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ADDENDUM

A. Information Hierarchy and Calculation Flow on Spreadsheets.

Figure 131 attached gives a summary on the hierarchy and calculation flow on the 
spreadsheets.

As may be seen from the figure, the reference station monthly data sheets for the 7 
production units for the years (1982-1986) were incorporated into computer 
spreadsheets, and the cumulative result was a matrix of 420 monthly data sheets. This 
matrix was used to produce

1 -3 5  anual summary data sheets, a set for each unit.

2 - A sheet of forced outage figures, yearly reliabilities and mean times to failure for the 
components of each unit, and a station reliability sheet

The yearly summary data sheets are used to produce forced outage calculation sheets. 
The forced outage calculation sheets are used to calculate yearly reliabilities and their 
95% confidence limits using the chi-square distribution estimates (refer to Section 8.5.8 
Page 317 of Volume I of the thesis). Furthermore, the yearly summary sheets are used 
to produce station reliability sum m ary  sheets, which in turn are used to calculate 
summary of station components reliability results.

B. Difference between result of Figure 121-A page 336 and Table no. 65 Page 337

Figure 121-A shows that the boiler has the highest total number of failures (102) than 
the turbine (29), generator (46), and distiller (72); whereas Table 65 indicates that the 
average failure rate over the 5 year period for the boiler is less than that of the distiller 
(4.50 E04 for the boiler compared to 6.96 E04 for the distiller). This might seem odd 
at first glance, however, if we look closer on the basis of the calculation, we will find 
that they are not comparable, because the bases of the calculation are different. Figure 
No. 121-A is based on the total time of operation, whereas the failure rate values are 
based on the actual operating time.

C. Expansion of the Work

The work of the thesis was confined to reliability analysis. The definition of reliability 
is the probability of a device or system performing its function adequately, for the 
period of time intended, under specified operating conditions. From this definition 
reliability is defined through the mathematical concept of probability. Therefore, 
reliability analysis will lead to the calculation of establishing the failure rates for the



production unit sub-systems. These failure rates of the various parts of the production 
unit indicate the frequency of occurrence upon which the distribution of maintenance 
downtimes are dependent. Therefore, in order to establish that "the components can be 
made to remain within their useful life period for the bulk of their economically feasible 
life" (36) the concept of preventive maintenance has to be introduced. Since reliability 
analysis is a tool to put forward such concept, then maintainability analysis has to be 
initiated to complement the work of the thesis. Maintainability is concerned with mean 
time to repair and the repair time. "Maintainability models are related to reliability to 
determine frequency of occurrence of maintenance requirements" (70). "The 
maintainability model is made up of several repair time elements, such as localization, 
isolation, disassembly, interchange or repair, reassembly, repair (MTTR) is expressed 
mathematically as (70)

N
^F ailu re  rate x log (repair time)

MTTR = antilog—------------------------------------ —

^F ailu re  rate 
l

A combination of repair times and failure rates lead to the MTTR and down time and are 
used to evaluate the production unit maintainability. Once the production unit 
maintainability is established, then improvements in operational planning and design 
may be attempted.

Another area where the work of this thesis can be expanded, is that a state space 
reliability assessment of the (power and water) production station could be conducted in 
order to take into account load variation, production capacity reserve, and operating 
reserve. The basis of the analysis was the work of Chapter 6 of the thesis.
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SUMMARY

This thesis presents the outcome of applying reliability engineering analysis techniques 

to a thermal dual - purpose (power&water) production station. The thermal cycle of the 

station is a fossil fueled steam boiler, condensing - extraction steam turbine, a 

generator, and a multi - stage flash evaporator.

Full description and analysis of the station, and the production unit configurations were 

investigated in order to acquire a detailed information about the functional and physical 

interconnections of the various sub - systems and associated systems making up the 

(power&water) production units and hence, the station. Based on this analysis, the 

production unit was found to be composed of four sub - systems and eleven associated 

systems (chapter III).

Based on the work of (chapter III), the operational interlocking logical sequence models 

for the station, boiler, turbine, generator, distiller, and their sub - systems were 

developed (chapter IV ).

As a consequential step to the previously mentioned two analysis, reliability network 

analysis was performed, and reliability models for the production station, production 

unit, unit sub - systems, unit associated, and their sub - sub systems were developed 

(chapter V).

State - space reliability models for production station and the unit sub - systems were 

developed and are presented in (chapter V I).

Doha East (power&water) production station of the State of Kuwait was selected as an 

actual operating reference station. This station is composed of seven production 

units.The installed capacity of reference station is 1050 (MW) of power and 191 X 10^ 

cubic meters per day (42 million imperial gallons). The outages data for all the seven 

units were collected over a period of five years (1982 - 1986). These original outages 

data were analysed and processed in newly designed forms. The processed outages 

data are found in appendix (I) in volume (II) of the thesis.
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All the processed outages data for the seven production units were entered in a 

computer spread sheet program, and the various reliability calculations were performed 

on them.(chapter V III).

Based on these calculations the reliability models for the production station, boiler, 

turbine, generator, distiller, and their sub - systems which were developed in 

(chapter V) were found to be fairly representative and adequate for reliability 

calculations of the production station, boiler, turbine, generator, distiller, and their 

sub - systems.

The results of the calculations indicate that the average reliability of the reference station 

production unit is 1.36 X 10'4 over a period of a y e a r, 0.27 over a month , 0.71 over 

a week, and 0.95 over a day. The average availability is 49 %.

The average failure rate for the boiler is 4.50 X 10"4, for the turbine 1.28 X 10"4, for 

the generator 1.97 E X10"4, and for the distiller 6.96 X 10‘4.

The mean time to repair (MTTR) for the boiler is (64) hours, for the turbine 108 hours, 

for the generator 55 hours, and for the distiller 45 hours.

The mean time between failure (MTBF) for the boiler is 2250 hours, for the turbine is 

7750 hours, for the generator is 5000 hours, and for the distiller is 1500 hours.

The number of successfully operating units out of seven units of the reference station 

over a period of a month is 3, with a probability of success of 40 %.

Conclusions and recommendation for further work and development are given.
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A Availability %
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CHAPTER T

THE OBJECTIVES AND METHODOLOGY OF APPROACH

1.1 Introduction

The modern socioeconomic idiosyncrasy of most societies of the world, 

regardless of their level of development, leads them to expect the supply of electric 

power and fresh water to be continuous, in quantity and quality, on demand. Such 

emphasis on the continuity of supply has caused the electric energy and water industries 

to emerge as the most vital and capital-intensive sectors of the economy of any country. 

In order to appreciate the massive capital investment involved in such industries, one 

can look to the United States as an example, where the electric energy industries 

investment alone, is expected to exceed U.S $ 70 billions by the year 1990 [1], and the 

water industries investment was approximately U.S $ 300 billions by the year 1972 

[2].

Such colossal investment should stimulate a great deal of interest in improving 

the productivity (performance-cost-availability-reliability-maintainability) of new and 

existing power and water systems. Therefore planning, design, and operating criteria 

and techniques have been proposed over the past five decades in the hope of achieving 

a trade-off between securing the continuity of supply, with respect to quantity and 

quality, and the prevailing economic constraints at the time of question. The real 

objective of the trade-off in practice is to account for the random stochastic nature of 

power and water system's inevitable failures. Inadequate planning for such failures can 

lead to power and water shortages of varying intensities. Therefore, ideal power and 

water systems that unfailingly supplies power and fresh water to consumers whenever 

wanted are by definition a perfectly desirable and reliable ones, and conversely, the 

power and water systems that are unable to supply electric energy and fresh water to the 

end users could be termed totally undesirable and unreliable. Unfortunately, all real life 

power and water systems lie between these two extremes. The probabilities of
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interruptions in electric and water services can be abated by investment intensification 

during a project's planning, specification, design, and tendering phases. However 

over-investment can lead to undesirable effects on the operating and capital cost of the 

systems, which in turn will be reflected in the tariff structure of the two commodities. 

On the other hand, under-investment can lead to operational limitations and ultimately 

curtailment of services which is in direct conflict with the anticipated norms. The over 

or under investment dilemma requires hard managerial decisions at both the planning 

and operating phases. Such decisions can not be left to personal intuition and judgment 

alone, but should be arrived at by a proper evaluation of the probabilistic operational 

behaviour of the power and water systems and load forecasting over the required 

period. The probabilistic operational behaviour of the power and water systems can be 

attained by the application of qualitative and quantitative reliability analysis of past 

operational data if available [3]. As for the load forecasting and its uncertainties of 

prediction, sound statistical analysis should be employed based on past demand trends 

and future anticipated social and industrial developments.

Every country and its power and water systems have unique characteristics. 

Most countries of the world enjoy different level of separation between these two vital 

industries in terms of planning, design, and operation. This is due to the fact that in 

these countries the power supply is industrially generated in thermal, hydro, or nuclear 

power stations, and the water resources, for the fresh water supply, are naturally 

available (e.g. rivers, fresh water lakes, rain, underground fresh water aquifers). 

Therefore, the problems of planning, design, and operation that have to be encountered 

by each of these industries can be distinct and different. Furthermore, these tasks are 

entrusted to different group of technically specialized people, and in most cases they are 

run by different corporations or agencies. On the other hand, there exist in this world 

some unfortunate countries which have to cope with the problems of planning, design 

and specifications, and operation of these two vital industries simultaneously. These 

countries have to manufacture both power and water supplies, and in most cases the
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problems of planning, specifying, designing, and operating are handled by one 

technically specialized group of people, and they are run normally by a single 

corporation or agency. Practically, most, if not all, of these countries are located in the 

arid zones of the world. These zones are physically characterized by severe weather 

conditions, scarcity of rain, absence of rivers and lakes, and have limited underground 

fresh water aquifers. However, they enjoy an ample supply of oil and gas, which are a 

prime sources of fuel needed for the production of power and fresh water.

Modernization and industrialization of these arid countries requires, as is the 

case for other countries, relatively large quantities of fresh water as well as an ample 

supply of electrical power. In order to meet such requirements, most arid countries 

turned to conventional thermal power stations utilizing the available fuel for power 

generation, and for the fresh water supply they relied on desalination.
i

Capital and operational costs savings, efficient utilization of fuel, and the state 

of the art of desalination technology [4,5, 6, 7, 8, 9,10], as we shall discuss later in 

chapter (III), influenced the decision that large land based desalination plants, which 

most of these arid countries need, are based on sea water thermal distillation processes. 

Furthermore, a unique characteristic that most of these countries share is that both 

utilities (power&water) are constructed and operated side by side on the same site, in 

what are commonly known as ’’dual-purpose" (power&water) production stations. 

Chapter (III) will deal with the full description and the various technical aspects of 

such stations.

Over the past three decades an ever increasing number of such dual-purpose 

(power&water) production stations have been built and operated in most of the arid 

countries of the world. Rapid technological advancement in the field of power and 

desalination opened the doors for such stations to be enormous in size and outputs [11, 

12,13, 14]. Single stations of this nature having installed capacities of 2400 mega

watts (MW) of power and approximately 4.4 x 10^ cubic-meters (m^) per day ( 96 

million imperial gallons) (MIG) of distilled water are common today in the countries of 

the Middle East, particularly in the State of Kuwait and the Kingdom of Saudi Arabia
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[14, 15]. As of 1987 the world wide installed capacity of this class of stations is 

approximately 15101 (MW) of power and 4.7 x 10^ (m^) (1034 MIG) per day of 

distilled water [15].

For most of the arid countries, such electricity and water supply stations were 

built during the oil boom era ( late 1960's to the early 1980's ). During this era 

adequate financial resources were available and the emphasis was on rapid construction 

to meet the ever increasing demand. Therefore, owners, consultants, and designers 

were more concerned with short construction time and competitive low cost bids. Such 

practice, unfortunately, can only be achieved at the expense of reliability and 

maintainability. Designers had little involvement with the subsequent operation and 

maintenance of these stations and even less appreciation of the routine and not-so- 

routine problems of the day-to-day operations and outages. This lack of feed back 

meant that the designers were not aware of the deficiencies of their design.

The high demand on the availability, (the proportion of time, in the long run, 

that the (power&water) production units in station are in service, or ready for, service), 

of these stations has led in most cases to setting up stations with over capacities 

(inherited redundancy) to accommodate losses or failures. And to combat further any 

unexpected malfunction in the electrical supply most, if not all, countries which have 

more than one station of this type, also resorted, like most other countries of the world, 

to interconnected systems design; that is to link the power side of these stations in a 

national electrical grid system to compensate for any losses that might take place from 

any station of the national system. As for water, normally, huge water reservoirs are 

built and interconnected by a network of piping and pumping stations to overcome any 

shortages in supply due to failures or disturbances in the water side of these stations. 

Upgrading of one of the commodities at the expense of the other or vice versa to meet 

certain peak load demand is another operational procedure that is also employed in these 

stations to offset failures or losses. It is customary to design and construct these station 

in such a way that enable any one commodity to be produced independently of the
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other, i.e. to be able to produce full or partial power without distilled water or produce 

full or partial distilled water without power. This practice, even though helpful, will 

defeat the benefits of duality for which these stations were built.

The foregoing demonstrated the importance that should be attached to the 

operational availability of any electrical energy and fresh water systems and in particular 

for these special class of (power&water) production stations. For the "dual-purpose" 

(power&water) production stations, it is true, that these precautionary planning steps of 

over design, over capacity, and operational manoeuvrability have, no doubt, enhanced 

the availability and maintenance of supply. However, these measures are not the ideal 

ones because they are self-defeating and, as mentioned earlier, will lead to over 

investment and its inevitable consequences. Therefore, there exists a pressing need to 

set up planning, specification, design , and operational management criteria for such 

stations to enforce the benefit of their duality and demonstrate that with such criterion a 

safe and sound reliable operational availability can be achieved. Reliability analysis 

techniques form one of the most successful and useful tools in this endeavour, due to 

the fact that economic and management decision-making process cannot be divorced 

from these analyses. This fact constitutes a good and legitimate reason for this research 

study to be devoted to reliability analysis of dual-purpose (power&water) production 

stations. It is of value to mention at this stage that such reliability analysis alone, cannot 

fulfill the requirements needed to set up the above stated goals of sound criteria. 

However, it is the first step forward in such endeavour, and without such an analysis 

the whole question cannot be answered at all in a scientific manner.

1.2 The problem

There is ample evidence that dual-purpose (power&water) production units have 

consistently proven maintenance-intensive [17,18,19,20,21,22,23,24]. This is due to 

the fact that most, if not all, equipment used in such units are of a repairable type, and 

thus their life histories consist of alternating operating and repair periods. On the one
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hand, such inevitable conditions requires a precise and foresighted operation and 

maintenance planning strategy on the part of the management in order to accommodate 

any planned or forced outages and minimize the mean time to repair (MTTR) of 

outages; and on the other hand, it requires sound design and proper material selection 

on the part of the designers and consultants inorder to improve the productivity and 

prolong the mean time between failures (MTBF) of outages. Furthermore, such 

conditions requires the availability of financial and specialized human resources to 

provide adequate level of operation and maintenance. So the achievement of the 

optimium utilization of design, operation, maintenance, and increasing the effectiveness 

of all maintenance staff, are planning problems that have to be faced in order to increase 

the availability and reliability of "dual purpose" unit and hence the station. In order to 

tackle these planning problems effectively a qualitative and quantitative reliability
I

appraisal of the (power&water) production unit components and of the mode of success 

and failure of operation within and between the sub-systems and associated systems 

making up the total unit is required.

As the name implies, the components of any dual-purpose (power&water)
1

production unit comprises of equipment for power generation as well as for sea water
I

desalination. Thermal (fossil or nuclear fueled) or hydro-powered single-purpose 

power generation stations are universally used by practically all countries of the world; 

and for some industrially advanced countries such as U.S.A., U.K., West Germany, 

France, and Japan they have been used for the last fifty years. Consequently, for 

power systems incorporating these type of single-purpose power generation stations 

only, the planning, design, and operation techniques such as :

1. Load forecasting and its uncertainty including peak load and load duration.

2. Static generating capacity reliability including reserve requirements.

3. Operating generating capacity reliability including spinning reserve.

4. Transmission and distribution systems reliability.

5. Bulk power system reliability.

6. Area supply system reliability.
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7. Equipment outage data collection and analysis.

have been recognized since 1947 [25]. Since then, an ever increasing interest to study 

and solve such problems, has been embodied in the research and development 

programs of the electric utility companies and agencies in the industrially advanced 

western countries. The outcome of the research and development projects in the field of 

power system reliability over the years, as we shall see in chapter ( I I ), have produced 

and are still producing reliability models, indices, and deterministic and probabilistic 

reliability evaluation techniques. Furthermore, specialized agencies such as the National 

Electric Reliability Council in the U.S.A. and the National Centre for System Reliability 

in the U.K. have been established to co-ordinate reliability research activities. 

Therefore, a fair amount of information and solutions to the reliability problems of the 

single-purpose power generation stations and power systems are available. On the other 

hand, the dual-purpose (power&water) production stations are relatively recent and 

their utilization is confined to a limited number of countries which are undergoing 

development. Therefore, little activity, or nothing at all, in terms of research and 

development in the field of reliability of these specialized class of "dual purpose" 

(power&water) producing stations has taken place (as we shall see in chapter (II)). It is 

worthy to note that, even though the "dual-purpose" (power&water) unit and stations 

contain power production equipment, the reliability models established for the single

purpose power generation unit and stations can not be applied directly to represent the 

reliability models of the "dual-purpose" (power&water) unit and stations because the 

duality requires some very different models. Hence, the following reliability problems 

pertaining to the power and water system incorporating dual-purpose (power&water) 

production stations have to be investigated :

1. Static production (power&water) capacity reliability including generation 

and desalination reserve requirements.

2. Operating production (power&water) capacity reliability including 

generation spinning reserve.
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3. Interconnected systems reliability.

4. Bulk power and water system reliability.

5. Equipment outage data collection and analysis.

1.3 The Objectives

The five research areas (1-5) pertaining to the power and water system 

incorporating dual-purpose (power&water) production stations mentioned in section 

(1.2) above cover a wide range of research activities that are required in order to 

establish a comprehensive reliability model for the power and water system as one 

entity. It is quite unrealistic to address all of these requirements in one single research 

study, therefore, one has to identify the order of priority that the present research study 

should address itself to. Since the production stations are the fundamental building i

blocks of the power and water system in question, therefore, they should receive the *

first attention. Hence, this research study will be confined to the reliability analysis of 

the dual-purpose (power&water) production station only. For such production stations,

the basic planning and operation problem confronting them is the determination of the i
•i

required quantity of power and water production in order to secure an adequate supply. *

This basic problem as a whole can be solved by applying three conceptually distinct 

reliability analysis areas commonly known as static production (power&water) 

capacity, operating production (power&water) capacity, and equipment scheduled 

(planned) and forced outages. The static production (power&water) capacity 

requirement refers to the installed capacity that must be planned and constructed. This 

static requirement includes reserves; that must be sufficient to cover for the required 

annual equipment overhaul, outages that are not scheduled (forced) and load growth 

needs in excess of the anticipated estimates. This reliability analysis area relates to the 

long term evaluation of the power and water system and provides an analytical basis for 

production capacity planning. The operating production (power&water) capacity refers 

to operating reserve. For the power side production, this means the spinning reserve
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which is synchronized and ready to take up load whenever needed as well as rapid start 

electrical generation unit(s) such as gas turbines; and for the water side production this 

could mean either a cold reserve (completely shut down distiller ready for operation 

whenever wanted) or rapid start desalination plant(s) utilizing such method as vapour 

compression or sea water reverse osmosis. This reliability analysis area relates to the 

short-term evaluation of the actual production (power&water) capacity needed to cover 

a required load level. The reliability analysis area concerned with the forced outages of 

equipment of the sub-systems and associated systems, that make-up the (power&water) 

production units which in turn constitute the production station, encounters the effects 

of these sub-systems and associated systems on the overall availability (the proportion 

of time, in the long run, that the unit is in, or ready for, service) of the production units 

and hence on the overall availability of the dual-purpose (power&water) production 

station. From the foregoing, the operating production (power&water) capacity is a daily 

operating problem and the solution can not be generalized to fit every production 

station. Hence, it is more meaningful that each individual production station develop 

their own production model based on their own localized design configuration. 

Therefore, this research study will not encompus this reliability problem. The reliability 

analysis of the static production (power&water) capacity and the outages of equipment 

are interrelated and their solutions can be generalized and used for improving future 

design and capacity planning. Therefore, this study will be confined to these two areas 

of reliability analysis. Hence, the objectives of this study will be the following :

1. Establishment of the sub-systems and associated systems and sub-sub 

systems of a dual-purpose (power&water) production unit

2. Setting up an operational interlock logic diagrams for the

dual- purpose (power&water) production station, production unit, and

the sub-systems and associated systems and sub-sub systems of the production

unit.

3. Development of dual-purpose (power&water) production unit model.

4. Development of dual-purpose (power&water) production station model.
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5. Setting up reliability block diagram models for the dual- purpose 

(power&water) production station, unit, and sub-systems and associated 

systems of the production unit.

6. Setting up state space models for the Dual-purpose (power&water) 

production station and the production unit.

7. Setting up reliability data collection forms for the dual- purpose 

(power&water) production station and the sub-systems and associated systems 

of the production unit.

8. Using collected actual operating and outages data for a period of five years 

(1982-1986) from a reference station, reliability calculations will be 

performed based on the above models to establish their significance.

1.4 Methodology of approach

In general, system reliability analysis can be divided into six basic steps. These 

steps will involve "system definition, logic model construction, failure mode 

determination, quantitative and qualitative data evaluation, uncertainty analysis, and 

formulation of conclusions and recommendations" [261. However, in our study these 

general steps will not be adhered to exactly. In order to achieve the set goals of this 

thesis the following "topics/subjects" will be studied. These topics are arranged in such 

a way that each one, as well as being a sequential part of the thesis, is in itself an 

integral essay, reporting and concluding on a phase of the overall study.

1.4.1 System definition

Here, a full description and study of the dual-purpose (power&water) 

production unit configuration, and hence the station, will be conducted and 

investigated in order to acquire a detailed information about the functional and 

physical interconnections of the various sub- systems and associated systems 

making up the (power&water) production units and the station.This discussion 

will be the subject of chapter (III) of the thesis.
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1.4.2. Operational interlock logic analysis approach

Under this approach, the operational interlocking logical sequences of the 

production station, production unit, unit sub-systems, unit associated systems, 

and unit sub-sub systems are investigated and analysed, in order to group the 

various pieces of equipment under the appropriate unit sub-systems, associated 

systems or unit sub-sub systems. Furthermore this analysis will facilitate an 

understanding of the operational interrelationship between the various unit sub

systems and associated systems and will enable us to split the production unit into 

it's proper sub-systems and associated systems. Moreover, from this 

understanding, the "duality" aspects of the production station, and the production 

unit will be demonstrated. The analysis will be presented in a graphical forms in 

order to avoid a lengthy and boring repeated description of the various sub

systems,associated systems, and sub-sub systems and also for quick reference. 

Each graph (figure) is a distinctive self explanatory operational model for the 

sub-system, associated system, or sub-sub system in question.This work will be 

the subject of chapter (IV) of the thesis.

1.4.3. Reliability network analysis approach.

This work is a consequential step to the previously mentioned two analysis 

approaches due to the fact that one of the most important goal of this reliability 

study is to predict suitable reliability indices for the dual-purpose (power&water) 

production units and hence for the production station on the basis of the unit's 

sub-systems and associated systems failure data and hence use this information 

for improvement of the unit sub-systems, associated systems and sub-sub

systems configuration and design. This analysis will help to transform the logical 

operation of the dual-purpose (power&water) production unit's sub-systems, 

associated systems and sub-sub systems into a structure that consists only of 

series and parallel component paths. This transformation will be achieved by
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reliability block diagrams construction for the various production unit sub-systems, associated 

systems, and their sub-sub systems. This work will be the subject of chapter (V) of the 

thesis.

1.4.4 State space analysis approach
This analysis will translate the operation of the production units and hence the 

production station into a state space diagrams that represent the possible relevant states 

that the production units and station can reside in. Furthermore, they will illustrate the 

possible known ways in which the transitions between the states can happen. This 

approach will facilitate the determination of these reliability indices such as the 

probability, frequency, and mean duration of the units forced failures. Furthermore, this 

analysis will help to determine the production unit and hence the station state that can be 

considered as a success or as a failure. This work will be the subject of chapter (VI) of 

the thesis.

1.4.5 Outage data collection forms
Reliability analysis is based on equipment outages data, therefore setting up 

forms for recording the outages of the production unit, unit sub-systems, associated 

systems and their sub-sub systems is important. Such forms have been designed and 

presented in chapter (V I1). These forms will help to develop a comprehensive recording 

mechanism for the monthly and yearly outages for most equipment of the dual-purpose 

(power&water) production station.

1.4.6 Reference station outages data analysis

Doha East (Power & Water) production station of the State of Kuwait was 

selected as an actual operating reference station. The installed capacity of this station is 

1050 (MW) of power and 191 x 10^ (cubic meters (m^)) (42 million imperial gallons 

(M.I.G)) per day of distilled water. This production is achieved by the installation of 

seven production units. Each production unit produces 150 (MW) of power and 27270 

(m3) (6 M.I.G) of distilled water per day. The outages data for all the seven units were 

collected over a period of five years (1982-1986).
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The choice for this particular period is due to the fact that the reference station 

is in it's usefu life (i.e.passed it's de-bugging phase of life and not in it's wear 

out phase of life). Therefore the outages data represent a true picture of 

it's operation. The collected original (raw) data was by no means intended 

by the station management for reliability analysis, but was collected for 

the station personnel and the Ministry of Electricity and Water of the State 

of Kuwait reference and various uses. Therefore such data will be processed 

in a newly designed forms (tables) to allow reliability calculations for 

the station, production unit, production unit sub - systems, production 

unit associated systems, and thier sub - sub systems.The processed data 

will then be entered and processed in a computer spread sheet program

The results of the processing will be the presented in chapter (Vlll).

1.4.7. Conclusions and recommendations

The conclusions and recommendations will be presented in chapter (V lll) 

of the thesis.

1.4.8. Literature overview

The literature overview will be the subject of chapter (11) of thev thesis

1.4.9. Appendices

The thesis will contain one appendix. This appendix (1) is the reference 

station units monthly outages processed data. The appendix will be found 

in volume (II) of the thesis.
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LITERATURE OVERVIEW

2.1 Introduction

Reliability as a concept , in general, should be understood to mean "the 

probability of a device, item, system, sub-system, associated system, or sub-sub 

system performing its defined purpose adequately for a specified period of time under 

the operating conditions encountered.". This simplified definition manifests that 

reliability is a broad notion that relates to the failure problems of an extremely varied 

disciplines such as technology, economic, physico-chemical processes, structural 

mechanics, manufacturing, and industrial complexes etc. Hence it should be an aim and 

a target for all persons concerned with operation of services or designing and 

manufacturing of products. Furthermore, it implies that it is an aspect of engineering 

uncertainty.

Fatigue life studies during the 1930s revealed the use of the extreme value 

statistical distributions (asympototic distributions of variables describing values which 

can lead to failure) for reliability assessment. The Weibull distribution was the principal 

one that was proposed to describe the breaking strength of materials during that era 

[27].

The preliminary and basic mathematical theory of reliability development can be 

traced to the first attempt to apply renewal theory (a stochastic independently and 

identically distributed non-exponential process, e.g. homogeneous Poisson process) to 

industrial replacement problems in 1939 by Lotka [28]. His basic approach was based 

on the assumption that the problems of population growth and those of industrial 

replacement were closely analogous, and therefore he suggested the utilization of the 

probability functions and their mathematical solutions employed for population growth 

calculations could be used for industrial parts replacement problems. However complex
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military weaponry and systems introduction during World War n  had played a vital role 

in the recognition of the pressing need for reliability to be approached in a more 

organized scientific manner and mathematical theories for it should be developed. The 

establishment in the U.S.A of the joint Army and Navy (JAN) parts standards, the 

Vacuum Tube Development Committee (VTDC) in june 1943, and later the Advisory 

Group on Reliability of Electronic Equipment (AGREE) in 1952 were the real starting 

points in this endeavour. Full accounts of the historical developmental of reliability 

activities in general can be found in references [27,29].

The 1950s activities in the field of life testing, electronic, and missile reliability 

introduced the exponential distribution function as a more useful distribution in 

reliability evaluation of systems because it assumes constant failure rates; thus 

simplifying the evaluation.procedures [27,30].

The 1960s witnessed the researches on the reliability of coherent structures 

(general system reliability) [27]. This area of research is still active in the 1980s. The 

works of Professor B. V. Gnedenko and associates of the Soviet Union in 1965 [31] 

on repairable systems and standby redundancy with renewal resulted in the emphasis 

on maintenance and repair reliability models using limiting probability techniques from 

queueing theory ( a mathematical analysis of systems subject to failures whose 

frequency and duration can in general be specified only probabilistically; or in a more 

specific manner the use of steady state probability functions based on stationary 

Markov approach). Furthermore in the same period the concept of fault-tree reliability 

analysis (FTA) (a systematic analysis of the system failure events and the sub-systems 

and components failure events that can cause them) was introduced in 1961 by the Bell 

Telephone Laboratories as a technique with which to perform a safety evaluation of the 

Minuteman Launch Control System [32].

The nuclear power reactor safety consideration further enhanced the researches 

and development of the fault-tree analysis as a reliability tool during the 1970s [33, 34] 

In the late 1970s and in the 1980s the need for reliability analysis in the domain of
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systems of various states and functions (power plants, computers, etc) was in demand 

and the outcome of the researches on this topic was the adaptation of several reliability 

analysis techniques and approaches such as network reliability modeling, Markov 

process modeling, and Monte Carlo simulation [35,36, 37, 38, 39]. These approaches 

are the predominant techniques used for repairable systems reliability analysis at 

present time.

From the foregoing one can see clearly that reliability as a concept is appreciated 

and desired by practically all industries; however each industry or utility is trying to 

develop and utilize the mathematical models and techniques that suit its purpose best. 

This argument goes to the extent that one can not find a single universal reliability 

mathematical model and technique that suit all industries and utilities in the same way. 

Therefore each industry and utility has to adopt to what suit its needs best. The power 

and water utilities are no exemption from this fact. Since the theme of this thesis is 

reliability analysis of "dual-purpose" ( power & w ater) production station, therefore, 

an attempt is made in this overview to follow the activities in the development and 

application of reliability evaluation techniques for power and thermal desalination 

systems. It turns out that power and water systems have to be reviewed separately, 

because as we shall see later, that there scarcely exists a reliability publication that treats 

them as a combined system.

2.2 Power system literature

There have been considerable activities in the development and application of 

reliability evaluation techniques in power generation systems over the past 59 years. 

Therefore, it will be of benefit to review this development historically in segments of 

ten year intervals in order to single out their significance and input. This overview will 

be confined to the generating part of the power system. Furthermore, it will be confined 

to literature published in the English language because of the ease of accessibility.
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2.2.1 (1930-1939) period

It is difficult to single out with precision when many significant and useful 

ideas in the field of power industry reliability criteria and problems first appeared in the 

published literature. However, as early as 1933 Lyman [40] had suggested that 

probability methods and techniques could be applied to analyse and solve static 

generating capacity and other power reserve problems. In 1934 Smith [41] had 

advocated further Lyman's suggestion and presented two papers [41, 42] illustrating 

sample calculations based on probability mathematics to solve power system service 

reliability problems. Smith in [42] was basing his calculations on the concept of 

"statistical equilibrium." which he defined as "if repeated observations could be made 

on a very large number of generating systems, each system consisting of the same 

number of units and each unit having the same characteristics determining its likelihood 

of failure, it would be found that the proportion of systems in which any given number 

of units, x , were at any instant simultaneously unavailable would have a value 

independent of the particular time of observation." This definition implies that after a 

sufficiently long period of time the state probability of the systems are independent of 

the initial conditions and remain constant in time The importance of Smith's papers 

was that they provided a simple mathematical method to calculate the probability of 

equipment outages which are a key factor in power system planning During this period 

a total of approximately 6 papers , including the three mentioned above , were 

published. The main focus of these papers was on planning generating capacity 

requirements.

2.2.2 (1940-1949) period

This period produced some of the basic reliability concepts upon which, 

with some modification and expansion, the techniques in use today are based. 

Approximately 13 papers were published in this decade. The most important group of 

papers were presented in 1947 by Calabrese[43], Lyman[44], and Seelye [45].
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Calabrese realizing that there were no exact methods available which permit the solution 

of generating reserve problems, therefore suggested a systematic attack on the problem 

that could be made by a "Judicious." application of probability theory. His model 

provided the first quantitative analysis of the effect of forced outages on generating 

reserve requirements. It also permitted the prediction of loss of load probability 

(duration),which he defined as "the fraction of time during which loss of load may be 

expected to occur during any future period; and the kilowatt-hour losses expected to 

result from forced outages." [43]. The loss of load approach is still referred to in the 

power utilities circles as the "Calabrese Method". Calabrese reliability criterion 

(measure ) was the computed probability that the outage of generating capacity would 

exceed the reserve available at the time of peak load over a specified time period. 

Lyman paper presented a short-cut method for evaluating generating outage 

probabilities to a system with any number of generating units of different sizes; a 

method of combining two or more outage probability curves for different systems 

(interconnections) in order to determine the effect of interconnections on the overall 

reserve requirements; and an approximation method to calculate system outage 

probability rate using a uniform failure rate for the generating equipment instead of 

different failure rates in the probability calculations. Lyman in his approach for the 

short-cut methods has utilized normal or a modified binomial distributions expansions 

instead of the long and tedious binomial distribution expansion. Seelye's paper 

presented simple algebraic formulas, based on binomial expansion, for the study of 

generating reserve necessary to offset the effect of forced outages of generators, and to 

calculate the average frequency and duration of forced outages which he defined as "the 

average period between occurrence of individual outages in terms of running time and 

the average duration of outages, or repair time.". These three papers proposed the 

fundamental ideas upon which the "loss of load method" and the "frequency and 

duration approach" in use nowadays for reliability evaluation of power system are 

based. It is of value to mention here that during this period the first American Institute
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of Electrical Engineers (AIEE) Subcommittee on the Application of Probability Methods 

was organized in 1948. The first report of this subcommittee was published in 1949 

[46] containing some comprehensive definitions for equipment outages. This 

Subcommittee has played and is still playing a vital role in the application of reliability 

techniques for power systems.

2.2.3 (1950-1959) period

During this period about 41 papers were published. Two of which were 

prepared by the (AIEE) Subcommittee and presented some statistical data on equipment 

outages[47,48]. These two papers were a continuation of the work which was started 

in 1947 by the Subcommittee. The papers of the early part of the 1950s were still 

concerned with generation reserve requirements and the benefits resulting from systems 

interconnections. They did not produce any significantly new approaches or methods. 

However, in 1954 Watchorn [49] and Kirchmayer et al [50] while working on the 

evaluation of economic unit addition in system expansion studies suggested and 

illustrated the benefits of using digital computers for reliability evaluation calculations. 

The largest number of papers during this period were published in 1958 and 1959. The 

input of these papers was the modification and extension of the reliability calculation 

methods proposed in 1947 (i.e. loss of load and frequency and duration of outages 

methods) [51, 52, 53]. In December, 1959 two papers [54, 55] were publish which 

introduced a rather new approach for the solutions of the problems of power generation 

forced outages. The new idea was advocating the adaptation of system simulation 

techniques by using "Operational Gaming Theory" to set up a mathematical models for 

use in the simulation of power generation forced outage distributions. The gaming 

technique as employed by these authors was based on a combination of system analog 

(mathematical and logical model of the system), Monte Carlo simulation (a computer 

simulation of the random occurrences), and simulated human decisions (logic of system 

operation) to predict future system events which are probabilistic and deterministic in 

nature and obtain a statistical forecast of future system performance. The system
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performance in turn is translated into equipment needs and used for economic 

evaluation of alternate expansion patterns. Interest in the use of the "Game Theory" 

techniques as a tool for reliability evaluation of power system declined after 1962 [25] 

and it is not used nowadays. The decline could be attributed to the preference for 

analytical approaches rather than a simulation techniques by the power industry 

researchers.

2.2.4. (1960-1969) Period

About 50 papers were introduced in this period, out of which four papers 

were based on the simulation techniques (Game Theory) that was advocated in the late 

1950s, as mentioned above, and ten papers were based on equipment outage data. The 

most significant publications on equipment outages data were produced by the ( AIEE) 

and (IEEE) Subcommittees [56,57]. The (AIEE) Subcommittee publication dealt with 

methods of analyzing forced outages using digital equipment where the (IEEE) 

Subcommittee paper was concerned with definitions of terms for reporting and 

analyzing outages of generating equipment. On the other hand, the (AIEE) 

Subcommittee realizing that the basic reliability methods ( namely, loss of load 

probability, loss of energy probability, and frequency and duration ) as introduced in 

1947 and modified later were still the routine procedures used by the power systems 

utilities, therefore, initiated a study to compare the three methods by subjecting them to 

the same problem. The result was published in 1960 [58], and their final conclusion 

was stated as "The application of probability methods to generating capacity problems 

has reached a stage where it should be accepted as a normal tool of the system planner; 

but that does not imply that all problems have been solved. Comparison of the basic 

methods of measuring reliability and discussion of refinements in computation and of 

the adjustments common to each method reveals a number of limitations and 

possibilities of improvement that require study beyond the scope of this report. In 

addition, still other methods of probability application await investigation and
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development.". This conclusion implied that these methods did not fulfill all 

requirements and more comprehensive analytical techniques were needed to model the 

power system effectively. Moreover, the power failure of November 1965 which had 

left large parts of North-eastern United States and Eastern Canada without power 

supply for several hours enhanced further the need for the accepted reliability measures 

( indices) at the time to be reexamined and researched. In addition, more emphasis was 

being given to the development of more or less standardized reliability indices and 

methods of calculations for all parts of the electric utility system (generation, 

transmission, and distribution). One significant outcome of such activities was 

published in a series of four papers in 1968 and 1969 [59, 60, 61, 62]. The aim of this 

research work was to find means of integration and modification of the well expended 

past efforts on reliability analysis and reserve requirement planning of the generation 

part of the power system with the established techniques of reliability evaluation of the 

transmission and distribution segments of the power system. Prior to this work, as was 

mentioned earlier, there were two reliability calculation methods used for the generation 

part of the power system, namely, the "loss of load" and the "frequency and duration" 

[58]. In general the "loss of load" method will yield the probability of failure to be able 

to cover the expected peak load over a certain time period, while the "frequency and 

duration" calculations allows the computation of the probability of the generation part to 

suffer an outage state of exactly a specified quantity and the expected frequency of 

reoccurrence of that exact state. The essence of this new research work was the 

development of a frequency-duration model for the generation part based on a Markov 

chain state analysis that enabled the calculation of availabilities, frequencies of 

occurrence, and cycle durations for both individual and cumulative outage states.

2.2.5. [ 1970 - 1979 ] Period.

During this decade many papers were published, however, no completely new 

ideas or methods have emerged. In general, one can say most of the contributions of 

these papers were the expansion on the Markov process concept and the frequency and
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duration method which was introduced in the late 1960s. Billington et al [63,64] have 

introduced a multi - derated state model and its associated failure and repair rates and 

the idea of the effect of partial outage to be used in spinning reserve and generation 

system planning studies. Marco [65] has presented a semi - Markov model of a 

three - state generating unit. This approach according to the author would remove the 

necessity of the outage states of the generating unit to be assumed to follow an 

exponential distribution. The mathematics involved with this approach is highly tedious 

and difficult (Laplance transform and numerical inversion routines), therefore, it did not 

prove to be useful in actual practice, eventhough, it is more accurate than the 

approximate models. Day et al [66] have introduced a model to calculate a new 

reliability parameter which the authors refers to as "the conditional expected value of 

generation deficit for loss - of - load.". This parameter along with the Loss -of - Load 

Probability would measure the anticipated deficiency of the power system during loss 

of load. Singh et al [67] have realized that for power system components, in general, 

their up times can be assumed to be exponentially distributed, however, their down 

times usually do not follow this pattern. This meant that they had to model the 

generating unit as a non-exponential model like Marco [65] did. Therefore, they 

introduced the idea of using the device of stage in reliability modelling of power system 

to overcome the complexity of the mathematics involved. The overall model is obtained 

by representing "a non-exponential distributed state by a combination of stages each of 

which is exponentally distributed." [67]. However, the procedure of the technique is 

still too complex to be widely used. Ayoub et al [68] have presented a method for 

computing exactly the frequency and duration of loss of load events as a measures of 

generating system reliability. This method according to the authors differs from 

previous ones because it utilizes a cumulative state load model together with an exact 

state capacity model to permit the computing of the probability, frequency, and 

average duration, of loss of load and the cumulative margin states (available capacity 

less the load).
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2.2.6. [1980 -1989] period

The 1980s era has witnised the production of numerous papers, however, few 

of them only yielded new considerations on the reliability evaluation of the generating 

system. Patton et al [69] have presented a new analytical approach that incorporates 

operating considerations (such as start up failures, start up time, outage postponability, 

unit commitment policy, and operating reserve policy) in generating system reliability 

modeling. This approach has not been covered in previous publications. This modelling 

methodology is most suitable for operation planning.

2.3. Water system literature

In contrast to the power system, the water system literature is limited to a very 

few and scattered publications over the years. The total number of publications on the 

distillation processes (in particular the Multi-Stage Flash (MSF) process) was 

approximately six papers. The publications on the Reverse Osmosis process was one 

only. This overview will be confined to the publications on distillation processes.The 

first publication was a report presented by Hittman Associates, Inc. [70] under contract 

for the Office of Saline Water of the U.S.A. The reliability analysis employed in the 

report was based on block diagram modeling of the various sub-systems of the MSF 

distiller and was confined to the distiller part only. The generation part was not 

incorporated. Moreover, the capacity of the distiller studied was 9.5 X 10^ cubic 

meters per day ( 2.5 U.S. MGD), which is approximately one third of the existing 

capacities of MSF distillers operating nowadays. Unione et al [71, 72] have presented 

two similar papers on the reliability of desalination equipment. The reliability technique 

used in the analysis was fault tree analysis (FTA). Kutbi et al [73] have presented a 

paper based on operational history of Jeddah I (Saudi Arabia) MSF plants. Here again 

the authors have used the fault tree analysis (FTA) approach and confined their analysis 

to the distillers side only of production units. Both Bailie [74] and Thies et al [75] have
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presented a paper in which the contents were general and dealt with the importance of 

employing reliability analysis to desalination plants. None of these publications on 

water system reliability have introduced new reliability techniques or methodology of 

modeling.

2.4. The State Of The Art

From the foregoing, it it is clear that power systems have received a considerable 

amount of attention with regard to the reliability evaluation and analysis techniques, 

whereas water systems have received little, or practically no, attention. Moreover, there 

was no published work that considered the the reliability analysis of both the power and 

water systems combined as they are designed, constructed, and operated in the dual- 

purpose (power &water) production station. Therefore, the works of this thesis will be 

a step foreward in that direction. However, it is imperative to mention that the models 

and analysis that will be evolving out of this research work might not be the ultimate 

ones, but form a first attempt.

24



CHAPTER III 

DUAL PURPOSE (POWER & WATER) PRODUCTION

STATION SYSTEM DEFINITION



CHAPTER TIT

DUAL PURPOSE (POWER & WATER) PRODUCTION STATION

SYSTEM DEFINITION

3.1 Introduction

The main purpose of this chapter is to develop a thorough understanding for

the functional operation and design objectives of the thermal dual - purpose 

(power&water) production station. Furthermore, through this chapter the different 

power and water cycles configuration that can be employed in such power and water 

production stations will be investigated and the process structural arrangement that 

this study will be confined to will be specified and amplified. Based, on such 

understanding the dual - purpose (power&water) production unit and hence, the 

station model will be developed. Furthermore, through the discussion of this chapter 

the various sub-systems and associated systems that comprise the dual - purpose 

(power&water) production unit and, hence the station will be identified.

3.2. Thermal single-purpose water production station

Thermal single-purpose water production stations are erected mainly for the 

production of distilled water. Treatment of such distilled water in a post treatment 

plant will produce potable water. For some thermal single-purpose water production 

units (such as Multiple - Effect Evaporator and Multi - Stage Flash Evaporator), 

steam is produced in packaged boilers and fed directly through pressure reducers and 

desuper-heaters to the thermal desalination process. For the vapour compression 

process mechanical energy instead of heat energy is used. Such thermal single

purpose desalination plants are normally employed for small output plants or when, 

the water demand is high and the power demand is non-existent. Over the past 30 

years many possible thermal desalination processes have been proposed and some 

have reached commercial utilization and proved to be reliable and are operating with 

great success around the world. The following is a list of the most viable ones :
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A) Multiple - Effect Evaporators. (Submerged Tube, Vertical Tube, 

and Horizontal Tube).

B) Multi - Stage Flash Evaporators. (Once - through and 

Brine Recirculation)

C) Vapor Compression. (Vertical - Tube and Spray Film or 

Horizontal Tube)

D) Hybrid Systems.

These systems have been proposed but are not commonly used :

1) Vertical - Tube Evaporator Multi - Stage Flash Evaporator 

(VTE - MSF).

2) Vapor Compression - Multiple Effect Evaporator.(VC - ME).

3) Horizontal - Tube Multiple - Effect Topping Unit (MSF in Series 

with HTME unit).

4) Multi - Stage Flash - Vapor Compression.

Out of the above listed processes the Multi - Stage Flash (MSF) distillation is the 

most widely used process for large desalination plant output throughout the world 

at present time [6, 76,77,78,79]. Figure ( l a )  below illustrate a simplified flow 

sheet of a single-purpose thermal desalination unit.

L.p.  S TE AM 
G E NE RAT OR

BRINE
HEATER

FEED TANK

RUMP PUMP

k > m >

S E A  WATER 
EVAPORATOR

lev S I N G L E "  P U R P O S F
21•ImlTCUbUWUI

26



3.3. Thermal Single - Purpose Power production Station

Thermal single-purpose power stations are constructed for the production 

of electrical power also. For the fossil fuel plants, normally, combustible matter 

such as natural gas, cmde oil, heavy fuel oil, gas oil and coal etc are burned to 

furnish a single product which is electrical power. In such single-purpose plant, 

approximately half of the useful heat is rejected in the condenser cooling water. 

Other losses amount to nearly 10-15% therefore, the net resulting overall 

efficiency of the cycle is 30-40 %. By increasing the working steam temperature 

higher efficiencies can be obtained, however, there are economic and technical 

limitations to the freedom for such increases. The thermal generating unit consists 

mainly of the basic three sub-systems which are the generator, the turbine, and the 

boiler along with various associated systems (auxiliaries). There are many ways in 

which these sub-systems and associate systems can be configurated. Normally, 

the turbine and the generator are in series and the steam generator can be either in 

series with them ( unit type) or they can be connected in series with a steam 

header. Figure ( l b )  below illustrate a simplified flow sheet of a single-purpose 

power unit.
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3.4. Thermal Dual-Purpose (Power&Water) Production Station

A thermal dual -purpose (power&water) production station is an 

interconnected complex factory structure for the conversion of the energy stored in 

the fuel into electrical energy and the desalting of sea water into distilled water. In 

such operations two products are produced from a single source of heat energy. 

Figure (1 c) below illustrate a simplified flow sheet of a dual-purpose (power&water) 

production unit.
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Basically the overall principal of operation of such production unit is to employ the 

normal thermal closed cycle (Modified Rankin Cycle) interlinked, usually, with a 

thermal desalination process. The interrelationship of the power cycle and the thermal 

desalination process is not physical but rather in the sharing of some of the energy in 

the working fluid (steam) or heat of the thermal power cycle. It is noteworthy to 

mention here that from a technological point of view, the interconnection between 

power generation and sea water desalination is not a must, since it is possible to 

produce separately fresh water or electrical power by utilizing the available 

technologies as long as the required source of energy is available. Besides, the 

development of both of these technologies (power and desalination) will not be much 

affected by interconnection or non-interconnection.

28



From an energy point of view, the sharing is utilized by means of bled steam 

from specified tapping points on an extraction turbine, or the exhaust steam from a 

back pressure turbine of the thermal power cycle, or a simple gas turbine with waste 

heat boiler cycle, or a combined gas turbine - back pressure steam turbine cycle. 

Another aspect of the sharing, is the common utilization of the site, sea water intake 

structure, brine and sea water discharge structure, administrative manpower, 

operational manpower, and maintenance manpower.

It is appropriate to think of the sub-systems, associate systems, and machinery 

of the thermal dual - purpose (power &water) production unit as falling into three 

broad categories; those which are " in line " on the sequence of converting fuel into 

power ( boiler, turbine, and generator), those which are " in line " on the sequence of 

converting sea water into distilled water ( boiler, turbine, and distiller), and those 

which provide some services to the two " in line " categories mentioned above to 

ensure their safe and efficient operation. Figure (2) below shows a schematic process 

flow diagram of a dual-purpose (power&water) production unit utilizing Multi - Stage 

Flash Evaporator ( M SF) and a condensing turbine arrangement.
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It is worthwhile to mention here, that such dual - purpose stations produces 

two distinct products which are not inevitably consumed by a single market and 

furthermore, one of these products is storeable (water) and the other is not (power). 

Therefore, in order to successfully interconnect the power and thermal desalination 

cycles in such stations, certain technical and economic criteria should be 

implemented. It has been reported [79] that the most important of these design 

measures are as follows :

1- The machineries of the power and the thermal desalination side of

the production unit should be able to start up and shout down independently.

2- Load factor alteration for either side of the production unit should 

not automatically affect the other.

3- At full load of the power and thermal desalination side of the production 

unit, the heat rejection rate of the power side cycle should, as much as 

possible, match the heat consumption of the thermal desalination side cycle.

There are another two significant technical aspects that have also to be incorporated in 

the design of such stations. These features can be summed up as follows :

1- Both, the power generation and the thermal desalination cycles should 

be designed to baseload, because the desalination cycle, particularly the

Multi - Stage Flash process( M SF), is inherently slow to respond to load changes.

2- For the thermal desalination cycle, the steam and sea water supply should 

be maintained in a non-changing condition with respect to flow, pressure, 

and temperature.

3.4.1. Advantages Of Dual - Purpose Station

- As was mentioned earlier, one of the main overriding advantage of the 

dual - purpose (power&water) production station is the potential savings in capital, 

operating, and maintenance costs relative to single - purpose desalting and electric 

power facilities of equivalent capacity. The economic advantages of such stations are 

obtained from tow principal sources. The first one, is the savings in the thermal
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energy requirements and the associated economic benefits that will be resulting from 

the merger of the thermal cycles of high - pressure, high - temperature power 

generation with the relatively low - pressure, low - temperature evaporation based 

desalting processes. The other source of potential saving, which will be reflected in 

the operating and maintenance costs of the station, is the results of the common 

sharing of certain facilities as compared to two separate single - purpose stations. 

Another source of saving is the reduction in unit capital costs due to the increase in 

installed capacities of certain common sub-systems and associated systems or 

components as compared to two separate stations. Furthermore, the interconnection 

of the thermodynamic cycles of power generation and distillation - type desalination 

process will improve the overall cycle utilization of the thermal energy employed.

3.4.2. Disadvantages Of Dual - Purpose Station

The major disadvantage of such station is that the daily operation will 

become rather difficult to control because the machineries of both side of the 

production unit are interdependent. Therefore, failure of the power side of the unit to 

operate will result in the inability of the water side to operate, because there will not 

be steam. And, on the other hand, if the water side of the production unit does not 

operate, therefore, there will be no condenser for the power side in the case of back - 

pressure turbine configuration. It is true, that in such stations this difficulty can be 

overcome by the installation of auxiliary and standby equipment ( e. g. steam pass out 

and stand by condensers) to keep both side of the production unit operating 

regardless of what happens to one side or the other. Most, if not all, existing stations 

incorporate such facilities in their layout. The alternative steam supply to the thermal 

desalination side of the production unit will be discussed in more detailed later in this 

chapter. Another inherited weakness in the dual-purpose (power&water) production 

unit and hence the station, is the limited adaptability in the economic design to 

accomplish the proper balance between the power and water demand.
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3.4.3. Water Power Product Ratio (WPPR)

In order to economically optimize the operation of the dual - purpose 

(power&water) production unit and hence, the station, the (WPPR) for the 

production unit should be analysed and determined. It is defined as the static water 

output capacity in million - gallon - per - day (MGD) divided by the static power 

capability in million - watt (MW) Hence,

W P P R  = M GD/M W  -------------------------------------------------(1)

The (WPPR) values lies between 0.1 and 1. However, its value may vary between 0 

and for power - only and water - only units, respectively. Larger values for the 

(WPPR) tend to increase the fuel economy of the such stations. For the different 

power cycle arrangement, the typical range of values for (WPPR) are as 

follows [80]:

for extraction turbine u n it: 0.12 - 0.08 MGD / MW

for back pressure turbine u n it: 0.33 - 0.20 MGD / MW

for gas turbine arrangement: 0.12 - 0.08 MGD / MW

Since the power output is governed chiefly by the inlet and outlet temperatures of the

turbine, and the distilled water production is regulated by the heat transfer surface

available and the temperatures of the heat of supply and discharge, therefore, the

(WPPR) value for practical dual - purpose (power&water) production unit is less than

0.5 [6], because of the limitation of the steam conditions at the turbine throttle and by

the maximum brine temperature the thermal desalination cycle can take.

3.4.4. Alternative Thermal Desalination Cycles Duality Schemes

As was mentioned earlier in section (3.2), there are a number of possible 

thermal desalination processes and their hybridization that can be employed in the 

thermal dual - purpose (power&water) production unit cycle. However, from a 

practical, economic and technical point of view, at least for large distilled water output 

evaporators in the range of (approximately 2.3 - 4.5 X 10^ cubic meters per day or 

5 - 10 million imperial gallons per day (MIGPD)), the Multi - Stage Flash (MSF) 

distillation process (brine recirculation type) is the most widely employed system
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world - wide [6, 7, 10, 14, 79, 81, 82]. Therefore, this research work will be 

confined to the coupling of the (MSF) process with the power cycle that will be 

selected in the next section of this chapter.

3.4.4.I. Multi - Stage Flash (MSF) Distillation Process

From a design point of view, there are four basic types of (MSF) 

process configuration that are employed nowadays all over the world. These are as 

follows:

1. The long - tube (acid or high temperature additive) dosed once - through type.

2. The cross - tube (acid or high temperature additive) dosed brine recirculation type.

3. The long - tube polyphosphate dosed once - through type.

4. The cross - tube polyphosphate dosed brine recirculation type.

Each of these process configurations has its own advantages and 

disadvantages. Furthermore, there is no common consensus among the desalination 

experts regarding the best process configuration [6, 82, 83, 84, 85, 86]. However, 

out of the four types mentioned above, the cross - tube (polyphosphate), and the 

cross - tube (high temperature additive) dosed brine recirculation type are the most 

widely used configuration world - wide. This preference in the choice of the cross - 

tube configuration over the long - tube type is due to the facts that this arrangement 

has advantages in chemical treatment, desolved gases removal, feed sea water 

deareation, temperature control, less corrosion / erosion problems, and less shell

volume requirement resulting in less plant cost. Based on the above discussions,

therefore, this research work will consider only the Multi - Stage Rash (MSF) cross - 

tube (polyphosphat or high temperature additive) dosed brine recirculation process 

configuration. The reliability models that this research work will investigate and 

develop can easily be adapted to the other process configurations.

The basic thermodynamic principal of flash distillation is based on the fact that 

vapour can be created from a saturated warm liquid in an enclosed space by a sudden
V V*

pressure reduction over the liquid. This boiling process is termed flashing. The
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evolved vapour can then be condensed and collected. Pure water separation from sea 

water in the (MSF) process is basically based on above mentioned principal. Figure 

(3) below represents a schematic process flow diagram of an (MSF) evaporator with 

brine recirculation.
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SCHEMATIC PROCESS FLOW DIAGRAM OF MULTI-STAGE FLASH DISTILLATION EVAPORATOR

From the above schematic diagram, the (MSF) evaporator is essentially composed of 

the following four parts :

1. The heat rejection section.

2. The heat recovery section.

3. The brine heater.

4. The ejector.

Chlorinated cold sea water is pumped from the sea water intake to the inlet of 

the heat rejection stages of the (MSF) evaporator. As the sea water flows through the 

condenser tubes in these stages it will be heated by the condensing vapour evolved in
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each heat rejection stage. As the term cross - tube configuration implies, the 

condenser tubes in which the sea water flows in each stage are perpendicular to the 

flashing brine flow in the stage. From a thermodynamic balance point of view, 

normally the number of these stages are three. After the heated sea water leaves the 

heat rejection section, part of it is returned to the sea via the discharge system. The 

remainder (sea water make - up) is then chemically treated and flows to the 

deaerator.The function of the deaerator is to remove the air from the sea water make - 

up. The deaerator can be designed as an external or internal one. In the case of low 

brine temperature operation (approximately 90 °C or 195 °F) the chemical used 

normally is a mixture of sodium tri - polyphosphate, lignin sulfonate, and anti - foam 

agent and it is commonly known as the polyphosphate additive. And in the case of 

high temperature operation (approximately 105 - 110 °C or 220 - 230 °F) the 

chemical used is an organic polymer additives such as the commercially known 

Belgard EVN [14, 19, 86]. The chemical addition is performed on a thershhold 

bases. The treated sea water make - up, then, mixes with the highly concentrated 

brine leaving the last stage of the heat rejection section. Part of the concentrated brine 

from the last stage is blown down to the sea before mixing with the incoming treated 

sea water make - up. The blow down operation is to maintain a proper brine 

concentration in the evaporator so as to minimize calcium carbonate, magnesium 

hydroxide, and calcium sulphate scaling. Normally the brine concentration is 

maintained at approximately 1.5 to 2. The recycle brine then enters the brine 

reciculation pump and is pumped through the condenser tubes of the entire heat 

recovery section, receiving heat from the condensing product water vapour and 

reflashing distillate.The recycle brine leaves the heat recovery section and enters the 

brine heater where it is further heated by a relatively low pressure (L.P) steam 

(approximately 0.8 bar or 12 psi for polyphosphate operation) which is coming from 

either the turbine or the boiler or the common header. In section (3.4.6.1) of this 

chapter, this steam provision will be discussed in detail. The brine temperature (95 - 

110 -120 °C) after leaving the brine heater is determined by the chemical used for the
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treatment of the sea water make - up. The hot brine, after leaving the brine heater, 

passes through to the flash chamber of first stage of the heat recovery section of the 

evaporator. The pressure in this stage is the highest of all stages and it is less than the 

saturation pressure of the incoming brine, therefore, a portion of the brine flashes to 

vapour. The evolved vapour condenses over the condenser tubes in the stage by 

transferring its latent heat of vaporization to the recycle brine flowing in the tubes. 

The unflashed brine passes through to the next adjacent stage, where the pressure is 

lower again and the same process is repeated. The flashing process continues at lower 

pressure and temperature as the brine is cascaded down through the entire stages of 

the heat recovery section till it reaches the last stage of the heat reject section where 

the pressure is the lowest. A portion of the concentrated brine is blown down after it 

leaves the last stage and the remainder is mixed again with a freshly treated sea water 

make - up and recycled again to go through the same process.

The fresh water produced by the condensing vapour in each stage is collected 

in the distillate tray and flows along from stage to stage in the same direction as the 

flashing brine until it reaches the last stage of the heat rejection section where it leaves 

the evaporator as distilled water.

The function of the steam ejector condenser is to maintaining the design 

vacuum in each stage at full load, and the removal of air and non-condensable gases 

from the stages of the evaporator and the brine heater. The Pressure reduction in the 

stages is essential for flashing. And the removal of air and non - condensable gases is 

vital for the proper condensation of the evolved vapour at the condenser tubes in each 

stage of the evaporator. The steam ejector condenser receives relatively high pressure 

(H.P) steam (approximately 14 bar or 203 psi for polyphosphate operation) either 

from the boiler or the common header. Some desalination consultants, engineers and 

operators refer to this pressure as medium pressure steam (M.P). However, in this 

theses this pressure will be referred to as (H.P). In section (3.4.6.2) of this chapter, 

this (H.P) steam provision will be discussed in detail. Most designs of (MSF)
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evaporators allows the first flash chamber, the second to seventh flash chambers in 

cascade, and the brine heater to be vented directly to the steam ejector condenser. And 

for the other flash chambers the venting is done in group or cascade through the 

ejector condenser.

Full account of the theory, heat and mass balance, economics, and process 

optimization for (MSF) distillation process can be found in the following references 

[5, 6, 81, 88, 89, 90].

3.4.5. Alternative Thermal Power Cycles Schemes

As was mentioned earlier in section (3.4.4.1) of this chapter, the (MSF) 

evaporator requires relatively low and high pressure steam for its operation. 

Furthermore, it requires a supply of electrical power for the operation of it pumps, 

control, and instrumentation. For an (MSF) evaporator of (2.7 X 10^ m3 per day or 

6 MIGPD) capacity, the electrical supply is approximately 5 Megawatt - Hour. In 

some design these pumps are steam turbine driven, and in this case further steam is 

required to drive the turbines. According to the present state of the art, there are a 

number of possible thermal power cycles that can be combined with the (MSF) cycle 

to form the dual - purpose (power&water) production unit. Each of these cycles has 

its own advantages and disadvantages. However, the most determining factors that 

influence the choice of the appropriate cycle to be used are the rated production 

capacity of the proposed unit, the operational flexibility of the turbine to meet the 

instantaneous changes in the electrical generation load and to a lesser extent the 

distilled water demand, and the fuel flexibility. The following list represents the 

thermodynamic power cycles that are normally used in such combination :

1. Diesel generator set with waste heat boiler.

2. Gas turbine with waste heat boiler.

3. Steam boiler, back - pressure steam turbine.

4. Steam boiler, condensing - extraction steam turbine.
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3.4.5.1. Diesel Generator Set With Waste Heat Boiler Scheme

The idea behind this combined thermal cycle, is to let the diesel engine 

drives an electric generator. Then, the required steam for the (MSF) evaporator 

operation is generated in a heat recovery boiler that uses the diesel engine exhaust as 

heat source. The capacities of the commercially available diesel engines are in the 

range of 20 - 25 megawatt (MW), and their air to fuel ratio (excess air) is very low. 

Therefore, the diesel engine has the lowest steam to power ratio and as a result of 

that, it has a very low water to power ratio. Diesel engine co - production cycle is 

suitable for small output, of water and power, therefore, most of the dual - purpose 

(power&water) production stations operating at present do not employ such a cycle 

because of their large output. Hence this research work will not consider such 

combination cycle.

3.4.5.2. Gas Turbine With Waste Heat Boiler Scheme

In this co - production cycle, the relatively high temperature flue gases from 

the gas turbine, are fed into a waste heat boiler to recover the waste heat in the flue 

gases. The steam produced in the boiler can then be used for the (MSF) evaporator 

operation. It is worth mentioning that in such thermal cycle the water to power 

product ratio (WPPR) is fixed and depend on the (MSF) evaporator performance ratio 

(P.R). This ratio is defined as the number of (kilogramme or pounds (kg or lbs) of 

distillate produced per (1.055 X 10^ joules or 1000 Btu) of heat input in the brine 

heater for heating the brine. Commonly this ratio is expressed as follows :

P.R = lb of distillate /  1000 Btu in put in the brine heater------------------------2

The fixation of the (WPPR) in such away will hinder the flexibility of operation for 

this combined cycle, because any reduction in power generation will result in lower 

distilled water production. Therefore, to enhance the operational flexibility and obtain 

a higher distilled water production in comparison with power generation , refired 

waste heat boiler can be used. Since the exhaust gas available for the waste heat boiler 

is at a relatively high temperature (approximately 500 °C - 932 °F) and it contains 

oxygen in sufficient amount (this apply to high air /  fuel ratio gas turbines, i.e. less
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efficient turbines), therefore, this condition allows refiring additional fuel in the 

exhaust stream for the co - production cycle that is requiring more heat than is 

obtainable from the exhaust only, and for more operational flexibility. For further 

flexibility of matching the steam output to the (MSF) evaporator requirements some 

design configuration will incorporate any or all of the following additional equipment 

[6]:

1. "Auxiliary boilers to provide steam when the power demand is low 

(exhaust temperature varies with the electrical load) or when the gas turbine is 

not in operation."

2. "Bypass dampers, which can send excess exhaust gases to the atmosphere 

(when the power demand is high and water demand is low."

Inorder to increase the thermal efficiency of the combined thermal cycle, some 

installation add a steam turbine (back pressure or extraction type) to the gas turbine, 

heat recovery boiler, and (MSF) evaporator. In this scheme the steam generated in the 

waste heat boiler is not sent to the (MSF) evaporator, but instead it is sent to the 

steam turbine to generate more power. The (MSF) evaporator receives it's process 

steam either from the waste heat boiler or the steam turbine. Even though, this 

combination seems attractive from a thermodynamic point of view, however, its 

process optimization and operation is more complex than the gas turbine / Waste heat 

boiler / (MSF) evaporator one.

The gas turbine / waste heat boiler / (MSF) evaporator scheme has many 

advantages such as [6,7, 91]:

1. Lower capital cost.

2. Short installation period.

3. Ability for quick start, loading up, and delivering the process heat required for 

the thermal cycle.

However, it has many disadvantages such as :

1. Normally the fuel used for the gas turbine is high grade natural gas or light fuel oil.
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This feature leads to less fuel flexibility and hence increases the operation cost.

2. Usually the gas turbine has less reliability than steam turbine.

3. The gas turbine efficiency and output is influenced by the ambient temperature.

4. The gas turbine maintenance costs are relatively high.

5. The gas turbine is suitable for small and medium capacities

(at present 130 Megawatt (MW)). This will limit its applicability for large 

(MSF) evaporator output of 6 (MIGPD) and over and a power generation 

output of 150 - 350 Megawatt (MW).

Based on the above disadvantages therefore, only a minority of the large

dual - purpose (power&water) production stations operating at present employ the

combined gas turbine thermal cycle because the gas turbine can not fulfill the large

output requirement. Hence this research work will not consider such combination

cycle.

3.4.5.3. Steam Boiler, Back - Pressure Steam Turbine.Scheme

In this configuration, the exhaust steam from the turbine is sent directly to 

the brine heater of the (MSF) evaporator, where it releases its latent heat of 

vaporization. The pressure at which the turbine is backpressured will vary according 

to the top brine temperature operation of the (MSF) evaporator. The attractiveness of 

this combination lies in the fact that this scheme has the highest water to power 

production ratio (WPPR). Therefore, this configuration will produce the least amount 

of power for a given amount of water. Hence, this combination is favorable for the 

mainly water production station in which power generation is considered less 

important than the water production. This scheme has a higher thermal efficiency in 

comparison to a condensing turbine, because its exhaust steam is fully utilized in the 

brine heater of the (MSF) evaporator [6]. It should be noted, however, that the 

(WPPR) for this scheme is fixed and depends mainly on the performance ratio (P.R) 

of the (MSF) evaporator. This condition is similar to the the gas turbine scheme. Here 

again like the case of the gas turbine combination, the operational flexibility can not
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be assured because any reduction in power load will entail a reduction in water 

production. Therefore, this combination is best suited for constant base load power 

production to make certain that the required quantity of distillate is produced. To 

enhance the flexibility of operation, some design incorporate a dump condenser in the 

set up.or use part of the (MSF) evaporator brine heater, to condense the excess steam 

in the case of of the distiller failure, and a bypass to supply enough steam to the 

distiller in the case of the turbo - generator failure. From the above discussion one can 

see that this scheme is not really a dual - purpose in the strict definition of the 

application, because in a true dual - purpose station both the power and water have to 

be equal in importance. Therefore, most large dual - purpose (power&water) 

production units (2.7 X 10^ m3 per day or 6 (MIGPD) and above of distillate and 

150 - 350 (MW), of power) in which both the power and water are at equal 

importance do not employ such thermal cycle. And since this research work is 

concerned with a true dual - purpose station, therefore, this research work will not 

consider such combination cycle.

3.4.5.4. Steam Boiler, Condensing - Extraction Steam Turbine.Scheme

A steam turbine is made of a number of stages, and as a consequence of 

that, the steam flows through these stages in ordered succession until it is expanded 

to the condenser exhaust pressure. As the live steam from the boiler, is expanded in 

the various turbine stages for power generation its temperature and pressure drop 

from high to low in a series of steps that is matching to each turbine stage. Therefore, 

if it is required, the necessary quantity of heating low pressure steam at a specified 

pressure and temperature can be extracted as a pass - out and be sent, usually through 

a pressure reducing station, to the brine heater of the (MSF) evaporator, where it will 

condense and give its latent heat vaporization to the circulating brine. The condensate 

from the brine heater will be pumped back to boiler circuit. The rest of the low 

pressure steam in the turbine is then completely expanded in the lower stages to the 

condenser exhaust pressure, thus providing additional power to be generated. This is 

the principle upon which this thermal combined cycle is based. The bleed stream can
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be extracted from one or more stages of the turbine. The extraction points have to be 

selected carefully, because of their effect on the overall steam cost and thermal 

efficiency of the combined cycle. Therefore, the selection of the extraction points 

entails a balance between low steam cost versus high steam cost. If the criterion of the 

design is to increased the distilled water production or reduced (MSF) evaporator 

capital cost then in this case higher steam pressure is preferred. However, the 

solubility limits of calcium bicarbonate, magnesium salts, and calcium sulphate, 

which are present in the circulating brine, will limit the extraction temperature, 

because it is important to control the scale formation on the heat transfer surfaces of 

the (MSF) evaporator [87]. There is also a limitation on the extent of how low the 

extraction pressure should be, because the lower the temperature the higher the 

specific volume of the steam. Thus if the extraction pressure is very low, the volume 

of the extracted steam will be so large that extraction difficulties aries. It should be 

noted that, the steam can not be extracted to the (MSF) evaporator until the turbine 

load reaches a certain value normally about 60 (MW). In this combination, both 

power generation and distilled water production are equaily important. Therefore, the 

design should be so flexible to secure that one part of the combined unit is not totally 

dependent on the other. This combined scheme is characterized by an extremely good 

operational flexibility. The (WPPR) in this scheme can be varied from very low 

values to values as high as for the back pressure scheme. Furthermore, this 

combination allows the operation to produce power only or water only. Variation in 

power load is met by an appropriate changes in the steam flow in the low pressure 

section of the turbine. A control valve located on the turbine is used to regulate the 

steam flow through the low pressure section of the turbine so that the rates and 

temperature of the extracted steam can be adjusted as appropriate. In this scheme, if a 

failure does occur to the turbine or generator, the (MSF) evaporator can be provided 

with the appropriate steam supply by a bypass systems (including pressure reducing 

station and desuperheater) either from the boiler directly or from the high and low
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pressure headers. And if the boiler is at fault, then, the appropriate steam is supplied 

from the high and low pressure headers. In this scheme, the turbine is designed in a 

way such that, if the (MSF) evaporator is shut down, then the low pressure section of 

the turbine and the condenser can expand and condense the whole low pressure steam 

flow. In the this combination the thermal efficiency of the cycle will be varying and 

will depend on the conditions of the extracted steam to the (MSF) evaporator.

From the above discussions, it is clear that this combined cycle is the most 

versatile one and represent a true dual - purpose (power&water) production unit. 

Almost all true dual - purpose (power&water) production stations all over the world 

adopt this combination. And since this research work is concerned with a true dual - 

purpose station, therefore, this research work will adopt this combined thermal cycle 

for the production unit.

3.4.6. High And Low Pressure steam Supply To The (MSF) Evaporator

The thermal cycle selected for this research work is a combination of an (MSF) 

brine recirculated evaporator with a fossil fueled steam boiler and a 

condensing - extraction steam turbine. Furthermore, the rated capacities of the 

evaporator and the turbine are in the range of (2.7 X 10^ m3 per day or 6 (MIGPD)) 

and above of distillate and 150 - 350 (MW), of power generation. All the motors of 

the combined unit are electricity driven. Therefore, the (MSF) evaporator requires 

high pressure (H.P) steam for the ejector - condenser operation, high pressure (H.P) 

steam to be used as an atomizing steam for the desuperheater, and low pressure (L.P) 

steam for heating the circulating brine in the brine heater.

3.4.6.I. Low Pressure (L.P) Steam Supply To The (MSF) Evaporator

The following are the alternative methods of low pressure (L.P) steam 

supply to the (MSF) evaporator side of the dual - purpose production u n it:

1. If the turbine is operating and the load is at least 60 (MW) and over, the steam 

will be extracted from the turbine. Since, the pressure and temperature of 

the extracted steam will be over the conditions required for the (MSF)
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evaporator operation, therefore, it is passed through a pressure control valve to 

adjust the steam pressure to normally about (0.8 bar or 12 psi for polyphosphate 

operation), then it is passed through the (MSF) evaporator desuperheater to 

reduce its temperature. The (L.P) steam prior to its entry to the brine 

heater should be slightly super heated at more than zero Kg / m^ 

for polyphosphate operation.

2. If the the load on the turbine is less than 60 (MW), or the turbine is down 

for either a forced or planed outage, then the low pressure (L.P) steam is 

normally supplied from the (L.P) steam common header or from the boiler 

if the boiler is operating (and this operational procedure is very rare indeed)

3. If the steam supply is from the low pressure (L.P) steam common header, then 

the slightly super heated steam is passed through the distiller desuperheater 

prior to its entry to the brine heater. The steam in the (L.P) steam common 

header is collected from any of the operating boilers or turbines of the station, 

after the proper pressure and temperature reduction.

4. If the steam supply is directly from the boiler, the high temperature steam 

(normally about 500 °C and above) is first passed through a desuperheater at the 

boiler side, then through a pressure reducing station to reduce its pressure, 

after that it is passed through the (MSF) evaporator desuperheater to come out 

slightly super heated prior to its entry to the brine heater.

3.4.6.2. High Pressure (H.P) Steam Supply To The (MSF) Evaporator

The following are the alternative methods of high pressure (H.P) steam

supply to the (MSF) evaporator side of the dual - purpose production u n it:

1. If the boiler is operating then, the steam will be supplied directly from it. Since,the 

pressure and temperature of the steam coming out of the boiler are very high for 

the ejector and desuperheater of the (MSF) evaporator operation, therefore, it is 

first passed through a desuperheater at the boiler side, then through a pressure 

reducing station to reduce its pressure to normally about (14 bars or 203 psi).

Part of this pressure reduced steam is fed
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to the desuperheater of the evaporator as an atomizing steam, and the rest it pass 

to the starting ejector while the evaporator is under start up conditions , then to 

the operating main ejector (each evaporator is normally provided with two 

main ejectors, one in service and the other is stand - by).

2. If the boiler is down for either a forced or planed outage, the steam will then 

be supplied from the (H.P) steam common header. The steam in the (H.P) 

steam common header is collected from any of the operating boilers of the 

station, after the proper pressure and temperature reduction.

Figure No (4), which will be found in the next page, illustrate a flow sheet of the 

distiller high (H.P) and low (L.P) pressure steam supply direct from the boiler and 

from the common headers.

3.4.7. The Dual - Purpose Production Unit Sub And Associated Systems

Figure No (5), which will be found at the end of this volume of the thes is, 

shows the process flow diagram, sub - systems, and associated systems of a 

dual - purpose (power&water) production units of the station as whole. From the 

figure and the discussions of the proceeding sections of this chapter, it can be 

deduced that the the production unit is composed of four (4) sub - systems and eleven 

(11) associated systems.These are as follows :

A. Unit Sub - Systems.

1. Boiler.

2. Turbine.

3. Generator.

4. Distiller.

B. Unit Associated Systems.

1. Fuel.

2. Electrical Supply (1). [ Station Main Busbar - (S.F.6) Switch Gear ].

3. Electrical Supply (2). [ Unit Power Side Electrical Supply ].

4. Electrical Supply (3). [ Unit Water Side Electrical Supply ].
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Unit Associated Systems Continued

5. Sea Water Intake.

6. Turbine Cooling.

7. Distiller Cooling.

8. Turbine Discharge.

9. Distiller Discharge.

10. Distiller High Pressure (H.P) Steam Supply.

11. Distiller Low pressure (L.P) Steam Supply. 

Chapter (IV) of the theses will discuss the sub 

their interaction in unit operation.

systems, associated systems, and
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CHAPTER TV

DUAL - PURPOSE (POWER & WATERS PRODUCTION STATION 

OPERATIONAL INTERLOCK LOGIC ANALYSTS APPROACH

4.1. Introduction

As it was mentioned earlier in section (1.4.2) of chapter (I), the work of this 

chapter is to analyse the operational interlocking logical sequences of the station, 

production unit, unit sub - systems, unit associated systems, and unit sub - sub 

systems, in order to establish the interrelationship between the various parts of the 

production unit and hence the station. This analysis will facilitate the development of 

the operational models for the sub - systems, and associated systems of the production 

units of the station. Furthermore, the analysis will establish the boundaries of the 

production unit sub - systems, associated systems, and their sub - sub systems.

4.2. Unit Sub And Associated Systems Boundaries

In section (3.4.7) of chapter (III) it was established that the production unit 

consists of four (4) sub - systems and eleven (11) associated systems. In the following 

two sections (4.2.1 &4.2.2) the boundaries of these parts will be identified.

4.2.1. Unit Sub - Systems

There are four unit sub - systems, namely, the boiler, turbine, generator, and 

distiller.

4.2.1.1. Boiler Sub - System Boundaries

Referring to figure (5) of chapter (III), and the construction of the boiler 

proper, it can be deduced that the boundaries of the boiler should be confined to 

following sub - sub - systems :

1. The feed and make - up water.

2. The heat recovery area.

3. The boiler drum.
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4. The boiler furnace.

5. The combustion air.

6. The main stop valve.

4.2.1.2. Turbine Sub - System Boundaries

Referring to figure (5) of chapter (III), and the construction of the turbine, it 

can be deduced that the boundaries of the turbine should be confined to following 

sub - sub - systems :

1. The main steam supply line.

2. The auxiliary steam line (from boiler) for main ejector and turbine gland seal.

3. The load control.

4. The high pressure (H.P) turbine.

5. The low pressure (L.P) turbine.

6. The lubricating and hydraulic oil system.

7. The condenser system.

8. The condensate system.

4.2.1.3. Generator Sub - System Boundaries

The generator boundaries should be confined to the following sub - sub 

systems:

1. The generator rotor.

2. The stator.

3. The hydrogen cooling.

4. The sealing oil system.

5. The pilot exciter.

6. The exciter.

7. The voltage control.

4.2.1.4. Distiller Sub - System Boundaries

Referring to figure (5) of chapter (III), and the construction of the (MSF) 

distiller it can be deduced that the boundaries of the distiller should be confined to
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following sub - sub - systems :

1. The brine heater.

2. The heat recovery section.

3. The heat rejection section.

4. The distiller discharge.

5 . The air ejectors.

4.2.2. Unit Associated Systems

There are eleven (11) unit associated systems. In the following eleven (11) 

sections (4.2.2.1) to (4.2.2.11) the boundaries of these parts will be identified.

4.2.2.1. Fuel Associated System Boundaries

Referring to figure (5) of chapter (III), and since most of these stations are 

build with flexible fuel strategies therefore, the boundaries of this associated system 

should be confined to the following sub -sub systems :

1. The fuel gas (natural gas) and ignition gas (natural gas or propane gas).

2. The crude oil.

3. The gas oil.

4. The heavy oil.

4.2.2.2. Main Electrical Supply [Electrical Supply (1)] Boundaries

Referring to figure (5) of chapter (III), and the practical understanding of the 

operation of these stations, the general overall main electrical supply associated system 

(station main busbar) [electrical supply (1)] should be confined to the following 

sub - sub systems :

1. The unit generator transformers (step down transformers) [ N unit generators].

2. The national electrical distribution system (grid net work).

3. The station auxiliaries power supply (e.g. gas turbines).

However, since the national electrical distribution system (grid net work) and the 

station auxiliaries power supply are needed only in emergency situation, moreover, 

they are on the periphery of this associated system and their inclusion will divert the 

efforts of the reliability analysis, therefore, they will be omitted from this associated
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system. Based on that, this associated system will be reduced and confined to the unit 

generators (step down) sub - sub system. It should be noted here, that this associated 

system, supply all the unit sub - systems with electrical power, therefore if this 

associated system fails, then both parts (power&water) of the production unit will be 

down.

4.2.2.3. Power Side Electrical Supply [Electrical Supply (2)] Boundaries

Referring to figure (5) of chapter (III), and the practical understanding of the 

operation of these stations, the electrical supply (2) associated system should be 

confined to the following sub - sub systems :

1. The unit transformer (step down) [15 / 6.6 Kilovolts (K.V)].

2. The 132 (K.Y) main busbar [(S.F.6) switch gear].

3. The power side auxiliaries transformers (step down) [132 (K.V) /  6.6 (K.V)].

4. The power side auxiliaries transformer (step down) [6.6 (K.V) / 415 volts (V)].

4.2.2.4. Water Side Electrical Supply [Electrical Supply (3)] Boundaries

Referring to figure (5) of chapter (III), and the practical understanding of the 

operation of these station, the electrical supply (3) associated system should be 

confined to the following sub - sub systems :

1. The 132 (K.V) main busbar [(S.F.6) switch gear].

2. The water side auxiliaries transformer (step down) [132 (K.V) / I I  (K.V)].

3. The water side auxiliaries transformers (step down) [11 (K.V) /  415 (v)].

4.2.2.5. Sea Water Intake Associated System Boundaries

Referring to the practical understanding of the operation of these stations, this 

associated system should be confined to the following sub - sub systems :

1. The sea water intake open forebay channel.

2. The oil protection system (e.g. oil booms).

It should be noted here, that this associated system supply both the (MSF) evaporator 

and the turbine condenser of each production unit in the station with sea water, 

therefore if this associated system fails, then both parts (power&water) of all the

51



production units in the station will be down and accordingly the whole production of 

the station will be out of production..

4.2.2.6. Turbine Cooling Associated System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub systems :

1. The trash rack.

2. The disinfiction system (e.g.chlorination).

3. The travelling screens.

4. Theturbine condenser cooling water transfer pumps.

4.2.2.7. Distiller Cooling Associated System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub systems :

1. The trash rack.

2. The disinfection system (e.g.chlorination).

3. The travelling screens.

4. The distiller cooling and make - up water transfer pumps.

5. The distiller cooling and make - up water common header culvert.

4.2.2.8. Turbine Discharge Associated System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub system the concrete channel.

4.2.2.9. Distiller Discharge Associated System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub systems the concrete channel.

4.2.2.10. Distiller High Pressure (H.P) Steam Supply Associated

System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub systems :

1. The reduced high pressure (H.P) steam direct from the boiler.
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2. The reduced high pressure (H.P) steam direct from the common header.

4.2.2.11. Distiller Low Pressure (L.P) Steam Supply Associated 

System Boundaries

Referring to figure (5) of chapter (III), this associated system should be 

confined to the following sub - sub systems :

1. The low pressure (L.P) steam direct from the boiler.

2. The low pressure (L.P) steam direct from the common header.

3. The low pressure (L.P) steam direct from the turbine.

4.3. Unit Sub - Systems And Associated Systems O perational 

Interlock Logic Diagrams

It was mentioned earlier in section (1.4.2) of chapter (I) this logical and sequential 

analysis of the operation of the station and the production unit is necessary for the 

establishment of the operational interlocking logical sequences of the production 

station, production unit, unit sub-systems, unit associated systems, and unit sub-sub 

systems. This will in turn facilitate the grouping the various pieces of equipment under 

the appropriate unit sub-systems, unit associated systems, and their sub-sub systems. 

Furthermore, this operational analysis will facilitate an understanding of the 

interrelationship between the various unit sub-systems and associated systems 

Moreover, from this understanding, the "duality" aspects of the production station, and 

the production unit will be demonstrated. As it was mentioned in section (1.4.2) of 

chapter (I) the analysis will be presented in a graphical forms in order to avoid a 

lengthy and boring repeated description of the various sub-systems, associated 

systems, and their sub-sub systems and also for quick reference. Each graph (figure) is 

a distinctive self explanatory operational model for the sub-system, associated system, 

or sub-sub system in question. Figures (6) to (61), which will be found in a 

hierarchical order at the end of the text of this chapter, represent this analysis. The logic 

symbols used in the graph (figure) are as follows :
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LOGIC SYMBOLS

A B C

A

B A
N
D

D

C

OPERATION OF "A", "B", AND "C" HAVE TO BE OPERATED 
IN THAT ORDER.

EITHER OPERATION "A"OR "B" HAVE TO 
BE COMPLETED FOR "C" TO WORK.

BOTH OPERATION O F" A "," B " AND " C " HAVE TO BE COMPLETED FOR" D" TO WORK.

Figure (6) represent the overall dual - purpose (power&water) station operational 

interlock logic diagram. This figure incorporate the station auxiliaries associated 

systems which are defined as :

STATION AUXILIARIES = REFER TO ELECTRICAL CONTROL (BOTH DIRECT AND 

Alternating CURRENT), AUXILIARY POWER (e.g. GAS TURBINE etc), INSTRUMENT 

AIR FOR POWER AND WATER SIDE, SERVICE AIR FOR POWER AND WATER SIDE, 

SERVICE WATER FOR POWER AND WATER SIDE, STATION LIGHTING, FIRE 

FIGHTING SYSTEM, AND COMMUNICATION SYSTEM etc.

From this definition , the station auxiliaries associated systems involve a wide range of

systems that requires a detailed analysis by them self, moreover, they are on the

periphery of the operational interlock logic of dual - purpose (power&water) station,

therefore, their inclusion in the operational interlock logic model will divert the efforts

of the reliability analysis. For this reason, figure (6) will be replaced by figure (7)

which represents a reduced version of figure (6). Figure (8) represent the general

overall dual - purpose (power&water) unit combined systems operational interlock

logic diagram. Also this figure incorporate the station auxiliaries associated systems,

therefore, it will be replaced by figure (9). Figures (10) to (14) represents the fuel
Sm\>

associated system and its various sub "systems. Figure (15) represents the general 

overall main electrical supply [electrical supply (1)] associated system operational 

interlock logic diagram. This figure incorporates the national electrical distribution
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system (grid net work) and the station auxiliaries power supply. Since the national 

electrical distribution system (grid net work) and the station auxiliaries power supply 

are needed only in emergency situation, moreover, they are on the periphery of this 

associated system and their inclusion will divert the efforts of the reliability analysis, 

therefore, figure (15) will be replaced by figure (16) which represents a reduced 

version of figure (15). Figure (17) represents the unit power side electrical supply 

[electrical supply (2)] associated systems operational interlock logic diagrams. Figure 

(18) represents the unit water side electrical supply [electrical supply (3)] associated 

system operational interlock logic diagrams. Figure (19) represents the sea water intake 

associated system operational interlock logic diagrams. Figure (20) represents the 

turbine cooling associated system operational interlock logic diagrams. Figure (21) 

represents the distiller cooling associated system operational interlock logic diagrams. 

Figure (22) represents the turbine discharge associated system operational interlock 

logic diagrams. Figure (23) represents the distiller discharge associated system 

operational interlock logic diagrams. Figures (24) to (29) represents the boiler sub - 

system and its various sub -sub systems operational interlock logic diagrams. Figures 

(30) to (39) represents the turbine sub - system and its various sub -sub systems 

operational interlock logic diagrams. Figures (40) to (47) represents the generator sub - 

system and its various sub -sub systems operational interlock logic diagrams. Figures 

(48) to (50) represents the distiller high pressure (H.P.) steam supply associated 

system and its various sub - sub systems operational interlock logic diagrams. Figures 

(51) to (54) represents the distiller low pressure (L.P.) steam supply associated system 

and its various sub - sub systems operational interlock logic diagrams. Figures (55) to 

(61) represents the distiller sub - system and its various sub - systems operational 

interlock logic diagrams.
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FIGURE NO 6

FUEL
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N
UNITS ASSOCIATED

SYSTEMS

STATION AUXILIARIES
D

ASSOCIATED SYSTEMS

DUAL-PURPOSE (POWER&WATER) UNITS
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ELECTRICAL

POWER

DISTILLED

WATER

FUEL = REFER TO FUEL ASSOCIATED SYSTEM.

SEA WATER = REFER TO SEA WATER INTAKE ASSOCIATED SYSTEM.

STATION AUXILIARIES = REFER TO ELECTRICAL CONTROL(BOTH DIRECT AND 
ALTERNATING CURRENT), AUXILIARY POWER ( e.g. GAS TURBINE etc.), 
INSTRUMENT AIR FOR POWER AND WATER SIDE, SERVICE AIR FOR POWER AND 
WATER SIDE, SERVICE WATER FOR POWER AND WATER SIDE, STATION LIGHTING, 
FIRE FIGHTING SYSTEM,AND COMUNICATION SYSTEM etc.

LOGIC SYMBOLS :
A

OPERATION O F" A " AND - B " HAVE TO BE OPERATED 
IN THAT ORDER.

BOTH OPERATION OF " A ", " B " AND " C " HAVE 
TO BE COMPLETED FOE" D" TO WORK.

OVERALL DUAL-PURPOSE(POWER&WATER) 

STATION OPERATIONAL INTERLOCK LOGIC DIAGRAM

5 6



FIGURE NO 7
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SEA WATER = REFER TO SEA WATER INTAKE ASSOCIATED SYSTEM.
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A

A B
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IN THAT ORDER.
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REDUCED
OVERALL DUAL-PURPOSE(POWER&WATER) 

STATION OPERATIONAL INTERLOCK LOGIC DIAGRAM
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FIGURE NO 8
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ELECTRICAL SUPPLY
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SEAWATER
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BOILER

( H.P.) STEAM DIRECT FROM 
BOILER(FOR DISTILLER 

EJECTOR AND DESUPERHEATER;

(H.P.) STEAM DIRECT DROM 
COMMON HEADER(FOR 
DISTILLER EJECTOR AND 
DESUPERHEATER)___________

OR

LOGIC SYMBOLS :

TURBINE GENERATOR

EXTRACTED L.P.) STEAM FROM TURBINE

FOR DISTILLER MAIN HEATER 
(L.P.) STEAM DIRECT FROM BOILER

FOR DISTILLER MAIN HEATER 

(L.P.) STEAM DIRECT FROM

CE>i

A B C

A

OPERATION OF" A", 

A

B A
N
D

D B

C

(L.P) COMMON HEADER(FOR DISTILLER 
MAIN HEATER)

DISTILLER

B " AND " C " HAVE TO BE OPERATED IN THAT ORDER.

EITHER OPERATION "A"OR "B" HAVE TO 
BE COMPLETED FOR "C" TO WORK.

BOTH OPERATION OF" A "," B " AND" C " HAVE TO BE COMPLETED FOR" D" TO WORK.

GENERAL OVERALL DUAL-PURPOSE(POW ER& W ATER)

UNIT COMBINED SYSTEMS OPERATIONAL INTERLOCK LOGIC DIAGRAM
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FIGURE NO 9

FUEL(GAS-CRUDE OIL-HEAVY FUEL-GAS OIL)
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LOGIC SYMBOLS : DISTILLER

A B C

A

B A
N
D

D
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OPERATION OF" A"," B" AND " C " HAVE TO BE OPERATED IN THAT ORDER. 

A

B
EITHER OPERATION "A"OR "B" HAVE TO 
BE COMPLETED FOR "C "TO WORK.

BOTH OPERATION OF" A"," B " AND" C " HAVE TO BE COMPLETED FOR" D" TO WORK.

REDUCED GENERAL OVERALL DUAL-PURPOSE(POW ER&W ATER)

UNIT COMBINED SYSTEMS OPERATIONAL INTERLOCK LOGIC DIAGRAM
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FIGURE NO 10
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B
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A B C
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FIGURE NO 11
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61



FIGURE NO 12
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62



HEAVY FUEL OIL
PIPE LINE

FIGURE NO 13
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FIGURE NO 14
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FIGURE NO 15
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B
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EITHER OPERATION "A", "B" OR "C" HAVE TO 
BE COMPLETED FOR "C" TO WORK.
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TO BE OPERATED IN THAT ORDER
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FIGURE NO 16

UNIT GENERATOR TRANSFORMERS 132 K.V. MAIN BUSBAR
(STEP UP) (15/132 K.V.)----------------- (S.F.6) SWICH GEAR 

[ N UNITS GENERATORS ]

POWER SIDE DISTRIBUTION SYSTEM 
N t I WORK [N UNITS]

WATER SIDE DISTRIBUTION SYSTEM 
N t I WORK [N UNITS]

LOGIC SYMBOLS :
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FIGURE NO 17
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FIGURE NO 18
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FIGURE NO 19
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FIGURE NO 20
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FIGURE NO 21
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FIGURE NO 22
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FIGURE NO 23
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FIGURE NO 24
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FIGURE NO 25
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FIGURE NO 26

ECONOMIZER

PRIMARY
SUPERHEATER

A7TEMPERATOR
A

SECONDARY BOILER HEAT
SUPERHEATER N RECOVERY SUB-SUB 

SYSTEM

VALVES AND CONTROL 
VALVES

D

PIPES

LOGIC SYMBOLS :

A

B A D
N
DC

BOTH OPERATION OF "A", "B" AND "C" HAVE TO 
BE COMPLETED FORD" TO WORK.

BOILER HEAT RECOVERY AREA 

SUB-SUB SYSTEM OPERATIONAL INTERLOCK DIAGRAM

76



FIGURE NO 27
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FIGURE NO 28
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FIGURE NO 29
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FIGURE NO 30
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FIGURE NO 31
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FIGURE NO 32
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FIGURE NO 33
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FIGURE NO 34
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FIGURE NO 35
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FIGURE NO 36
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FIGURE NO 37
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FIGURE NO 38
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FIGURE NO 39
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FIGURE NO 40
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FIGURE NO 41
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FIGURE NO 42
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FIGURE NO 43
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FIGURE NO 44
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FIGURE NO 45
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FIGURE NO 46
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FIGURE NO 47
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FIGURE NO 48
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FIGURE NO 49
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FIGURE NO 50
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FIGURE NO 51
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FIGURE NO 52
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FIGURE NO 53

LOW PRESSURE(L.P.) STEAM
DIRECT FROM BOILERS 
[ N PARALLEL BOILERS ]

LOW PRESSURE(L.P.) STEAM
EXTRACTED FROM TURBINE 

[ N PARALLEL TURBINES]

©
LOW PRESSURE(L.P.)
STEAM COMMON HEADER 

VALVES A

N

PIPES
D

LOW PRESSURE(L.P.) STEAM FROM
COMMON HEADER SUB-SUB SYSTEM

LOGIC SYMBOLS : 

A
[N PARALLEL] 

B

[ N PARALLEL]

EITHER OPERATION OF ANY OF THE N'S ’A' 
HAVE TO BE COMPLETED FOR 'B' TO WORK.

A
N
D

D

BOTH OPERATION OF 'A1 ."B" AND "C" 
HAVE TO BE COMPLETED FOR "D" TO 
WORK.

LOW PRESSURE(L.P.) STEAM FROM COMMON HEADER

SUB-SUB SYSTEM OPERATIONAL INTERLOCK LOGIC DIAGRAM

103



FIGURE NO 54
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FIGURE NO 55
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FIGURE NO 56
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FIGURE NO 57
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FIGURE NO 58
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FIGURE NO 59
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FIGURE NO 61
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CHAPTER V

DUAL - PURPOSE (POWER & WATER) PRODUCTION STATION 

RELIABILITY BLOCK DIAGRAM ANALYSIS APPROACH

5.1. Introduction

As it was mentioned earlier in section (1.4.3) of chapter (I), the work of this 

chapter is a consequential step to the work of the system definition analysis (chapter 

(III)) and the operational interlock logic analysis (chapter (IV)). The first step in this 

reliability analysis approach will be, to transform the interlock logical operation of the 

station, production unit, unit sub - systems, unit associated systems, and their 

sub - sub systems into a reliability network models (reliability block diagrams) in which 

the components of the station, production unit, unit sub - systems, unit associated 

systems, and their sub - sub systems are connected together in formations which may 

be either in series, parallel, series - parallel, "r out of n", or a combination of these 

configurations. It should be noted, that the actual station, production unit, unit sub - 

systems, unit associated systems, and their sub - sub systems may not necessarily have 

the same topological structure as the reliability block diagram developed to model them. 

This analysis is performed with the aid of the the operational interlocking logical 

analysis developed in chapter (IV). The second step will be to use these reliability 

block diagrams to develop the reliability models for the station, production unit, unit 

sub - systems, unit associated systems, and their sub - sub systems. These steps will 

be the subjects of the following sections of this chapter. The analysis will be presented 

in a graphical form (figures 62 -114), in order to avoid a lengthy and boring repeated 

description of the various unit sub-systems, unit associated systems, and their sub-sub 

systems and also for quick reference. Each graph (figure) is a distinctive reliability 

block diagram (model) for the station, unit sub-system, unit associated system, and 

their sub-sub system in question.
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5.2. A Simplified Dual - Purpose (Power&Water) Production

Station Model

In order to proceed with the reliability analysis a model for the station and 

production units has to be envisaged. The model assumes the following:

1. The capacity range of the (MSF) distiller part of the production unit is between 

5 -6  (MIGPD) of distilled water.

2. The capacity range of the Boiler - Turbine - Generator part of the production unit is 

between 150 - 350 (MW) of electrical power, and that the boiler is a fossil fueled 

steam boiler.

3. All equipment are in their useful life period.(e.g. not in their infant mortality or 

wear - out life period).

4. All equipment assume a constant hazard rate. (e.g. constant failure rate

{ X  }), and that it is exponentially distributed. This will be defined in section 

(5.3.1) of this chapter

5. Successful operation of the production station requires that" { r ) out of { n )" 

units must work to produce electrical power and distilled water.

6. All the production units in the station are connected in parallel and they are fully 

redundant.

7. All the production units in the station are identical in their production capacity.

In view of the above assumptions, let us consider the dual - purpose (power&water) 

production station to be formed of a multiple number of identical production units 

{ Nj, N ) which are connected in parallel. Each production unit produces a

specified capacity of electrical power and distilled water. Furthermore, from a reliability 

point of view each production unit assumes a series connection of boiler - turbine - 

generator - distiller.

5.3. Definition Of Reliability Indices

It is worth while at this junction to define some of the most commonly used 

indices in network (block diagrams) reliability analysis. Other indices will be
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introduced in later chapters as the need arises. In the following sections the term 

'device' is used to mean " item, system, sub - system, associated system, or sub - sub 

system" in order to avoid repeating these words over and over.

5.3.1. Failure Rate (k) :

The failure rate is defined as the number of failures of a device per unit time 

[36], hence:
number of failure of a component in the given period of time ^

total period of time the component was operating 
The failure rate is a state transition rate, because it represent the rate at which the device

transit from the operation state to the failure state, furthermore, it is a time dependent

rate. The units used for the failure rate are ( # of failures per hour, day, month, and

year).

5.3.2. Mean Time Between Failures (MTBF)

The mean time between failures(MTBF) is defined as the cycle time between 

failures of a device , and If the failure rate of the device is exponentially distributed 

(constant failure rate) then the (MTBT) is equal to the reciprocal of the frequency of 

failure or failure rate (X) [70,93].

(MTBF) = 1 /  X (hours, days, months, years)---------------------- (4)

5.3.3. Reliability (R ) :

Reliability (R)  is defined as the probability of a device, performing its 

defined purpose adequately for a specified period of time under the operating conditions 

encountered. The general mathematical expression for the time dependent reliability 

{/? (t)} is as follows :

t

R (t) = exp [ - |  X (t) dt ] ------------------------------------------(5)
o

For a constant failure rate (a case in which [X (t)} is constant and independent of time), 

the reliability {R (t)}is defined mathematically by the following exponential distribution 

function [35 ,36]:
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R (t) =  e ' ^ x t   (6)

OR,

R(t) = e  -t /  M T B F  -------------------------------------------- (7)

Where

R (t) = reliability as a function of operating time,

e = Napierian base.

X = failure rate,

t = operating time.(days or hours).

From Equation (7), the mean time between failure (MTBF) will be :

© o

(MTBF) = J R (t) dt    (8)
0

5.3.4. U nreliability  (Q)

Unreliability (Q) is defined as the probability of a device failure. Since success 

and failure are mutually exclusive events (e.g. they can not happen at the same time) 

and complementary [36], therefore

R (  t) +  Q ( t)  = 1  (9)

5.3.5. A vailability (A) :

Availability (A) is defined as the state in which a device, is capable of 

providing service, whether or not it is actually in service, and regardless of the capacity 

level that can be provided. [92]. The steady state availability [A (t) } can be defined 

mathematically a s :

A (t) = Operating Time ------------- -------------------------
Operating Time + Down Time

5.4. Reliability Block D iagram  Modelling

From a reliability point of view, there are a number of reliability block diagram 

configurations that can be used to represent a system, namely, series, parallel, 

series - parallel, and the "r out of n". In the following sub - sections, these 

configurations will be discussed.
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5.4.1. Series C onfiguration

A series configuration is a non - redundant system. Therefore, the successful 

operation of a system that is composed of a number of components represented in a 

reliability block diagram by series connection, requires that all components must work 

to ensure system success. For a system composed of three independent components A, 

B, and C connected in series, the series reliability block diagram will be as follows :

Let

R §  (t) = the system reliability as a function of operating time (t).

R a  ft) = ^liability of component A as a function of operating time (t).

RB  (t) = the reliability of component B as a function of operating time (t).

R q  (t) = the reliability of component C as a function of operating time (t).

And

Qg (t) = the system unreliability as a function of operating time (t).

Qa  (t) = the unreliability of component A as a function of operating time (t).

Qg (t) = the unreliability of component B as a function of operating time (t).

Qq  (t) = the unreliability of component C as a function of operating time (t).

Since success and failure are mutually exclusive events (e.g. they cannot happen at the 

same time) and complementary [36], hence,

^ A  f t )  +  Q a  f t )  =  *  i?g (t) +  Qg (t) = 1  and R q  (t) +  Qq  (t) = 1  

The requirement for system success is that all components "A, B, and C" must be 

working, therefore by using the theory of probability for mutually exclusive events, the 

system reliability mathematical model will be [35,36]:

* S  ft) = * A  ft) x  R B ft) x  * C  ft) -------------------------------------- d !)

If there are n - components connected in series, then Equation (11) can be generalized,
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hence it becomes [35,36]:

n

rs«  = n  r;w -------------------------------- d2)
i = 1

This equation is called the product rule of reliability, because it demonstrates that the 

reliability of a series system is the product of the individual component reliabilities. 

Now if we substitute the failure rates of the components (Aq (t)) in Equation (12), hence 

for the system we have [36]:

n 1

RS (1) = n  exp [ - J \ ( t ) d t  ]  (13)
i = 1 0

This equation is general and does not require that all the components should have the 

same probability distribution, therefore each component can be represented by its 

proper distribution [36]. Now if the the time dependent failure rates (Aq (t)) in Equation 

(13) are exponentially distributed (constant failure rates), then Equation (13) will 

become [36]:

n

R*(t) = f J e x p C - X t )   (14)
i = 1

Also Equation (14) can be written as follows [36]:

n
RS (t) = exp ( - U  )  (15)

i = 1

Now if we donate an overall (equivalent) failure rate for the series connected system by 

{A,s  (t)}, then from Equation (13) the reliability {/?$ (t)} will be :

t

Rs (t) = exp [ - J  Xs (t) dt ]  (16)
o

From Equation (13) and (16), we have for the general case :
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Rs (t) = exp [ - [ Xs (t) dt ] = exp [ - f A,. (t) dt ] ---------------------(17)
o i=1 o

And if we assume the failure rates (t)} to be constant (exponentially distributed), 

then Equation (17) will become:

n
Rs (t) = exp [ - (Xs )(t) ] = exp [ - ^   (18)

i = 1

From Equations (18), we have :

n

V o  =  X  \     (1 9 >
i = 1

Equation (19) leads to the following conclusion : if the failure rates are constant (i. e 

exponentially distributed) then the overall failure rate of the system is the summation of 

the failure rates of the individual series components [36]. If the unreliability of the

series system {Qg (t)} is to be evaluated then:
QS (0 = l -  [ R A  (0 X %  (0 x  R C (0 ]  (20)

= 1 - [(1-QA(0)X(1-QB(0)X(1-QC(0)]
Qs(0 = Qa(0 + Qb(0 + Qc(0)-Qa(0XQb (0-Qb (0XQc (0

- Qc (0 x Qa (0 + Qa (0 x Qb (0 x Qc (0 ------------- (21)
And for n - components {Qg (t)} will be:

n

Qs(0 = 1 - r i v o  ------------------------------------------ (22)
i = 1

Now substituting the failure rates (t)) in Equation (22), we have :

n

Qs(0 = 1 - n  exP [- (M0)(t)]  (23)
i = 1

5.4.2. Fully Redundant Parallel Configuration

A parallel configuration is a fully redundant system. Therefore, the failure
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condition of a system that is composed of a number of components represented in a 

reliability block diagram by a parallel connection, requires that all components must 

fail. The success operation of the system requires that only one or more components 

should be working, hence, by using the probability theory of the occurrence of at least 

one or more events [36] the system reliability (tfg (t)) and unreliability (Qg (t)) can be 

evaluated. For a system composed of three independent components A, B, and C 

connected in parallel, the parallel reliability block diagram will be as follows :

The system unreliability (Qg (t)) will be:

Qs(‘) = Qa (0 x  Qb (0 x  Qc  (t) --------------------------------------(24)

And the system reliability (Rg) will be:

RS (t) = 1 - [ Qa  (t) X QB(t) X Qc  (t) ] -----------------------------------(25)

* s W  = [RA « + r B ( 0 + RC « ) '  r A  «  x  r B (0 - %  «  x  RC (0

- R c  (t) X Ra  (t) + RA  (t) X flB (t) X R q  (t) ]  (26)

If we have n - components system then Equations (24) and (25) will become as 

follows [36]:

n

qs (o = n  Q; ® --------------------------------------------- (27)
i = i

And

n

Rs (‘) = 1 - n  Qi W ----------------------------------------------------- (28)
i =  1

Now if we substitute, the failure rates (Xj (t)) in Equations (27) and (28), we have [36]:
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n

QsW = II  (i - exP [ - J dt n (29)
0

And

Rs®  = 1 - n  (1 - exp [ - J  ^(t) (30)
0

Equations (29) and (30) applies for any probability distribution. In the case where the 

failure rates (Xt (t)) of the components are exponentially distributed (e.g. constant 

failure rates) then Equations (29) and (30) will become as follows [36]:

From Equations (31) and (32), "a single equivalent failure rate cannot be derived to 

represent the complete parallel system because, the system reliability cannot be 

expressed as a single exponential function but only as a series of exponential functions" 

[36].

5.4.3. Series - Parallel Configuration

For a system composed of three independent components A, B, and C 

connected in series - parallel configuration, in which component (A) is connected in 

series with components (B) and (C) which are connected in parallel. Furthermore, 

component (B) and (C) are fully redundant. The reliability block diagram of the system 

will be as follows :

n

(31)
i = 1

And

n

(32)
i =  l
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In this configuration, the system will fail if component (A) fails.or both component (B) 

and (C) fail simultaneously. The system reliability can be evaluated by a process of 

successive reduction known as a network reduction technique [35,36]. Components 

(B) and (C) are combined in parallel and represented by an equivalent block. The new 

block is then combined in series with component (A). The resultant equivalent 

reliability or unreliability then represent the reliability or the unreliability of the original 

configuration. For example:

Let block (D) represent the equivalent of components (B) and (C) which are connected 

in parallel, then the original reliability block diagram will be reduced to block (A) and 

(D) connected in series:

From Equation (25) the equivalent reliability of block (D) will be :

*D(t) = 1 - (1 - RB m  x (1 - RC (t))
* B (t) + RC (1) - Rb  (t) X RC (t)

Since (A) and (D) are connected in series, then, the reliability of the original system 

[Rs  (t)] will be :

RS (t) = tfA ( t ) X * D (t)

Substituting {RB (t)} and [Rq  (t)} in [R$ (t)} above, we have :

* sW  = ra  (0 x  [ * b W  + Rc ®  - rb  (*) x  Rc  (t) 1

= Ra  (t) X Rb  (t) + Ra  (t) X RC (t) - Ra  (t) X Rb  (t) X Rc  (t)

5.4.4. The " r out of " n " Configuration

This configuration is also known as a partially redundant system. In this 

configuration there will be "n" components in the system. The successful operation of
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the system requires that "r" components out of "n" components must be working. For a 

system composed of three components A, B, and C which are identical and connected 

in a ” r  out of n ” configuration, the reliability block diagram will be as follows :

2 / 3 [

The "n" components of the system can be identical or non - identical, however, in most 

of the practical cases, these components are identical. The "r" components have to be 

specified in order to evaluate the reliability models.

In the above illustrated configuration, the success operation of this system requires that 

two components out of the three must work, (e. g.either components (A) and (B) must 

work while (C) can fail, Components (A) and (C) must work while (B) can fail, or 

components (B) and (C) must work while (A) can fail). This condition is known in 

probability theory as combinational problem. Since in this system, the components are 

identical, therefore, its reliability and unreliability functions can be evaluated by the 

application of binomial distribution concept directly [36]. It should be noted, that the 

binomial distribution concept can not be applied directly if the components in the 

system are not identical.

The binomial distribution is normally represented by the general expression :

-(33)

, Nn n n-1 n ( n - l )  n - 2  2
(p + q) = p  + n p  q + — j ]   P * +

n ( n - 1 ) . . . . ( n - r + 1 )  n - r r n
+ ----------------------------- i  p q +....+ q

For the time - dependent reliability {/? (t)} and unreliability {Q (t)} of the system, the 

expression is modified to become [ R (t) + Q (t) ]n [36]. If the system success 

requires that no component failure, then the reliability of the system is equal the first
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term of the binomial expansion, and if the system success requires that only one 

component can fail, the the reliability of the system is equal to the sum of the first two 

terms of the binomial expansion, and so on. Since [/?a1> [^b1, an d ^C l equal, 

and [QaL [Qb1> and [Qg] are equal. Therefore, for the above illustrated " r  out of n 11 

system, the reliability of the system will be 

« s ( t )  =  [«A ( t)]3 +  3 [«A(t)]2 x  [Q a  (t)]

Now if we substitute the failure rate (A,), which is assumed to be exponentially 

distributed (constant failure rate), then the reliability of above illustrated system will be : 

T» /. \ “ 3 X t n - 2 ^  t . .  - X.t .Rs (t) = e + 3 e (1  - e )

And the probability of the system failure will b e :

Qs (t) = 1 - R s (t)

5.4.5. The Standby Redundant Configuration

In this configuration the components are connected in parallel and are not 

operating simultaneously. Normally, one or more components are operating 

continuously (called the normal operating component (s)) while the redundant 

components are in standby mode ready to operate should the normally operating 

component (s) fail. For standby redundant system composed of two components (A) 

and (B), and component (A) is the normal operating component, the reliability block 

diagram will be as follows :

In the following discussion, it will be assumed tha t:

1. Components (A) and (B) are non - identical.

2. The failure rates of components (A) and (B) are exponentially distributed (constant 

failure rate).

3. The changeover mechanism, which bring the standby component into operation 

when the normally operating component fails, will not fail.
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4. The standby component does not fail while in the standby position.

A failure density function /  (t) is defined as the derivative of the cumulative failure 

distribution Q (t), therefore/(t) and Q (t) will be [36]:

.  i « f i  .  - « f f l  ------------------ -<,4,

t

Q (t) = J  f(t) dt  (35)
0

And [R (t)J will be [36]:

t

R(t)  = 1 - f f(t) dt = J f(t) dt  (36)
0

If component (A) fails at time then component (B) operates immediately at this time. 

If component (B) fails at time t, then the time to failure of component (B) {ty) is equal 

to [t - t]]. Therefore, the failure density of component (A) will be [36]:

/(A )(tl) = \ A )  e " \ a )

The failure density of component (B) will b e :

/ ( B ^ l )  = fyB) e " \ b ) 2

Now, the joint density function of both components operating will be [36]:

/ ( t )  = [ /(A )ftl)]  X  [f(B)(t2) ]

[ \ A)  e - V ) 11 ] X [ X(B) e  - V ) ( t ‘ tl} ] — (37) 

If we integrate/(t) with respect to Oq), we have [36]:

t

f  (t) = J  & (A)) ( \ B)) exp [ - X(A) t t ] exp [ - X(B) (t - t x) ] dt
t = 0 
1

X X
= m  ^  t exp ( -  X(B) t ) - exp ( - 1  a) t ) ]  (38)
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From Equation (36), the system reliability [R (t)} is equal to the integral of the failure 

density function/(t) from time (t) to (°°), therefore [R (t)) will become as follows 

[36]:

R(t)  = J  f(t)dt
t

1A)„, J gJ_  J [exp(-X,(B)t )  - exp ( -  X(A) t ] dt ------(39)

(A) (B) <

By integration, we have:

R (t) =    exp ( -  X,m t ) + ----------  exp ( -  X t ) -------(40)
X -  X > X -  X (A)

(A) (B) \ A) (B)

Equation (40) can also be written as follows [36]:

X
R (t) = exp ( -  X t ) + -------^   [ exp ( -  X t ) - exp ( -  X t ]

'  F v (A) X -  X (A) (B)
(B) (A)

-------------------------------------- (41)

Equations (40) and (41) are general and can be used if the two components are 

identical. In the case when the changeover device is not perfect, then its reliability has 

to be incorporated in Equations (40) and (41) [36]. From Equation (8), the mean time 

between failures(MTBF) of the system is equal to :

(MTBT)S = [ R (t) dt
0

Hence, substituting [R (t)} from Equation (41) and integrating we have [36]:

(MTBT)„ = —  + —   (42)
S X X

(A) (B)

Now if components (A) and (B) are identical the above models can not be used [36]. In 

this case the poisson distribution is used to evaluate the reliability functions of the 

system because "this distribution gives the probability of any number of component
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failures provided the components are operating in their useful life period" [36]. The 

poisson distribution is expressed as [36]:

Px (t) =  i }xf   (43)

Where,

Px (t) = the probability that x components will fail in time (t).

x = number of components failing in time (t).

So

P (t) = e - V o 1
0

P ft) = ( X t ) e " ^(A) 1
1

Hence, the reliability of the system [R§ (t)} will be :

ft) = Poft) + P i ft) = [ e - k ( A ) t ]  X [ l + X (A)t ]

Now if there is n - identical standby components, the reliability of the system (t)} 

will be [36]:

, r i  I ' t ,  (X t )2  I ( X t )3  I I ( X t ) " 1 p mr ft) = e L 1 + ^t + T T  "TT + ........+ ~  J --------- (44)
Equation (43) can be written as :

yc - X. t 

x !E ( 0 .  x  ---------------------------------------------------------------------------------------------------------- < « >

x = 0

Equations (43) and (44) indicate that the probability of the system failure is equal to the 

sum of the first (n) terms of the Poisson distribution [36]. Now if we substitute 

[R (t)} from Equation (44) in Equation (8), therefore, the mean time between failures 

(MTBF) of the system will be [36]:

-X t
(MTBF) = J  ] £  ( t } x ! e    (46)

e

0 x = 0

Integrating, we have

(MTBF) = — —  (47)
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5.5. Dual - Purpose (Power&W ater) Station - Unit Sub - Systems - Unit 

Associated Systems. - And Their Sub - Sub Systems Reliability 

Block Diagrams

The following figures (62 - 114) represents the developed reliability block 

diagrams for the station, unit sub - systems, unit associated systems, and their 

sub - sub systems. Each graph (figure) is a distinctive self explanatory reliability block 

diagram. In the development of each graph, the corresponding operation interlock logic 

diagram developed in section (4.3) of chapter (IV), figure (5) of chapter (III), and the 

simplified dual - dual purpose (power&water) production station model (section 5.2 of 

this chapter) have to be referred to.

127



FIGURE NO 62
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FIGURE NO 63
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FIGURE NO 64
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FIGURE NO 65
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FIGURE NO 66
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FIGURE NO 67
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FIGURE NO 68
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FIGURE NO 69
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FIGURE NO 70
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FIGURE NO 71
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FIGURE NO 72
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FIGURE NO 73
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FIGURE NO 74
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FIGURE NO 75
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FIGURE NO 77
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FIGURE NO 78
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FIGURE NO 79
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FIGURE NO 80
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FIGURE NO 81

TURBINE ROTOR SUB-SUB SYSTEM

TURBINE LOAD CONTROL SUB-SUB SYSTEM

MAIN STEAM SUPPLY LINE SUB-SUB SYSTEM

HIGH PRESSURE TURBINE SUB-SUB SYSTEM

LOW PRESSURE TURBINE SUB-SUB SYSTEM

TURBINE CONDENSATE SYSTEM SUB-SUB 
SYSTEM

TURBINE CONDENSER SYSTEM SUB-SUB 
SYSTEM

AUXILIARY STEAM LINE (FROM BOILER) FOR (2 ) 
MAIN EJECTOR AND TURBINE GLAND SEALS 
SUB-SUBSYSTEM

TURBINE LUBRICATING AND HYDRAULIC 
OIL SYSTEM SUB-SUB SYSTEM

TURBINE SUB SYSTEM RELIABILITY BLOCK DIAGRAM
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FIGURE NO 82
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FIGURE NO 83
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FIGURE NO 84
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FIGURE NO 85
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FIGURE NO 86
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FIGURE NO 87
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FIGURE NO 88
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154



FIGURE NO 89
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FIGURE NO 90
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FIGURE NO 91
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FIGURE NO 92
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SUB-SUB SYSTEM RELIABILITY BLOCK DIAGRAM
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FIGURE NO 93

STATOR FRAME
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SUB-SUB SYSTEM RELIABILITY BLOCK DIAGRAM
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FIGURE NO 94
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FIGURE NO 95
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FIGURE NO 96
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FIGURE NO 97
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FIGURE NO 98
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FIGURE NO 99
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FIGURE NO 100
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FIGURE NO 101
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FIGURE NO 102

- I

_ i
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FIGURE NO 103

Li.
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FIGURE NO 104
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FIGURE NO 105
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FIGURE NO 106

DISTILLATE DISCHARGE

MAIN BRINE HEATER

HEAT RECOVERY SECTION

HEAT REJECTION SECTION

AIR EJCTOR

DISTILLER SUB SYSTEM RELIABILITY BLOCK DIAGRAM
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FIGURE NO 107
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FIGURE NO 108
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FIGURE NO 109
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FIGURE NO 110
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FIGURE NO 111
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FIGURE NO 112
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FIGURE NO 113
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FIGURE 114
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5.6. Dual - Purpose (Power&Water) Station - Unit Sub - Systems 

- Unit Associated Systems. - And Their Sub - Sub Systems 

Reliability Models

In the Following sections the reliability models of the station, production unit, 

unit sub - systems, unit associated systems, and their sub - sub systems will be 

developed. It should be noted that the models are based on the reliability block diagrams 

(figures 62 - 114) of section (5.5) of this chapter, therefore, the reliability model in 

question should be examined in consultation with its corresponding reliability block 

diagram. Moreover, in the development of the models, it will be assumed that the failure . 

rates of all equipment are exponentially distributed (constant failure rates). Detailed 

reliability models will be presented for four different type of the reliability block diagram 

configurations as was presented in section (5.4.1) of this chapter, in order to illustrate 

the techniques used to model them. The selected reliability block diagrams from section 

(5.5) for this purpose are as follows :

1. Fuel associated system (figure 62).

This will represent a series and fully redundant parallel configuration.

2 Fuel gas sub - sub system (figure 63). This will represent a series configuration.

3. Crude oil sub - sub system (figure 64).

This will represent a series and identical standby redundant configuration.

4. Reduced main electrical supply associated system (figure 68).

This will represent a series and "r" out "n" configuration.

For the remainder of the reliability block diagrams, only the final models will be 

presented under the corresponding sections. It should be noted that the reliabilities 

{R (t) }and unreliabilities {Q (t)} in the developed models are time dependent, 

therefore, the sign (t) will be omitted from the models in order to make them easy to 

follow.

5.6.1. Fuel Associated System Reliability models

Referring to figure (62) we have the following :
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1 Blocks (1) and (6) are connected in series.

2. Block (1) is composed of four fully redundant blocks (2, 3, 4, 5) which are 

connected in parallel.

3. Block (6) is composed of two fully redundant blocks (7, 8) which are connected 

in parallel.

Therefore, by applying the techniques presented in section (5.4) of this chapter, the 

reliability model for the fuel associated system (flp), will be developed as follows : 

From Equation (12), we have :

From Equation (26), we have :

i?! = [ ( « 2  + R3 + « 4 + R5 ) - («2 XR3) - (r 3 ^ 4 )  - (*4 ^

- (R 5 XR2) + (« 2  X « 3 X « 4 X % ) ]

R6 =  [R7 + R&] - IR7 X i?8]

Note that = R2, substituting R± and in Equation (47), we have :

Rf  = [ ( R 2 + * 3  + * 4  + * 5 ) - ( R2 XR3) - ( R 3 XR4)

[Rt f  X [ R6 ] (48)

(R4 X R 5) - ( R 5 XR2) + (R2  X R3 X R4 X r 5 

[lR 7 + ^ 2] - [*7 X r 2) ]

Now substituting the failure rates (^),w e have :

*F = [ [ ( e ' ^ 2 1 + e -^ -31 + e - ^ 4 l + e - ^ 5 1)

- ( e “ 1 $*2 + ^ 3) - e " 1 (^3 + ^ 4) - e " 1 $ 4  + ^ 5) - e " 1 (^5 +

X [ ( e ' ^ 7 1 + e " ^ 2 1) - ( e - ^ 2  + ^7) ) ] (49)

The unreliability (Qp) will b e :

Qp = 1 - R-p

The mean time between failure5(MTBT)p will be :

(50)

(MTBTY (51)
0
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5.6.1.1. Fuel Gas Sub - Sub System Reliability Models

Referring to figure (63) we have Blocks (1), (2), (3), (4), and (5) are 

connected in series.Therefore, by applying the techniques presented in section (5.4) of 

this chapter, the reliability model for the fuel gas sub - sub system (# p q ), will be 

developed as follows:

From Equation (12), we have,

Rf g  = [ R X] X  [R2 ] X [R3] X  [R4 ] X  [R5 ]    (52)

Substituting the failure rates, we have:

Rf g  = [ e - 1 < ^1 + ^2  + x3 + ^ 4 +>-5)]   (53)

The unreliability (Qp(j) will b e :

QpG = 1 “ [ e - t ( ^ l + ^2  + ^  + ^ 4 +^ 5 ) ]   (54)

The mean time between failures(MTBT)pG will be :

oo

(MTBT)fg = J  Rfg dt  (55)
0

5.6.1.2. Crude Oil Sub - Sub System Reliability Models

Referring to figure (64),we have the following:

1. Blocks (1), (2), (3), (4), (5), and (6) are connected in series.

2. Blocks (3) is composed of (N) identical redundant standby components.

3. Block (5) is composed of (N) identical redundant standby components.

4. The (N) components in blocks (3) and (5) are not necessarily equal.

Therefore, by applying the techniques presented in section (5.4) of this chapter, the 

reliability model for the crude oil sub - sub system (Rq q ), will be developed as 

follows:

From Equation (12), we have,

*CO = [ * l ]  x  t * 2 ] X [*3] X [ * 4 ]  X W  x [ * 6 l ----------- <56)

Since block (3) consists of (N3) identical components, and block (5) consists of (N5) 

identical components Now assuming perfect changeover, the the reliability of the each
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block can be evaluated by the use of the poisson distribution [36], therefore the 

reliability of block (3) will be as follows,:

From Equation (44), we have,

^3 = 1

n-, - (k, 1)
$  ( y )  e 3

Zu X »
X 3 = 0 3

And the reliability of block (5) will be as follow

a t )*5 e^  (y ) x*

X 5 = ° X5

Now substituting the failure rates in Equation (55) we have:

n, x3 - (X T)

Rco = W V  x  y  (\ l )  e
x3 = 0 x 3 !

x5 -  0 5

The unreliability (QCO) (t) will be as follows :

QCO = 1 - Rq q  -------------------------------------------(58)

The mean time between failure (MTBT)co will be as follows :

oo

(MTBF)C0 = J  Rco dt  (59)
0

5.6.I.3. Heavy Fuel Oil Sub - Sub System Reliability models

Referring to figure (65), the reliability models for the heavy fuel oil 

sub - sub system (Rh FO) will be :

*HFO = [ * l l  X [R2 ] X [R3] X [R4 ] X [R5 ] X [ R 6 ] X [R? ]

Substituting for [ R3], [ R$ ], and [ ] we have :

-3  = 1

n„ x, - (X t )
51 ( y )  e 3

X , !x3 = 0 3
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Since the formula for [ R5 ] and [ R'j ] are similar to [ ], therefore the reliability

(^HFO)w illbe:

n0 x Xx3 _ ”$'3 d
^  ( V >  e

■p _ -t(^i +^2 +^4+^7) X 2-4 v I
IIFO “  Xg = 0 3

n5 vX5 -(^5 0^  (X5 t) e
x 2 ,  -— — —

x5 = 0 5

D

x l

"6 (X *6 ‘ (X6 t>
 ̂ 6 e  (60)

x6=0 *6  !

The unreliability (Qh f o ) be:

QHFO = 1 - fiHFO  (61)

The mean time between failuresCMTBF)^^ will b e :

00

(MTBF)hfo = J  V o  dt  (62)
0

5.6.1.4 Gas Oil Sub - Sub System Reliability models

Referring ti figure (66), the reliability models for the gas oil sub - sub system 

( V o  (0 } will be:

t(X + x + x +1 ) ( X t )*3 e ^
RG0 = e X - J -I

x3 = 0 x 3 !

n5 a  n X5y (X$ t )  e   (63)

X 5 =  °  5

The unreliability (Qq q ) will be :

QG 0  = 1 - r GO  (64)

And the mean time between failure (MTBF)q q  will be :

00

(MTBF)go = J  Rgo dt  (65)
0
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5.6.2 Sea w ater In take Associated System Reliability Models

Referring ti figure (67), the reliability models for the sea water intake associated 

system ( R s w) ^  :

« s w  = [ e - 1 ( +  -̂2 + ^  1  - —(66)

And the unreliability ( Q s w ) ^  •

q s w  = i . [ e  - 1 ( +  X2 + X3) ]  (67)

The mean time between failures (MTBF)sw will be :

oo

(MTBF)SW = J  Rsw dt --------------------------------------- (68)
0

5.6.3. Reduced M ain Electrical Supply Associated System 

Reliability Models

Referring to figure (68), we have the following :

1. Blocks (1) and (2) are connected in series.

2. Block (1) is composed of n - identical unit generator transformers connected in 

parallel and they are fully redundant.

3. The success condition of block (1) is that "r" unit generator transformers out of "n" 

unit generator transformers must work.

Therefore, by applying the techniques presented in section (5.4) of this chapter, the 

reliability models for the reduced main electrical supply associated system (#r m e ) 

be developed as follows:

*RME = [ * l l  X [R2)  (69)

Now block (1) is connected in "r" out of "n" configuration, let,

X = the average value of the failure rates of [n] generators transformers.

Based on the number of generators transformers that have to be working "r", one can 

proceed to calculate [ R j]. If for example "n" is equal to 7, and "r" is equal to 5 then 

[ R j] is equal to sum of the first three terms of the binomial expansion. If we substitute 

the the average value of the failure rates of [n] generators transformers (X) in binomial
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expansion then [ flj] will be :

[Rj ]  = e ' n t  +  7 X e ' 6 U X ( l -  e ' ^ 1) + 21 X e" 5 X (1-  e' ^ 1 )2 

Therefore, the reliability (R rm e) ^  :

RrM E = [ e " ^ 2 1 ] X [ e" 7 ^ 1 + 7 X e - f U X ( l - e ' l t )

+ 21 X e‘ 5?l t  X (1-  e' ^ 1 )2 1

And the unreliability (Qr m e ) b e :

QRME = 1 " RRME  (71)

The mean time between failures (M T B F)j^g  will be :

o o

(MTBF)rme = J  RRMn dt (72)
o

5.6.4. Unit Power Side E lectrical Supply Associated System 

Reliability Models

Referring to figure (69), the reliability of the unit power side electrical supply

associated system (Ru p s e ) be •

r UPSE = [ e - t ( ^ l + ^ 2  + ^3 + ^ 4 ) ]   (73)

The unreliability (Q upsg) will be :

QUPSE = 1 " [ e " 1 ( ^1 + ^2 + h  + ^4 ) ]  —(74)

The mean time between failures (MTBF)upgg will be :

oo

(M T B F ^ g g  J  Rupse dt (75)
o

5.6.5 Unit W ater Side Electrical supply Associated System 

Reliability Models

Referring to figure (70), the reliability of the unit water side electrical supply 

associated system (Ru w s e ) be :

*UWSE = [ e - t ( ^ l + ^ 2  + ̂ 3>]   (76)
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And the unreliability (Qjjw Se) ^ :

QUWSE = 1 - [ e - 1 < ^1 + ̂ 2 + x3 > ]  -(77)
The mean time between failures (MTBF)u^ygg

oo

(MTBF)uwse = J* Ruwse dt (78)

5.6.6 Turbine Cooling Associated System Reliability Models
Referring to figure (71), the turbine cooling associated system reliability model

(Rj q ) will b e :

n 4  n  .  n X 4  - ( ^ 0

- 1 (X + X + X + X ) v i (^j 0  ®
Rxc = e ' 2 3 6 1--------

*4 = 0 4

A  (X t ) 5 e 5
x L

xs <K 0tl5
x »x5 = ° 5

The unrebabibty (Qyc) will be :

QTC = 1 " ^TC  (8°)
The mean time between failures (MTBF)^q  will b e :

oo

(MTBF)tc = J  Rtc dt  ----------------------------------------------- (81)
0

5.6.7 Distiller Cooling Associated System Reliability Models
Referring to figure (72), the turbine cooling associated system reliability model 

(/?DC)wiUbe:

n 4  n  X 4  - ( ^ 0

- 1 (X + x + x + x ) ^  (a t) e
Rdc = e 1 2 3 6 --------

x„ = 0 4 *

xs -(Xc t

V
x  X  5

- 5 a t ) 5 e 5

x e !
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The unreliability (Qpc) wiU b e :

Q d C  =  1 " ^ D C     (8 3 )
The mean time between failures (M TBF)j^ will be :

oo

(M TB F)^ = J  Rdc dt  (84)
0

5.6.8 Turbine Discharge Associated System Reliability Models

Referring to figure (73), the reliability of the turbine discharge associated 

system (R j p )  will be :

i?TD = + X2 + *3)  (85)

And the unreliability (Qt c ) will b e :

Qt d  = 1 - e - t ^ l  + h  + ^ 3)------------ ----------------------- (86)

The mean time between failures (M TBF)j^ will be :

00

(MTBF)td = J  Rro dt  (87)
0

5.6.9 Distiller Discharge Associated System Reliability Models

Referring to figure (74), the reliability of the distiller discharge associated 

system (Rpp) will be :

Rd d  = e - t f l - l  + h .  + ^3)  (88)

And the unreliability (Qxc) b e :

Qd d  = 1 - e ' t ^ l  + h .  + ^ 3)------------ ------------------------(89)

The mean time between failure (MTBF)pp will b e :

00

(MTBF)dd = J  Rdd dt  (90)
0

5.6.10 Boiler Sub - System Reliability Models

Referring to figure (75), the reliability of the boiler sub - system (Rg) will be :

r b  = e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ̂ 6 + h )  ------------ (91)

And the unreliability (Qg) will b e :
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Qb  = 1 - e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ^6  + *7)  (92)

The mean time between failures (MTBF)g will b e :

oo

(MTBF)b = J  Rg dt  (93)
0

5.6.10.1 Boiler Feed And Make - Up Water Sub - Sub System 

Reliability Models

Referring to figure (76), the reliability of the boiler feed and make - up water 

sub - sub system (7?BFM\y) be :

*BFMW = [  [ e ' Xlt + e - V J  ' [ e - 1 ( X1 + ^ )  ]  x

[  e - 1 (A.3 + X5 + + X? + X9 + Xjo +^11 ]  x

[  e ' 1 $-12  + ^13  + -̂14 + ^16 + ^17 + ^18 +^19 J X

[ r 4 X R 8 X « 15]  ----------------------------- (94)

Now [ R4 X Rg X R^5 ] is equal to :

n4 n  +\ *4 ' (V }

Z a
x 4 =  0  4

A  a  tV* °15 a  rtXl5
y  V  ( \ 0  6 y  V  15 e

X 8 =  0  x 8 * x 15 =  0  X 15 •

The unreliability (Qb f MW) b© :

QBFMW = 1 “ ^BFMW  (95>

The mean time between failures (MTBF)gp]y^y will b e :

00

(MTBF)bfmw = J  Rbfmw dt (96)
0

5.6.10.2. Boiler Heat Recovery Area Sub - Sub System 

Reliability Models

Referring to figure (77), the reliability of the boiler heat recovery area
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sub - sub System (#b h RA) be :

^BHRA = e ' 1 ^ 1  + h .  + ^3 + *4 + ^5 + ^ 6)  (97)

And the unreliability (Qb h r a ) b e :

Q b h r a  = 1 " e ’ 1 + ̂ 2 + ^3 + ^4 + ^5 + ^6) — ----------- (98)

The mean time between failures (MTBF)b jjr a  b e :

oo

(MTBF)bhra = J  Rbhra dt (99)
o

5.6.10.3. Boiler Drum Sub - Sub System Reliability Models

Referring to figure (78), the reliability of the boiler drum Sub - sub system 

(Rb  D ) willbe:

R b d  = e " l ^ l  + h  + ^3 + ^4 + ^5 + ^6  + *7)  (100)

The unreliability (Qb d ) b e :

QBD = 1 " e ' 1 ^ 1  + ^2  + ^3 + ^4 + ^5 + ^6  + *7 ) -------- (101)

The mean time between failures (MTBF)gj) will be :

oo

(MTBF)bd = J  Rbd dt  (102)
0

5.6.10.4. Boiler Furnace Sub - Sub System Reliability Models

Referring to figure (79), the reliability of the boiler furnace sub - sub system 

(Rr f ) wiU b e :

« BF = e - l (x l + x 2)  (103)

The unreliability (Qb f ) whl b e :

Q gp = l - e - 1 (^1 + h )   (104)

The mean time between failures (MTBF)b f  will b e :

00

(MTBF)bf = J  Rbf dt  (105)
0
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5.6.10.5. Combined Boiler Combustion Air And Flue Gases 

Sub - Sub System Reliability Models

Referring to figure (80), the reliability of the combined boiler combustion 

air and flue gases sub - sub system CBCAFG) t>e :

RCBCAFG = e " 1 ^1 + ^2 + h  + ^4 + ^5 + ^ 6  + M  ----------(106)

And the unreliability (Qq bCAFG) b e :

QCBCAFG = 1 " e “1 ^ 1  + ^2 + ^3 + *4 + ^5 + ^6 + V  --------- (107)

The mean time between failures (MTBF)q b q a p g  b e :

oo

(MTBF)cbcafg = J  Rcbcafg dt (108)
o

5.6.11.Turbine Sub - System Reliability Models

Referring to figure (81), the reliability of the turbine sub - system (/ftp)

will b e :

R j  = e _ t ^ l  + ^2 + ^3 + ^4  + ^5  + ^6 + ^7 + ^8 + ^9 ) -----(109)

The unreliability (Op) will b e :

QT = 1 - e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ^6 + ^7 + ^8 + ^9) —(110)

The mean time between failures (MTBF)p will be :

00

(MTBF)t  = J R t dt  (111)
0

5.6.11.1. Main Steam Supply Line Sub - Sub System Reliability Models

Referring to figure (82), the reliability of the main steam supply line 

sub - sub system (^MSSL) be •

SMSSL = e - t & l  + *2 + *-3 + V  ------------------------------ (112)

And the unreliability (Qm SSL) b e :

Q m s s l  = 1 - e - t f t - l  + h .  + *-3 + X4>  (113)

The mean time between failures (MTBF)jyjsSL be •
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(MTBF)mssl -  J  Rmssl dt - - (114)
o

5.6.11.2. Auxiliary Steam For Turbine Air Ejector And Gland Seals

Sub - Sub System Reliability Models

Referring to figure (83), the reliability of the auxiliary steam for turbine air 

ejector and gland seals sub - sub System ( R j ^ )  will b e :

r AE  = [ e ' l ^ 4  + ^5 + ^6  + *7)1 x  [ e " C (1  + x2 t ) ]  ---------- (115)

And the unreliability (Qa e ) be :

QAE = 1 ■ [ e " l ^ 4  + *-5 + ^6  + ^7)1 x  [ e ' ^ 1 (1  + ^ t ) ]  -------(116)

The mean time between failures (MTBF)a e  will be :

oo

(M TB F)^ = J  Rae dt ----------------------------------------(117)
0

5.6.11.3. Turbine Load Control Sub - Sub System Reliability Models

Referring to figure (84), the reliability of the turbine load control sub - sub 

system (Rt LC) will be :

/?TLC = e - t ^ l  + ^2  + ^3 + ^4 + ^5 + ^6  + W  ------------------(US)

And the unreliability (Qj l c ) be :

Q t l c  = 1 " e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ^6  + M  --------------- (119)

The mean time between failure (M T B F )^^ will be :

oo

(MTBFJtlc = J  R tlc  dt ----------------------------------(120)
0

5.6.11.3. High Pressure (H.P) Turbine Sub - Sub System

Reliability Models

Referring to figure (85), the reliability of the high pressure (H.P) turbine 

sub - sub system (7?h PT) will be :
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RUPT  =  e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ^6 + M  ----------   (121)

And the unreliability (Qh p t ) b e :

Q r p t  = 1 - e ' 1 $ 4  + ^2  + ^3 + ^4 + ^5 + ^6 + M  -----------  (122)

The mean time between failures (M T B F )^^  will be :

00

(MTBF)hpt = J  R hpt dt  (123)
0

5.6.11.4. Low Pressure (L.P) Turbine Sub - Sub System 

Reliability Models

Referring to figure (86), the reliability of the high pressure (H.P) turbine 

sub - sub system (RlPT) be :

RLPT = e - t ^ T  + ̂ 2 + ^3 + ^4 + ^5 + ^6  + ^7 + ^   (124)

And the unreliability (Qx lc ) be :

Q l p t  = 1 - e ■1 + ^2 + ^3 + ^4 + ^5 + ^6 + M  ------------------- (125)

The mean time between failures (M T B F )^^  will be :

00

(MTBF)l p t  = J R LPT dt  (126
0

5.6.11.5. Turbine Rotor Sub - Sub System Reliability Models

Referring to figure (87), the reliability of the turbine rotor sub - sub system 

(RXr ) will b e :

r TR  = [  e " 1 ^ 1  + ^2 + ^3 + ^4 + ^5 + ^6  +^7 ]  X

[ e _ t ^ 8  + ^9 + ^10 + ^ l l + ^ 1 2 ]   (127)

The unreliability (Qtr ) will be ;
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Qt r  = 1 - [  [ e " 1 (^ l + ^2 + ^3 + ^4 + ^5 + ^6  +^ 7 1 X

[ e - U ^ s  + ^ + ^ l O  + ^ l l + k n ]  ]   (128)

The mean time between failures (MTBF)yR will be :

oo

(M T B F )^  = j R t o  dt -------------------------------- -(129
0

5.6.11.6. Turbine Hydraulic And Lubricating Oil Sub - Sub 

System Reliability Models

Referring to figure (88), the reliability of the turbine hydraulic and 

lubricating oil sub - sub system (^tHLO) b e :

fiTHLO = [ e ' t ^ 4  + -̂5 + ,l6 + ^7  + ^8  + ^ 9 ) ]  X [ R x] X [R 2] X [ R3]

---------------------------------- (130)

Now [ [Rj ]  X [R2] X [ R3] ] is equal to :

V 1 0L, t)X‘ e ^ *  0

* f i o  xi !

^  ( X t ^ e - 0 * 0  ^  (X ^  0x X —  x X —x2 = 0 2 x3 = 0 3

The unreliability (Qt h LO) be :

QTHLO = 1 " ^THLO  (131)

The mean time between failures (MTBF)xhlO be :

oo

(Mt b f ) Tj l̂ o  = J  R THLOdt---------------------------------------   -<132>
0

5.6.11.7. Turbine Condenser Sub - Sub System Reliability Models

Referring ton figure (89), the reliability of the turbine condenser sub - sub 

system (Rj q ^ )  will b e :

r TCN = e _t ^ l  + ^2 + ^3 + ^4  + ^5 + ^6 + ^7 + ^8 + ^9) ----- (133)

The unreliability (Qt c n ) b e :

195



Q t c n  = 1 - e _ t ^ l  + ^2 + ^3 + ^4 + ^5 + ̂ 6 + ^7 + ^8 + ^9 ) --(134)

The mean time between failures (M TBF^q ^ will b e :

00

= J  RTCN dt-------------- --------------------------------- (135)
0

5.6.11.8. Turbine Condensate Sub - Sub System Reliability Models

Referring to figure (90), the reliability of the turbine condensate sub - sub 

system (^TCON) :

/?TCON = [  e " 1 ^ 1  + ^5 + ^6 + h  + ^8 + ^9)] x  [ e " 1 (1  + X3 1 )]

-------------------------------------- (136)

The unreliability (QtCOn ) ^  :

QTCON = 1 “ [  [ e ' 1 ^ 1  + ^5 + ^6 + h  + ^8 + *9 )] x

[ e " ^ 3 * (1 + X3 t ) ]  ]

-------------------------------------  (137)

The mean time between failures (MTBF)j ^ q ^  will be :

00

(MTBF)t c o n  = J  RTCONdt  <138>
0

5.6.12. Generator Sub - System Reliability Models

Referring to figure (91), the reliability of the generator sub - system (Rq )

will b e :

Rq  = £ e - 1 (X.1 + X2 + X3 + XA + X5 + X6 + XI) j ________ (139)

And the unreliability (Qq ) will b e :

Q q = 1 -  ̂0 — t (XI + XI  + X.3 + XA + X5 + X6 + X7) J ______ (140)

The mean time between failures (MTBF)q  will b e :

00

(MTBF)g = J  R q dt  (141)
0
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5.6.12.1. Generator Rotor Sub - Sub System Reliability Models

Referring to figure (92), the reliability of the generator rotor sub - sub 

system (Rqr)  will be :

RGR  = [ e " 1 (^1 + + X3 + X4 + X5) J  ----------------------- (142)

The unreliability (Qq r ) will b e :

Q gR -  1 - [ e " t (^1 + X2  + X,3 + X4 + X5) J --------------------(143)

The mean time between failures (MTBF)q r  will be :

oo

(MTBF)® = |  R ®  dt   (144)
0

5.6.12.2. Generator Stator Sub - Sub System Reliability Models

Referring to figure (93), the reliability of the generator stator sub - sub 

system (Rq $) will be :

r GS = [ e - 1 f t 1 + W + to )  ] --------------------------------------------(145)

The unreliability (Qq §) will be :

Qg s  = i  .  [ Q- t ( X l  + X2 + X3)]  -------------------------------------(146)

The mean time between failures (MTBF)Gg will b e :

oo

(MTBF)gs = J  R GS dt   (147)
0

5.6.12.3. Generator Hydrogen Cooling Sub - Sub Syste

Reliability Model

Referring to figure (94), the reliability of the generator hydrogen cooling 

sub - sub system (Rq h q ) will be :

ni n  ^ Xl ' ( î 0 
R = e - t(*2 + \ + V  x  y  A e

®  x ^ O  X1 !

n 3  n  . v X 3  0

xTT

(X, t) e 
^  3

x ,  =  0  3
3 (148)
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The unreliability (Qq h c ) ^  •

Qghc = 1 " rg k c   (149)
The mean time between failures (MTBF)Qpjg will b e :

oo

(MTBF)ghc = J  R ghc dt  (15Q>
0

5.6.12.4. Generator Sealing Oil Sub - Sub System Reliability Models

Referring to figure (95), the reliability of the generator sealing oil sub - sub

system (Rq $q ) will be :

r GSO = [ e ' 1 ^ 3  + ^4 + ^5 + ^6 + ^7 + ^8 + ^ 9) 1

X K e - M  + e - ^ l - l e ' k ' X e - V ) ]  ---------- (151)

The unreliability (Qq s o ) b e :

QGSO = 1 " [  [ e ' 1 %  + ^4 + *-5 + ^-6 + ^7 + ^-8 + 9̂ ) J

X [ ( e - ^ 1 1 + e ' ^ 2 1) - ( e " ^ 1 1 X e ’ ^ 1) ] ]   (152)

The mean time between failures (MTBF)q s q  will b e :

00

(MTBF)gs0 = J  R GSO dt  (153)
0

5.6.12.5. Generator Pilot Exciter Sub - Sub System Reliability Models

Referring to figure (96), the reliability of the generator pilot exciter sub -

Sub system (Rq p e ) will be :

Rqpe  = [ e - U M  + *2 + \ 3 ) ]  ------------------------------------------ (154)

The unreliability (Qg p e ) be *

Qgpe = 1 - [ e - ' f t 1 + w  + w ) ]   (155)

The mean time between failures (MTBF)g p e  will b e :

oo

(M T B F )^  = J r gpe dt  (15 6)
o
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5.6.12.6. Generator Exciter Sub - Sub System Reliability Models

Referring to figure (97), the reliability of the generator exciter sub - sub 

System (Rq e ) be :

R  =  A l - 2  3 4 5 6 8 9
GE c

X

n X7 ■ 'K t
"7 ( K  t) e 7U C

~ i   (157)
x7 = 0 *7

The unreliability (Q qr) will b e :

Q ge = 1 " r GE  (158)

The mean time between failures (MTBF)q e  will b e :

00

(MTBF)ge = j  R qe dt  (159)
0

5.6.12.7. Generator Voltage Control Sub - Sub System 

Reliability Models

Referring to figure (98), the reliabihty of the generator voltage control 

sub - sub system (Rq v c ) will be :

Rq Y q  = [ e - * (^1 + ^2  + X3 + X4 + X5) ] ------------------------- (160)

And the unrehability (Qg v c ) wdl be :

QGVC = 1 " [ e “1 + ^5) ]  ---------------------- (161)

The mean time between failures (MTBF)q y ^  will b e :

00

(MTBF)Gvc = J  R GVc dt  (162)

0

5.6.13. Distiller High Pressure (H.P) Steam Supply Associated 

System Reliability Models

Referring to figure (99), we have the following :

1. Block (1) represents the (H.P) steam supply from the boiler.
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2. Block (2) represents the (H.P) steam supply from the common header.

3. Blocks (1) and (2) are connected in a parallel standby configuration, and block (1) 

is the main operating block.

4. We have assumed that there will be a perfect switch from one block to the other.

5. We have assumed that there will not be a failure of block (2) while in the 

standby mode.of operation.

Now from the above assumptions and operation conditions, we can be sure that the 

(H.P) steam supply from the common header will always be available if the distiller 

need such a supply, therefore the reliability of this associated system {^d HPS) 

will b e :

5.6.13.1. High Pressure (H.P) Steam Direct From Boiler 

Sub - Sub System Reliability Models

Referring to figure (100), the reliability of the high pressure (H.P) steam 

direct from boiler sub - sub system (RjiPDB) be :

%HPS = 1

And the unreliability { Qd h p s ) b e :

Qdhps = 0

The mean time between failures (MTBF)j)£jpg will be : 

(M TBF)DH p s  = oo

(163)

(164)

(165)

% P D B  = e " 1 ^ 1  + h .  + ^3 + *4  + ^ 5) (166)

And the unreliability (Qt l c ) b e :

Qhpdb = 1 - e ■ 1 (''-I + h .  + h  + ^ 4  + %) (167)

The mean time between failures (MTBF)jjpj}g will be :

(MTBF)hpdb HPDB (168)
0
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5.6.13.2. High Pressure (H.P) Steam Direct From Common Header 

Sub - Sub System Reliability Models

Referring to figure (101), we have the following :

1. Block (1) is connected in series with blocks (2), (3), and (4).

2. Block (1) is composed of (N) identical high pressure (H.P) steam direct from boiler 

sub - sub systems. These sub - sub systems are fully redundant.

Therefore the reliability of the high pressure (H.P) steam direct from common header

sub - sub system (Rh PDH) be developed as follows :

*HPDH = (* l) X (R2) X (R3) X (*4)

From Equation (32) the reliability of block (1) (/^ ) is equal to :

n

r i = 1 - n  t 1 - exp ( v )]
i = i 1

Therefore (Rh PDH) wiU be :

x  [  1 - n  [ 1 - exP < - \ t ) ]  ------------------- (169)_ " ^ W V
IIPDH “  c

i = 1

And the unreliability (Qh p d h ) b e :

QHPDH = 1 - S HPDH  (17°)

The mean time between failures (M T B F )^ p ^  will be :

oo

(MTBF)hpdh = J  Rhpdh dt  (171)
o

5.6.14. Distiller Low Pressure (L.P) Steam Supply Associated 

System Reliability Models

Referring to figure (102), we have three non - identical standby blocks 

connected in parallel. Since low pressure (L.P) supply direct from boiler block (1) is 

very expensive and rarely used in practice, therefore figure (102) will be replaced by 

figure (103). From figure (103), we have the following :
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1. Block (1) represents the (L.P) steam supply from the turbine.

2. Block (2) represents the (L.P) steam supply from the common header.

3. Blocks (1) and (2) are connected in a parallel standby configuration, and block (1) 

is the main operating block.

4. We have assumed that there will be a perfect switch from one block to the other.

5. We have assumed that there will not be a failure of block (2) while in the 

standby mode.of operation.

Now from the above assumptions and operation conditions, we can be sure that the 

(L.P) steam supply from the common header will always be available if the distiller need 

such a supply, therefore the reliability of this associated system {^DLPS^ :

^DLPS = 1  (172)

And the unreliability {Qp>HPS) be •

Q d lp s  = 0  (173)

The mean time between failures (M TBF^j^pg will b e :

(MTBF)d l p s  = oo  (174)

5.6.14.1. Distiller Low Pressure (L.P) Steam Extracted From Turbine 

Sub - Sub System Reliability Models

Referring to figure (104), the reliability of the distiller low pressure (L.P) 

steam extracted from turbine sub - sub system (/?„T _™ ) will b e :
UJLrr 1

r DLPFT = e - t f t l  + h .  + h  + ^4)  (175)

And the unreliability (Qd l PFB) be •

QDLPFT = 1 - e ‘ 1 + *2 + H  + *4)  (176)

The mean time between failures (M TBF^Lppp b e :

00

(MTBF)dlpft = J  R dlpft dt  (177)
0

5.6.14.2. Distiller Low Pressure (L.P) Steam From Common Header 

Sub - Sub System Reliability Models

Referring to figure (105), we have the following:
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1. Blocks (1), (4), (5), and (6) are connected in series.

2. Block (1) is composed of Blocks (2) and (3) which are non - identical

blocks connected in parallel. These blocks are fully redundant.

3. Block (2) is composed of (N) identical low pressure (L.P) steam direct from boiler

sub - sub systems. These sub - sub systems are fully redundant.

4. Block (3) is composed of (N) identical low pressure (L.P) steam extracted from 

turbine sub - sub systems. These sub - sub systems are fully redundant.

5. The (N) in blocks (2) and (3) are equal.

The reliability models for the distiller low pressure (L.P) steam from common header 

sub - sub system (^DLPFH) be developed as follows :

*DLPFH = (* l) x  (*4) X (*5> X W   (178>

«DLPFH = e - K ^  + ^  + ^e) X (Rtf   (179)

From Equation (26), (/?}) is equal to :

R l  = /?2 + ^ 3  - (#2  x  ^ 3 )

n

R2 = 1 - n  [ 1 - exp (X t) ]
i = 1 1

And

n

R3 = 1 - [ 1 ' exp ( \  t) 1
i = 1 1

R2 and /?3 have to be evaluated separately, then their values should be substituted in 

Equation (178).

The unreliability (Qd l PFH) b e :

QDLPFH = 1 - % L PFH   (18°)

The mean time between failures (MTBF)j^l p f h  b e :

00

(MTBF)dlPFH = J  R DLPFH dt  (181)
0
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5.6.15. Distiller Sub -System Reliability Models

Referring to figure (106), the reliability of the distiller sub system (R^)

will b e:

r d  = e _ t ^ l  + ^2  + ^3 + ^4 + ^5)   (182)

And the unreliability (Qj)) will b e :

q d  = l  - e " t ( ^ l  + ^2  + ^3 + ^4 + ^5)    (183)

The mean time between failures (MTBF)j^pj)g will be

00

(MTBF)d = J RD dt  -(184)
0

5.6.15.1. Distiller Brine Heater Sub -Sub System Reliability Models

Referring to figure (107), the reliability of the distiller brine heater 

sub - sub system (Rd b h ) :

/?DBH = e - t ^ l  + ^2 + ^3 + ^4 + ^5 + ^6 + ^7 + ^8 + ^9 ) — (185) 

The unreliability (Q dbh) be •

Q db h = 1 ‘ e " 1 ^ 1  + ^2 + ^3 + ^4 + ^5 + ^6 + ^7 + ^8 + 9̂ ) — (186) 

The mean time between failures (M T B F^gjj will b e :

00

(MTBF)dbh = J  R DBH dt  (187)
0

5.6.15.2. Distiller Heat Recovery Section Sub -Sub System 

Reliability Models

Referring to figure (108), the reliability of the distiller heat recovery section
sub - sub system Ĉ d h r s ) b e :

RDHRS = e - t f t l  + X2 + ^3 + M  ----------------------------------(188)

"2 = sum of the failure rates of the [N-3] stages. The unreliability (Qd h RS^ t*  :

QDHRS = 1 - e _ t ^ l  + h .  + *3 + X4> ----------------------------- (189)

The mean time between failures (M TBF)j)j^g will b e :
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(MTBF)Dhrs -  J Rdhrs dt ------------------------------(190)

o

5.6.15.3. Distiller Heat Recovery Section Stage Sub -Sub System

Reliability Models

Referring to figure (109), the reliability of the distiller heat recovery 

section stage sub -sub System (Rd h RSG) be *

^DHRSG = [ e ~ + A,2 + A3 + A4 + X5 + A,6 + A7) ] ---------- (191)

And the unreliability (Qd HRSG) be:

QDHRSG = 1 ~ f e " 1 ^  ]  (192)

The mean time between failures (M TBF^j^ cjq will b e :

oo

(MTBF)diirsg = J  R dhrsg dt ------------------------------(193)

o

5.6.15.4. Distiller Heat Rejection Section Sub -Sub System

Reliability Model

Referring ti figure (110), the reliability of the distiller heat rejection section 

sub -sub system (Rd h r j) :

^DHRJ = e ' 1 + ^2 + ^3 + ^4 + ^5 + ^6 + ^7 + ^8 + ^ 9) -(194)

^4 = sum of the failure rates of the [3 stages]. The unreliability (Qd h r j) wdl be :

Q d r r j  = 1 - e _ t ^ l  + ^2 + ^3 + ^4 + ^5  + + A7  + A,g + A.9) "(195)

The mean time between failures (MTBF)qj^ j  will b e :

00

(MTBF)dhrj = J* R diirj dt --------------------------------- (196)

0

5.6.15.5. Distillate Discharge Sub -Sub System Reliability Model

Referring to figure (111), the reliability of the distillate discharge sub -sub 

system (#£>£>) will be :
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ni n  *\Xl "^1 - 1 ( x, + a + x. + A ) (A< t ) e
= e 2 3 4 5 X 2 j  — -----------------   (197)d d  ___

xj = o X j!

And the unreliability (Qp)p)) :

q d d  = i  .  tfDD  (198)

The mean time between failures (M T B F )^  will be :

oo

(MTBIOhj = J  R dd dt --------------------------------- (19®
0

5.6.15.6. Distiller Ejector Sub -Sub System Reliability Model

Referring to figure (112), the reliability of the distiller ejector sub -sub 

system (^d e j) will be :

n2  x 2  '  \  1
- 1 (A + A + A + A + A + A ) (X, t) e

r dej =  e 1 4 5 6 7 8 x 2 , - ^ i n —x2 = 0 2 *

A  (k  t/ 3 e ^ 3' 
x l - ^ - n —  --------------------(200)

X 3 =  0  3

And the unreliability (Qd e j) Ŵ 1 :

QDEJ = 1 " ^DEJ  (201)

The mean time between failures (MTBF)j)gj will be :

oo

(MTBFfoE, = J  Rd h  dt -------------------------------- -(202)
0

5.6.16. Reduced Overall Dual - Purpose (Power &Water) Combined Unit 

Reliability Models

Referring to figure (113), the reliability of the reduced overall dual - purpose 

(power &water) combined unit (Rr o Cn ) ^  :

%OCN = [ e _ t (Xl+ X2  + X3 + ^4 + ^5 + X<6 +X7  ]  x

[ e " 1 (^8  + X9 + X,io + + X^2 + X49  ]  X [ r 1 3 X R 1 6 ] (203)
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Now from Equations (162) we have :

1

1

Therefore, (Rr o c n ) be *

% O C N  = [ e _ t ^ l + ^2  + ^3  + ^4 + ^5  + ^ 6 +^ 7 ]  X

[ e " 1 (̂8 + ̂9 + ̂10 + ̂11 + ̂12 + ̂19 
And the unreliability (Qr o CN) be :

(204)

QrOCN = 1 - ^ROCN

The mean time between failures (MTBF)r q c n  will b e :

(205)

(MTBF)ROcn J  R ROCN dt (200
0

5.6.17. Reduced Overall Dual - Purpose (Power& W ater)

Station Reliability Models

Referring to figure (114), we have the following:

1. Blocks (1), (8), (9), and (10) are connected in series.

2. Block (1) is composed of Blocks (2), (3), (4), and (5) which are connected in 

parallel. These blocks are fully redundant.Also these blocks are connected in 

series with blocks (6) and (7). Furthermore, blocks (6) and (7) are connected in 

parallel, and they are fully redundant. Block (1) resemble figure (62).

3. Block (9) is composed of (N) unit associated systems. These (N) unit associated 

systems are connected in "r" out of "n" configuration. Also these unit associated 

systems are fully redundant. Furthermore, each unit associated systems are 

connected in series.

4. Block (10) is composed of (N) unit sub - systems. These (N) unit

sub - systems are connected in "r" out of "n" configuration. Also these unit

sub - systems are fully redundant. Furthermore, each unit sub systems are

connected in series.
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5. The "n" and "r" in blocks (9) and (10) are equal.

The reliability models for the reduced overall dual - purpose (power&water) station 

( % O P S ) b e developed as follows:

% O P S  = ^  x  X ^  X ^ 1 0 l   (20?)

Referring now to figure (62), and section (5.6.1) of this chapter, we have :

1?1 = [ [ ( e " ^ 2 t + e " ^ 3 t + e “ ^'4t + e " ^ ' 5 t )

-  ( e " 1 0^2 +  ^3) -  e " 1 $*3 + ^4) _ e  - 1$ 4  + ^5) - e " 1 +  ^ 2)

+ ( e " 1 ( ^2 + ^3 + ^4 + ^5) ]
X [  ( e - b 1 + e - h . 1) - ( e - + *7 ) ) J   (208)

And

= e - x8 l  (209)

With regards to block (10) we have the following:

Now block [1(9)1 in block (9) refers to unit (1) associated systems other than the fuel 

and sea water intake, block [2(9)1 in block (9) refers to unit (2) associated systems and 

block [N(9)l in block (9) refers to unit (N) associated systems.

Let

The equivalent failure rate of each unit associated systems in block (9) = (9)

The failure rate of block [1(9)1 = 1

The failure rate of block [2(9)] = x [2(9)]

The failure rate of block [N(9)l = ^[N(9)l

K  (9) = the average value of X[1^ ]  , X[2(9)] , ^[N(m]

Referring to figure (113), we have for unit (1) associated systems :

1(9)] = (^2 + ^3 + ^4 + ^6 + -̂7 + + ^9 + <̂13 + ^15)

And for unit (2) associated systems :

^ [ 2 ( 9 ) ]  =  ( ^ 2  +  ^ 3  +  ^ 4  +  ^ 6  +  ^ 7  +  ^ g  +  A 9  +  +  A , ^ )

And for unit (N) associated systems :

^[N(9)l = (̂ 2 + ^3 + ^4 + ^6 + ^7 + ^8 + ^9 ^13 + ^16^
Referring to figure (99) and (103) and sections (5.6.13) and (5.6.14) of this chapter,

208



we heve(A,i3) and (A ^) are equal to zero. Now > ^ 2(9)] » A f ^ ) ]  have

to be evaluated separately in order to evaluate the equivalent failure rate of each unit 

associated systems in block (9) Xq (9)

Since block (9) is composed of (N) unit associated systems and these (N) unit 

associated systems are connected in "r" out of "n" configuration, therefore, based on 

the value of "r" the calculation can proceed. If for example "n" is equal to 7 and "r" is 

equal to 5, then [R9] is equal to sum of the first three terms of the binomial expansion. 

If we substitute the equivalent failure rate of each unit associated systems in block (9) Ae

(9) in the binomial expansion on the reliability of block (9) [Rg] will be :

[ « 9] = [ e " 7 ^ (9 )1 + 7 X e" 6 ^(9) 1 X (1 - e" ^(9 )1)

+ 21 X e" 5 ^ 1 X (1 - e ' ^ 1)2 ]  (210)

With regards to block (10) we have the following:

Block [1(10)1 hi block (10) refers to unit (1) sub - systems, block [2q q )] in block (10) 

refers to unit (2) sub - systems and block [N(iq)] in block (10) refers to unit (N) sub - 

systems.

Let

The equivalent failure rate of each unit - systems in block (10) = Ae qq )

The failure rate of block [1(10)1 = ^[1(10)1

The failure rate of block [2qo )] = ^[2(10)1

The failure rate of block [N(iq)] = ^[N(10)1

^e (10) = the average values of A[i^q^] , A,[2qq^] t ^[N(10)1

Referring to figure (113), we have for unit (1) sub - systems :

^[1(10)1 = (klO + M l  + k l2  + k l9 )
And for unit (2) sub - systems :

^[2(9)1 = (^10 + ^11 + ^12 + ^19)
And for unit (N) sub - systems :

^[N(9)] = (^10 + ^ 1 1 + ^12 + ^19)

Now ^ [l(io )l » ^t2(io)l ’ ^^N(io)l have to be evaluated separately in order to 

evaluate the equivalent failure rate of each unit associated systems in block (10) Xq (iq)
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Since block (10) is composed of (N) unit associated systems and these (N) unit 

associated systems are connected in "r" out of "n" configuration, therefore, based on 

the value of "r" the calculation can proceed. If for example "n" is equal to 7 and "r" is 

equal to 5, then [/? jq ] equal to the sum of first three terms of the binomial 

expansion. If we substitute the equivalent failure rate of each unit sub - systems in block

(10) Xe (io) i*1 the binomial expansion, the reliability of block (10) [/^q] will be :

[Rg], 1/^9 ], and [7?io] ^ave t0 evaluated separately, then their values should 

be substituted in Equation (206). The unreliability (Q rq p s) :

[ /fiq1 = [ e' 7 fylO )1 + 7 X e"6 fylO )1 X (1-  e" fylO )1) 

+ 21 X e ‘ 5 l l X ( l -  e -^ 1)2 ] (211)

Q ro p s  = 1 - % o p s

The mean time between failures (MTBF)r q p ^ will be :

(212)

R,ROPS J R ROPS ^ (213)
0
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CHAPTER VT

DUAL ■ PURPOSE (POWER &W A TER") PRODUCTION STATION 

STATE ■ SPACE ANALYSTS APPROACH

6.1. Introduction

In reliability analysis utilizing the state - space technique, a system, sub - system, 

or associated system is represented by its states and all the possible transition between 

these states. A system state describes a particular condition where every component is 

in a specified operating state of its own : it is operating, on forced outage, on planned 

outage, or in derated state. If a change in the state of any of the components occurs, 

then the system enters another state. All the possible states of a system make up the 

state - space. The attractiveness of the state - space approach lies in the fact that in most 

cases a Makove model can be applied to describe the process of the system travelling 

through the various possible states. The state - space models that will be produced in 

this chapter do not include operating consideration such as , operating reserve policy, 

derated operation conditions, spinning reserve for the power side of the production 

unit, load cycle shape for the power side of the production unit, effects of start - up 

delays, outage postponability, and human reliability characteristic. Furthermore, the 

work of this chapter will be confined to the presentation of the state - space models in a 

graphical form, and no further analysis will conducted, because such analysis will lead 

to maintainability concept, and the prime concern of this these is reliability analysis. 

However, these state - space models are presented here, as a pioneering step for further 

consideration by later analists.

6.2.Repair rate (|i)

The repair rate is defined as :

number of failures of a component in the given period of time -------(214)
^  “  total period of time the component was being repaired
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6.3. Mean Time To Repair (MTTR)

The mean time to repair is defined as the reciprocal to repair rate. Therefore 

(MTTR) will b e :

1 (215)MTTR = —

6.4. Markove Model

A markove process is a stochastic process, that is characterized by a lack of 

memory, that i s , the future states of the system are independent of the past states 

except the immediately proceeding one. This means that the future random behaviour of 

the system only depends on where it is at present, and not on where it has been in the 

past or how it arrived at its present position. Furthermore, the Markove process must 

be homogeneous. The condition of homogeneity "means that the behaviour of the 

system must be the same at all points of time irrespective of the point of time being 

considered, i.e., the probability of making a transition from one given state to another 

is the same (stationary) at all time in the past and future" [36]. The two above 

mentioned characteristics of the Markove process (lack of memory, and homogeneity) 

makes it applicable to those systems whose behaviour can be represented by a 

probability distribution that is characterized by a constant failure, and repair rates, i.e., 

poisson and exponential distributions. Time and space in Markove models may either 

be discrete or continuous. Space is normally represented only as a discrete function, 

whereas, time may be either be discrete or continuous [36].

To solve a markove (discrete or continuous) process, it is required first, to construct an 

appropriate state - space model which include the relevant transition rates (i.e., failure 

rate X, and the repair rate |i)."All the relevant states in which the system can reside 

should be included in such diagram and all known ways in which transitions between 

states can occur should be inserted" [3 6] .The state - space model is a translation of the 

physical and logical operation of the system into a graphical representation. To illustrate

212



the above discussion, let us consider a single repairable component which is assumed 

to exist in one of the following states :

1. Operating (up state).

2. Operating with partial output (derated state).

3. Failed (down state).

The state - space model for such a component will be as follows :

State 1 
Up state

State 3
Failed
state

State 2
Partial
state

The X, and jx refer to the failure and repair rates respectively. Furthermore they are 

assumed constant (exponentially distributed).The above model indicates that the 

component can reside in state (1) while it is in the up state, and if something goes 

wrong, then it either goes to state (2), the partial output state or to state (3) the failed 

state. If it goes to state (2) it then can reside in that state for while until it can be restored 

and returns to state (1) or fail therefore, it goes to state (3). On the other hand , if it had 

failed at state (1) it goes directly to state (3), and a repair must be done to restore and it 

goes back to state (1) or a partial repair is done and it goes to state (2).

6.5. Dual - Purpose (Power& W ater) Production Station 

State - Space Models 

In the following models, a partial output, means any operational condition that is 

different from the ideal operation state, in which all the production units in the station 

are operating and producing both power and distilled water. Figure (115) represent an
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overall dual - purpose (power&water) production station generalized state - space 

model. The model include 11 state that the station can reside in. Furthermore, the model 

indicate that there are 6 states in which the station can be in a successful operation, and 

5 states in which the station will be in a failure operation. The failure conditions is that 

either all the production units are down or the station is producing power or distilled 

water only. Figure (116) is a reduced version of figure (115). Figure (117) represents a 

restricted model of the station. In this model the station can reside in 5 states, and there 

are 4 states in which the station can be in a successful operation, and 1 state in which 

the station can be regarded as a failure. Figure (118) represent a dual - purpose 

(power&water) production unit sub - systems state - space operational model. Figure 

(119) represent an overall dual - purpose (power&water) production unit state - space 

model. The model include two derated states. Derated state (1) refers to forced deration 

and derated state (2) refers to planned deration. The model indicates that there are 9 

states in which the production unit can reside in. Figure (120) represent a restricted 

dual - purpose (power&water) production unit state - space model.
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FIGURE NO 115
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FIGURE NO 116
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FIGURE NO 117

STATE 0 
ALL(N) UNITS IN UP 
STATE PRODUCING 
POWER & WATER.

(R) OUT OF (N) UNITS 
IN UP STATE.ALL (R) 
UNITS PRODUCING 
POWER AND WATER. 
(N-R) UNITS ARE IN 
DOWN STATE.

STATE 1

'  STATE 3 A
PARTIAL OUTPUT (2)
(R) OUT OF (N) UNITS 
IN (PARTIAL) UP STATE 
(K) OUT OF (R) UNITS 
PRODUCING POWER & 
WATER .AND (J) OUT OF 
(R) UNITS PRODUCING 
WATER ONLY.
(N-R) UNITS IN DOWN 
STATE.

STATE 2
PARTIAL OUTPUT (1) 
(R) OUT (N) UNITS IN 
(PARTIAL) UP STATE. 
(K) OUT OF (R) UNITS 
PFIODUCING POWER & 
WATER,AND(J) OUT OF 
(R) UNITS PRODUCING 
POWER ONLY.
(N-R) UNITS IN DOWN 
STATE.

SUCCESS

FAILURE

STATE 4 
ALL (N) UNITS 
IN DOWN STATE

RESTRICTED

DUAL-PURPOSE(POWER&WATER) SATATION STATE SPACE DIAGRAM

217



FIGURE NO 118

BOILER DOWN
TURBINE DOWN 

G
DOWN

flF(H.P)& I  
! 1 (L.P.) DOWN#

TURBINE DOWNDCWN
DOWN

UP DOWN
DOWI DOWN UP

UP
UP

UNIT FULL CAPACr 
AVAILABLE DISTILLER DOWN

UP UP UPUP UP UP.
UP

GENERATOR DOWN
B G

DOWN DOWN

{IF (H.P)& 1  
(L.P.) DOWN#

GENERATOR DOWN

UP DOWN
DOWN

UP

UP

LEGEND:
B = BOILER.
T = TURBINE.
G = GENERATOR.
D= DISTILLER.
(H.P) =(H.P) COMMON HEADER 
(L.P) =(L.P) COMMON HEADER.

DUAL-PURPOSE(POWER&WATER) COMBINED UNIT 

SUB-SYSTEMS OPERATIONAL STATE SPACE DIAGRAM



FIGURE 119
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FIGURE 120
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CHAPTER VII

DUAL -PURPOSE (POWER&WATER) PRODUCTION STATION 

OUTAGE DATA COLLECTION FOREMS

6.1 INTRODUCTION

There are amble justifications for the collection of reliability data in dual - 

purpose (power&water) production station such as :

1. System availability requirements.

2. Economic criteria.

3. Ascertaining compliance with safety requirements.

4. Facilitating the identification of optimum maintenace and replacement decisions.

5. Logistic and spares provisioning descisions and design decisions.

6 . Providing ongoing feedback to the production station.

7. Reliability analysis calculations is based on adequate records of operational 

performanc (outages).

It is of a vital importance at the stage of designing the outages records to identify 

clearly the primary purpose of the data collection, because a collection scheme which 

is ideal in satisfying certain objectives may be less appropriate in satisfying others. 

There are many ways in which a reliabilility data collection scheme can be designed, 

however, the most important factor to be considered when designing the various data 

collection forms is that the collected data can be utilized easily by the reliability 

analyst. Furthermore, the data collection forms should include data that will enable 

the analyst to calculate the two most imprtance reliability parameters namely:

1. The failure rate.

2. The average outage duration or repair rate.

Therefore, the collection froms should contain not only the failure duration but also 

the number of failures in the operation time. As it was mentioned earlier in section 

(1.4.5) of chapter (I), the work of this chapter is to design and set up appropriate
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forms for recording the outages of the production units, unit sub - systems, unit 

associated systems, and their sub - sub systems. These recorded outages will 

eventually establish a data bank for the station various uses. There are many types of 

outages that equipment can encounter. Reference [921 contains a list of all possible 

outages. In the following the two most needed outages will be defined.

1. Planned outage :

A planned outage is defined as the state in which the production unit is 

unavailable due to inspection, testing, or overall. A planned outage is normally 

scheduled well in advance and is of a predetermined duration.

2. Forced outage:

A forced outage is defined as the state in which the production unit is unavailable 

but is not in the planned outage state.

The following tables (1-49) represents the developed monthly output and outages 

report for the station, unit sub - systems, unit associated systems, and their sub - sub 

systems. Each table is a distinctive self explanatory monthly report.
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TA BLE NO 1

DUAL- P U R PO SE (PO W E R & W A T E R ) STA TIO N  MONTHLY O U T PU T  R E P O R T

MONTH O F ____________  YEAR _________

TOTAL GENERATION ( KWH X 10® )

AVERAGE LOAD (MW)

PEAK LOAD DATA

DAY

TIME STARTED 
(hr.mln)

TIME ENDED 
(hr.min)

DURATION
(hr.mln)

LOAD VALUE 
(MW)

AVERAGE SPINNING RESEVE (MW)

TOTAL DISTILLED WATER
*

PRODUCTION

* = CAN BE QUOTED IN MILLION IMPERIAL GALLONS (M.I.G) OR CUBIC 
METERS (CU.METERS)

NOTE : THE ABOVE GENERATION DATA SHOULD NOT INCLUDE AUXILIARY 
POWER SUPPLY (e.g. GAS TURBINES etc).
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TABLE NO 2

DUAL- PURPOSE(POW ER& W ATER) UNIT MONTHLY OUTPUT REPO RT

MONTH O F ____________  YEAR   UNIT NO _______

TOTAL GENERATION ( KWH X 1C? )

AVERAGE LOAD (MW)

PEAK LOAD DATA

DAY

TIME STARTED 
(hr.min)

TIME ENDED 
(hr.min)

DURATION
(hr.min)

LOAD (MW)

AVERAGE SPINNING RESEVE (MW)

GENERATOR
DERATION

FORCED (hr.min)

PLANNED (hr.min)

DISTILLER
DERATION

FORCED (hr.min)

PLANNED (hr.min)

TOTAL DISTILLED WATER 

PRODUCTION*

TIME THAT BOTH THE GENERATOR AND 
DISTILLER OPERATED TOGETHER 
(hr. min)

* = CAN BE QUOTED IN MILLION IMPERIAL GALLONS (M.I.G) OR CUBIC 
METERS (CU.METERS)
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TABLE NO 3

DUAL-PURPOSE (POWER&WATER) UNIT SUB-SYSTEMS AND ASSOCIATED
SYSTEMS MONTHLY OUTAGES REPORT

MONTH OF __________  YEAR   UNIT NO _______

UNIT
A S S O C IA T E D

SY STEM S

UNIT
SU B 
SYSTEM S

IN
SER V IC E

FORCED PLAN NED *

AEFA EU

(hr.min

*  * 
ABNO

hr.min)(hr.min) ND (hr.min) ND (hr.min)

FUEL

ELCTRICAL 
SU PPLY  (1)

ELECTRICAL 
SU PPLY  (2)

ELECTRICAL 
SU PPLY  (3)

SE A  W ATER 
INTAKE

TURBNIE
COOLING

DISTILLER
COOLING

TURBINE
DISCHARGE

DISTILLER
DISCHARGE

DISTILLER(H.P) 
STEAM SUPPLY

(1) DIRECT 
FROM BOILER
(2) FROM 

COMMON HEADER

DISTILLER(L.P. 
STEAM SUPPLY

(1) DIRECT 
FROM BOILER
(2) FROM 

COMMON HEADER
(3) EXTRACTED 
FROM TURBINE

BOILER

TURBINE

GENERATOF

DISTILLER

AEFAEU = AVAILABLE EXCEPT FOR UNIT SUB-SYSTEMS OR ASSOCIATED SYSTEMS UNAVILABILITY. 
* *

ABNO = AVAILABLE BUT NOT OPERATED. ( STAND BY).
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TABLE NO 4

FUEL ASSOCIATED SYSTEM SUB-SYSTEMS MONTHLY OUTAGES REPORT

MOMTH OF ________  YEAR   UNIT NO ____

FUEL
A SSO C IA T E D  
SYSTEM 
SUB- SUB 
S Y S T E M S

IN SERVICE 

hr.min

F(
0

DRCED
UTAGES

PL
Ol

.ANNED
JTAGES

*
A BN02

hr.m in
NO h r . m i n NO h r . m i n

FUEL GAS 

(NATURAL GAS)

CRUDE OIL

FUEL OIL

HEAVY FUEL 
OIL

IGNITION GAS 

(NATURAL GAS)

EMERGENCY 
IGNETION GAS

(PROPANE GAS)

*

ABN02 = AVAILABLE BUT NOT OPERATED. ( STAND BY).
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TABLE NO 5

FUEL GAS SUB-SUB SYSTEM MONTHLY OUTAGES REPORT
MOMTH O F ____________  YEAR   UNIT NO

FORCED PLANNED

FUEL GAS 
SUB- SUB

IN SERVICE OUTAGES OUTAGES

SY STEM  
SUB SYSTEMS

hr.m in
NO h r . m i n NO h r . m i n

MAIN
ISOLATING
VALVE

PRESSURE
REDUCING
STATION

GAS FILTERS

ISOLATING
VALVES

MAIN HEADER
•
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TABLE NO 6

CRUDE OIL SUB-SUB SYSTEM MONTHLY OUTAGES REPORT
MOMTH OF ________ YEAR ________ UNIT NO ______

FORCED PLANNED

CRUDE OIL 
SUB- SUB

IN SERVICE O l ITAGES OUTAGES

SY ST E M  
SUB SYSTEMS

hr.m ln
NO hr.min NO hr.min

CRUDE OIL 
PIPE LINE

MAIN
ISOLATING
VALVE

CRUDE OIL
STORAGE
TANKS

FUEL OIL
SUPPLY
PUMPS

FUEL OIL 
PRESSURE 
CONTROL 
VALVE

MAIN HEADER
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TABLE NO 7

HEAVY FUEL OIL SUB-SUB SYSTEM MONTHLY OUTAGES REPOR“

MOMTH OF _________ YEAR   UNIT NO ______

HEAVY FUEL 
OIL SUB-SUB 
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.mln

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

HEAVY FUEL 
OIL
PIPE LINE

MAIN
ISOLATING
VALVE

HEAVY FUEL 
OIL

STORAGE
TANKS

FUEL OIL
SUPPLY
PUMPS

FUEL OIL 
PRESSURE 
CONTROL 
VALVE

HEAVY FUEL 
OIL HEATERS

MAIN HEADER
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TABLE NO 8

GAS OIL SUB-SUB SYSTEM MONTHLY OUTAGES REPORT
MOMTH O F  ___________  YEAR   UNIT NO

GAS OIL 
S U B -SU B  
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO h r .m i n NO h r .m i n

GAS OIL 
PIPE LINE

MAIN
ISOLATING

VALVE

GAS OIL
STORAGE
TANKS

FUEL OIL
S U PPL Y
PU M PS

FUEL OIL 
P R E S S U R E  
CONTROL 
VALVE

MAIN HEADER
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TABLE NO 9

SEA WATER ASOCIATED SYSTEM SUB SYSTEMS MONTHLY
OUTAGES REPORT

MONTH OF ___________ YEAR   UNIT NO

SEA WATER 
ASSOCIATED 
SYSTEM 

SUB SYSTEMS

IN SERVICE 

hr.m in

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

SEA WATER

SEA WATER 
INTAKE OPEN 
FOREBAY 
CHANNEL

OIL
POLLUTION
PROTECTION
SYSYTEM
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TABLE NO 10

REDUCED MAIN ELECTRICAL SUPPLY ASSOCIATED SYSTEM SUB-SYSTEMS
MONTHLY OUTAGES REPORT

MOMTH OF ____________  YEAR   UNIT NO

MAIN 
> ELECTRICAL 

SUPLLY 
A S S O C IA T E D  
SYSTEM 
SUB SYSTEMS

IN SERVICE

FORCED

OUTAGES

PLANNED

OUTAGES

hr.mln
NO hr.min NO hr.min

UNIT
GENERATOR 
TRANSFORMES 
(1 5/1 32 ) K.  V, 

(STEP UP)
(N T

RANSFORMERS

132 K.V 
MAIN BUS 
BAR (S.F.6) 
SWICH GEAR

2 32



TABLE NO 11

UNIT POWER SIDE ELECTRICAL SUPPLY ASSOCIATED SYSTEM
SUB - SYSTEMS MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

UNIT POWER 
SIDE
ELECTRICAL
SUPPLY
ASSOCIATED
SYSTEM
SUB-SYSYEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

UNIT
TRANSFORMER 

(15/6.6 K.V) 
(STEP DOWN)

132 K.V.
MAIN BUSBAR 

(S.F.6)
SWICH GEAR

UNIT POWER 
SIDE
AUXILIARIES 

TRANSFORMER 
(132 /6 .6  K.V) 

(STEP DOWN)

UNIT POWER 
SIDE
AUXILIARIES 

TRANSFORMER 
(6.6 K.V/415V) 

(STEP DOWN)
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TABLE NO 12

UNIT WATER SIDE ELECTRICAL SUPPLY ASSOCIATED SYSTEM
SUB SYSTEMS MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

UNIT WATER 
SIDE
ELECTRICAL
SUPPLY
ASSOCIATED
SYSTEM
SUB-SYSYEM S

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO h r . m i n NO h r . m i n

1 3 2  K.V.
MAIN BUSBAR 

(S.F.6)
SWICH G E A R

UNIT WATER 
SIDE
AUXILIARIES 

TRANSFORMER 
(132/11 K.V) 

(STEP DOWN)

-

UNIT WATER 
SIDE
AUXILIARIES 

TRANSFORMER 
(11 K.V/415V) 

(STEP DOWN)
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TABLE N 013

TURBINE COOLING ASSOCIATED SYSTEM SUB SYSTEMS
MONTHLY OUTAGE REPORT

MOMTH OF _________ YEAR_______________UNIT NO

TURBINE
COOLING
ASSOCIATED
SYSTEM
SUB-SYSYEMS

IN SERVICE
FORCED
OUTAGES

PLANNED
OUTAGES

hr.min
NO hr.min NO hr.min

TRASH
RACK

DISINFECTION
SYSTEM

TRAVELLING
SCREENS

TURBINE 
CONDENSER 
COOLING WATER 
PUMPS

VALVES
J

PIPES
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TABLE N014

DISTILLER COOLING ASSOCIATED SYSTEM SUB SYSTEMS
MONTHLY OUTAGES REPORT

MOMTH OF _________ YEAR   UNIT NO _____

DISTILLER
COOLING
ASSOCIATED
SYSTEM
SUB-SYSYEMS

IN SERVICE 

hr.mln

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

TRASH
RACK

DISINFECTION
SYSTEM

TRAVELLING
SCREENS

DISTILLER 
COOLING AND 
MAKE-UP 
WATER PUMPS

DISTILLER 
COOLING AND 
MAKE-UP 

WATER HEADER
•

VALVES

PIPES
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TABLE N015

BOILER SUB-SYSTEM MONTHLY OUTAGES REPORT

MOMTH O F  ____________  Y E A R    UNIT N O

BOILER SUB 
SYSTEM 
SUB-SUB 
SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

BOILER FEED&
MAKE-UP
WATER

BOILER HEAT
RECOVERY
AREA

BOILER
DRUM

BOILER
FURNACE

BOILER
COMBUSTION
AIR
BOILER 
FLUE GAS •

BOILER 
MAIN STOP 
VALVE

2 3 7



TABLE NO 16

BOILER FEED& MAKE-UP W ATER SU B -SU B  SYSTEM  MONTHLY O U TA G ES
R E PO R T

MONTH O F ___________  YEAR   UNIT NO ________

BOILER FEED& 
MAKE-UP 
WATER SUB
SUB SYSTEMS

IN
SERVICE
( h r . m i n )

FORCED
OUTAGES

PLANNED
OUTAGES

NO ( h r . m i n ) NO ( h r . m i n )

SERVICE WATER 
TANK(S)

SERVICE WATER 
PUMPS

MAKE-UP 
WATER STORAGE 
TANKS
NORMAL MAKE
UP WATER LINE

EMERGENCY 
MAKE-UP WATER 

LINE
DISTILLER 
CONDENSATE 
RETURN HEADER 
AND LINE

SPILL OVER 
RETURN LINE

MAIN
DEAERATOR & 
FEED WATER 
TANK
DEAERATOR 

(L.P.) STEAM 
FEEDING LINE

(H.P.) HEATER 
STEAM& 

CONDENSATE 
RETURN LINE

FEED WATER
TRANSFER
PUMPS
MAIN HEATER

MAIN HEATER 
(H.P.) STEAM 
FEEDING LINE
CONTROL
VALVES&
VALVES

PIPES

2 3 8



TABLE N017

BOILER HEAT RECOVERY AREA SUB-SUB SYSTEM MONTHLY 
OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

HEAT
RECOVERY
AREA
SUB-SUB
SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

hr.min NO hr.min

ECONOMIZER

PRIMARY
SUPERHEATER

ATTEMPERATOR NO

SECONDARY
SUPERHEATER

CONTROL
VALVES

VALVES

PIPES
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TABLE N018 

BOILER DRUM SUB-SUB SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

BOILER DRUM 
SUB SYSTEM 
SUB-SUB 
SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

DRUM
INTERNALS

BOILER FEED 
CHEMICAL 
TREATMENT 
SYSTEM

BLOW DOWN 
LINE

DRUM LEVEL
MEASURING
SYSTEM

DRUM SAFETY 
VALVE

DRUM VENTING 
SYSTEM ■

DRUM
SAMPLING
LINE
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T A B L E  N O  1 9

B O IL E R  F U R N A C E  S U B -S U B  S Y S T E M  M ONTHLY O U T A G E S  R E P O R T

MOMTH OF __________ YEAR   UNIT NO

BOILER
FURNACE
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

FURNACE
WALL
TUBES

DRAIN
VALVES •
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TABLE NO 20

COMBINED BOILER COMBUSTION AIR & FLUE GAS SUB-SUB 
SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

COMBINED
BOILER
COMBUSTION
& FLUE GAS
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

FORCED DRAFT 
FANS

COMBUSTION 
AIR CONTROL 
VALVES

AIR DAMPERS

STEAM AIR 
HEATER

AIR DUCT AND 
WIND BOX

FLUE GASES 
DUCT •

STACK
(CHIMNEY)
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T A B L E  NO 21

T U R B IN E  S U B  - S Y ST E M  MONTHLY O U T A G E S  R E P O R T

MOMTH O F  ___________________  Y E A R    UNIT NO

TURBINE SUB 
SYSTEM 
SUB-SUB 
SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

MAIN STEAM 
SUPPLY LINE

AUXILIARY 
STEAM LINE 
FOR MAIN 
EJECTOR & 
TURBINE 
GLAND

TURBINE 
LOAD CONTROL

HIGH
PRESSURE
TURBINE

LOW
PRESSURE
TURBINE

•

TURBINE
ROTOR

TURBINE 
LUBRICATING 
& HYDRAULIC 
OIL SYSTEM

TURBINE
CONDENSER
SYSTEM

-

TURBINE
CONDENSATE
SYSTEM

2 4 3



T A B L E  N O  2 2

MAIN S T E A M  S U P P L Y  S U B -S U B  SY STEM : M ONTHLY O U T A G E S  R E P O R T

MOMTH OF __________ YEAR   UNIT NO

MAIN STEAM 
SUPPLY 
SUB- SUB 
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

MAIN STEAM 
STOP VALVE 
LEFT & RIGHT

MAIN STOP 
STOP VALVE 
RIGHT 
BYPASS 
VALVE

VALVES

PIPES
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TABLE NO 23

AXILIARY STEAM FOR TURBINE AIR EJECTOR & GLAND SEALS
SUB-SUB SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

AXILIARY 
STEAM FOR 
TURBINE AIR 
EJECTOR & 
GLAND SEAL 
SUB-SUB 
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO h r.min NO hr.min

AIR EJECTORS

CONTROL 
VALVES FOR 
PRESSURE & 
LEVEL

HYDRAUILIC 
OIL FOR GLANDS 
STEAM 
REGULATOR

VALVES

PIPES

2 45



TABLE NO 24

TURBINE LOAD CONTROL SUB-SUB SYSTEM MONTHLY
OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

TURBINE 
LOAD CONTROL 
SUB-SUB 
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

CONTROL
VALVES

CAM AND CAM 
SHAFT

SERVOMOTOR

SPEED
GOVERNOR

GOVERNOR
MOTOR

LOAD LIMITER ■

INITIAL
PRESSURE
REGULATOR
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TABLE NO 25

HIGH PRESSURE TURBINE SUB-SUB SYSTEM MONTHLY 
OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

HIGH PRESSURE
TURBINE
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

TURBINE
CASING

FIXED AND
MOVING
BLADES

CONTROL 
VALVES CHEST

GLAND SEAL

INTERNAL
DIAPHRAM

VALVES •

PIPES

2 4 7



TABLE NO 26

LOW PRESSURE TURBINE SUB-SUB SYSTEM MONTHLY
OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

LOW PRESSURE
TURBINE
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

OUTER
CASING

INNER
CASING

FIXED AND
MOVING
BLADES

DIAPHRAM
RELIEF
VALVES

INTERNAL
DIAPHRAM

GLAND SEAL

VALVES

PIPES
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T A B L E  N O  2 7

T U R B IN E  R O T O R  S U B -S U B  S Y S T E M  M ONTHLY O U T A G E S  R E P O R T

MONTH OF _________  YEAR   UNIT NO

TURBINE 
ROTOR SUB-SUB 
SYSTEM 
SUB-SYSTEMS

IN
SERVICE

( h r . m i n )

FORCED
OUTAGES

PLANNED
OUTAGES

NO ( h r . m i n ) NO ( h r . m i n )

GOVERNOR 
DRIVING GEAR

MAIN OIL 
PUMP

HIGH PRESSURE 
(H.P) ROTOR

LOW PRESSURE 
(H.P) ROTOR

ROTOR
COUPLING

TURNING
GEAR

ROTOR
GLAND

GENERATOR
ROTOR

EXCITER
ROTOR

PILOT EXCITER 
ROTOR

TACHOMETER

BEARING

249



T A B L E  NO 2 8

T U R B IN E  H Y D R A U LIC  & LU B R IC A TIN G  OIL S U B - S U B  S Y S T E M
MONTHLY O U T A G E  R E P O R T

MONTH OF _________  YEAR _________  UNIT NO

TURBINE 
HYDRAULIC AND 
LUBRICATING OIL 
SUB-SUB 
SYSTEM 
SUB-SYSTEMS

IN
SERVICE

FORCED
OUTAGES

PLANNED
OUTAGES

( h r . m i n ) NO ( h r . m i n ) NO ( h r . m i n )

OIL PUMPS

OIL COOLERS

OIL STRAINNER

CONTROL
VALVES

OIL TANK

OIL TANK
VAPOUR
EXTRACTER

OIL PURIFIER

VALVES

PIPES
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TABLE NO 29

TURBINE CONDENSER SUB-SUB SYSTEM MONTHLY OUTAGE REPORT

MONTH OF _________  YEAR   UNIT NO

TURBINE
CONDENSER
SUB-SUB
SYSTEM
SUB-SYSTEMS

IN
SERVICE

( hr . mi n)

FORCED
OUTAGES

PLANNED
OUTAGES

NO ( hr . mi n) NO ( hr . mi n;

CONDENSER 
FRAME AND 
EXCHANGE TUBES

WATER BOXES

CATHODIC
PROTECTION
SYSTEM

HOT WELL

CONTAMINATED
CONDENSATE
PUMP

VACUUM
BREAKER

MAKE-UP WATER 
CONTROL VALVE

VALVES

PIPES
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TABLE NO 30
TURBINE CONDENSATE SUB-SUB SYSTEM MONTHLY OUTAGE REPORT

MONTH OF _________  YEAR   UNIT NO
TURBINE

CONDENSATE
SUB-SUB

SYSTEM
SUB-SYSTEMS

IN
SERVICE

FORCED
OUTAGES

PLANNED
OUTAGES

( h r . mi n ) NO ( h r . mi n ) NO ( hr . mi n)

SUCTION
STRAINER

CONDENSATE
PUMPS
MAXIMUM FLOW 

CONTROL VALVE

GLAND STEAM 
CONDENSER

EJECTOR AND 
GLAND STEAM 
LEVEL CONTORL 
VALVE

VALVES

PIPES
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TABLE NO 31

GENERATOR S U B  - SYSTEM  MONTHLY OUTAGE R E P O R T

MONTH O F ___________  YEAR   UNIT NO

GENERATOR IN
SERVICE

FORCED
OUTAGES

PLANNED
OUTAGES

SUB-SYSTEM
SUB-SUB

SYSTEMS
( h r . m i n ) NO ( h r . m i n ) NO ( h r . m i n )

GENERATOR
ROTOR

GENERATOR
STATOR

HYDROGEN
COOLING

SEALING OIL

PILOT EXCITER

EXCITER

VOLTAGE
CONTROL
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TABLE NO 32
GENERATOR ROTOR SUB-SUB SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF ________  YEAR   UNIT NO

GENERATOR 
ROTOR 
SUB- SUB
C V C T C M

IN SERVICE

FORCED

OUTAGES

PLANNED

OUTAGES

O T O l  C l V I

SUB SYSTEMS hr.min
NO hr.min NO hr.min

GENERATOR
ARMETURE

COLLECTOR
RINGS

COLLECTOR 
RINGS COOLER

BEARINGS

COUPLINGS
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T A B L E  N O  3 3

GENERATOR STARTOR SUB-SUB SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF __________ YEAR   UNIT NO

GENERATOR
STATOR
SUB-SUB
SYSTEM
SUB-SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

STARTOR
FRAME

STARTOR
WINDING

DUSBAR
DUCT
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TABLE NO 34

GENERATOR HYDROGEN COOLING SUB-SUB SYSTEM
MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

GENERATOR 
HYDROGEN 
COOLING SUB 
-SUB SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

HYDROGEN
CYLINDER
RACKS

HYDROGEN
RESSURE
REGULATING
VALVE

HYDROGEN
COOLERS

VALVES

PIPES

256



TABLE NO 35

GENERATOR SEALING OIL SUB-SUB SYSTEM MONTHLY OUTAGE REPORT

MONTH OF _________  YEAR   UNIT NO

GENERATOR 
SEALING OIL 
SUB-SUB 

SYSTEM 
SUB- SYSTEMS

IN
SERVICE

( hr . mi n)

FORCED
OUTAGES

PLANNED
OUTAGES

NO ( h r . mi n ) NO ( h r . mi n )

MAIN SEAL OIL 
PUMP

EMERGENCY SEAL 
OIL PUMP

VACUUM PUMP

SEAL OIL 
PRESSURE 
CONTROL VALVE

HYDROGEN 
DRAINING VALVE

AIR DRAINING 
TANK

SEALING OIL 
RINGS

VALVES

PIPES
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T A B L E  NO 3 6

GENERATOR PILOT EXCITER SUB-SUB SYSTEMS MONTHLY OUTAGES
REPORT

MONTH OF _________  YEAR   UNIT NO

GENERATOR
PILOT
EXCITER
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

PILOT
EXCITER
RPTOR

STATOR

BRUSHES
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T A B L E  N O  3 7

GENERATOR EXCITER SUB-SUB SYSTEM MONTHLY OUTAGES REPORT

MONTH OF __________ YEAR   UNIT NO

GENERATOR
EXCITER
SUB-SUB
SYSTEM
SUB- SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

EXCITER
ROTOR

EXCITER
STATOR

SILICON
RECTIFIERS

BRUSHES

CIRCUIT
BREAKERS

EXCITER
COOLOER

EXCITER 
CUBICAL 
COOLING FANS

VALVES

BEARINGS
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T A B L E  NO 3 8

G E N E R A T O R  V O L T A G E  C O N T R O L  S U B -S U B  SYSTEM- MONTHLY O U T A G E S
R E P O R T

M OM TH O F  __________  Y E A R    UNIT N O  ________

GENERATOR
VOLTAGE
CONTROL
SUB- SUB
SYSTEM
SUB SYSTEMS

IN SERVICE

FORCED

OUTAGES

PLANNED

OUTAGES

hr.min
NO hr.min NO hr.min

AUTOMATIC
VOLTAGE
REGULATOR
(AVR)
INDUCTION

VOLTAGE
REGULATOR

AUTOMATIC 
FOLLOW UP 
DEVICE
REACTIVE
POWER
CONTROLLER

POWER
FACTOR
CONTROLLER .

3 0 0



TABLE NO 39

HIGH PRESSURE (H.P) STEAM DIRECT FROM BOILER SUB-SUB 
SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

HIGH PRESSURE 
STEAM DIRECT 
FROM BOILER 
SUB-SUB 
SYSTEM 
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

HIGH PRESSURE 
STEAM LINE 
FROM BOILER
HIGH PRESSURE 
STEAM
DESUPERHEATER 
(AT BOILER 
SIDE)

REDUCED
HIGH PRESSURE
STEAM
CONTROL
VALVE

VALVES

PIPES

30 1



TABLE NO 40

HIGH PRESSURE (H.P) STEAM FROM COMMON HEADER SUB-SUB 
SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

HIGH PRESSURE
STEAM FROM
COMMON
HEADER
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

HIGH PRESSURE 
STEAM DIRECT 
FROM BOILER 
SUB-SUB 
SYSTEM 
( N BOILERS)

BOILER 1

BOILER 2

BOILER (N)

(H.P) STEAM
COMMON
HEADER

VALVES
■

PIPES
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TABLE NO 41

LOW PRESSURE (L.P) STEAM EXTRACTED FROM TURBINE SUB-SUB 
SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

LOW PRESSURE
STEAM
EXTRACTED
FROM TURBINE
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

LOW PRESURE 
STEAM LINE 
FROM 
TURBINE

PRESSURE
CONTROL
VALVE

VALVES

PIPES
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TABLE NO 42

LOW PRESSURE (L.P) STEAM FROM COMMON HEADER SUB-SUB 
SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

LOW PRESSURE
STEAM FROM
COMMON
HEADER
SUB-SUB
SYSTEM
SUB SYSTEMS

IN SERVICE
FORCED
OUTAGES

PLANNED
OUTAGES

hr.min
NO hr.min NO hr.min

HIGH PRESSURE 
STEAM DIRECT 
FROM BOILER 
SUB-SUB 
SYSTEM 
( N BOILERS)

BOILER 1

BOILER 2

BOILER (N)

LOW PRESSURE
STEAM
EXTRACTED
FROM TURBINE
SUB-SUB
SYSTEM
( N TURBINE)

•

TURBINE 1

TURBINE 2

TURBINE (N)

(L.P) STEAM
COMMON
HEADER

VALVES .

PIPES

3 0 4



TABLE NO 43

DISTILLER SUB-SYSTEM MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

DISTILLER SUB 
SYSTEM 
SUB-SUB 
SYSTEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

MAIN BRINE 
HEATER

HEAT RECOVERY 
SECTION

HEAT
REJECTION
SECTION

DISTILLATE
DISCHARGE

AIR EJECTOR
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T A B L E  N O  4 4

D ISTILLER  B R IN E  H E A T E R  S U B -S U B  S Y S T E M  M ONTHLY O U T A G E S  R E P O R T

MONTH OF __________ YEAR   UNIT NO

DISTILLER 
BRINE HEATER 
SUB-SUB 
SYSTEM 
SUB- SYSTEMS

IN SERVICE

FORCED

OUTAGES

PLANNED

OUTAGES

hr.min
NO hr.min NO hr.min

LOW
PRESSURE
DESUPERHEATER
(AT DISTILLER 

SIDE)

TEMPERATURE
CONTROL
VALVE

HEAT
EXCHANGE
TUBES

HEATER
SHELL

HEATER
DRAIN
PUMP

•

LEVEL
CONTROL
VALVE

VALVES

PIPES
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TABLE NO 45

DISTILLER HEAT RECOVERY SECTION SUB-SUB SYSTEM
MONTHLY OUTAGES REPORT

MOMTH OF _________  YEAR   UNIT NO

DISTILLER
HEAT
RECOVERY
SECTION
SUB-SUB
SYSTEM
SUB-SYSYEMS

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

BRINE
RECIRCULATING
PUMP

STAGES 
(IN SERIES) 
(N-3 STAGES)

VALVES

PIPES
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T A B L E  NO 4 6

DISTILLER H EA T R E C O V E R Y  S E C T IO N  S T A G E  S U B -S U B  S Y S T E M
MONTHLY O U T A G E S  R E P O R T

MONTH OF __________ YEAR   UNIT NO

DISTILLER
HEAT
RECOVERY
SECTION STAGE
SUB-SUB
SYSTEM
SUB- SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

FLASH
CHAMBER

ORFICE
PLATE

DIMISTER

HEAT
EXCHANGE
TUBES

WATER
BOXES

•

DISTILLATE
TROUGH

VENTING
ORFICE

3 0 8



T A B L E  NO 4 7

D ISTILLER  H EA T R E JE C T IO N  S E C T IO N  S U B -S U B  S Y S T E M  M ONTHLY
O U T A G E S  R E P O R T

MONTH OF ____________  YEAR   UNIT NO

DISTILLER
HEAT
REJECTION
SECTION
SUB-SUB
SYSTEM
SUB- SYSTEMS

IN SERVICE 

hr.min

FORCED

OUTAGES

PLANNED

OUTAGES

NO hr.min NO hr.min

SEA WATER 
MAKE-UP 

BLEED OFF 
LINE

SEA WATER
RECIRCULATING
PUMP
(ONLY FOR
WINTER
OPERATION

CHEMICAL
INJECTION
SYSTEM

STAGES 
IN SERIES 
(3 STAGES)

•

LAST STAGE 
LEVEL CONTROL 
SYSTEM

BLOW DOWN 
PUMP

DEAERATOR 
(INTERNAL OR 

EXTERNAL)

VALVES

PIPES

3 0 9



T A B L E  N O  4 8

D ISTILLER  D IS C H A R G E  S U B -S U B  S Y S T E M  MONTHLY O U T A G E S  R E P O R T

MONTH OF ____________  YEAR   UNIT NO

FORCED PLANNED

DISTILLER
DISCHARGE
SUB-SUB
SYSTEM

SUB- SYSTEMS

IN SERVICE OUTAGES OUTAGES

hr.min
NO hr.min NO hr.min

DISTILLATE
PUMP

DISTILLATE
LEVEL
CONTROL
SYSTEM

DISTILLATE
CONDUCTIVITY
CONTROL
SYSTEM

VALVES

PIPES •

3 1 0



TABLE NO 49

DISTILLER EJECTOR SUB-SUB SYSTEM MONTHLY OUTAGES
REPORT

MOMTH OF _________  YEAR   UNIT NO

DISTILLER
EJECTOR
SUB-SUB
SYSTEM
SUB-SYSYEM S

IN SERVICE 

hr.min

FORCED
OUTAGES

PLANNED
OUTAGES

NO hr.min NO hr.min

EJECTOR
STEAM
FLOW CONTROL 
VALVE

EJECTOR
NOZZELS

EJECTOR
CONDENSER

AIR
EXTRACTION
VALVE

DISTILLER
VENTING
PIPING

VALVES

PIPES
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REFERENCE STATION OUTAGE DATA ANALYSIS -CONCLUSIONS 

AND RECOMMENDATIONS



CHAPTER V III

REFERENCE STATION OUTAGE DATA ANALYSIS -CONCLUSIONS 

AND RECOMMENDATIONS

8.1. In troduction

As it was mentioned earlier in sections (1.4.6 ) and (1.4.7 ) of chapter (I), that 

the work of this chapter is to perform reliability calculations based upon the collected 

outage data from Doha East power&water production station in the state of Kuwait. 

Furthermore, it will contain the conclusions and recommendations.

8.2. Reference station characteristics

The selected reference station is Doha East (power&water) production station of 

the state of Kuwait. This station is composed of seven identical (power&water) 

production units. The power side sub - systems and associated systems of the seven 

units were commissioned over the period (1977 -1979). The power production of each 

unit is 150 (MW) of electrical power. Therefore the total installed production capacity 

of the station is 1050 (MW) of electrical power. The boiler efficiency is 

88.13 % and its capacity is 650 tons/hour. The turbine exhaust pressure is 1.16 

lb /sq in (Absolute pressure). The percentage of steam employed in the power side of 

the production unit is 79 %. of the boiler capacity.

The water production sub - system (the distiller) and the related associated systems of 

the seven units were commissioned over the period (1978 - 1979). The water 

production of each unit is 27270 (cubic meters) (6 million imperial gallons per day) of 

distilled water. Therefore the total installed production capacity of the station is 191 X 

10^ ((cubic meters) (42 million imperial gallons per day). The distiller performance 

ratio (P.R) is 8. The percentage of low pressure (L.P) steam extracted from the turbine 

for distillation purposes is 20 %. of the boiler capacity. The electrical energy needed for 

the distiller is 5 (MW). At the time of the reference station commissioning, it was 

considered the world's largest (power&water) production station.
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8.3. Reference station original outages data

The reference station operation department collects a monthly outages data in a 

form that is not meant for reliability assessment but, for the station personnel and the 

Ministry of Electricity and Water of the state of Kuwait reference and various uses. The 

outages data are collected separately for power generation side and the distilled water 

production side. For the purpose of the reliability calculations of the reference station, 

the monthly outages data for all the seven production units were collected over the 

period of five years (1982 - 1986). The choice for this particular period is due to the 

fact that the reference station is in it's useful life (i.e. passed it's de-bugging phase of 

life and not in it’s wear out phase of life). Tables (50 - 54) represent random samples 

of five months for the generation side outages (pages 321-325). These months are 

January 1982, June 1983, January 1984, April 1985, and December 1986 respectively. 

It should be noted that the abbreviation (N.N.C) in these tables refers to the national 

control centre of the Ministry of Electricity and Water of the state of Kuwait. Tables 

(55 - 59) represents a random samples of five months for the distilled water production 

side outages (pages 326-330). These months are January 1982, June 1983, January 

1984, April 1985, and December 1986 respectively. It should be noted that the 

abbreviation (W.C.C) in these tables refers to the water control centre of the water 

department of the Ministry of Electricity and Water of the state of Kuwait. The reason 

the thesis does not include the original (raw) reference station collected data is that the 

thesis will become a three volume thesis. However these original collected data are 

available on demand. It is obvious from the above mentioned tables that these tables 

contains only a small amount of information on the definitive failure mode and failed 

part description. The sample forms will be found at the end of the text of this chapter.

8.4. Reference station processed outages data

The original reference station data as in it’s raw form were not suitable for 

reliability calculations. Furthermore, there are two monthly forms, one for the 

generation side and the other for the water production side. Moreover, each form
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include the monthly outages for all the seven production units. Therefore, a new form 

was designed to enable us to input in it the monthly outages data of each production 

unit alone. The new form contains the monthly outages data for all the production unit 

associated systems and sub - systems. In order to fill in the new forms the original data 

was studied and all the queries regarding the outages data were verified. To accomplish 

the verification of the queries I, have made six trips to the state of Kuwait over the 

period of the research study, and held extensive discussions with the reference station 

operation personnel. Tables (60 - 64) represents a random samples of five months for 

production unit (A -1) outages data (gages 331-337). These months are January 1982, 

June 1983, January 1984, April 1985, and December 1986 respectively. The selected 

months are the same as the ones for the original data. The outages data in the new 

forms are referred to as the processed data. The processed data for all the seven 

production units over the five years period are presented in appendix (1) and found in 

volume (II) of the theses.The sample forms will be found at the end of text of this 

chapter.

8.5. Discussion of the results

All the processed data for the seven production units were entered in a computer 

spread sheet program, and the various reliability calculations were performed on them. 

The following sub - sections contains the various results. It should be noted that the 

reliability calculations in the following sections are mainly related to the major parts of 

the production units sub - systems (i. e. boiler, turbine, generator, distiller) and the 

station.

8.5.1. Five years statistics for unit sub - systems

Figure ( 121-A-B-C) represents a cumulative five year statistics for the 

production unit sub - systems (page 338). Figure (121-A) represent the total number of 

failures for boiler, turbine, generator, and distiller. From this figure, the number of 

forced failures encountered by the boiler was 102, the turbine was 29, the generator 

was 46, and the distiller was 72. It is obvious from the statistics that the boiler is the 

most vulnerable sub - system to forced outages.
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Figure (121-B) represents the mean time to repair (MTTR) for the various unit 

sub - systems. From this figure, the mean time to repair for the boiler is approximately 

64 hours, for the turbine is approximately 108 hours, for the generator is approximately 

55 hours, and for the distiller is approximately 45 hours. These results shows that 

eventhough, boiler is the most vulnerable sub - system to forced outages, however, it's 

mean time to repair is reasonable in comparison with the turbine. The mean time to 

repair for generator and distiller are not far from each other. The mean time to repair for 

the turbine is the most lengthy in comparison to the other production unit sub - 

systems.

Figure (121-C) represents the total outages over the five years period for the various 

unit sub - systems. From this figure, the total outages for the boiler was (6539) hours, 

for the turbine was 3132 hours, for the generator 2511 hours, and for the distiller was 

3220 hours. Furthermore, this figure shows the percentage of time the various 

production unit sub - systems were out of service over the five years period. The 

percentage of time the boiler was out of service was 2.1 %, the turbine was 1 %, the 

generator was 0.82 %, and the distiller was 1 %. These percentages indicates that the 

production unit sub - systems outages are fairly reasonable and acceptable, provided the 

maintenance work is kept at a high level.

8.5.2. Average failure rates over the five years

Table (65) represents the average failure rates (X) for the production unit 

associated systems, and the unit sub - systems for the years (1982), (1983), (1984), 

(1985), and (1986) as well as the overall average (page 339). Furthermore, it contains 

the production unit reliability over a year, a month, a week, and a day. Moreover, it 

contains the unit availability. From the table it is clear that the failure rate (X) for the 

main electrical supply (electrical supply 1) associated system, and the sea water intake 

associated system is zero. Furthermore, the table shows that the distiller failure rate is 

the highest among the production unit sub - systems, and the distiller cooling associated 

system failure rate is the highest among the unit associated systems. The average
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production unit reliability per year is 1.36 X10"4, per month is 0.27, per week is 0.71, 

and per day is 0.95. The average production unit availability is 49 % . It should be 

noted that these values refers the production unit when it is producing both power and 

distilled water at the same time. These values illustrates that the production unit is 

maintenance intensive, and requires constant repairs. Furthermore, with such a low 

reliability and availability the station should have a substantial reserves units in to order 

meet the demands.

8.5.3. Average failure rates for the boiler sub - system

Figure (122) represents the average failure rates for the boiler sub - system for 

each boiler of the seven production units (page 340). From this figure, values of the 

failure rates for the different boilers are close.

8.5.4. Average failure rates for the turbine sub - system

Figure (123) represents the average failure rates for the turbine sub - system 

for each turbine of the seven production units (page 341). From this figure, values of 

the failure rates for the different turbine are very close, and can be regarded as constant.

8.5.5. Average failure rates for the generator sub - system

Figure (124) represents the average failure rates for the generator sub - system 

for each generator of the seven production units (page 342). From this figure, values of 

the failure rates for the different generator are very close, and can be regarded as almost 

constant.

8.5.6. Average failure rates for the distiller sub - system

Figure (125) represents the average failure rates for the distiller sub - system 

for each distiller of the seven production units (page 343). From this figure, values of 

the failure rates for the different distiller are close except for unit (A - 7), because the 

brine pump of this unit was on a forced outage for almost one and half years.

8.5.7. Average failure rates for all unit sub - systems

Figure (126) represents the average failure rates for all the production unit 

sub - systems (page 344). The dotted line in the figure refers to the distiller average
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failure rate without unit (A - 7) outages included in the calculations. The confidence that 

can be placed in theses calculated average values is dependent upon the amount of in 

service time and the number of failures that occur. In order to establish the confidence 

limits in these average values, the chi - square distribution method of calculating the 

upper and lower limits was used.

8.5.8. Chi - Square Distribution Estimate

The chi square distribution estimate of the 95 % confidence limits of the 

calculated average failure rates for the boiler, turbine, generator, and distiller were 

computed using the chi - square tables. The lower limit of the chi - square distribution 

is as follows [94]:

X2 1 - f  >2v
Lower limit = ------------------- ------------------------------------ (214)

2 1

W here:

p = 1-0.95 = 0.05

v = number of failures

2 X v = degree of freedom 

t = in service time (hours)

And the upper limits is as follows ;

o P X2 7  , 2 v + 2
Upper limit =  2 _ ------ --------------------------------------(215)

The lower and upper limits values of the y}  are found by looking into a cumulative 

chi - square distribution tables using the ordinate (P/2) or (1 - P/2) and the abscissa of 

(2 v) or (2 v + 2). The tabulated values are divided (2  X t ) and expressed in hours to 

obtains the 95 % confidence limits for the mean failure rate. Figure (127) represents the 

chi - squrare upper and lower confidence limits for the boiler, turbine, generator, and 

distiller for, 1982,1983,1984,1985, and 1986 respectively (page 345). From the 

figure, it is clear that the values of the calculated average failure rates for all the 

production unit sub - systems lies between the upper and the lower limits of the
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estimated chi - square values. This indicates that the assumption that the failure rates is 

constant, which was made in developing the reliability models in chapter (V) is 

consistent with these calculations.

8.5.9. Average failure rates for Unit (A - 1) Sub - Systems

Figure (128) represents average failure rates for unit (A -1 ) sub - systems. The 

figure is presented for comparison purpose (page 346). It is clear from the figure that 

the failure rates of the various sub. systems are scattered.

8.5.10. Production Unit Sub - Systems Mean Time Between

Failures (MTBF)

Figure (129) represent the production unit sub - systems mean time between 

failures (MTBT) (page 347). From the figure, The (MTBF) for the boiler is 

approximately 2250 hours, for the turbine is approximately 7750 hours, for the 

generator is approximately 5000 hours, and for the distiller is approximately (1500 

hours). It is clear from these values that the distiller (MTBT) is the shortest and the 

(MTBT) for the turbine is the longest. It should be noted that these values should be 

compared with values of the mean time to repair (MTTR) in figure (121). Figure (129) 

and (121) form part of the station maintainability analysis. It is recommended that this 

analysis should be performed by future interested analysts.

8.5.11. Dual - purpose (power&water) station reliability

Figure (130) (page 348) represents the reliability of the station based on the "r" 

out of "n" configuration reliability model developed in chapter (V) of the thesis..The 

figure shows the probability of no failures within a month encountered by the seven 

production units versus the number of units operational to be considered a successful 

operation of the station. From the figure it is clear that the number of units that can be 

operated successfully out of the seven in a month time is 3 units with a probability of 

success of 40 %.

8.6. Conclusions

From the work of the previous chapters, and the results of this chapter, the
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following conclusions can be made :

1. The reliability models for the production station, unit associated systems, unit 

sub - systems, and their sub - sub systems which were presented in chapter (V) 

of the thesis are fairly representative and adequate for reliability calculations of the 

dual - purpose (power&water) production station and production unit.

2. The assumption that the failure rates is constant, which was made in developing the 

reliability models in chapter (V) is consistent with reliability calculations. Hence it 

reasonable to make such an assumption for future reliability calculations.

3. The results of the reliability calculations indicates that the dual purpose 

(power&water) production units are highly maintenance intensive. Therefore, in 

order to meet the demands, a highly skilled maintenance team should be available, 

and adequate spare parts should available at all time.

4 The results of the reliability calculations indicates that the boiler is the 

most vulnerable sub - system to forced outages.

5. The results of the reliability calculations indicates that the turbine mean time to 

repair is very long. Therefore, this factor should be considered when setting - up 

turbine specifications.

8.7. Recommendations

Based on the research studies, the following recommendations are presented :

1. A maintainability analysis should be initiated to complement the reliability works of 

this thesis

2. The maintainability analysis should address it's self not only to forced outages, but 

also to the planned outages and the stand by outages.

2. A state space reliability assessments of the (power &water) production station and 

the production unit should be conducted in order to establish the static production 

capacity planning for future stations, production capacity reserve, and operating 

reserve.

3. A detailed criticality analysis should be performed in order to identify the critical 

components of the production unit associated systems and sub - systems.and their
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sub - systems.

4. A computerized information system for reliability and maintainability works based 

on the suggested monthly outages report of chapter (VII) of thesis should be 

developed and implemented.

5. An interconnected production stations reliability analysis should be initiated, in 

order to establish an overall reliability models for future planning of the production 

of power and distilled water for the country as a whole.
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TABLE NO 60

DUAL-PURPOSE(POWER & WATER) STATION UNIT MONTHLY OUTAGES
( R e f r e n c e  S ta t io n  P r o c e s s e d  D a ta  )

REPORT

MONTH OF : J A N U A R Y YEAR : 1 9 8 2 UNIT NO : A 1
UNIT

A SSO C IA T E D
SYSTEMS

UNIT
S U B 

S Y S T E M S

IN
SERVICE
h r . m i n

FORCED
OUTAGE
h r . m i n

PLANNED
OUTAGE

h r . m i n

*

AEFAEU 1 
h r . m i n

★★

ABNO 2 
h r . m i n

FUEL 2 2 3 .0 2 5 2 0 .5 8
ELECTRICAL 
SU PPL Y  (1) 7 4 4 .0 0
ELECTRICAL 
SU PPLY  (2) 2 2 3 .0 2 5 2 0 .5 8
ELECTRICAL 
SU PPL Y  (3) 7 4 4 .0 0
SEA WATER 

INTAKE 7 4 4 .0 0
TURBINE
COOLING 2 2 3 .0 2 5 2 0 .5 8

DISTILLER
COOLING 7 4 4 .0 0
TURBINE

DISCHARGE 2 2 3 .0 2 5 2 0 .5 8
DISTILLER

DISCHARGE 7 4 4 .0 0
DISTILLER H.P 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER 7 4 4 .0 0
(2) FROM 

COMMON HEADER 7 4 4 .0 0
DISTILLER L.P. 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER
(2) FROM 

COMMON HEADER 7 4 4 .0 0
(3) EXTRACTED 
FROM TURBINE 7 4 4 .0 0

BOILER 2 2 3 .0 2 5 2 0 .5 8
TURBINE 2 2 3 .0 2 5 2 0 .5 8

GENERATOR 2 2 3 .0 2 5 2 0 .5 8
DISTILLER 7 4 4 .0 0

* AEFAEU 1 = Available except for unit sub-systems or
associated systems unavailability.

** ABNO 2 = Available but not operated, (stand by).

331



TABLE NO 61

DUAL-PURPOSE(POWER & WATER) STATION UNIT MONTHLY OUTAGES
( R e fren ce  S ta tion  P ro c e s s e d  Data )

REPORT

MONTH OF : JUNE YEAR : 1 9 8 3 UNIT NO : A 1
UNIT I 

ASSOCIATED 
SYSTEMS

UNIT
S U B 

SY STEM S

IN
SERVICE
h r . m i n

FORCED
OUTAGE
h r . m i n

PLANNED
OUTAGE
h r . m i n

*

AEFAEU 1 
h r . m i n

* *

ABNO 2 
h r . m i n

FUEL 7 1 7 .2 4 2 .36
ELECTRICAL 
SUPPLY (1) 7 2 0 .0 0
ELECTRICAL 
SUPPLY (2) 7 1 7 .2 4 2 .3 6
ELECTRICAL 
SUPPLY (3) 118 .45 60 1 .1 5
SEA WATER 

INTAKE 72 0 .0 0
TURBINE
COOLING 7 1 7 .2 4 2 .36

DISTILLER
COOLING 118 .45 6 0 1 .1 5
TURBINE

DISCHARGE 7 1 7 .2 4 2 .3 6
DISTILLER

DISCHARGE 118 .45 6 0 1 .1 5
DISTILLER H.P 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER 118 .45 6 0 1 .1 5
(2) FROM 

COMMON HEADER 72 0 .0 0
DISTILLER L.P. 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER
(2) FROM 

COMMON HEADER 72 0 .0 0
(3) EXTRACTED 
FROM TURBINE 118 .45 6 0 1 .1 5

BOILER 7 1 7 .2 4 2 .3 6
TURBINE 7 1 7 .2 4 2 .3 6

GENERATOR 7 1 7 .2 4 2 .3 6
DISTILLER 1 18 .45 6 0 1 .1 5

* AEFAEU 1 = Available except for unit sub-systems or
associated systems unavailability.

** ABNO 2 = Available but not operated, (stand by).
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TABLE NO 62

DUAL-PURPOSE(POWER & WATER) STATION UNIT MONTHLY OUTAGES
( Refrence Station Processed Data )

REPORT

MONTH OF : JANUARY YEAR : 1984 UNIT NO : A 1
UNIT

ASSOCIATED
SYSTEMS

UNIT
SUB

SYSTEMS

IN
SERVICE
hr.min

FORCED
OUTAGE
hr.min

PLANNED
OUTAGE
hr.min

*

AEFAEU 1 
hr.min

★ *

ABNO 2 
hr.min

FUEL 668.50 73.01
ELECTRICAL 
SUPPLY (1) 744.00
ELECTRICAL 
SUPPLY (2) 668.50 73.01
ELECTRICAL 
SUPPLY (3) 483.00 261.00
SEA WATER 

INTAKE 744.00
TURBINE
COOLING 668.50 73.01

DISTILLER
COOLING 483.00 261.00
TURBINE

DISCHARGE 668.50 73.01
DISTILLER

DISCHARGE 483.00 261.00
DISTILLER H.P 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER 483.00 261.00
(2) FROM 

COMMON HEADER 744.00
DISTILLER L.P. 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER
(2) FROM 

COMMON HEADER 744.00
(3) EXTRACTED 
FROM TURBINE 483.00 261.00

BOILER 668.50 73.01 2.09
TURBINE 668.50 73.01 2.09

GENERATOR 668.50 73.01 2.09
DISTILLER 483.00 261.00

* AEFAEU 1 = Available except for unit sub-systems or
associated systems unavailability.

** ABNO 2 = Available but not operated, (stand by).
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TABLE NO 63

DUAL-PURPOSE(POWER & WATER) STATION UNIT MONTHLY OUTAGES
( Refrence Station Processed Data )

REPORT

MONTH OF : APRIL YEAR : 1985 UNIT NO : A 1
UNIT

ASSOCIATED
SYSTEMS

UNIT
SUB

SYSTEMS

IN
SERVICE
hr.min

FORCED
OUTAGE
hr.min

PLANNED
OUTAGE
hr.min

★
AEFAEU 1 

hr.min

* *

ABNO 2 
hr.min

FUEL 696.44 23.16
ELECTRICAL 
SUPPLY (1) 720.00
ELECTRICAL 
SUPPLY (2) 696.44 23.16
ELECTRICAL 
SUPPLY (3) 608.00 6.25 105.35
SEA WATER 

INTAKE 720.00
TURBINE
COOLING 696.44 23.16

DISTILLER
COOLING 608.00 6.25 105.35
TURBINE

DISCHARGE 696.44 23.16
DISTILLER

DISCHARGE 608.00 6.25 105.35
DISTILLER H.P 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER 608.00 112.00
(2) FROM 

COMMON HEADER 720.00
DISTILLER L.P. 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER
(2) FROM 

COMMON HEADER 720.00
(3) EXTRACTED 
FROM TURBINE 608.00 112.00

BOILER 696.44 23.16
TURBINE 696.44 23.16

GENERATOR 696.44 23.16
DISTILLER 608.00 6.25 105.35

* AEFAEU 1 = Available except for unit sub-systems or
associated systems unavailability.

** ABNO 2 = Available but not operated, (stand by).
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TABLE NO 64

DUAL-PURPOSE(POWER & WATER) STATION UNIT MONTHLY OUTAGES
( Refrence Station Processed Data )

REPORT

MONTH OF : DECEMBER YEAR : 1986 UNIT NO : A 1
UNIT

ASSOCIATED
SYSTEMS

UNIT
SUB

SYSTEMS

IN
SERVICE
hr.min

FORCED
OUTAGE
hr.min

PLANNED
OUTAGE
hr.min

★
AEFAEU 1 

hr.min

★*
ABNO 2 
hr.min

FUEL 704.12 39.48
ELECTRICAL 
SUPPLY (1) 720.00
ELECTRICAL 
SUPPLY (2) 704.12 39.48
ELECTRICAL 
SUPPLY (3) 345.00 280.00 119.00
SEA WATER 

INTAKE 720.00
TURBINE
COOLING 704.12 39.48

DISTILLER
COOLING 345.00 280.00 119.00
TURBINE

DISCHARGE 704.12 39.48
DISTILLER

DISCHARGE 345.00 280.00 119.00
DISTILLER H.P 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER 345.00 119.00
(2) FROM 

COMMON HEADER 720.00
DISTILLER L.P. 

STEAM SUPPLY
(1) DIRECT 

FROM BOILER
(2) FROM 

COMMON HEADER 720.00
(3) EXTRACTED 
FROM TURBINE 345.00 119.00

BOILER 704.12 39.48
TURBINE 704.12 39.48

GENERATOR 704.12 39.48
DISTILLER 345.00 280.00 119.00

* AEFAEU 1 = Available except for unit sub-systems or
associated systems unavailability.

** ABNO 2 = Available but not operated, (stand by).
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FIGURE NO 121
Five Year Statistics for Unit Sub-systems
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T A B L E  NO 65 

Average Failure Rate over 5 Years

1982 1983 1984 1985 1986

UNIT ASSOCIATED Av. Fail Rate Av. Fail Rate Av. Fail Rate Av. Fail Rate Av. Fail Rate Av. Fail Rate

SYSTEMS /hour (Lambda] /hour (Lambda) /hour (Lambda) /hour (Lambda] /hour (Lambda) /hour (Lambda)

FUEL 0.00E+00 9.81E-05 0.00E+00 1.18E-04 1.83E-04 7.98E-05

ELECTRICAL SUPPLY (1) O.OOE+OO 0.00E+00 0.00E+00 O.OOE+OO O.OOE+OO O.OOE+OO

ELECTRICAL SUPPLY (2) 1.79E-04 1.81E-04 1.21E-04 8.29E-05 1.76E-05 1.16E-04

ELECTRICAL SUPPLY (3) 1.70E-04 8.01E-05 2.33E-04 7.86E-05 4.75E-05 1.22E-04

SEA WATER INTAKE 0.00E+00 0.00E+00 0.00E+00 O.OOE+OO O.OOE+OO O.OOE+OO

TURBINE COOLING O.OOE+OO 1.78E-05 2.15E-05 O.OOE+OO 2.46E-05 1.28E-05

DISTILLER COOLING 2.40E-04 0.00E+00 1.30E-O4 5.15E-04 1.13E-04 2.00E-04

TURBINE DISCHARGE O.OOE+OO 6.96E-05 O.OOE+OO O.OOE+OO O.OOE+OO 1.39E-05

DISTILLER DISCHARGE 6.74E-05 0.00E+00 6.28E-05 4.36E-04 O.OOE+OO 1.13E-04

UNIT SUB-SYSTEMS •

BOILER 4.62E-04 4.51E-04 4.31E-04 4.79E-04 4.26E-04 4.50E-04

TURBINE 9.67E-05 1.41E-04 1.19E-04 1.33E-04 1.51E-04 1.28E-04

GENERATOR 1.85E-04 3.39E-04 1.77E-04 2.20E-05 2.61E-04 1.97E-04

DISTILLER 9.09E-04 1.03E-03 6.19E-04 4.96E-04 4.21E-04 6.96E-04

RELIABILITY OF

UNIT /year 4.98E-04 3.16E-06 7.57E-07 1.15E-04 6.27E-05 1.36E-04

/month 0.31 0.23 0.26 0.24 0.33 0.27

/week 0.71 0.68 0.72 0.68 0.76 0.71

/day 0.95 0.94 0.95 0.94 0.96 0.95

Availability 67% 57% 43% 31% 45% 49%
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FIGURE NO 122

Average Failure Rates for Boiler Sub-system
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FIGURE NO 123
Average Failure Rates For Turbine

Sub-system
---------□— Unit 1
------•— Unit 2
---------D------ Unit 3
---------0 — Unit 4
---------■------ Unit 5
---------□------• Unit 6
---------* ------ ' Unit 7

4.00e-3

3.00e-3

2.00e-3

1.00e-3

0.00e+0 -r 
82

Year

339



Fa
ilu

re
 

R
at

e/
H

ou
r

FIGURE NO 124
Average Failure Rates For Generator

Sub-syatem
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FIGURE NO 125
Average Failure Rates For Distiller

Sub-system
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FIGURE NO 126
Average Failure Rates for all Unit

Sub-systems
1.200e-3 Boiler

Generator
Distiller
Dist *

1.000e-3

8.000e-4

6.000e-4

4.000e-4

2.000e-4

0.000e+0
82 83 84 85 86

Y ear

* Distiller without unit 7

342



Fa
ilu

re 
Ra

te 
(/h

ou
r) 

Fa
ilu

re
 

Ra
te 

(/h
ou

r)

FIGURE NO 127

Average Failure Rates Chi - Square Distribution Estimate
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Average Failure Rates for Unit-1
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FIG U RE NO 129 

UNIT Sub - system s M ean Tim e Between F ailu res
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FIGURE NO 130 
REFERENCE STATION RELIABILITY
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