pradhan, Manoj Kumar and Ramu, T. S.; (2000); On the estimation of elapsed life of oil-immersed 
power transformers; IEEE Transactions on Power Delivery 20[3], 1962-1969; 

Abstract: 
Inadvertent failure of power transformers has serious consequences on the system reliability, 
economics, and the revenue accrual. An accurate estimation of transformer life can, to a very large 
extent, mitigate the problems, besides satisfying the conflicting requirements of optimum utilization of 
the equipment and safeguarding the reliability. In this endeavour, the authors have planned long 
duration aging experiments on scaled-down (prorated) models [1] of a transformer, incorporating all of 
the essential features of actual equipment under normal operating electric stress and accelerated 
thermal stress. In continuation of the authors' earlier experimental investigations, an elapsed life 
assessment study has been instituted by acquiring insulation-aging data under accelerated thermal 
stresses. (c) 2005 IEEE. [19 Refs; In English] 

Richardson, Brian; (1998); Transfonner life management: Bushings and tapchangers; IEE 
Colloquium (Digest) , 8-1-8/4; 

Abstract: 
Transformer life management is an essential part of modern power system operation. ABB developed 
advanced diagnostic techniques to assist in managing these assets to give planned maintenance, 
refurbishment and replacement. These techniques are a valuable complement to more commonly 
used methods such as dissolved gas analysis and can provide more exact diagnosis. Understanding 
the design of the transformer as well as the operational history is essential for making reliable 
diagnosis. Transformer failures are still relatively rare and in these failures, one of the most frequent 
causes is the on-load tapchanger. Bushing failures are less frequent than on-load tapchangers but the 
effect can be as dramatic. [In English] 

Sparling, B. and Webb, M.; (2005); Experiences with continuous on-line monitoring of developing 
fault conditions in large power transfonners; 3rd IEE International Conference on Reliability of 
Transmission and Distribution Networks, RTDN 2005; IEE Conference Publication , 325-329; 

Abstract: 
On-line monitoring techniques developed over recent years now permit much closer management of 
large power transformers. Providing early warning of developing faults can enable transformers to be 
operated until repair or replacement is convenient. In some cases catastrophic failures have been 
avoided. [5 Refs; In English] 

Stone, Robert B., Turner, lrem Y., and Van Wie, Michael; (2000); The function-failure design 
method; Journal of Mechanical Design, Transactions of the ASME 127[3], 397-407; 

Abstract: 
To succeed in the product development market today, firms must quickly and accurately satisfy 
customer needs while designing products that adequately accomplish their desired functions with a 
minimum number of failures. When failure analysis and prevention are coupled with a product's 
design from its conception, potentially shorter design times and fewer redesigns are necessary to 
arrive at a final product design. In this article, we explore the utility of a novel design methodology that 
allows failure modes and effects analysis (FMEA)-style failure analysis to be conducted during 
conceptual design. The function-failure design method (FFDM) guides designers towards improved 
designs by predicting likely failure modes based on intended product functionality. Copyright (c) 2005 
by ASME. [27 Refs; In English] 
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Vanin, B. V., L'vov, Yu , L'vov, M. Yu , and Shifrin, L. N.; (2004); Operation ofline transfonners upon 
attainment of maximum permissible parameters of wear of winding insulation; 38[1], 61-63; 

Abstract: 
Possible mechanisms of failure of insulation of windings of line transformers after exhaustion of their 
service life are considered . Conditions of strength of paper insulation and conditions of operation of 
screw-type insulation under the action of short-circuit currents are analyzed. Recommendations are 
formulated for the use of line transformers with exhausted insulation life. (c) 2004 Plenum Publishing 
Corporation. [Article; 3 Refs; In English; Summary in English] 

Wang, J., Zhou, Y. X., Yan, P., Huang, W. L. , Li, G. J., Zhang, S. C., and Sun, G. S.; (2005); Study 
on dielectric surface discharge in transfonner oil under high voltage nanosecond pulse; Journal of 
Electrostatics 63[6-1 O], 665-671; 

Abstract: 
Electrical equipments are always subjected to different operating conditions and voltage waves which 
cause electrical failure on the surface and in the bulk of dielectrics. In this paper, experiments have 
been carried out to study main factors that influence the characteristic of dielectric surface discharge 
in transformer oil. Experimental study on flashover of nylon-6 and polymethyl methacrylate (PMMA) 
under applied voltage ranged from 50 to 250 kV shows that the flashover voltage U is influenced by 
the insulation structure, rise velocity and pulse width of the applied voltage. Flashover electrical field 
value E in pulse with rise time less than 10 ns is higher than that in DC and AC voltages. When angle 
between electrode and the sample is about 45[deg], nylon 6 and PMMA show the best flashover 
performance. From these results , the influence of the secondary electron emission and space 
charges on the electrical breakdown of dielectrics has been stressed. (c) 2005 Published by Elsevier 
B.V. [Journal Article; 8 Refs; In English; Summary in English] 

Weizheng, Zhang, Yanming, Li, and Lanjun, Yang; (2000); The fault diagnosis of power transfonner 
based on rough set theory; WSEAS Transactions on Circuits and Systems 4[8], 912-916; 

Abstract: 
A transformer is one of the most important units in power networks; thus, fault diagnosis of 
transformers is quite significant. Rough set theory is a relatively new soft computing tool to deal with 
vagueness and uncertainty. It has received much attention of the researchers around the world. 
Rough set theory has been successfully applied to many areas including pattern recognition , machine 
learning, decision support, process control and predictive modeling. Due to incompleteness and 
complexity of fault diagnosis for power transformer, a specific fault diagnostic model based on rough 
set theory is presented in this paper. After the statistic analysis on the collected fault examples of oil
immersed power transformer and using rough set theory to reduce result, diagnosis rules are 
acquired and they could be used to improve the condition assessment of power transformer. The fault 
diagnose inference model was built based on the advantage of effectively simple decision rules and 
easy reality of rough sets. It simples the diagnose rules with no affecting the effect of diagnose. The 
significant advantage of the new method is that it can discriminate the indispensable alarm signals 
from dispensable ones that would not affect the correctness of the diagnosis results even if they are 
missing or erroneous. [6 Refs; In English] 

Williams, Donna L.; ( 1998); Use of impedance techniques to analyze a transfonner failure; 
Proceedings of the American Power Conference 2, 823-827; 

Abstract: 
A 138/34 kV, wye/delta, Pennsylvania Class FOA transformer was analyzed with data from a digital 
fault recorder. The transformer fault progressed unchecked due to an outage of the direct current 
(DC) systems following a mill fire at the generating station. The physical inspection of the actual 
transformer supported the explosion in the vicinity of the fixed tap since this area was bulged. The 
feeling is that switching transients and harmonics in the area had been causing heating in the 
compression connectors for some time. This had produced periods when the transformer would 
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experience gassing. [In English] 

Zhang, J., Jones, G. R., Deakin, A. G., and Spencer, J. W.; (2005); Chromatic processing of DGA 
data produced by partial discharges for the prognosis of HV transformer behaviour; Measurement 
Science and Technology 16[2], 556-561; 

Abstract: 
One method for the identification of incipient transformer failures due to partial discharges involves 
measuring the concentration of dissolved gases in the transformer oil. The number of gases 
monitored is often considerable(>= 10), and there is a problem in tracking time varying patterns of the 
concentration of these gases to yield meaningful prognostic information. This contribution describes 
the use of chromatic processing techniques in the gas identification domain for yielding conveniently 
assimilable information in the form of chromatic maps for prognostic purposes. Such maps take the 
form of polar diagrams of various chromatic parameters such as hue (dominant species), saturation 
(breadth of gases per cent) and lightness (the overall concentration of gaseous species). Three 
categories of transformer working conditions (safe, alert and faulty) have been established based on 
such chromatic signatures. A simple probabilistic model, which can facilitate examination of the 
implication of future data gathered online, has been assembled. (c) 2005 IOP Publishing Ltd . [Journal 
Article; 8 Refs; In English; Summary in English] 

Zhu, Minglin, Zhu, Zishu, Jin, Zhijian, and Qian, Zhiyin ; (2000); Investigation of internal resonances 
and winding insulation stresses in grounding transformer failures; Proceedings of the IEEE 
International Conference on Properties and Applications of Dielectric Materials 2, 864-867; 

Abstract: 
In Shanghai's 220kV transformer substations, most 35kV buses are connected with grounding 
transformers. In recent two years, several grounding transformers were in failure, which internal 
insulation was damaged. In order to cope with the problem, this paper calculates and analyzes the 
switching overvoltages, electromotive force of the grounding transformer. Also especially internal 
resonances feasibility of the winding was investigated, electric potential distribution of disk-to-disk and 
turn-to-turn along the winding during the lightning impulse test was measured. Then a critically 
stressed position in the winding insulation was found and studied. Subsequently this paper deducts 
that the main reason to failure of the grounding transformer is turn-to-turn insulating breakdown or 
damage near the HV line terminals. So effective steps are put forward, one is adding insulating 
thickness of turn-to-turn near the incoming line, the other is decreasing the gradient of intrusive 
lightning surge. [Author abstract; 3 Refs; In English] 

C.5 Gas turbine 

Brun, Klaus, Kurz, Rainer, and Simmons, Harold R.; (2005); Aerodynamic instability and life limiting 
effects of inlet and interstage water injection into gas turbines; Proceedings of the ASME Turbo Expo 
2005; Proceedings of the ASME Turbo Expo 4, GT2005-68007; 

Abstract: 
Gas turbine power enhancement technologies such as inlet fogging, interstage water injection, 
saturation cooling, inlet chillers, and combustor injection are being employed by end-users without 
evaluating the potentially negative effects these devices may have on the operational integrity of the 
gas turbine. Particularly, the effect of these add-on devices, off-design operating conditions, non
standard fuels , and compressor degradation/fouling on the gas turbine's axial compressor surge 
margin and aerodynamic stability is often overlooked. Nonetheless, compressor aerodynamic 
instabilities caused by these factors can be directly linked to blade high-cycle fatigue and subsequent 
catastrophic gas turbine failure ; i.e., a careful analysis should always proceed the application of power 
enhancement devices, especially if the gas turbine is operated at extreme conditions, uses older 
internal parts that are degraded and weakened, or uses non-standard fuels.This paper discusses a 
simplified method to evaluate the principal factors that affect the aerodynamic stability of a single 
shaft gas turbine's axial compressor. As an example, the method is applied to a frame type gas 
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turbine and results are presented. These results show that inlet cooling alone will not cause gas 
turbine aerodynamic instabilities but that it can be a contributing factor if for other reasons the 
machine's surge margin is already slim. The approach described herein can be employed to identify 
high-risk applications and bound the gas turbine operating regions to limit the risk of blade life 
reducing aerodynamic instability and potential catastrophic failure. Copyright (c) 2005 by ASME. [26 
Refs; In English] 

Bulloch, J. H. and Callagy, A. G.; (2000); Assessment of a premature failure in a gas turbine part; 
Engineering Failure Analysis 7[6] , 411-426; 

Abstract: 
A premature failure of an inlet guide vane in a gas turbine has been the subject of a rigorous study 
and the present paper describes it in detail. It was established that failure occurred by fatigue crack 
growth which was initiated from a surface defect, in the form of a non-metallic inclusion cluster, at the 
vane root location where working stresses were highest. From a careful fractographic study and 
fatigue data, it was assessed that the fatigue stress range for this failure was from 260 to 530 MPa. 
Strain gauge measurements indicated a real working stress range of 210-450 MPa and demonstrated 
the usefulness of the fractographic predictions. It was recommended that (a) the guide vane root be 
increased in thickness such that the working stresses be reduced by some 40% and (b) the vane be 
fabricated from a forged steel rather than-a-casting. The latter reduced the extent and size of non
metallic inclusions and it was assessed that fatigue crack growth would not be initiated from the worst 
inclusion cluster observed in the forged steel guide vane component. [Author abstract; 9 Refs; In 
English] 

Dedekind, M. 0. and Harris, L. E.; (1996); Evaluation of premature failure of a gas turbine 
component; International Journal of Pressure Vessels and Piping 66[1-3], 59-76; 

Abstract: 
A case study of certain gas turbine stator vanes which fail prematurely is presented, with a view to 
determining whether operational procedure might have caused the failures. The engines had been 
operated from a 'hot-and-high' environment, and this could have contributed to the failures. 
Computational fluid dynamics (CFO) techniques were employed in order to obtain an accurate design 
point thermal history. The resulting convection boundary conditions were then interpolated over a 
finite element mesh. Transient thermal and stress analyses were performed. At the same time, 
microstructural analyses of the service-exposed material were carried out to estimate the maximum 
temperature seen by the component. These showed that higher than expected vane metal 
temperatures were experienced. Emphasis was placed on the procedures outlined in the USAF 
Engine Structural Integrity Program, since little detail was known about the actual engine operating 
histories. [Author abstract; 14 Refs; In English] 

Higgins, Paul D. and Johnson, Steven R. ; (1996); Real time quantitative lube oil debris monitoring 
for LM engines; American Society of Mechanical Engineers, Power Division (Publication) PWR 30, 
209-217; 

Abstract: 
The majority of the aeroderivative industrial gas turbines are operated without an effective method of 
detecting the onset of oil wetted component failures. Wear debris monitoring is the most effective 
technique available for detecting impending failure of oil wetted components. Many operators depend 
on vibration, sump outlet temperature, off-line oil sampling, filter by-pass alarms or a combination of 
these methods to detect bearing failures. However, none of these provides earlier, verifiable warning 
of the onset of failure. Adaptation of lube oil debris monitoring systems from aerospace to 
aeroderivative engines permits operators to eliminate this risk. The General Electric GE90 engine 
utilizes the Quantitative Debris Monitor (QOM) developed by Vickers, Systems Monitoring Division. 
The QOM continuously monitors the lube oil for presence of wear debris. This system was qualified to 
a GE specification and repackaged to be compatible with the industrial turbine environment. In order 
to validate the QOM package for industrial use, field service evaluations were performed. This paper 
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discusses that experience at one site, Nevada Cogeneration Associates, Inc. (NCA), and reviews the 
detection capability of the QOM system. There are three LM2500PE engines operated at the subject 
NCA site. Two engines at this site had previously suffered undetected bearing failures resulting in 
forced outages during the summer peak season of 1994. Operational experience from the NCA site 
indicates that their previous bearing failures could have been detected in advance of failures in those 
engines. This would have permitted scheduled outage and maintenance, and lead time for 
replacement parts, minimizing turbine down time and associated costs. [Author abstract; In English] 

Hoextermann, E. and Richter, P.; (2000) ; Failures of and damage to gas turbine components; VGB 
PowerTech 80[10] , 51-54; 

Abstract: 
An overview is given on possible failures of and damage to gas turbine components. The components 
covered include compressors, burners, turbines, bearings, rotor seals, thermal shields, start-up 
devices, air filtration systems, anti-icing equipment, inlet air cooling system, inlet air duct, exhaust gas 
duct, silencers, compensators, isolation, and stacks. [In English] 

Kaul, Rakesh, Muralidharan, N. G., and Kasiviswanathan, K. V.; (1996); Failure analysis of a spindle 
of a synthetic gas turbine valve; Praktische Metallographie/Practical Metallography 33[1], 44-51; 

Abstract: 
Failure analysis is carried out on a failed spindle of high pressure valves of a synthetic gas turbine. 
The material is DIN 1.7240, a martensitic stainless steel. This material is case hardened by nitriding. 
The analysis shows that the cause of failure is attributed to the damage to the nitrided case as well as 
to poor surface finish at the major stress concentration site, which facilitated easy nucleation of 
multiple fatigue cracks. The damage to the nitrided case is brought about by coarse machining of the 
nitrided part. [2 Refs; In English, German] 

Khajavi, M. R. and Shariat, M. H. ; (2004) ; Failure of first stage gas turbine blades; Engineering 
Failure Analysis 11 [4], 589-597; 

Abstract: 
Gas turbine blades must exhibit a high level of resistance to the oxidizing and corrosive environment 
generated by the combustion gases and be resistant to any associated mechanical failure 
mechanisms such as erosion. In this paper different types of hot corrosion with their microscopic 
characteristics are reviewed, and a case study on the first stage blades of a GE-F5 gas turbine 
presented. (c) 2003 Elsevier Ltd . All rights reserved. [Journal Article; 15 Refs; In English; Summary in 
English] 

Krok, Michael and Goebel, Kai; (2003); Prognostics for Advanced Compressor Health Monitoring; 
Proceedings of SPIE - The International Society for Optical Engineering 5107, 1-12; 

Abstract: 
Axial flow compressors are subjected to demands for ever-increasing levels of pressure ratio at a 
compression efficiency that augments the overall cycle efficiency. However, unstable flow may 
develop in the compressor, which can lead to a stall or surge and subsequently to gas turbine failure 
resulting in significant downtime and cost to repair. To protect against these potential aerodynamic 
instabilities, compressors are typically operated with a stall margin. This means operating the 
compressor at less than peak pressure rise which results in a reduction in operating efficiency and 
performance. Therefore, it is desirable to have a reliable method to determine the state of a 
compressor by detecting the onset of a damaging event prior to its occurrence. In this paper, we 
propose a health monitoring scheme that gathers and combines the results of different diagnostic 
tools to maximize the advantages of each one while at the same time minimizing their disadvantages. 
This fusion scheme produces results that are better than the best result by any one tool used. In part 
this is achieved because redundant information is available that when combined correctly improves 
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the estimate of the better tool and compensates for the shortcomings of the less capable tool. We 
discuss the usage of diagnostic information fusion for a compressor event coupled with proactive 
control techniques to support improved compressor performance while at the same time avoid the 
increased damage risk due to stall margin reduction. Discretized time to failure windows provide event 
prediction in a prognostic sense. (18 Refs; In English] 

Le May, I. and Furtado, H. C.; (1998); High temperature failures; Microstructural Science 26, 13-21; 

Abstract: 
Fracture at elevated temperature occurs in a number of situations, including boilers, superheaters and 
related piping and components, petrochemical plants, gas turbines, and furnaces. In many such 
cases the failure must be investigated in order to determine the reasons for its occurrence and to 
avoid similar failures in future. The various mechanisms of high temperature failure are discussed and 
metallographic and fractographic features of them are described. [24 Refs; In English] 

Mazur, Zdzislaw and Kubiak, Janusz; (1998); Gas turbine failure evaluation and repair; Proceedings 
of the American Power Conference 2, 926-931 ; 

Abstract: 
A combustion turbine, used primarily for peaking duty, and operated on distillate oil experienced 
catastrophic damage. The failure originated in the turbine bearing support and resulted in damage to 
all the turbine buckets and nozzles (two stages), first stage rotor disc and casing heat shields. Also 
compressor blades, vanes, and discs suffered heavy rubbing. The rotor run-out check reveled rotor 
bending of 0.62 mm. The evaluation of the cause of the turbine failure and development of repair 
processes for the in-situ repair of the damaged turbine disc grooves, turbine bearing casing (support) 
and rotor straightening is fully described. After the damaged elements were repaired and assembled, 
the turbine was put back into service. [Author abstract; 1 Refs; In English] 

Singheiser, L., Steinbrech, R., Quadakkers, W. J., and Herzog, R.; (2001); Failure aspects of 
thermal barrier coatings; Materials at High Temperatures 18[4), 249-259; 

Abstract: 
The paper describes aspects of thermal barrier coating (TBC) microstructure and the physical and 
mechanical properties which they influence. The stress-strain behaviour of air plasma sprayed (APS) 
TBCs is discussed, including the role of residual stresses. Failure phenomena as well as the TMF 
behaviour of TBC coated nickel base superalloys are described. The role of bond coat oxidation on 
TBC life is discussed as well as some mechanical properties of vacuum plasma sprayed MCrAIY
bond coatings. Finally, life prediction methodologies are addressed and discussed in terms of a 
critical strain accumulation concept. From this is derived an equation which covers time dependent 
effects such as bond coat oxidation and sintering. The paper concludes with a brief summary of the 
evolution of TBCs in aero and industrial gas turbines, and the failure modes in each. In particular the 
increased importance of erosion, in industrial gas turbines, due to water injection is highlighted. (19 
Refs; In English] 

Tian , Jifeng, Zhu, Guiqiu, Su, Huihe, and Liu, Xingzhi; (1996); Failure analysis of a gas turbine from 
a generating set; Engineering Failure Analysis 3[1], 1-11; 

Abstract: • 
A gas turbine was initially damaged due to the impinging of broken pieces of the first-stage shroud 
segments against the second-stage buckets. The shroud segments were embrittled by precipitation of 
[sigma]-phase at high temperature and cracked under thermal stress. The formation of [sigma]-phase 
in the cracked shroud segments was promoted by the elements Si and Cr in greater amounts than in 
a normal shroud segment. The cracking of the shroud segment was identified by simulation tests in a 
laboratory. [Author abstract; 2 Refs; In English] 
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Wedeven, Lavern D. and Bourdoulous, Robert; (1999); Hydraulic gear pump failure analysis and 
tribology simulation; ASTM Special Technical Publication , 105-118; 

Abstract: 
Surface analysis of hydraulic gear pumps used in gas turbine failure power generation reveals service 
life limitations due to gear wear and scuffing. A flexible tribology testing capability (WAM) provides an 
ability to simulate lubrication and failure mechanisms. A load capacity test protocol developed for gas 
turbine MIL-PRF-23699 oils is found to invoke the same lubrication and failure mechanisms 
experienced in hydraulic gear pumps. Scuffing, micro-scuffing and traction (friction) data from load 
capacity tests show variable lubricating qualities among turbine engine oils used in service. A test 
protocol that monitors the traction coefficient over a range of load stages reflects both wear and 
scuffing attributes of oils used in service. The test method shows performance differences among oil 
types within the same specification and a reduction in wear performance with used oils. The test 
approach provides an opportunity for more efficient development of gear materials, lubricants and 
engineered surfaces. [1 Refs; In English] 

Winston, Howard and Tulpule, Sharayu; (1997); Fault mode analysis based on compositional 
modeling; American Society of Mechanical Engineers (Paper) ; 

Abstract: 
A framework for simulating failure modes in gas turbine engines is implemented to support the 
dynamic modification of equation models as required by changes in simulated physical conditions. An 
object-oriented modeling language is implemented to represent devices in terms of primitive and 
recursively defined compound components. Model building and simulation are interleaved by equation 
models implemented as constraint networks. As a failure scenario unfolds, the simulation can be 
interrupted, a new set of model fragments can be composed into the constraint network, and the 
simulation continued. The simulation framework is illustrated with a simple multi-stage gas turbine 
failure scenario. [Refs; In English] 

Wood, M. I.; (1996); Internal damage accumulation and imminent failure of an industrial gas turbine 
blade interpretation and implications; American Society of Mechanical Engineers (Paper) ; 

Abstract: 
The row 1 blade from a heavy industrial gas turbine has been examined after approx.21,000 fired 
hours to assess the level and nature of the damage originating from the cooling holes. This consisted 
primarily of creep cracking/voiding coupled with deep internal oxidation/nitridation. The difficulties the 
manufacturer had in addressing the problem are discussed within the context of component 
assessment methodologies and the 'new' technologies which are being incorporated into new unit 
types, but for which little service experience has yet been generated. [Author abstract; Refs; In 
English] 

C. 6 Heat recovery steam generator 

Briggs, R. John and Kuretski, Jim Jr; (2000); Cyclic conditions challenge HRSG design and 
operation; Power Engineering (Barrington, Illinois) 104[5]; 

Abstract: 
Florida Power and Light (FPL) Fort Myers repowering project will replace two existing heavy oil-fired 
steam generators with six combined-cycle units. To address the design challenges in providing heat 
recovery steam generator (HRSG) for reliable steam supply to the 2,4000 psig turbines at the Fort 
Myers site, various tools were used, including natural circulation analysis, dynamic thermal transient 
analysis and fatigue life investigation. Foster Wheeler and FPL are also using failure mode and effect 
analysis and other reliability tools and techniques to ensure that the HRSG will achieve high reliability 
and the lowest achievable life cycle costs. [In English] 
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Burnett, Thomas D.; (2001 ) ; Flow accelerated corrosion in heat recovery steam generator low 
pressure sections; Proceedings of the International Joint Power Generation Conference 2, 429-434; 

Abstract: 
The industry has experienced significant failures in the tubing and piping associated with the low 
pressure (LP) evaporator section of the heat recovery steam generator (HRSG). Typically, the HRSG 
designers and architect engineering firms design a HRSG that includes a LP section , which is used to 
generate steam and provide it to the deaerator for the purpose of removing oxygen and other gases 
from the feedwater system. This paper is intended to present an overview of failures that occur in 
HRSG LP section as a result of erosion/corrosion or flow accelerated corrosion (FAC). The damage 
mechanism is manifested as an internal loss of the tube or pipe wall material due to corrosion of the 
internal surface accelerated by the fluid inside. This fluid may be single-phase water or two-phase 
combination of water and steam. The damage is typically seen in areas of geometric change, with 
fluid velocities or turbulence that are sufficient to eliminate or minimize the protective layer of oxide 
that is formed in a carbon steel tube or pipe in this type of operating environment. Two specific HRSG 
failures will be discussed, and the general methods of determining if the condition exists and how to 
prevent in the future will be included. (13 Refs; In English] 

Camburn, John E. and Saunders, Kenneth L. ; (2002) ; Thermal shock failure analysis and 
remediation design of an internal catalyst structure; American Society of Mechanical Engineers, 
Pressure Vessels and Piping Division (Publication) PVP 440, 171-175; 

Abstract: 
The catalyst structures of interest are internals for four identical cogeneration traits which together 
produce about one half million kilograms per hour of steam for an adjacent refinery and 385 
megawatts of electricity. They are structural steel frames made of 304SS with approximate 
dimensions of 42 feet high by 38 feet wide by 8 feet deep. During start up of the heat recovery steam 
generator (HRSG) units, hot combustion gases from the gas turbine exhaust flow through the HRSG 
units producing rapid heating of the interior components. However, because the catalyst structure 
internals are not pressure containing like the HRSG units, they were designed using structural codes 
that do not consider thermal loading. Cracking was observed along leading edges of structural 
members and at the connections of cross bracings. A transient thermal analysis was completed to 
calculate temperature distributions as a function of time at the critical locations. Thermal stress 
calculations were then prepared and stress values compared to fatigue curves for the material at 
temperature. It was found that computed thermal stress values were sufficient to initiate and 
propagate cracks consistent with those observed. Several remediation options were considered 
before two were selected and design changes were detailed. The remediation options included 
removing some of the bracing after a detailed seismic analysis showed that they were not required 
and adding refractory materials to leading edges to minimize the thermal gradients generated during 
start up of the HRSG units. Thermocouple data collected at remediation locations and unchanged 
areas during start up supported the hypothesized failure analysis cause and the benefit of the 
remediation design changes. (7 Refs; In English] 

Copley, Brian P. and Saunders, Kenneth L.; (1997); Failure analysis of a burner shield; Mechanical 
Engineering 119[3], 114-116; 

Abstract: 
At a California cogeneration facility, the burner shields in a heat-recovery steam generator were 
modified to improve burner emissions. The unintended result, however, was gross deformation of the 
shields, which interfered with combustion. This problem prompted a review of the original design 
geometry and operating history to identify the controlling parameters. A failure analysis was then 
performed for the modified design to find its key design and response features, particularly the ones 
causing the undesirable response of the critical component. Thus, a second modified design was 
evaluated for all important loading conditions and critical failure mechanisms. [In English] 
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Huijbregts, W. M. M. and Leferink, R. G. I.; (2004); Latest advances in the understanding of acid 
dewpoint corrosion: Corrosion and stress corrosion cracking in combustion gas condensates; Anti
Corrosion Methods and Materials 51 [3] , 173-188; 

Abstract: 
Corrosion failures due to condensing flue gases containing H20, S03, NOx and HCI still occur more 
often than might be expected. The corrosion failures can be of several types: general corrosion , 
pitting attack and stress corrosion cracking (SCC). The chemistry of condensing gases is discussed, 
and some examples of corrosion in large-scale installations are presented, including blast stoves for 
steel production, heat recovery steam generators, and waste incineration boilers. The use of thermal 
insulation inside boiler casings can result in nitrate SCC when the flue gas contains high 
concentrations of NOx. Nitric acid from flue gas can react with carbon steel and insulation material 
forming ammonium nitrate and calcium nitrate. Both materials have hygroscopic properties and are 
very corrosive, even above the water dewpoint of the gases. (c) Emerald Group Publishing Limited . 
[Journal Article; 17 Refs; In English; Summary in English] 

Kuntz, Todd A.; (1998); Metallurgical case studies in common HRSG damage mechanisms; Fitness
for-Service Evaluations in Petroleum and Fossil Power Plants; American Society of Mechanical 
Engineers, Pressure Vessels and Piping Division (Publication) PVP 380, 77-84; 

Abstract: 
Heat recovery steam generator (HRSG) tubing and supports are often subjected to severe operating 
conditions imposed by cycling, rapid startups, water chemistry transients, etc. These can lead to 
damage and failures by mechanisms such as mechanical and corrosion fatigue, flow accelerated 
corrosion (FAC) and stress corrosion cracking, damage which may not have been considered in the 
original design. This paper presents several case studies which detail the diagnosing of root cause(s) 
and corrective actions for HRSG failures and degradation. [Author abstract; In English] 

Linnemeijer, M. J. J.; (1996); Behaviour of a HRSG steam system during flying switch-over to fresh 
air operation after gas turbine trip; American Society of Mechanical Engineers (Paper) , 1-17; 

Abstract: 
The reliability and availability of a HRSG steam system can be improved by providing a flying switch 
over into fresh air operation in case of failure of the gas turbine. The flying switch over can be 
designed for a planned switch over in case of no availability of the gas turbine as well for a unplanned 
switch over in case of gas turbine trip. Especially during the unplanned switch over the pressure of the 
steam system will decrease due to a temporarily lack of heat input on the HRSG. The paper will 
describe different switch over arrangements and their influences on the pressure of the steam system 
during the switch over. [Author abstract; 1 Refs; In English] 

Pasha, Akber, Ahmad, Syed F., and Baxter, Stephen; (2002); Flow accelerated corrosion in HRSGs 
a method to quantify the probability of FAG occurrence ; American Society of Mechanical Engineers, 
International Gas Turbine Institute, Turbo Expo (Publication) IGTI 4 A, 465-471; 

Abstract: 
Flow-Accelerated Corrosion (FAC) became a source of failures in Low pressure units of HRSGs. 
Thus, the matter of FAC was discussed in detail in a joint publication by Electric Power Research 
Institute (EPRI), Electricite de France (EDF) and Siemens. However, the methodologies presented to 
understand the phenomena and to find the solution were very complex. Considerable expertise was 
needed to arrive at a good solution. This paper combines the work done both empirically and 
experimentally and gives a simpler method to estimate the metal loss due to FAC in an HRSG given 
the design and operating conditions. [Edited abstract; 4 Refs; In English] 
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Schroeder, Joseph; (2000); Designing economizers for reliability; Power 149[6], 84-89; 

Abstract: 
The reliability of the economizer is considered as important as that of any other component of a heat
recovery steam generator (HRSG) in cycling service. An economizer's inability to accommodate 
thermal expansion can lead to corrosion fatigue, which is a leading cause of the tube failures. 
Unbalanced economizer flow distribution can also cause tube-to-tube differential expansion. In the 
Nooter/Eriksen economizer design, water is typically distributed to half of the tubes in a row, across 
the gas path. A key goal of this design is to minimize convergence and divergence and maintain a 
highly uniform distribution of water flow. It also supplies economizers as highly modular designs with 
one inlet and outlet nozzle per coil. [Edited abstract; In English] 

Swanekamp, Robert; (2000); Polished performance: Refined HRSG designs and O&M practices 
boost plant performance; Power Engineering (Barrington, Illinois) 109[2], 28-31 ; 

Abstract: 
The advanced made by the suppliers and users for refining designs and operations and maintenance 
(O&M) practices are discussed. The advances include automation of water chemistry control, remote 
monitoring centers, upgraded startup/shutdown logic, and_a comprehensive 'tool kit' for detecting and 
analyzing heat recovery steam generator (HRSG) failures. While Coyote Springs is using advanced 
information technology (IT) to remotely monitor water chemistry, many owner/operators use advanced 
IT to remotely monitor all of the major equipment throughout their entire fleets. It is suggested that 
one of the root causes of HRSG failures is that so many units designed for baseload operation have 
been pressed into cycling duty. [Edited abstract; In English] 

Worswick, David, Tan, George, and Badrol, Ahmad; (2004); Application of risk-based inspection and 
maintenance planning to a range of power generation equipment; Risk and Reliability and Evaluation 
of Components and Machinery; American Society of Mechanical Engineers, Pressure Vessels and 
Piping Division (Publication) PVP 488, 155-165; 

Abstract: 
In general, benefits from adopting a risk-based inspection and maintenance (RBM) strategy for power 
generation plant may accrue from the following: Increased plant reliability/availability leading to a 
reduction in unit operating cost and increased competitiveness. Reduced cost exposure to future 
failure of equipment. Reduced inspection and maintenance expenditure. Justification for extended run 
periods between statutory inspections of plant. The particular benefit(s) derived depend primarily on 
the extent and appropriateness of the maintenance and inspection programs carried out previously. 
AEA Technology has developed a practical methodology and associated software for RBM planning 
of power generating plant. In conjunction with our clients, we have conducted numerous studies over 
the past five years covering a wide range of equipment. This paper briefly describes the RBM 
planning methodology and software, and summarizes a series of Case Studies to demonstrate its 
generic applicability, practicability and benefits. The Case Studies address the following equipment: A 
steam turbine. Fired boilers. Hydro turbines. A heat recovery steam generator. [In English] 

C. 7 Condenser and cooling tower 

Ault, J. Peter and Gehring, George A. J.; (1997); Statistical analysis of pitting corrosion in condenser 
tubes; ASTM Special Technical Publication, 109-121; 

Abstract: 
Extreme value statistical analysis is a useful tool for evaluating the condition of condenser tubing. It 
allows the prediction of the most probable deepest pit in a given surface area based upon data 
acquired from a smaller surface area. This paper presents three distinct applications of extreme value 
statistics to condenser tube evaluation, which include; condition assessment of an operating 
condenser, design data for material selection, and research tool for assessing impact of various 
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factors on condenser tube corrosion . The projections for operating units based on extreme value 
analysis are shown to be more useful than those made on the basis of other techniques such as eddy 
current or electrochemical measurements. (10 Refs; In English] 

Burns, John M. and Tsou, John L. ; (2001) ; Modular Steam Condenser Replacements Using 
Corrosion Resistant High Performance Stainless Steel Tubing; Proceedings of the International Joint 
Power Generation Conference 2, 361-371 ; 

Abstract: 
Condenser perfonnance and reliability have a significant impact on the electric generation of a power 
plant. This engineering fact is of particular importance in view of the current climate of the very high 
price of many fuels. Fuel price pressure combined with unregulated market competition and its 
extraordinary opportunities to sell power make today's power generation market unique. Rebuilding 
an old condenser using a modular rebuild, opposed to a simple re-tube, offers the owner a chance to 
obtain optimum perfonnance by evaluating a number of tube material choices. This paper addresses 
modular bundle replacement scenarios that would use thin walled stainless steel tube materials. 
These materials have traditionally had a very acceptable corrosion resistant service when applied to 
saltwater cooling systems. Discussed will be the major engineering areas of consideration for modular 
tube bundle replacements using stainless steel tubing. These include tube wall thickness, tube joints, 
bundle capital costs, the new station performance and generation effects. Seasonal generation 
aspects of a modular condenser replacement will be presented. Historical tube costs and past 
industry experience shall be listed. The application of these highly corrosion resistant stainless tube 
materials to new combined-cycle stations that use salt or brackish cooling water will also be reviewed . 
In the paper, a 30-year old copper alloy tube condenser in a 400 MW fossil plant will be taken as a 
reference case study in order to typify the modular bundle replacement project. The reasons for 
retubing will include the problem of frequent forced outage caused by tube failures, the effect of 
plugged tubes and the elimination of copper carry-over to the feedwater and steam system. Some 
comparisons of the stainless steel replacement bundle to the costs and thermal performance of 
titanium tubing shall be provided. The study concludes that condenser replacement modules using 
corrosion resistant stainless steels can provide a renewed operational reliability with reasonable 
overall economics. (9 Refs; In English] 

Dayal, R. K. and Parvathavarthini, N.; (2000); Hydrogen embrittlement in power plant steels; 
Sadhana -Academy Proceedings in Engineering Sciences 28[3-4], 431-451; 

Abstract: 
In power plants, several major components such as steam generator tubes, boilers, steam/water pipe 
lines, water box of condensers and the other auxiliary components like bolts, nuts, screws fasteners 
and supporting assemblies are commonly fabricated from plain carbon steels, as well as low and high 
alloy steels. These components often fail catastrophically due to hydrogen embrittlement. A brief 
overview of our current understanding of the phenomenon of such hydrogen damage in steels is 
presented in this paper. Case histories of failures of steel components due to hydrogen embrittlement, 
which are reported in literature, are briefly discussed. A phenomenological assessment of overall 
process of hydrogen embrittlement and classification of the various damage modes are summarized. 
Influence of several physical and metallurgical variables on the susceptibility of steels to hydrogen 
embrittlement, mechanisms of hydrogen embrittlement and current approaches to combat this 
problem are also presented. [50 Refs; In English] 

de Romero, Matilde, Perez, Orlando, and Navarro, Alfredo; (1999); Phosphate attack as caustic 
corrosion in high-pressure boiler tubes; Materials Perfonnance 38[3], 72-7 4 ; 

Abstract: 
The main corrosion mechanism that caused the failure of a boiler tube was caustic or phosphate 
corrosion. The caustic soda was generated by the precipitation of the phosphates used for the 
chemical treatment of the boiler water and the contamination of the condensate by lake water, which 
contains carbonates and bicarbonates that are hydrolyzed by the temperature, thus producing caustic 
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soda. All the 90/10 Cu-Ni tubes of the condenser were replaced with 6% molybdenum superaustenitic 
alloy tubes, and the chemical treatment was adjusted to congruent phosphate. [5 Refs; In English] 

Eaton, Richard H., Blessman, Edward R. , and Schoonoverr, Kevin G.; (2004) ; Design 
considerations and operation of condenser bypass systems in combined cycle power plants - Part 1; 
Proceedings of 2004 ASME Power; American Society of Mechanical Engineers, Power Division 
(Publication) PWR 35, 255-262; 

Abstract: 
As many Combined Cycle Power Plants have come into operation over the last 10 years, premature 
condenser tube failures have been experienced at several installations. This paper reviews factors 
and mechanisms contributing to such failures. The steam turbine condenser must operate under a 
demanding, wide range of conditions. Tubes within the condenser experience cyclic stresses, direct 
contact from admission of high-energy steam into the condenser, and the effects from a wide service 
range beginning with start-up and commissioning through continuous or intermittent daily operation . A 
number of factors go into properly designing condenser related sub-systems as required by the 
functional operation of the combined cycle plant. The condenser bypass system is a critical 
component directly affecting the operation, maintenance and control of conditions experienced by the 
condenser. Part 1 of this paper identifies related problems experienced, in the field , within the 
condenser considering operation and maintenance, and also provides design considerations to avoid 
occurrence of tube failures. Part 2 of this paper addresses many key points for consideration with 
respect to the design and implementation of the high-energy bypass system leading into the 
condenser. [13 Refs; In English] 

Eatov, Richard H., Blessman, Edward R. , and Schoonovery, Kevin G.; (2004); Design 
considerations and operation of condenser bypass systems in combined cycle power plants - Part 2; 
Proceedings of 2004 ASME Power; American Society of Mechanical Engineers, Power Division 
(Publication) PWR 35, 263-268; 

Abstract: 
Premature condenser tube failures in combined cycle power plants have been experienced at several 
installations related to fatigue and erosion of the condenser tubes. The admission of high energy 
steam into the condenser poses design challenges with respect to the compact design of the 
condenser in the combined cycle power plant. Dissipation of energy within the condenser is a 
specialty design usually performed by the condenser manufacturer. Part 1 of this paper reviews 
condenser design and plant operation that impacts, or may contribute to, condenser tube failures. 
Part 2 of this paper reviews the condenser bypass system, identifies related opportunities, and 
provides design considerations to optimize condenser reliability through the controlled admission of 
high energy steam into the condenser. A number of factors go into properly designing sub-systems, 
as required by the functional operation of the combined cycle plant. The bypass system is one sub
system, considered integral with the condenser. [7 Refs; In English] 

Escoe, A. Keith ; (1997); Flow-induced vibration failure in a steam condenser and its successful 
redesign; 4th International Symposium on Fluid-Structure Interactions, Aeroelasticity, Flow-Induced 
Vibration and Voise; American Society of Mechanical Engineers, Aerospace Division (Publication) AD 
53-2, 239-248; 

Abstract: 
An inadequate flow-induced vibration (FIV) design of a steam condenser is studied. The successful fix 
for the FIV failure is a rod baffle design. This design differed from the classical rod baffle design, 
because of the large diameter (20 ft) . The magnitude of the diameter normally limits the rod baffle 
design. Modifications of the rod baffle design are to compensate the flexibility of the long length of the 
tube support rods. These modifications are discussed, showing the corresponding FIV computations 
using finite element studies of the tubes and a new FIV software package. [4 Refs; In English] 
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Ghazali , Fathullah R. , Sze, Alice Chin Keat, and Kamaluddin, M. Amiruddin; (1999); Unit 1 main 
condenser baffle plate failure; Proceedings of the American Power Conference 61 (II), 871-876; 

Abstract: 
An incident where a baffle located at the wall of a main condenser was dislodged and projected 
towards two banks of main condenser tubes is illustrated. The tubes are damaged, drawing seawater 
into the main condenser hot well and contaminating the steam and condensate circuit. Analysis of the 
situation points to weld failure as a strong possible cause of the baffle plate failure. The strength 
imposed by the steam or vapor exhausting the condenser flash vessel could neverovercome the weld 
strength estimate. Although there was no indication of the existence of water hammer, its possible 
presence cannot be dismissed. [7 Refs; In English] 

Henley, Charles and Niu, H. P.; (1998); Study of deformation & failure of a hot reheat drain piping; 
Analysis and Design of Composite, Process, and Power Piping and Vessels; American Society of 
Mechanical Engineers, Pressure Vessels and Piping Division (Publication) PVP 368, 191-199; 

Abstract: 
Hot reheat drain piping, routed between the drain pots located on the hot reheat steam piping system 
and the condenser, has been observed as being severely deformed at several fossil-fueled power 
plants. These deformations have caused spring hangers to move out of their travel range, have not 
allowed the condensate to properly drain to the condenser, and in some cases have caused failures 
to occur. Traditional thermal and dead weight stress analyses, required by the ANSl/ASME 831.1 
Power Piping code, indicated stresses are within code allowables for the pipe's material. It has been 
postulated these deformations and failures are caused by severe temperature gradients induced from 
condensation occurring in the drain pipe when the reheat isolation valve is closed and the hot reheat 
pipe is operating. This paper discusses stress analysis methods to determine the localized stresses in 
a hot reheat drain piping system subjected to circumferential temperature gradients. The temperature 
distributions used for the analyses were determined using the finite difference method for various 
steady state conditions. The study further determines if such temperature gradients, which simulated 
measured data collected from the existing hot reheat drain piping system, would cause the 
deformations and failures noted. Solutions to eliminate the problems are presented and discussed. 
[Author abstract; 15 Refs; In English] 

Nadig, Ranga; (2004); Tube failure during startup in a steam surface condenser installed in a 
combined cycle plant operating in cold climate; Proceedings of 2004 ASME Power; American Society 
of Mechanical Engineers, Power Division (Publication) PWR 35, 1-5; 

Abstract: 
Combined cycle plants in cold climates experience low circulating water inlet temperatures during 
winter months. Low circulating water inlet temperatures combined with partial bypass steam flow to 
the condenser results in extremely low condenser pressures and high steam velocities. Improper 
design, control & operation of desuperheating valve and improper drainage of bypass header lines 
can lead to pockets of wet steam in the bypass steam. High steam velocities combined with wet 
steam pockets of varying quality can cause flow-induced vibration and tube failures. This paper 
examines the performance of a condenser in bypass mode for varying condenser pressures, bypass 
steam flow rates, support plate spacing, and moisture pockets with varying quality. Actual and critical 
steam velocities are calculated. Condenser operating points prone to flow-induced vibration and 
associated tube failures are predicted. Recommendations on safeguards to eliminate flow induced 
vibration and resulting tube failures are discussed. [6 Refs; In English] 

Reinhart, Eugene R. and Kaminski , Stan; (1996); Optimized periodic inspection program for 
condensers and feedwater heaters; American Society of Mechanical Engineers, Power Division 
(Publication) PWR 30, 77-84; 

Abstract: 
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Tube failures in steam plant surface condensers and feedwater heaters are a significant reliability 
problem for the electric power industry. Tube failures can also result in an increase in replacement 
power costs. In addition, condenser leaks from failed tubes have potentially harmful effects on major 
components such as steam generators and turbines. To reduce the number of tube failures and 
consequent leakage, periodic maintenance programs have used the nondestructive evaluation (NOE) 
method of eddy-current testing (ET) to inspect the condition of the tubes from the water side. This 
NOE method can identify tubes that have experienced major degradation and should be plugged to 
prevent in-service failure. However, the use of NOE methods in plant maintenance of condensers and 
feedwater heaters is not standard practice and varies significantly throughout the utility industry. 
Variability of inspection results and difficulty in inspecting some types of tubing (monel, carbon steel) 
have caused many utility sites to question the value of in-service inspection of heat transfer tubing 
from the water side. Recognizing the above problem, advanced ET systems have been developed 
that use multi-frequency, remote field and digital data processing techniques to inspect a wide variety 
of tubing materials and produce on-site inspection reports. Recent field examination results will be 
presented. [Author abstract; 6 Refs; In English] 

Reinhart, Eugene R. and Kaminski, Stan ; (1998); Optimized periodic inspection program for heat 
transfer tubing; Proceedings of SPIE - The International Society for Optical Engineering 3398, 115-
125; 

Abstract: 
Tube failures in ageing steam plant surface condensers, feedwater heaters, and oil coolers are a 
significant reliability problem for the electric power industry. Tube failures can also result in an 
increase in replacement power costs. In addition, condenser leaks from failed tubes have potentially 
harmful effects on major components such as steam generators and turbines. To reduce the number 
of tube failures and consequent leakage, periodic maintenance programs have used the 
nondestructive evaluation (NOE) method of eddy current testing (ET) to inspect the condition of the 
tubes from the water side. This NOE method can identify tubes that have experienced major 
degradation and should be plugged to prevent in-service failure. Variability of inspection results and 
difficulty in inspecting some types of tubing (Monel, carbon steel) have caused many utility sites to 
question the value of inspection of heat transfer tubing from the water side. Recognizing these 
problems, advanced ET systems have been developed that use multi-frequency, remote field, and 
digital data processing techniques to inspect a variety of tubing materials and produce on-site, 
computer generated inspection reports. These results have been used to determine tube plugging, 
replacement, and inspection intervals. [8 Refs; In English] 

Rocchini , G.; (2004); In-field corrosion rate monitoring of copper-aluminium alloy 687 in seawater; 
51 [2], 43-54; 

Abstract: 
THE BASIC ASPECTS of the theories proposed by North and Pryor [12] and Gaparini et al.[14] to 
explain the growth of a protective lepidocrocite layer on the surface of copper and its alloys exposed 
to seawater conditioned with ferrous salts, and the approach dealing with a heterogeneous reaction 
occurring through an electrochemical path, are discussed. Some general considerations concerning 
the physical meaning of aluminium brass corrosion monitoring are developed, and the usefulness of 
performing in-field measurements to detect anomalous situations during the operation of steam 
condensers cooled with seawater is carefully examined in order to check the actual validity of 
information produced using suitable electrochemical techniques. The monitoring system, constituted 
by three- and five-electrode probes and a computerized corrosion rate meter, installed on the steam 
condensers of two units of an Italian power station, is described in detail. Concise considerations 
concerning the computer program developed to control the operation of the corrosion meter and 
collect experimental data are also given. Some data obtained from the electrode probes installed on 
the tube sheets of the pass of the Unit 3 condenser are examined in detail to establish empirical 
guidelines for an optimal injection of Fe2+ ions seawater. Finally, experimental data collected during a 
three-year period were rather useful for proper operation of the ferrous chloride injection system, for 
defining the optimal length of the continuous seawater treatment, detecting failures of the protective 
film, and carrying out discontinuous conditioning operations. [Article; 22 Refs; In English; Summary in 
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English] 

Savic, Branislav M., Perkovic, Borislav, and Zivanovic, Titoslav; (1999); Comparative analysis of 
operation in the regimes with by-pass of high pressure heat exchangers for two of the same power 
but different configuration steam turbine units; Proceedings of the American Power Conference 61 
(II) , 838-843; 

Abstract: 
Additional power demands and some component failures at the high pressure heat exchangers 
system are two usual reasons for the operation in the regimes with by-pass of high pressure heat 
exchangers. This way of the power output increase with the unchanged fresh steam rate could be 
very useful in practice because of its short-time response on electricity system demands, especially 
important in the circumstances of the steam boiler unavailability to produce the greater fresh steam 
rate and to retain such production for a longer period of time. Shortage of data about the operating 
conditions and operation costs for these regimes for two referent steam turbine units is certainly one 
of the important reasons for making this analysis. But, one comparative analysis of the operation in 
these regimes is yet more interesting having in mind that the referent units are practically of the same 
power, but different configurations. This analysis has been done on the basis of the regimes 
calculations for different variants of high pressure heat exchangers shut-off. The influences of the 
changes of cooling conditions in the condensers on the operating regimes with by-pass of high 
pressure heat exchangers have also been included. The potentially limiting factors during operation in 
the regimes with by-pass of high pressure heat exchangers have been discussed. [Author abstract; 4 
Refs; In English] 

Tordonato, Sebastian, Latour, Michael R., and Ellis, F. V.; (2001); Root cause failure assessment of 
the waterwall tubing at Newington Station, Unit 1; American Society of Mechanical Engineers, 
Pressure Vessels and Piping Division (Publication) PVP 427, 55-64; 

Abstract: 
An in-depth study of the waterwall tubing failures at Unit 1 of the Newington Station was performed. 
The service related damage/failure mechanisms were hydrogen damage, oxygen pitting, and 
corrosion fatigue. The tubing failure history showed a significant increase in the failure rate from 
approximately four tube failures per year for the years prior to the middle of 1991, to failure rates from 
approximately seven to twenty failures per year for the years after the third quarter of 1993. The cycle 
chemistry data analysis showed that the principal reason for the increased failure rate is ingress of 
contaminants, primari ly chlorides and oxygen. The chloride ingress was due to both minor and major 
condenser leaks. The condenser problems are the direct result of wiring the cathodic protection 
system in reverse polarity, the significant corrosion activity due to this error, and the failure of 
remedial measures (tube inserts and application of plastic coating) to stop the leaks. The oxygen 
ingress was attributed to possible leaks at the deaerator and unit layup procedures. The stress 
ranking, environment parameter, and equivalent operating hours information were used in 
determining the probable root cause of failure for the corrosion fatigue failures. For the locations with 
high stress ranks of Band C (burner corners/attachments, buckstay attachments, and economizer 
door attachments), the major root cause of failure influence is excessive stresses and/or strains. 
Corrective action requires redesign and modifications to alleviate the applied stresses. For the 
locations with the lowest stress rank of D, the major root cause of failure is the environmental factors 
of poor water chemistry and boiler layup. Corrective actions are to rehabilitate and/or replace the 
condenser tubing, utilize the nitrogen blanket system during unit shutdown, and inspect the deaerator 
for possible leak paths, and repair as required. [14 Refs; In English] 
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APPENDIX D 

EXAMPLES OF EVENT TREES AND FAULT TREES 
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In this appendix ten examples of event trees and fault trees are discussed 

An electrical generating system is shown in figure 1 in block diagram from. Only the major 
components are to be considered: The gas turbines GT1 and GT2, generators G1, G2 and 
G3, a steam turbine ST, and a heat recovery and steam generator HSRG. 

Each gas turbine drives a generator with a fixed drive shaft, producing each 600 MW of 
electrical power. The hot gasses from the gas turbine will be used to make steam in the heat 
recovery and steam generator. Each generator produces 600 Uh of steam and together they 
can produce 1000 Uh of steam, due to efficiency losses in the HRSG. The steam turbine 
needs about 400 Uh of steam to operate. The rest of the steam will be sold to a local 
chemical plant. The steam turbine drives a generator with a fixed drive shaft and produces 
600 MW of electrical power. 

• GT1 and G1 are together Unit 1 
• GT2 and G2 are together Unit 2 
• HRSG, ST, and G3 are together Unit 3 

GT1 HRSG GT2 

Steam 

ST 

G3 

Electricity 

Figure 1: Block diagram power plant 

The plant has a contract to produce at least 1000 MW of electrical power and at least 100 Uh 
of steam for the local chemical plant. 

Give a fault tree of the situation that the plant fails to fulfil its contract. 
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I Contract not fulfilled I 

No electrical power output 

Unit 1 and 2 defect 

I Unit 1 an~ 3 defect I 

Unit 2 and 3 defect 

' -6 I Unit 2 defect I 

I Unit 1 defect I .-----------, 

Figure 2: Fault tree 

Give the minimal cut sets 

{HRSG}, {GT1GT2}, {GT1G2}, {G1GT2}, {G1G2}, {GT1G3}, {GT1ST}, {G1G3}, {G1ST}, 
{GT2G3}, {GT2ST}, {G2ST}, {G2G3} 

Write the structure function, but do not solve it! 

X T = 1-(1-HRSG)(l-GTl ·GT2)(1-GT1 ·G2)(1-Gl ·GT2)(1-Gl ·G2)L 

L (1-GTl ·G3){1-GT1 ·ST){l-Gl ·G3){1-Gl ·ST)(l-GT2 ·G3)L (1.1) 

L (1-GT2 ·ST){l-G2·G3){1-G2 ·ST) 

The probabilities that the different components will fail are: 
• GT1 and GT2: 0,01 
• G1, G2 and G3: 0,02 
• HRSG: 0,001 
• ST: 0,015 

Calculate the rare-event approximation 

P(Xr ) = P(HRSG)+P( GTl)P(GT2)+P(GTI)P( G2)+P(Gl)P(GT2)+L 

L + P( Gl)P( G2) + P( GTl)P( G3)+ P( GTl)P(ST)+ P( Gl)P( G3)+L 

L + P( Gl)P(ST) + P( GT2)P( G3)+ P( GT2)P(ST)+ P( G2)P( G3)+L 

L +P(G2)P(ST) 

P(Xr ) = 0,004 

(1 .2) 
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A power plant has 3 units. Units 1 and 2 produce each 500 MWe and unit 3 300 MWe. Units 
1 and 2 have a gas turbine and unit 3 has a steam turbine. The steam required to drive the 
steam turbine will be produced in a heat recovery and steam generator (HRSG) from the hot 
gasses from the gas turbines. If only one gas turbine operates, unit 3 will produces 150 MWe 
and if two gas turbines operate, unit 3 can reach the maximum output. In figure 3 the block 
diagram is shown. 

Unit 1 HRSG Unit 2 

Unit 3 

Electricity 

Figure 3: Block diagram 

The power plant has to produce at least 600 MWe. Give the fault tree in case the power 
plant is not be able to do so. 

Figure 4: Fault tree 

Give the minimal cut sets 
• Unit 1 = U1 
• Unit 2 = U2 
• Unit 3 = U3 

Less than 600 MWe 

Unit 1 & 3 no output 

Unit 3 or 
HRSG defect 

I 

{U1 U2}, {U1 U3}, {U2U3}, {HRSGU1}, {HRSGU2} 

Give the structure function 

X r = 1-(1-U1U2)· (1-U1U3) ·(1-U2U3)·(1-HRSGU1)·(1-HRSGU2) (1 .3) 
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It solves to 
XT = UIU2 + UIU3 + U2U3 + HRSGUI + HRSGU2- 2 · UIU2U3-L 

L - 2 · HRSGUIU2- HRSGUIU3- HRSGU2U3 + 4 · HRSGUIU2U3 

P(U 1 )=P(U2)=P(U3)=0,01 
P(HRSG)=0,005 

Calculate fail probability 

P(X T )=O' 00039602 

Does the rare-event approximation give reasonable results? 

P(XT)=0,0004 
An error of 1 % 

Give the minimal path sets 

{ UIU2}, { HRSGUIU3}, { HRSGU2U3} 

Calculate the probability of success 

P(Yr) = 1-(1-u1u2 )·(I-HRSGUIU3 )·(I-HRSGU2U3) 

it solves to: 

P(YT) = UIU2 + HRSGUIU3 + HRSGU2U3- 2 · HRSGUIU2U3 

P(YT)=0,999604 

Appendix D 

(1.4) 

(1.5) 

(1 .6) 
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A hospital has a power back-up system, to prevent black outs in the most critical parts of the 
hospital. This system has the following 3 sub systems:' 

1. Back-up generator with a diesel engine 
2. Detection system for power failure, which detects if no-power is available and starts 

the diesel engine 
3. Switch , which separates the non-vital parts of the hospital from the vital parts (such 

as IC, surgery rooms) . The vital parts will be provided with electrical energy from the 
generator. If the switch fails the vital parts will not receive enough energy to operate 
and a black out will occur. 

The failure is a black out. Give all possible causes, which could lead to this failure. 

Utility power 
failure (UPF) 

Black out 
(BO) 

Generator failure 
(GF) 

Give the minimal cut sets 

Minimal cut sets 
{UPF GF}, {UPF DSF}, {UPF SF} 

Give the structure function : 

Back-up failure 
(BUF) 

Detection system 
failure (DSF) 

P(Xr ) = 1-(1- UPFGF} ·(l- UPF SF}·(l- UPF DSF} 

It solves to: 

Switch failure 
(SF) 

(1 .7) 

P(Xr ) = UP F GF +UP F SF+ UP F DSF -UP F GF SF - UP F GF DSF -L 
(1 .8) 

L - UPF SF DSF +UPFGF SF DSF 

Component failure Failure probability 
UPF 0,01 
GF 0,005 
SF 0,001 
DSF 0,0005 

P(XT)=6,492.10-5 

Does the rare-event approximation give reasonable results? 

P(XT)=6,5.10-5 

An error of 0, 12% 

Give the minimal path sets 
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Calculate the probability of success 

P(I'r) = 1-(1-UPF) ·(l-GF SF DSF) (1 .9) 

it solves to: 

P(I'r) = UDF + GF SF DSF - UDF GF SF DSF (1 .10) 

P(Y T )=O, 9999351 
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A power plant uses several components to produce electricity. In figure 5 is the lay out of a 
power plant shown in form of a block diagram. 

River water cooling 

Steam turbine 

Cooling tower 

Figure 5: Power plant lay out 

Component 
Boiler 
Steam turbine 
Generator 
River water cooling 
Cooling tower 

Generator 1----

Probability of success 
0,999 
0,9995 
0,991 
0,992 
0,999 

Electrical 
power 

Give the fault tree for the failure that the power plant cannot produce electrical power. 

Boiler failure 
B 

Steam turbine 
Failure ST 

Generator 
failure G 

Calculate the probability that the fault will occur 

Two possible solutions: 
1. using the minimal cut sets 
2. using the minimal path sets 

Solution 1 

Minimal cut sets 

{s}, {ST}, { G}, { RWC CT} 

Give the structure function: 

P(Xr ) = 1-( 1-B) ·(1-ST) ·(1-G) ·(1-RWCCT) 

No cooling 
tower CT 

(1.11) 
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It solves to: 
- - - --- -- -- ----- --

P(XT) = B+G+ST + RWCCT-BST-BG-BRWCCT-GST-L 

L -GRWCCT-ST RWCCT+BSTG+BST RWCCT+BGRWCCT+L (1.12) 

L +GST RWCCT-BGST RWCCT 

P(Xr)=1,0494.10-2 

Does the rare-event approximation give reasonable results? 

P(Xr)=1,0508.10-2 

An error of 0, 134% 

C Solution 2 
Give the minimal path sets 
{B ST G RWC}, {B ST G CT} 

Calculate the probability of success 

P(Yy.) = 1-(1-BSTG RWC) ·(l-BSTGCT) 

it solves to: 
P(Yy.) = BSTG RWC+BSTGCT-BSTG RWCCT 

P(Yr)=0,98506 

P(Xr)=1,0494.10-2 

(1 .13) 

(1.14) 
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On a cold winter evening I am sitting in my study room. The central heating system is 
working fine and there is a nice temperature in the room, but to prevent from getting cold if 
the central heating system fails , I have also installed an electric heater as a backup. 

The block diagram is given in figure 6 

Gas 

Central heating 
s stem 

Figure 6: Heating system study room 

Component 
Central heating system 
Gas supply 
Electric supply 
Electric heater 

Electricity 

Electric heater 

Heat 

Probability of success 
0,99 
0,9995 
0,9999 
0,98 

Give the fault with all possible causes if the failure is that I am getting cold . 

Central heating 
system fails (A) 

Gas supply fails 
(B) 

Give the minimal cut sets: 

{AD},{ BD},{C} 

Give the structure function: 

Cold at home 

Electricity supply 
fails (C) 

Electric heater 
fails (DJ 

Electricity supply 
fai ls (C) 
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P(Xr) = 1-(1-A.n) ·(1-BD) ·(1-c) 
It solves to: 

-- -- - --- -- -- ---
~~)=AD+ BD + C-ABD-ACD-BCD + ABCD 

P(Xr)=3,0988.10-4 

Does the rare-event approximation give reasonable results? 

P(Xr)=3, 1.10-4 
An error of 0,039% 

Give the minimal path sets 

{ABC},{CD} 

Calculate the probability of success 

P(f;.) = 1-(1-ABC) ·(1-CD) 
it solves to: 
P(f;.) = ABC+ CD- ABCD 

P(Y T )=O' 99969 

Appendix D 

(1 .15) 

(1.16) 

(1.17) 

(1.18) 

An electrical generating system is shown in figure 1 in block diagram from. Only the major 
components are to be considered: The gas turbines GT1 and GT2, generators G1, G2 and 
G3, a steam turbine ST, and a heat recovery and steam generator HSRG. 

Each gas turbine drives a generator with a fixed drive shaft, producing each 600 MW of 
electrical power. The hot gasses from the gas turbine will be used to make steam in the heat 
recovery and steam generator. Each generator produces 600 t/h of steam and together they 
can produce 1000 t/h of steam, due to efficiency losses in the HRSG. The steam turbine 
needs about 400 t/h of steam to operate. The rest of the steam will be sold to a local 
chemical plant. The steam turbine drives a generator with a fixed drive shaft and produces 
600 MW of electrical power. 

• GT1 and G1 are together Unit 1 
• GT2 and G2 are together Unit 2 
• HRSG, ST, and G3 are together Unit 3 
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GT1 HRSG GT2 

Steam 

ST 

G1 

Electricity 

Figure 7: Block diagram power plant 

Identify the different states which this system can get in, if gas turbine GT1 has failed and 
estimate for these states the probability that these states occur, if the probability of the 
different components will fail is: 

• GT1 and GT2: 0,01 
• G1, G2 and G3: 0,02 
• HRSG: 0,001 
• ST: 0,015 
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HRSG 

G2 

GT2 

GT1 failed 

Figure 8: Event tree 

Event 
Black out 
600 MWe/no steam 
600 MWe/600 t/h steam 
1200 MWe/200 t/h steam 
or 
600 MWe/600 t/h steam 

G3 

ST 

Probability 
0,0298 
0,00097 
0,0336 
0,9356 

Appendix D 

1200 MW 200 t/h steam 
or 

600 MW 600 tlh steam 

600 MW 
600 t/h steam 

600MW 
600 t/h steam 

600 MW 
no steam 

Black out 

Black out 
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If a power plant has to start up a particular sequence has to be done. This power plant has 
the following components: a boiler, bypass, steam turbine, generator, and a switch. This 
sequence is as followed: 

1. Heat the boiler 
2. Close the bypass 
3. Close the switch between the generator and the step up transformer 

The boiler will be heated and the water will start boiling and will become steam, but this 
steam has not the required pressure and temperature. To make it possible for the steam to 
pass by the steam turbine, there is a bypass pipe with a valve. If the steam reaches the right 
temperature and pressure the valve will be closed and the steam will go through the steam 
turbine back to the boiler. Steam turbine will drive the generator. If the generator reaches a 
certain number of revolutions the switch, which separates the generator from the step up 
transformer, will be closed and the electrical power generated by the power plant can flow 
into the high voltage power network. 

Component Probability of failure 
Boiler 0,01 
Bypass 0,015 
Steam turbine 0,005 
Generator 0,001 
Switch 0,0005 

Build an event tree for this power plant with the starting event that the heating of the boiler 
was successful and estimate the different end states the probability that these states will be 
reached. 

Heating boiler 
successful 

Figure 9: Event tree 

Event 
Black out 
Power out 

Stearn 
turbine 

Close 
bypass 

Switch 

Power output 

Generator 

Black out 

Black out 

Black out 

Black out 

Probability 
0,021395 
0,978605 
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The electrical energy generated in a power plant has to be transported to the end users. 
Between plant and user there are two lines. To reduce the losses of transmission the voltage 
will be transformed to a higher voltage, for example 380kV. Also this voltage has to be 
transformed to a lower voltage so the user can use it. Each Transformer has two switches 
one at the side of the power plant/user and one at the side of the network, so that the 
transformer can be maintained. 

Give the block diagram of this system. 

Switch 1 Transformer 1 Switch 3 1----------.i Switch 5 Transformer 3 Switch 7 

Switch 2 Transformer 2 Switch 4 1-----------+< Switch 6 Transformer 4 Switch 7 

Figure 10: block diagram 

Give the event tree if one of the switches between power plant and transformer fails and 
estimate the different end-states and the probability to reach these states. 
Component Probability of failure 
Switches 0,001 
Transformers 0,0001 

S8 
T4 

S6 

S4 

T2 

S2 

S1 fails 

Figure 11: event tree 

Event Probability 
Black out 0,0042 
Power transfer 0,9958 

Power 
transfer 

Black out 

Black out 

Black out 

Black out 

Black out 

Black out 
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An electrical power generating system is shown in figure 12 as a block diagram. The only 
major components are to be considered: the engines E1 and E2, generators G1, G2 and G3, 
and the control system C1. The engines E1 and E2 are redundant also the generators G1, 
G2 and G3. The control system will activate for example E2 with G3 if E1 or G1 fail, and will 
couple E1 to G2. 

E1 E2 

C1 

G1 G2 G3 

Electricity 

Figure 12: Block diagram 

Give the event tree with the starting situation that G1 fails. Estimate the different end states 
0 f th· t d I I t th b bTt th t th d"ft t t t 1s sys em an ca cu a e e pro a 1 ny a ese 1 eren s a es occur. 
Component Probability of failure 
G1 0,02 
G2 0,02 
G3 0,02 
E1 0,01 
E2 0,01 
C1 0,005 
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G3 

C1 
E2 

C1 

C1 

G1 fails 

Figure 13: Event tree 

Event 
Black out 
Power output 

G2 

G2 

Probability 
0,006 
0,994 

Appendix D 

Power 
output 

Power 
output 

Black out 

Black out 

Black out 

Power 
ouput 

Black out 

Black out 

Black out 

Black out 
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A power plant has the following reliability relevant components, which are shown in figure 
14. If the temperature of the river water is too high or the flow too low that the power plant 
can produce only half of the electrical power under normal conditions. To prevent this 
situation the power plant has as a back up a cooling tower. This cooling tower provides the 
missing part of the cooling so that the power plant can produce 

River water cooling 

Steam turbine 

Cooling tower 

Figure 14: block diagram power plant 

Component 
Boiler 
Steam turbine 
Generator 
Cooling tower 
River water-coolinQ 

Generator 1----

Probability of success 
0,999 
0,999 
0,991 
0,992 
0,995 

Electrical 
power 

The probability that the river water-cooling has a reduced capacity is 0,001 . The probability 
that the river water-cooling fails can be calculated from reduced capacity probability and 
success probability. 

Give an event tree with the starting event that the boiler operates successfully. 

River water Full operational 
cooling 

Full output 

Reduced Full output 

capacity 
Cooling tower 

Reduced output 

Generator 

Reduced output 
Fails 

Cooling tower 

Steam turbine 
No output 

Boiler o perates 
No output 

No output 

State Probability 
Full output 0,986041 
Reduced output 0,003936 
No output 0,010023 
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