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SUI1!1A!l.Y 

A method of fault tree synthesis relevant to the generation of 

fault trees for use both in hazard assessment in the design of plant 

and in the analysis of fault conditions using a process control com-

puter is described. List processing techniques and bit manipulation 

,·;' have been used to reduce computation time and computer storage require
·, i. I 

~! 
ments. The programming language used in the development of the algorithm 

~· ·,. 
' ' was RTL/2. Several examples are presented to illustrate the methodology. 
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Chapter 1 

! 

INTRODUcriON 

When chemical processing plants started to become more complex, new 

techniques to help in the control of these plants were developed. This 

made them, in some respects more reliable. 

Initially automation helped the operator to achieve acceptable 

control of complex systems. Later on the widespread use of analogue 

controllers and the arrival of the computer changed the functions of 

the operators. The number of operating personnel in the plants was 

reduced and a tendency .to locate the control of a plant in central 

control rooms arose. With this trend th~ operator became more and more 

like a supervisor whose functions were to diagnose the faults that 

occurred in the plant and to take remedial action. This was not.an 

easy task and sometimes costly mistakes were made. 

Nowadays the new complex processing plants have a system of 

visual and audible alarms to help the operator in the diagnosis of a 

fault, but even with these aids his problems have not been solved. 

Sometimes he finds himself moni~oring several hundred variables at a 

time, if a fault occurs in a part of the plant, several alarms may 

become active Within a few seconds and he has to find out which of 

the variaples that triggered the alarms is in fact the original cause 

of the trouble. When a difficult situation suddenly arises, the opera

tor is under enormous stress, he has by means of his knowledge of the 

system to be able to reach a decision, to correct the fa.ult and bring 

--~-----------------------~------------------ ---------
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the plant back to normal. He has to do this without delay because, if 

a certain combination of conditions occurror no remedial action is 

taken after a fixed time delay, a "trip" system might be activated to .. 
shutdown the plant. Bearing in mind that the more complex a plant is 

the higher are the costs of shutting it down, usually the operator will 

try to avoid the use of the'tri~ system. It is in these difficult 

situations that his diagnosis is prone to error. 

It was felt that something should be done to help the operator in 

those difficult situations. The first plants that started to incor-
' i 

porate aids concerned with the problem were nuclear power plants; 

, (Kl) 
they introduced alarm analys1s schemes. The alarm analysis tech-

nique attempts to help in the solution of the problem by determining 

the relationships between the different alarms and providing the 

operator with this information. This technique is now well established 

in nuclear power stations, but in other industries like the chemical 

process industry little has been done to solve the problem. 

f? 

This work originated from the studies carried out by Dr. P.K. 

Andow and Prof. F.P. Lees on the use of a process control computer to 

analyse process alarms as they occur in the chemical plant. In their 

studies they found some deficiencies in the alarm systems and it was 

suggested that one facility which would greatly improve alarm systems 

could be the ability to analyse alarms to determine the basic cause of 

trouble. 

(A2) 
Dr. Andow developed a method based on the concept of 
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information flow and in which the determination of the alarm relations 

is carried out automatically. The technique used in his method, is 

' 
first to generate the network relating to all the process variables 

and then reduce the network to a network·relating only to those process 

variables. on which there are alarms. A unit model approach is used and 

functional models with direction are the basis of the approach. With .. 
the experience obtained from the development of the method for alarm 

analysis, it was considered that an investigation of other alternatives 

such as fault trees could provide some answers to the problem of alarm 

analysis in Chemical Process plants. 

Fault tree analysis (FTA) and Fault Tree Synthesis (FTS) can have 

several uses in the Chemical Process ind"stry, some of the aspects in 

which it could be used are: 

1) To find the main cause of the problem. 

2) To evaluate reliability in a plant. 

3) To find the most. effective place for the process 
alarms. 

4) To help •the operator in the "control room" to 
make the correct decision. 

FTA could be used in a wide range of the· chemical engineer's 

activities, from the design stage until the full commissioning and 

operation of a plant; still fault tree analysis is not widespread in 

the Chemical Process industries, as it is in other industries (aero-

space, nuclear). The literature-survey revealed that the causes of the 

slow spread have been: 
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1) The nature of chemical processing systems. They 
have an arbitrary configuration, their performance· 
has to be described taking into account their 
material, momentum and energy balance relation
ships.· 

2) The lack of skilled fault tree analysts in the 
chemical process industry. 

3) The lack of automated systematic methodologies for 
fault tree generation. 

Nowadays some new methodologies have emerged and the state of the art 

has been advanced. Fault trees have been used,at the design stage of 

a plant for hazard assessment and the automated generated trees, have 

proved useful for this purpose. 

In spite of the new methodologies some areas in which the fault 

tree techniques could be used still remain "untouched". Some 

authors (A2,Ll,,F3) have mentioned the possible use of fault trees for 

alarm analysis and as a.way to help the operator in the control room 

to make the correct decisions, but nothing has gone beyond that point. 

This work was intended to explore new areas of the Chemical Process 

industry in which fault tree analysis could be applied. By looking at 

some of the problems of Alarm Analysis it was found that fault trees 

could be used to help the operator in the difficult task of finding 

the original cause of trouble in a plant, when several alarms were 

active. 

A feasible approach was to consider every alarm as a top event and 

then by developing the top event, the causes of the alarm could be 

found. Measurements could be checked for each variable with an alarm, 
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at the moment of developing the tree, in this way some branches of the 

tree would not have to be developed if the variables were inside their 

limits. Other basic faults such as blockage or mechanical failure 

could be considered by giving them a probability' weight in the tree. 

Once the tree was developed the operator could use the information 

provided by the tree to reach a better decision about any further 

action in the plant. The approach described, required a methodology 

capable of overcoming the real time problems of fault tree synthesis. 

The aim of this work is to present a methodology capable of dealing 

with these problems. 

To develop the methodology described in this work the use of a 

process computer was ideally suited, but· it was necessary to have a 

computer language capable of handling the data required to build the 

fault trees in an efficient way. The main reason for this was that 

computational problems involved were quite different from those found 

in numerical programming problems• RTL/2 was the language chosen'for 

this. 

The content of this thesis is arranged in such ·a way that the 

central theme of "fault trees for design and real time purposes" is 

preserved. Other aspects of the work which are'peripheral to this 

theme will be confined to the Appendices. The literature survey· 

presented in Chapter 2 is mainly a review of the most important 

papers concerned with Fault Tree Analysis and Synthesis since the 

origin of these techniques. 
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The methodology used in this work has several input requirements 

which are summarised in Fig. 1.1 Each one of these requirements will 

be discussed in the. work. Chapter 3 is devoted to discussing the 

basis of the modelling method used in the methodology and the role 

played by the models in the construction of the minitrees. These mini

trees were manually built in this work. .chapter 4 describes the use 

of the minitrees to construct fault trees. Chapter 5 presents the 

synthesis methodology and the different algorithms required. The use 

of the methodology for design and real time purpose is illustrated. by 

means of several examples in Chapter 6. Finally Chapter 7 is devoted 

to a discussion of the.work and its further applications. 
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Chapter 2 

Literature Survey 

The distinction between analysis and synthesis can be stated as 

follows: Analysis .deals with the understanding of how things are and 

how they work, once the analysis is done, the result can be used in 

the creation of artificial things with certain desired properties, 

this creation process is called synthesis. (Rl) · 

Bearing in mind this distinction th~ aim of this chapter is to 

cover· the area of Fault Tree Analysis (FTA) • It is mainly a review of 

the most important papers concerned with FTA since its origin. Some 

of the basic concepts and techniques are described in order to make it 

easier, for those non-familiar with.the subject, to have a better 

understanding of-the chapters to follow. Any other references with 

other aspects of this topic will be inserted where relevant to the 

text. 

The concept of fault tree analysis was originated by H.A. Watson 

t of Bell Telephone Laboratories in 1961 and refined by a study team 

of the same firm as a technique with which to perform a safety evalua

tion of the Minuteman Launch Control system. Bell engineers discovered 

that the method"used to describe the flow of "correct" logic in data 

processing equipment, could also be used for analysing the "false" 

logic which results from component failures. Further, this was ideally 

suited to the application of probability theory in order to numerically 

define the critical events. The Minuteman was successfully completed 
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using the new technique, and provided convincing arguments. for the 

incorporation of a number of equipment and procedure modifications. (Hl) 

Since the concept of Fault Tree Analysis (FTA) was introduced, 

significant refinement of the analytical and mathematical techniques 

used has taken place. Fault Tree Analysis evolved in the aerospace 

industry in the early 1960's and later on in the nuclear industry. 

In 1965 at a Safety Symposium in Seattle, Washington; D.F. Haasl 

and other authors presented their advances achieved in using the fault 

tree technique. The two major steps of FTA were identified as: 

1) The construction of the fault tree. 

2) Its evaluation. 

. (Hl) In hLs presentation Haasl described two techniques, that he and a 

team of analysts of the Boeing Company, used for fault tree construe-

tion. He called them "Primary Failure Technique" and "Secondary 

Failure Technique". For Haasl the failure of a component was "primary" 

if it occurred while the part was functioning within the operating 

parameters for which it had been designed. It was termed "secondary" 

, 1 if the failure occurred when the component was subjected to abnormal 

:> 
environmental stresses such as failures in related equipment. With 

the Primary Failure Technique, the failure of one component is pre-
~' 

{.,._.; \ , ___ 0_, sumed to be unrelated to the failure of any other component. The 
!-'· 

tree must be developed only to the point where identifiable primary 

component failures will directly produce the required fault events. 

With the Secondary Failure Technique, all significant fault inter-

relationships must be developed. The analysis does not stop when it 

'·-~ '· :_ ________ ..;_ _________________________________ ... 
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reaches the component level. It continues until the effect of each 

component, and the possible failures of all related components, has 

been portrayed. 

Haasl considered that the fault tree provides a concise and 

orderly description of the various combinations of possible occurrences 

within a system which can result in a predefined· "undesired event". 

Before construction of the fault tree can be carried out the analyst 

must acquire a thorough understanding of the system. 

Figs. 2.1 and 2.2 show the nomenclature that Ha~sl and other 

participants in the symposium used in their presentation to represent 

the trees in fault tree analysis. 

The nomenclature can be classified in two types: 

l) Logic gates. 

2) Event symbols. 

The fundamental logic gates for fault tree construction are the 

AND and the OR gates. The AND gate describes the logical operation 

whereby the coexistence of all input events is required to produce the 

situation whereby the output.event will exist if at least one of the 

input events i~ present. There are no restrictions on the number of 

inputs to either gate. 

The Event symbols used to represent the components of the tree 

were not always the same but the most "popular" are shown in Fig. 2. 2. 
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A rectangle defines an event that is the output of a logic gate and is 

dependent on the type of logic gate and the inputs to the logic gate • 

. A circle defines a bas.ic inherent failure of a system elenient when 

operated within its design specifications. A diamond defines fault 

inputs that were considered basic· in a given fault tree, but the 

possible causes of the event were not developed either because the 

event was of. insufficient consequence or the necessary information 

was unavailable. Triangles are used as transfer symbols. A line from 

·the apex of the triangle indicates a transfer in, and a .line from the 

side denotes a transfer out.' 

There are other logic gates, but they are based upon special com

binations or modifications of the fundamental gates. One of these 

"special" gates is. the "INHIBIT" gate, it was used by Haasl in his 

secondary·fault technique. The "INHIBIT" ·gate defines the situation 

where the co-existence of an input event and a conditional event is 

necessary in order to produce the output event. In this situation a 

dependency relationship exists between the input event and the con

ditional event. The input eVent directly produces the.output event if 

the indicated condition is satisfied, (see Fig. 2.3). 

This 'nomenclature is now familiar to anyone initiated in fault 

tree analysis and has become the common nomenclature to represent fault 

trees. 

The example used by Haasl to illustrate the difference between the 

two techniques for fault tree construction has become a classical example 
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in the fault trees literature. (F2,N2) This example is shown in 

Fig. 2.4. It is a system designed to make available mechanical 

energy from the motor whenever the switch is.closed by the action of 

an external system. When the switch is closed, power is applied to 

the relay coil through the timer contacts. With power on the relay coil, 

the relay contacts close and cause power to be applied through the fuse to the 

motor. When the switch is later opened, power is removed from the 

relay coil thereby opening the relay contacts and removing power from 

the motor. The timer and the fuse are safety devices. If the switch 

fails to open after some pre-set time interval, the timer contacts 

should open and remove power from the relay coil. If the motor fails 

shorted while the relay contacts are closed the fuse should open and 

de-energise the circuit. Haasl assumed that the "undesired event" 

was the destruction of the wire between A and B due to overheating. 

From this point Haasl started the construction of the tree, by looking 

at the causes that could produce the "undesired event" and then.the 

combination of events which could produce those causes and so on until 

he reached a point where he had to choose between the two techniques 

, . of analysis; either to consider only primary failures or to include 
·'r 

secondary failures as well. Fig. 2.5 and 2.6 show the xesultant fault 

trees for each technique. It can be seen from Fig. 2.6 that for large 

systems the magnitude of the task assumes phenomenal proportions, but 

Haasl considered that the resultant definition of system failure nodes 

invariably justified the effort. 

The next step after the construction of the fault tree is the 

evaluation of the tree. Given that the fault tree is the representa-

· i tion of events in a symbolic logic format, Boolean algebra may be used 
:~· 

/, 
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to symbolically express the fault tree. On this basis Haasl proposed 

two methods for probability evaluation: 

1) Analytic, which implies the probability evaluation of 
each input event in order to compute by means of an 
algebraic expression the probability of the output 
event. The drawback in the use of this method was 
that all available computational techniques required 
approximations which could not be avoided. 

2) Simulation, this was a way to avoid approximations and 
it was done by actually simulating the various log~c 
gates and input events within a computer. The draw
back of simulations is the amount of computer time 
involved. 

In his conclusion he pointed out that it was doubtful that signi-

ficant improvements ih fault tree construction techniques could occur 

soon, however·he expected improvements in probability evaluation 

methods. 

(F4) 
R.J. Feutz was another of the participants in this symposium. 

In his presentation he refers to the term "fault tree" as a technique 

that graphically depicts the relationship between certain events and 

the ultimate undesired events, where the probability of occurrence 

of this undesired event, represents a measurement of system safety. 

He considers that due to the myriad details that the analyst needs, to 

determine all the probable ways in which a system can fail, the first 

step in the construction of the fault tree is to understand the system 

down to its basic components and develop a mental picture of their 

relationship. He stresses that the ability to construct a meaningful 

fault tree comes only from experience. Feutz's examples are based in 

the aerospace industry but nevertheless are very illustrative. 
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(Ml) 
A.B. Mearns from Bell Telephone Laboratories also contributed 

to this symposium with a paper. For him Fault Tree Analysis was a 

technique which provided a method of analysing a system, recording a 

vast variety of combinations of events in an easy-to-read diagram, and 

straightforwardly highlighting the most important elements. 

1. 

Mearns' presentation summarises the fault tree analysis in the 

following six steps: 

1) Obtain source materials. 
physical layout plans, 
atic diagrams which are 
failure analysis. 

By this he means all the 
detailed logic and schem
required for a preliminary 

2) Conduct preliminary analysis. The aim of the pre
liminary analysis is that it begins to isolate the 
general portions of the overall system that"are 
important from the standpoint··. of safety and which 
will lead after the construction of the tree. 
This is the equivalent to the step of defining the 
"undesired event" which Haasl and Feutz mentioned 
in their presentations. 

3) Construct the fault tree.. Based on the two former 
steps Mearns discussed at this point how to build 
the tree and the symbols to use. He used the same 
logic gates already depicted in Fig. 2.1, although 
he used different symbols for the events of.the tree. 

4). Simplify fault tree. Mearns used Boolean Algebra to 
simplify the tree; this notation is shown in.Fig. 
2.7 and an example for a small tree is depicted in 
Fig. 2.8. The product of this step is a simplified 
Boolean expression containing only actual contribu
tors to the investigated event. 

5) Estimate probabilities of failure. At this step 
Mearns noted that the basic events in the fault tree 
were chosen to be statistically independent; that is, 

>. the existence 'of a failure of q '.given component i.did 
not affect the probability of failure of any other 
component and this fact, permits probabilities of 
failures to be substituted almost directly into the 
reduced Boolean expression for the fault tree. 
Unfortunately, this assumption is not always true. 
In some cases (chemical plants) modifications are 
necessary. The analyst must be careful at this stage 
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in order to obtain a conservative answer. 

6) Identify sensitive areas. He noted that once the. former 
steps have been completed, the probability of the 
undesired event can be evaluated and the result 
might typically be as below: 

P(undesired event) = 2.5*lo-12+2.3*lo-4+1.6*10-lO 

It can be seen clearly that the combination of 
events which make up the second term is the most 
probable cause of the undesired event. This step 
has the purpose to point up the most likely cause 
of an event and compare it to other possible causes. 

Even though the cited authors did not use exactly the same termin-

ology in their presentations, all of them were very alike and gave a 

great momentum to the development of the fault tree technique. It can 

be said that this symposium marked the beginning of a widespread 

interest in using the fault tree technique as a reliability and safety 

. tool in aerospace, nuclear and some other industries. (F5) 

The nuclear industry soon realised that FTA could be very useful. 

(Kl) In March 1966 Kay and Heywood presented a paper where they mention 

the use of tree analysis at Oldbury Nuclear Power Station. In November 

(W3) . 1968 Welbourne publ1shed a paper concerning the data processing 

and computer control system at Wylfa Nuclear Power Station. The 

various possible analysis methods described by Kay and Heywood were 

discussed and the tree-analysis was chosen as the most suitable method 

to use in alarm analysis. 

In February 1970 Ericson(El) published a paper where he described 

the fault tree methodology. It is a good review of all the important 

concepts used in FTA. In this paper he describes the different 
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"special" gates that can be used in FTA. He noted that all these 

special gates such as the EX-OR gate, the INHIBIT gate and some others 

' are based upon speci~l combinations or modifications of the fundamental 

gates AND and OR. Ericson considered the two types of evaluation are 

possible, qualitative and quantitative. Qualitative evaluation could 

be regarded as an inspection or an--engineering judgement assessment of 

the fault tree. Quantitative evaluation was defined as the traditional 

numerical evaluation, where failure rates of the system elements are 

inserted into the fault tree structure and mathematically combined to 

yield probabilities. Ericson considered that the purpose of the 

evaluation was to determine from the fault tree the risk that is 

associated with the undesired event and to identify which event, or 

events are unacceptable and must be eliminated or controlled in order 

to eliminate or control the occurrence of the undesired event. 

crossetti and Bruce(Cl) published a paper in April 1970 where they 

mention that Douglas United Nuclear adapted and applied the fault 

tree technique, to the nuclear reactor plants they operate for the 

Atomic Energy Commission, with good results. 

In August 1971 Crossetti (C 2) published another paper on FTA. He 

said "The Technique has proven to be a cost-effective systematic and 

descriptive method that can be- applied to safety and operational 

analysis of a system from its conception and design through the manu
\ 

racturing testing and operation phases. Fault tree analysis is also 

flexible enough for application to individual pieces of equipment or 
I, 

to the overall plant". crossetti. s paper mentions that an important 

feature of the fault tree approach is that it can include a sensitivity 
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analysis to evaluate the significance of events for which information 

does not exist or is of poor quality, in.this way, insignificant 

events can then be ~liminated while the significant events are 

reviewed in terms of data quality needed_or degree of control required. 

With the development of FTA the need for automating fault tree 

--, 
construction and fault tree evaluation for computer implementation soon 

arose. (Vl V2 To satisfy this need several methodologies were developed ' ' 

V3 ,S 3), most of them were concerned wtih the evaluation of the trees 

and very few with the automating construc;tion of the trees. One of the 

(Fl) most useful methodologies, was the one developed by FUssell and Vesely 

to help in the qualitative evaluation of the fault trees, to obtain 

all the unique modes of system failure, called minimal cut sets. A 

cut set can be defined as a set of basic events whose occurrence cause 

the "undesired" or top event to occur. (Bl) A cut set is considered 

minimal if it cannot be reduced and still ensures the occurrence of 

the top event. Fussell(FZ) defines a minimal cut set as the smallest 

set of primary events which must all occur in order for the undesired 

event to occur. A complete set of minimal cut sets are, all the 

unique failure modes for a given system and its "undesired" top event. 

Automated analysis was necessary for the large trees and the algorithm 

developed by Fussell and Vesely did not have the drawback of other 

programs available, which was the excessive execution time, to obtain 

minimal cut sets that contained a large number of primary events. The 

algorithm is based on the fact that an AND gate always increases the 

size of a cut set, while an OR gate always increases the number of cut 

sets. The execution time is then approximately a linear function of 

the length of the cut sets. The algorithm obtains cut sets such that, 
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if all the primary events were different, the·cut sets so generated 

would be precisely the minimal cut sets. When this is not the case, 

the cut sets generated by the algorithm are then reduced to minimal 

cut sets. As a matter of illustration on minimal cut sets an example 

on the use of the algorithm is presented here for the simple fault tree 

shown in Fig. 2.9. 

The gates AND and OR are labelled in this case from 1 to 3. The 

algorithm begins with the gate immediately below the top event, if the 

gate is an OR gate each input is an entry in separate rows of entries 

matrix. If the gate is an AND gate each input is used as an entry in 

the first row of the matrix. In this example gate l is an OR gate so 

the matrix will have A and 2 in separate rows. The idea of the algorithm 

is to replace each gate by its input gates and basic events. This pro-

cedure is repeated until all the entries of the matrix are basic events. 

Fig. 2.10 shows how the replacement takes place for the example con-

sidered. The cut sets obtained by the algorithm are called Boolean 

Indicated Cut Sets or (BICS) • In this case there is no replication of 

basic events in the fault tree' and the BICS are· the minimal cut sets. 

Once the BICS are all determined and there are some replications of 

the basic events a simple search is used to determine the minimal cut 

sets. 

• (Ll) 
In 1972 Haasl presented a "structuring process" that estab-

lished rules to determine the type of gate to use and inputs to the 

gate. The structuring process is used to develop fault flows in a 

fault tree when a system is examined on a functional basis. Fig. 2.11 

shows the different levels of fault tree development that Haasl used 
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in his "structuring process';. Haasl 's structuring process identifies 

three failure mechanisms or causes that can contribute to a component 

being in a fault state: 

1) A primary failure is a failure due to the internal 
characteristics.of the system under consideration. 

2) A secondary failure is a failure due to excessive 
environmental or operational stress placed on the 
system element~ 

3) A command fault is the inadvertent operation or 
non-operation of a system element due to failure(s) 
of initiating element(s) to respond as intended to 
system conditions • 

. (F2) 
In March 1973 Fussell · presented a formal methodology for 

fault tree construction. He called it "Synthetic Tree Model" (STM). 

It was presented as a model for formulating the Boolean failure logic, 

or fault tree, for electrical systems from. associated schematic diag-

rams and. system-independent component information. 

The Synthetic Tree Model could be summarised as a synthesis 

technique for piecing together with proper editing, a fault tree from 

small segments called "component failure transfer functions". The 

component failure transfer functions, can be considered as minifault 

trees for components in a fault state and are obtained from a system 

independent failure mode analysis of individual components. The 

failure mode analysis identifies all possible means by which a compon-

ent can fail to perform its required functions. Once the "component 

transfer functions" are obtained, they may be used repeatedly without 

modification for any system in which the component appears. 
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In his STM Fussell uses a different structuring process, he con

siders four basic types of fault events, in contrast to Haasl's(Hl) 

two basic fault· events. FUssell considered that fault events that are 

used only as top events are First Order Fault Events and must be 

developed manually to the level of higher order fault events before 

STM can automatically construct the fault tree. Fault events that 

state a fault condition of the system that extends beyond any single 

component are Second Order Fault Events. Fault events that cause a 

component to "behave failed" because part of the system itself, not 

simply another individual component, is causing that component to 

behave failed are Third Order Fault Events. FUssell classified Third 

Order Fault Events in two classes; Class I indicated a Third Order 

Fault Eyent that required an AND gate while Class II required an OR 

gate. Fault events that resulted in component A behaving failed 

.because another component had direct input to component A were Fourth 

Order Fault Events. The symbols used in STM are the same as those 

used by Haasl. The methodology for the fault tree construction is 

programmed in a computer code called DRAFT. The information required 

as input to the code is: 

1) A schematic of the system. 

2) The initial operating state of each component if 
applicable. 

3) The boundary conditions that can impose restrictions 
on the top event to be developed. These boundary 
conditions will affect all the events that result 
from the development of the top event. 

With this information the computer proceeds to find the series circuit 

path for each component in which the components share an alliance with 

respect to flow, Fussell calls them component coalitions, and to 
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identify the order of each event that has· .to be developed. A flow 

diagram of the methodology is shown in Fig. 2.12. J 

Fussel claims that any number of analysts constructing fault trees 

independently for a given system and main failure event using• 1this 

model will obtain identical fault trees. The model has some limitations, 

it does not account for secondary failures, that is, a failure that 

occurs when the component is subject to abnormal environmental stresses 

as failures in related equipment, is ignored by the model. The fault 

trees are constructed to the point where identifiable primary component 

failures will directly produce.the fault,event in question. The 

automated analysis is a hardware-orientated approach and does not 

include environmental and human· effects that can cause failures. 

Fussell considers that automated analysis should be thought of as a 

distinct,type of analysis that could never replace conventional fault 

tree analysis. 

•In spite of these limitations Fussell's paper is the first to 
• 

develop formal concepts and tecpniques of fault tree synthesis for 

electrical systems; without doubt this paper marked the beginning of 

a new stage in fault tree analysis. 

In April 1974 as a result of the NATO Advanced Study on Generic 

Techniques of System Reliability Assessment (Liverpool, July 1973) an 

(F3) article was published by Fussell, Powers and Bennetts. In this 

paper each author expressed his point of view about the state of the 

art of fault trees; the authors do not always agree especially Fussell 
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and Powers concerning the limitations of automated fault tree synthesis. 

Fussell recalls some of the points that he has already mentioned 

. (F2 FS) 
in his prev1ous papers; ' he makes reference to the published 

information dealing with fault trees as quite a limited one. He 

quotes Haasl as - one who has described some general concepts, himself 

'"· 
as that one who has presented a formal, deductive construction 

methodology for electrical systems and Powers as one who has formulated 

a formal, deductive technique for chemical processing systems. He 

emphasises again that in order to construct a meaningful fault tree the 

analyst must have a complete understanding of the system; that the 

automated approach is a distinct approach that does not replace con-

ventional fault tree construction; it is a hardware-oriented approach 

because it does not include environmental and human effects that can 

:,, ' cause failures and therefore is apart from a true indepth fault tree 

analysis. 

On the other hand, Powers describes how it could be possible to 

apply FTA for chemical processing systems with the help of computers, 

:' 
performance and failure models, property data and a way to define the 

logic for the propagation of mass, momentum, energy failures through 

a complex system. He mentions that they are working on developing a 

system of computer programs and failure models for common chemical 

processing units to help the chemical process safety analysts in the 

i solution of the fault trees problems. ., 
',:. 

With reference to the computer system he says, that although they 

i. t· ·are just beginning to gain experience with it, the approach appears 



23 

feasible and they are currently expanding their performance and 

failure models to include environmental and human effects; one of the 

' advantages that he sees in those models is that they can be used for 

operators training because they constitute a Boolean simulation of the 

process and the effects of failures are easily generated from the 

Boolean model. 

Bennetts approaches fault trees from electronics engineering 

logic-networks point of view, the terminology he uses is slightly 

different; primary failures become primary inputs; top event becomes 

primary output; minimal cut-set becomes prime implicant. He mentions 

a technique for analysing combinational networks that had not been 

mentioned in fault trees literature and that he describes in his Ph.D 

dissertation. (B
4

) It is the same in concept to that one used by 

Fussell for obtaining minimal cut-sets but the difference arises in 

the implementation. Each gate output is defined by its inputs and 

logical function using a reverse Polish notation and these are used to 

develop a reverse Polish expression for the primary output in·terms of 

the primary inputs. (Reverse Polish Notat1on (RPN) is a notation 

originated by the Polish mathematician Lukasiewicz. It is used to 

translate arithmetic expressions so that the operators are written at 

the end of the expression instead of in the middle. Thus A + B would 

. . (F6) 
:be written ~n RPN as AB+) • This expression is then unpacked into 

an equivalent reduced sum-of-product expression and, by repeated 

application of the absorption rule (A+AB=A) and other rules, the final 

expression consists only of prime implicants (minimal-cut sets) • A 

• feature of this technique is that it is capable of analysing networks 

containing logic functions other than the simple "AND" and "OR" 
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functions, e.g. "EX-OR" and "NOT" • (EX-OR operator has two inputs and 

will produce a true output if one, but not both, of them is true). 

Bennetts called the attention of analysts to the fact that the 

analysis of logic networks had not been studied too closely, except 

through simulation. It was very likely that the algorithms and soft-

ware developed to solve the problem of adequate testing sequences for 

networks, could be used to evaluate fault trees. 

74 d 
. (Pl,P2) 

In March 19 Powers an Tompk1ns presented a procedure for 

automatically generating fault trees for chemical process and from 

this they conclude that an approach to chemical plant safety analysis 

appears to be feasible. They mention that the trends to increase 

plant complexity and larger process size is a challenge that makes it 

desirable to develop these techniques. They point out that the use of 

fault trees in the chemical process industry has not been widespread 

because there existed no automated systematic methodology for fault 

tree generation for this industry. The approach has been advocated by 

(Pl) 
Recht and a simplified technique based upon fault tree analysis 

has been implemented by Browning, (Pl) but the limitations imposed by 

. (K2) 
hand generation offset the inherent utility of the techn1que.· Kletz 

used fault tree analysis, though he called the trees logic diagrams, 

in specifying and designing protective systems for chemical plants, he 

mentions that at least one week was spent in getting the logic diagram 

correct. Lawley(L2) used fault tree analysis in hazard analysis, he 

called the trees logic trees and reported a total of 1 man day to con-

struct the logic tree for a simple process. 

• 
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The information requirements for fault tree generation that Powers 

and Tompkins believe are important to perform a meaningful fault tree 

analysis is shown in Fig. 2.13. In the methodology presented by 

Powers and Tompkins a modular approach is considered and the concepts 

of .information flow(Rl) are utilised, to formulate each unit model. 

Two types of models are used in the methodology, the performance models 

and the failure models; a failure model is associated with each unit 

performance model. The models are based on mass energy and momentum 

balances for each unit. The topology of the system is considered as a 

network consisting of units interconnected in a specific fashion. 

Fault tree generation starts with the definition·o'f final hazard states. 

The final hazard states are defined by mini-fault trees, as the one 

shown in Fig. 2.14, which correspcnds to species or process properties. 

The specific form and location for the final hazard event is dependent 

on the properties of the materials and the characteristics of the 

equipment in the system under study. After the top event is defined, 

the unit models and the topology are used to identify all the possible 

ways in which each of the events that are inputs to final hazard 

event minitree can be caused. The performance models are used to 

determine, if a specific failure event under study, wil·l propagate 

through the units; once this is done the failure models are used to 

develop the major failure events to their primal events in those units 

that will propagate the specific failure under study. The overall 

strategy for generating event trees is shown in Fig. 2.15. 

A more detailed description of the methodology is presented by 

Tompkins(Tl) in his Ph.D dissertation. In it he compares his work with 

' 
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Fussell's. He mentions that "the framework proposed by Fussell is not 

adequate to handle the case of a chemical processing system of arbitrary 

configuration". The basic criticism is that his unit models (component 

failure transfer functions) bear no relationship to and take no account 

of the material, momentum and energy relationships which describe the 

performance of chemical processing systems. 

The importance of Fussell's contribution is that it demonstrates 

the need for formal standardised fault tree generation procedures, and 

shows that it·is possible to automate this procedure for electrical 

circuits. 

Tompkins' orientation is towards consideration of internal failure 

propagation as opposed to external propagation. Only those failure 

events are explicitly treated which propagate from unit to unit 
.\ ll 

based upon physical connections. 

Tompkins' methodology can be summarised in five steps: 

1) Determination of the top event. 

2) Location of potential information flow sources. 

3) Generation of source to destination information 
flow pathway. 

4) Development of the required failure events for 
each pathway. 

5) Formation of the fault tree as the union of 
successful pathways . 

One of the conclusions of his work is that although FTA provides a 

powerful means for the a priori enumeration and evaluation of failure 
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events, it is necessary to have major contributions to the area of 

fault tree generation before it will be adopted by the chemical process 

industry. Although, the methodology was not implemented on a digital 

computer, the principles developed were quite useful to advance the 

state of the art and was the first approach to solve the problem of 

fault tree synthesis in the chemical process industry • 

(R3) 
In·July 1974·a paper based on testimo~y given by Rasmussen 

before the United States Congress Joint Committee on Atomic Energy 

H~rings on Nuclear Reactor Safety (Sept. 1973) was published. This 
-:~ 

akticle was effectively an advance copy of the report of the Reactor .. 
~afety Study made by the u.s. Atomic Energy Commission(R2) which was 

published a few months later. Rasmussen describes the way his team 

conducted the study and how it uses the fault tree technique as a 

tool to obtain the probability of the branches of event trees. He 

recognises that there are very few people skilled in the techniques on 

FTA and because of that they had to borrow people from other companies 

to carry out part of the study. He notes that one of the problems 

that would have to be overcome'before the technique could have wide-

spread use is the shortage of trained analy~sts. 

. (N2) 
Another approach to fault trees was presented by N~elsen in 

1974. He calls the method cause Consequence Chart (CCC) and it is a 

unique blend of·fault tree analysis and failure mode and effect 

analysis . (FMEA) • The difference (IJ.):'between FMEA 'and FTA is that FMEA 

involves generation of event sequences from initiating events to final 

events, while FTA begins with the final event and works towards the 
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initfating events. FTA has a distinct advantage in that only event 

sequences leading to failures of interest are considered. 

· (T4) 
Taylor refers to CCC as a diagrammatic technique for presenting . 

the sequence of events leading to a failure and conditions under which 

these events can take place. Nielsen's method applies to dynamic models 

as well and is a more detailed approach to find the "Failure Transfer 

Functions" that Fussell uses in his Synthetic Tree Model, the examples 

presented by Nielsen are electrical systems but he claims that they can 

be used in other kinds of systems. 

(S4) 
In October of 1974, Stewart published a paper where he des-

cribes the design and operation of a protective system used by ICI on 

its plants to reduce the frequency of spurious shutdowns and to 

increase the system reliability. He calls these protective systems 

"High Integrity Protective Systems" (HIPS) • The logic. diagram for the 

design of the system is a fault tree even though he calls it a "family 

tree". It is a good example of the application of FTA in a plant 

already in use, FTA had been used before, as a design tool rather 

than as an operational one in systems already designed.and in use. 

(Hl) In January 1975 Neogy presented a paper in which he describes 

the use of fault trees in Ocean systems and demonstrates the 

applicability of FTA to this field. He concludes that the state of the 

·art in fault tree techniques has yet to be advanced and will do so 

more rapidly by more people attempting to use it in the real world; 

the only disadvantage he sees in the fault tree is the considerable 

time involved in its construction. 
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o (B3) 
At the same Sympos1um as Neogy,Bass et al., presented a paper 

on Fault Tree graphics. This paper describes a system concerned 

with helping the analysts when using FTA by means of a digital computer. 

The system described allows the analyst to draw, modify and evaluate 
.. 

trees, this is done by means of aninteractive computer graphics 

terminal that is composed of a light pen, a typewriter keyboard, a 

function keyboard and a Cathode Ray Tube (CRT). The fault tree 

evaluation is carried out with the help of the MOCUS computer algorithm 

and the KIT!' program. The authors claim that with this system, complex 

engineering designs can be analysed. The system seems to be quite use-

ful and could save some time to the analyst, mainly at the design 

stage of a project when major changes are involved. 

o (P3) 
In Apr1l 1975 Pandl et al., presented a computer program to 

carry out fault tree analysis. The two codes TREEL and MICSuP are 

described and an example is used to illustrate the codes. They claim 

that the codes perform functions similar to MOCUS and KIT!' but with a 

better methodology and efficiency. They mention that better methods 

to evaluate fault trees are needed to cope with the wider class of 

fault trees. 

In October 1975(Ll) Lambert presented the description of a genera~ 

simulation model of system failure in terms of fault tree logic. He 

claims that this model can be used to assist an operator in making 

• 
decisions under a time constraint regarding the future course of 

operations. The model that he suggests, assumes that a fault tree for 

the system under study has been constructed and that its cut sets and 
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•failure data have been stored in the memory of.a digital computer. When 

. a fault occurs the operator feeds the computer with data of the state 

of the system. The. answer that he gets from the computer depends on 

·the time available for checking any known component failures. The 

computer can give the operator a list of the events that he should check 

first and the operator will feed the information required back to the 

computer through a teletype. The iteration process can be carried on 
' 
until the occurrence of a min cut set is observed or a false alarm 

diagnosed. In his conclusions Lambert mentions that a major disadvan-

tage of FTA is the possibility of oversight and omission. He considers 

that a solution.to this could be automated fault tree construction. 

The automated approach can be used to standardise fault tree analysis 

and eliminate the confusion created by the different ways in which 

analysts can construct fault trees. 

A problem that he sees.in fault tree modelling is the difficulty 

to apply Boolean logic to describe failures of system components that 

can be partially successful in operation and thereby having effects on 

the performance of the system; to illustrate this he mentions the 

leakage through a heat exchanger. To solve this problem the analyst 

may have to describe the process analysed in- terms of the basic laws of 

mass, energy and momentum balances. He considers that it would be a 

difficult task to program his fault tree simulation model. 

(M). 
Andow and Lees published a paper at the same time as 

Lambert's. In the paper they discuss the use of fault trees in 

alarm analysis together with some other techniques which could be 

useful in alarm analysis for chemical processes. 
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(Sl) In November 1975 Salem et al., published a paper where they 

described a method for the automatic construction of fault trees. A 

computer code CAT is used to construct the fault trees. The method 

employed models various components in terms of "Decision Tables", which 

are extensions of Truth Tables using multistate variables. They claim 

that one of the advantages in using decision tables is the complete 

generality of the approach, which allows the representation of any 

number of signal or flow states, and is not restricted to modeling 

hardware only. The paper presents little detail about the methodology. 

Although the authors mention that much work remains to be done they 

claim that techniquffifor compacting the decision tables have been 

developed to reduce program storage and running time, and that the 

program has produced good results for simple systems. 

In 1975 a book on Reliability and Fault Tree Analysis was pub-

(BS) 
lished by Barlow et al., it presented several papers on FTA. Most 

of the content of those papers had been published before by their 

authors and have already been mentioned in this survey. The book can 

be considered as a good review of the theory and applications of FTA. 

(B6) 
The paper by Powers et al., in this book presents their work on 

the development of a simulation language for safety analysis of 

chemical processing systems. They call the language SESIL and it is 

based on a set of Boolean models which they claim describes the safety 

performance of equipment commonly used in chemical processes. They 

consider five phases in the use of the language: 

1) Preparation of input data. 

2) Definition of potential hazards. 
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3) Evaluation of hazards. 

4) Fault tree synthesis~ 
! 

5) Fault tree evaluation. 

In the synthesis of the tree they used the method presented by Tompkins.'Tl) 

The paper is rather general· about the language. The authors mention 

that the lack of persons skilled in both chemical process design and 

fault tree analysis methods as the major reason that has limited the 

wide use of fault trees in the chemical process industry and claim that 

the approach presented will help to solve this problem. · Powers ~.:..• 

expected their system to be operational by the end of 1975. 

. (P4) In Apr~l 1976 Powers and Lapp published a paper which des-

cribed briefly a Fault Tree Synthesis (FTS) program. The major steps 

they suggest to carry out a quantitative safety analysis of a chemical 

process is shown in Fig.2.16. They descr~be the FTS program as a 

symbolic process simulation. Following identification and evaluation 

of process hazards, a symbolic model of the complete process is 

assembled from models of individual pieces of equipment within the 

process. The models used are signed diagraphs and they claim· that they 
• 

have developed. an algorithm that deduces the fault tree directly from 

the properties of the diagraph. Once the fault tree has been generated, 

it is placed in minimal cut set form and the probability of. the top 

event is computed. Most of the paper refers to points already mentioned 

(Pl,P2,P5) by the authors in previous papers. The key features of the 

algorithm that the authors mention in the paper are: 

1) The topology of the diagraph is extremely important. 
Negative feedback and feedforward loops are detected 
and their elements determined. Cases of nested loops 
are also considered. 
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7) 

33 

conditional expansion of events is.performed. 

The changes in relationships between variables due 
to failures are included. 

l 

common cause failures are detected directly from the 
diagraph. 

Human operator actions are included. 

Large deviations from normal conditions that alter 
relationships between variables are considered. 

Events which have been previously developed are 
detected and copied. 

It can be seen from the article that there are similarities with 

Fussell's(F2l. model for FTS. Fussell deals with the conditional 

expansion of the events by means of the discriminator used in his 

failure transfer functions. 

The concept of diagraphs used by Powers and Lapp is very similar 

to that one of networks described by Andow and Lees(A4) to solve the 

problem of information flow in their Alarm Analysis method. Andow and 

Lees generate the network relating all the process variables and then 

reduce this to a network relating only all the process variables in · 

which there are alarms. Powers and Lapp use diagraphs to obtain the 

information flow of the process including failure modes of the units, 

then they convert the diagraph to a signed diagraph from which they 

deduce the correct system fault tree for the process. 

• (C4) 
In 1976 Caceres and Henley presented a method to generate 

fault trees based on a block diagram of the system under study. The 

technique is based on a computer~oriented algorithm developed to detect 

.all the minimal paths leading to the success of a system represented 
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by a block diagram. The tree generated by the method only depicts how 

the failure of the system will occur if the elements fail but it does 
I 

not give the causes·of failure.for each element. 

In November 1976 Sal em (S 2) et al., published a more detailed 

report on the computer code CAT (Computer ~utomatic !ree) used to con-

struct fault trees. In the report the authors analyse several of the 

computer codes used to evaluate or to construct fault trees. Some 

examples.are presented on the construction and "reduction of the 

decision tables used to construct the fault trees. The approach is 

another step further on fault tree synthesis. Although the fault 

trees"do not always look the same as those constructed manually, the 

authors claim the min cut sets obtained from the synthetic tree gives 

the same results. 

(H2) 
In December 1976 Hello and Taylor presented a methodology for 

consequence diagram and fault tree construction. Their algorithm for 

fault tree construction is based on Fussell's method and uses the list 

processing technique(F7) their algorithm.has been implemented in a 

small computer and due to the limited storage capabilities has only 

been tested for smaller examples. 

In April 1977 Lapp and P~wers(L4 ) published another paper on their 

algorithm for the synthesis of fault trees. In this paper they compare 

their work with the one of Fussell, Taylor and Tompkins-Powers: They 

claim that their method has better features than any of the former 

algorithms because it can deal with complex systems and more gates. 
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This paper presents a more detailed explanation of the method than 

. (P4,PS) i f the1r other papers. They cons der that any system o con-

l 

structing fault tre~s should have the following four characteristics: 

1) Handle complex systems efficiently. 

2) Consider the system topology as well as actual 
components in constructing the tree. 

3) Handle multivalued logic. 

4) During fault-tree construction, make checks to 
· ensure consistency among events. 
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Chapter 3 

UNIT MODELS AND UNIT MINITREES 

This chapter is devoted to discussing the basis of the modelling 

method used in the methodology described in this work and the role 

played by the models in the construction of the minitrees • 

. 3.1 Types of Plant Models 

The first step before attempting the synthesis of a fault tree 

is to acquire a thorough understanding of the elements which form the 

system under study. For the case of a chemical process system the best 

way to acquire this knowledge is by means of a model of the plant 

under study. Plant models can be classified in several forms but for 

the purposes of this discussion.they will be considered as follows: 

1) Mental models. This is the model of the plant that 
an engineer has made in his mind. It requires a 
lot of consultations betWeen the personnel involved 
in the plant and sometimes may be inaccurate. This 
sort of model is not suitable for the purposes of 
this work. 

2) Functional models. These models are based on the 
knowledge that a particular variable is the ,func
tion of several others. The function is undefined 
for this type of model. The functional model is 
the loosest form of equation that may be conveniently 
expressed on paper. No quantitative information is 
associated with this model. · 

3) Enhanced functional models. These models are similar 
in form to functional models but also contain 
directional information. 
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4) .Statistical Models. These models are based on 
regression and correlation of data accumulated by 
logging plant variables either during commissioning 
or on a similar plant elsewhere. 

5) Full equation models. This type of model is more 
difficult to derive since it requires an accurate 
conception of the dynamics of the system. The 
full model will consist of a set of simultaneous 
differential and algebraic equations. The number 
of equations is likely to be large and hence the 
time required for model production is likely to 
be excessive. (AZ) 

Each type of model mentioned above has advantages and disadvantages. 

The functional or the enhanced functional models require considerably 

less effort to assemble than the full equation or statistical models. 

The disadvantage of the functional or the enhanced functional models 

is that, by their nature, they are not suitable for simulation of 

plant behaviour. 

3.1.2 Unit model approach 

A way to facilitate the understanding of the plant can be by 

looking at it as a set of "units" linked together. This approach has 

the advantage that it focuses the analyst's attention on a manageable 

portion of the problem and allows him to acquire a better understanding 

of the unit. This approach also enables the analyst to produce a 

library of models for use as required rather than models that only 

reflect particular plants. Some units might have several models with 

different degrees of complexity. This implies that the model should 

be general in nature and respcnd in the correct manner to a variety of 

external stimuli. 
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3.2 Formulation of Models 

The ·unit model approach was used to formulate the plant models. 

This was decided because of the following reasons: 

1) The model for each unit may be based on the 
equations of the familiar "unit operations" 
commonly found in text books. Each model is 
defined by a name and a series of input and out
put streams linking it to other units. 

2) Each individual model may be tested by supplying 
"dummy units" for each input and output stream. 
In this way the respcnse of the unit to various 
process disturbances may be found. 

3) Simple models of units may be used initially and 
may be replaced by more complex ones where 
necessary. 

4) A library of the most common units may be built up. 
This is ideally suited for saving memory when the 
models are used in computer·programs. 

5) ' It allows a great flexibility when modifications 
have to be made to the plant; units can be 
deleted or added without problem to the model. 

3.2.1 Conventions used with the models 

The models used in this work are general purpcse models. These 

models represent the individual process units and give the relations 

between the process variables. The process units are linked together 

by means of streams, which carry the information flow of the process 

variables to other units. 

• .. , 

In order to preserve continuity in process streams passing through 

several units, use is made of high-gain differential equations to set 

intermediate stream pressures. The requirements for this type of 

equation arises because conventional equations for liquid flow generally 

assume an incompressible fluid, and in this work compressibility is 
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needed to assure th~flow of information of the process variables 

upstream and downstream of the process units. The need for high-gain 
. . ~9) ! 

equations is discussed by Franks• 

Since information must flow· in both airections it follows that 

some unit model variables must be set in the input streams and some in 

the output streams. The convention adopted in this work is: 

1) The pressure variable is .set in model input streams. 

2) All other variables are set in model output streams. 

The example shown in Fig. 3.1 helps to illustrate the convention. It 

shows a.pipe section (the simplest plant model) with liquid flow. 

Equation 3.l(a) is sufficient to transmi~ information concerning 

changes in PIN and POUT to QOUT" Equation 3.l(b) is the other relation 

needed to bring in the affect of changing QIN' this high-gain differ

ential equation reflects the lag induced by liquid compressibility. 

These two equations transmit information in oppcsite directions 

through the unit, reflecting the way in which pressure transients 

propagat.e. This concept of information flow is important for general 

models and for the purpcse of this work. For the example shown in 

Fig. 3.1 only two properties were considered in the model, but tempera-

ture, concentration etc., can also be included without problem by 

applying the convention adopted., 

In certain cases, the strict use of the convention may lead to . 

unnecessarily complicated models. For those cases the convention may 

be relaxed but, if the model is intended to be used as part of a 
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library it should be marked as unsuited for general use. The use of 

high-gain equations with this sort of convention and cases when the 

convention is relaxed have been discussed by Ando~. (A2) 

3.2.2 Models in enhanced functional form 

Another way of writing the unit models may be in the enhanced 

functional form1 this form reflects. only the way in which the varinl>lcs 

affect each other in qualitative, but directional form only. The 

proportionality constants of the more familiar algebraic form are not 

needed for this form. The enhanced functional model may be thought 

of as an engineer's word model and hence is easily obtained for .common 

items. Equations 3.l(c) and 3.l(d) show the functional form for the 

pipe model in the form of a network of information paths, (see Fig. 3.2). 

3.3 The Use of Unit Models to Generate Min'itrees 

Once the information of each of the elements of 'the system has · 

been collected it is possible to start thinking about the construction 

of fault trees for the system; The models can be considered as per-

formance models for each unit, these models are now used to find out 

how each of the units can fail. This is done by means of a failure 

analysis for each model. In this work it is car+ied out manually. 

3.3.1 Failure analysis based on the unit models 

The aim of the failure analysis is to obtain a set of minitrees 

for each unit model; these minitrees will reflect all the different . 
ways by means of which the unit variables may fail. The minitree can 
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be. considered then, as a failure model of the unit under analysis. 

The failure mode analysis for each unit model is carried out, by 

picking out each of the Left Hand Side (LHS) variables of each equation 

of tne unit model under analysis. The top event of each minitree is 

defined on the basis of the different failure states that a specific 

LHS variable can have, (e.g. PHIGH' PLOW for Pressure, etc.). Once the 

top event is defined the tree for that particular event is developed 

and this is done by considering the different ways by means of which the 

fault event can be produced. At this point the analyst needs to use 

the best of his knowledge about the unit under study, so he can define 

the type of gate needed by the top event and the inputs to the gate. 

To help in the decisio~use is made of the right hand side variables of 

the equation being considered. These variables transmit the stimuli 

due' to external faults. Internal faults which from experience are 

known to be possible causes of the top event are also considered. The 

failure analysis for a unit model ends when all the failure states 

required for each LHS variable of the model have been considered. 

For the purpose of this work, it will be assumed in all the 

analyses, that the system was constructed with no components installed 

that do not meet the specifications for which they were designed. 

3.3.2 Nomenclature used in the minitrees 

Most of the fault trees nomenclature that will be used in this 

work has already .been mentioned in Chapter 2; however, due to the 

nature of the methodology ·it was necessary to introduce a particular 

• 
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nomenclature to be used when generating. the minitrees. This section 

is devoted to the definition of the different types of events and 

nomenclature used to develop the minitrees. 

3.3.2.1 Types of events 

The types of events are classified as follows: 

1) Main Event (M) 

This is the top event of each minitree, it was decided 
to call it "main" instead of top event in order to 
make a distinction between the top event in a tree 
and the top event of a minitree. It will. be 
represented as a rectangle. This type of event has 
always a gate associated with it. 

2) Transmissive Event (T) 

The failure states of variables that transmit the 
stimulus due to external faults are called trans
missive events. This type Of event always requires 
further development. It will be represented as a 
circle within a diamond. 

3) Basic Event (B) 

An event that does not require further development is 
called a basic event. It will be represented as a 
circle. 

4) Replaced Event (R) 

During the development of the minitrees idea for'this 
work, it was noted that some of the minitrees had 
several gates which made them too long. The cause 
of this long minitree was the presence of some non
basic events and non-transmissive events. 

Bearing .ion mind that the aim of the minitrees was to 
use them as a source of information to construct 
fault trees, it was thought that this information 

• 
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should'be easily stored and retrieved. Long 
minitrees were not very suitable for this pur
pose. It- was necessary to have small mini
trees and avoid the repetition of th~ same 
information in a particular set of, minitrees, 
and at the same time keep the completeness 
of information provided by the long minitrees. 
To solve the problem it was decided that all 
the minitrees should have only one gate and 
that the flow of information should be main
tained by means of Replaced events. 

A Replaced event is defined as an event that 
requires further development, but the informa
tion required to develop the event is found 
among the set of minitrees of the·same unit. 
It will be represented in this work as a rec
tangle within a diamond. The use-of Replaced 
events will be described later in this 
chapter. 

3.3.2.2 Types of gates 

.The gates mainly used in the construction of the minitrees are 

the fundamental AND and OR gates. A special gate could be useful some-

times and is included in this section for completeness. This is the 

Exclusive OR gate or EX-QR gate. This gate performs the same £unction 

as the OR gate, with the restriction tht certain specified inputs 

. (El) 
cannot coex1.st. If one input event occurred, thus causing the 

output event to occur, and then the other event occurred, the output 

event would then cease to exist. 

The symbology used in building the minitrees is shown in Fig.3.3. 

- 3.3.2.3 Boundary Conditions and Not-allowed faults 

Once the failure analysis is carried out and before considering the 
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minitrees ready, there is a need to assure its consistency. This 

means to make sure that when the minitree is used in the construction 

of the tree, nothing could arise below the top event of the minitree 

in such a way that a contradiction existed. 

th(l..S To do use is made of Boundary Conditions and Not-allowed 

I 
faults. For example, consider Q

0
UT HI to be the top event for one of 

the minitrees of the pipe model mentioned before. The Boundary 

Conditions and Not-allowed faults for this minitree are Q
0

UT LO and 

Blockage. They will affect all the branches under the top event so 

that no contradiction could arise when developing the top eventQOUT HI. 

The Boundary Conditions and Not-allowed faults will be represented 

attached to the gates of the minitrees. The importance of the 

Boundary Conditions and Not-allowed faults will be demonstrated in 

the fault tree generation algorithm. 

3.3.3 Construction of the minitrees and use of Replaced events 

The best way to illustrate this point is by means of an example. 

Bearing in mind the points mentioned before, consider again the pipe 

model shown in Fig. 3.1. From equation 3.l(a) the following failure 

states can be obtained: 

LHS varaiable: Q
0

UT 

Failure states: QOUT(HI), 

Writing the failure states as top events two minitrees can be developed. 

The trees for these failure events are shown in Figs. 3.4 and 3.5. 

Note that use has been made of the right hand side variables involved 



57 

in the equation and of basic events such as blockage and leakage 

events that from experience are known to be possible causes of the 

top event. 

• 

Before considering the minitree ready the Boundary Conditions and 

Not-allowed faults have to be stated. They are part of the minitree 

as well and are represented attached to the gate of the minitree. 

Boundary Conditions and Not-allowed faults affect all the branches of 

the minitree. For the top event QOUT(HI) the Boundary Condition is 

Q
00

T(LO) and the Not-allowed fault is Blockage. For the top event 

Q
0

UT(LO) the Boundary Condition is Q0UT(HI). Once the Boundary 

Conditions and Not-allowed faults ·are stated the minitrees are ready 

to be used in the construction of fault trees. 

The failure. analysis for the unit is finished when all the 

equations have been considered. In this example there is still another 

equation to be considered for the pipe model. Looking now to equation 

3.l(b) and following the same procedure another two minitrees are 

generated. ·They are shown including its Boundary Conditions and Not

allowed faults in Figs. 3.6 and 3.7 • 

.. 
Consider now the example of a control valve. The unit model is 

shown in Fig. 3.8. This model is a good example to illustrate the 

failure analysis and the use of the Replaced events. In this model 

the conventions stated for th_e models are relaxed, so PC is set at the 

controller output. By relaxing the conventions the model has been 

simplified so the mass flow of air to the control valve and its effects 
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on pressure are ignored. 

To start the failure analysis consider first equation 3. 2 (a) • The 

failure states Q0UT(HI) and QOUT(LO). The minitree for. QOUT(HI) without 

Replaced events is shown in Fig. 3.9. The minitree for Q
0

UT(HI) shown 

in Fig. 3.9 has three gates, the minitree in itself is correct, but 

for the purposes of the methodology is too long. It is for these kind 

of minitrees that the ~eplaced events were defined. It will be 

necessary to split the minitree so only one gate remains in it. In this 
• < 

case there will be two new minitrees and this will imply the creation 

of two dununy faults, one for each Replaced event. It can be said that 

there are three domains in the minitree of Fig. 3.9 and for our purposes 

only the first domain can remain in the Minitree. Fig. 3.10 shows 

the new minitrees with the Replaced events. Note that the Boundary 

Conditions and the Not-allowed conditions of the original minitree 

affect the new minitrees as well. This will be more evident when the 

fault tree generation algorithm is explained in the following chapters. 

Following the same procedure the minitree for QOUT(LO) is 

obtaine.d and it is shown in Figs. 3.11 and 3.12. Note that the use of 

Replaced events helps to avoid repetition of some branches of the 

minitrees, in this example the minitree for the dununy fault c is the 

same in Figs. 3.10 and 3.12. Therefore repetition of information may 

be avoided in the set of minitrees for the control valve. The full 

set of minitrees for the control valve obtained by following the pro-

cedure established, together with the set of minitrees and models of 

other units used in this work are presented in Appendix I. Note that 
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for the examples used in this chapter only two states of the variables 

have been considered, but the same procedure can be used for any other 

state of the variables that needed to be considered. 

The different steps to obtain the set of minitrees for any unit 

model are summarised in Fig. 3.13. 
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Fig. 3.2 Information flow diagram for pipe model in 
functional form 
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Fig 3. 3 Symbols used to represent mini trees 
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Fig. 3.6 Minitree of PIN HI for a Pipe 

Fig. 3.7 Hinitree of PIN LOW for a Pipe 
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Equations: 

Flow rate: 3. 2 (a) 

Continuity: 3.2(b)) 

Temperature: 3.2(c) 

Concentration: ~N = x0UT 3. 2 (d) 

Fig. 3.8 Control valve model 
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Chapter 4 

USE OF THE UNIT MINITREES TO CONSTRUCT FAULT TREES FOR A SYSTEH 

In the previous chapter the unit models and the method of deriva

tion of the minitrees were discussed. Once the unit minitrees are 

obtained, they can be used anytime. The specific unit appears in a 

system, with the confidence that it wilL transmit what is happening in 

the unit to the other units of the system. Iri the case of a fault 

that had occurred in another unit, the unit would react to it and would 

transmit it to the units linked to it if appropriate. 

The units and their minitrees will be used in this chapter as the 

basis of the fault tree synthesis methodology. Since the unit model 

equations have been produced in a consistent manner the resulting mini

trees will also be "plug compatible" wi 1;h each other. Once the top 

event in a system is defined, it is now possible, by means of inter

linking the minitrees of each unit model of the system, to trace the 

possible causes in each unit which could lead to the top event. 

This chapter is devoted to describing how the unit minitrees are 

linked together, to produce a fault tree for a specified top event in 

a system. This systematic linking process is the basis of the fault 

tree generation algorithm that will be described in the following 

chapters. 

4.1 Topology of the System Under Study 

The topology of the system under study is of major importance when 



71 

the flow of information is required in generating the fault trees. It 

is by means of the topology that is possible to know how the units are 

linked, which are the input and output streams of each uni~ and which 

are the variables involved in each stream. The flow of information 

plays a vital role in the transmission of faults through the system. 

The topology of the system under study can be depicted with the 

~-·. help of a flow sheet diagram. The aim is to assemble the complete 

plant model, using the individual unit models obtained by means of the 

process described in Chapter 3. 

The first step will be to identify each individual unit on the 

flow sheet diagram and the process streams linking the units together. 

For this purpose each unit is given a unique name consisting of the 

name of the unit and a number, e.g. Pipe 1, Heat exchanger 3, Valve 9 

etc. Each input and output stream of the unit being considered is 

identified by means of the names of the variables that according to 

the unit model are associated with each stream. By classifying the 

process streams linking a unit with its neighbours as "inputs" or 

"outputs" rather than as streams, simple checks can be .made because for 

every input stream an output stream must exist on other units. It is 

also consistent with the conventions adopted in Chapter 3 for setting 

the unit model variables in input or output streams, depending on the 

property concerned. These same sort of conventions have been used with 

(A2) 
success by Andow in his method for process computer alarms analysis. 

As an example consider the system shown in Fig. 4.1, it is a simple 
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system but adequate to illustrate the point. It consists of a valve and 

two pieces of pipe, one at each side of the valve. For simplicity only 

two properties Pressure (P) and Flow (Q) are considered in this example, 

but that does not mean that other properties cannot be included in the 

system. Once the units .and streams have been identified the assembly 

of the complete system topology can be carried out, so that it can be 

used in the generation of fault trees. Since the variables in process 

streams have one name in each unit and these names do not always have 

the same letters for the same properties in both units, it was decided 

for the purpose of this·work to use a complete variable described by 

two letters and a number. The first letter will always be the name 

given to the variable in the output stream of the other unit, the second 

letter will be the name given to the same variable in the input stream 

of the unit concerned. The number will be a unique number given to the 

stream linking both units. F.ig. 4.2 shows the two pipes and valve 

system but now with the complete variables and the description of the 

units. Note that in this example the names given to the properties 

considered in the input and output streams of the units are the same, 

e.g. PP~, ·QQ2. Also note that the complete variables in streams 1 and 

4 have a blank space to show that no name has been allocated to them due 

to·the boundaries of the system. To solve this problem dummy units are 

placed before or. afte·r any unit whose stream comes from or goes to the 

"environment" of the system under study. Fig. 4.3 shows the complete 

system. 

The only case in which a blank space may appear in a complete 

varia~le is when it represents an internal variable of a unit. As an 

example consider the system shown in Fig. 4.4 In this example the 
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variable representing the level of the tank is not an input nor an 

output variable. It is represented only with the name given to it in 

the unit model of the tank (see Appendix. I) and a number.To be consis-

tent with the nomenclature used to describe the topology of a system, 

it was decided that the number allocated to the first input stream of 

the unit, where the internal variable is found, would be the one used 

to identify the internal variable. Therefore the complete variable 

for the internal variable of the tank in this example is L_2. 

4.2 Construction of a Fault Tree 

Once the system is defined in the way described, the next step 

taken to construct the fault tree is to define the undesired event or 

top event. As a first case assume .that the top event for the two pipe 

and valve system shown in Fig. 4.3 is QQ4.LO. 

After the definition of the top event the next step to develop it 

is to answer the question: In which unit does the undesired event 

occur? To answer this ques.tion reference is made to Fig. 4.3. It can 

be seen that QQ4 is at the output stream of pipe 4 and is at the same 

time an input to the dummy unit placed at the end of the system. 

According to the conventions stated in Chapter 3, QQ4 is the equivalent 

to Q
0 

in the pipe model; therefore, the unit in which the top event 
. UT 

occurs is pipe 4. Once the unit has been located, the point at which 

the minitrees are needed has been reached. The next step is then, to 

look at the set of minitrees for the pipe unit model obtained from the 

failure analysis, and find which of the Main events in the set of mini-

trees corresponds to the top event of the tree that is being developed. 
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To find the correct minitree,reference is made to Appendix I where 

all the models and minitrees used for this work are shown. The name of 

the variable used to look for the minitree is the first letter of the 

complete variable 2Q4. The one needed in this case is the pipe's mini-

tree which has as Main event Q0UT LO. 

Once the correct minitree is found the next step is to write the 

appropriate variables in that minitree. Fig. 4.5 shows the minitree 

in the form as it was obtained by means of the failure analysis. Fig. 

4.6 shows the same minitree but now with the appropriate variables 

according to the topology of the system under study. Note that the 

minitree has now become the tree for the top event and the construction 

will be completed only when the tree has been developed up to the point 

of basic fault events. In this case it has not yet been completed. 

There are two events in the tree that are Transmissive events PP3 LO 

f and PP4 HI. According to the definitions given in Chapter 3, these 

events require further development. 

To develop these events use is made again of the minitrees shown 

in Appendix I. Consider first the event PP3 LO, according to the con-

ventions adopted for stream properties, pressure is set at the unit 

input stream. In this case PP3 is at the input stream of Pipe 4 and the 

correct minitree should be found among the pipe's minitrees. The 

minitree which has PIN LO as Main event, is the one needed in this 

,·~ case and is shown in Fig. 4. 7. 
) 

• 

By writing the proper variables in the minitree shown in Fig. 4.7 

and by adding it to the appropriate branch in Fig. 4.6 a new stage in the 
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construction of the tree is reached and is shown in Fig. 4.8. Note 

that the Boundary Conditions and Not-allowed faults of the first gate 

are added to those of the new gate. This is done to ease the consis-

tency checks when developing the tree further on. 

At this stage there are three events in the tree that need to be 

developed. Consider now PP4 HI; according to the conventions pressure 

is set at the input stream and in this' case PP4 is being considered at 

the output of pipe 4. To develop this event use has to be made of the 

next unit, for which PP4 is considered an input. In this case the 

next unit is a "Dummy Fail" unit;· Its minitrees are shown in Appendix 

I. The name of the variable used to look for the correct minitree is 

the second letter of the complete variable. The minitree with PIN HI 

as Main event is the one needed in this case. By following the same 

) 
procedure of writing the proper variables and by adding it to the 

\ 
I 

branch that is being developed, a new stage in the construction is 

reached, it is shown in Fig. 4.9. 

By considering the top event of the tree as level zero and by 

looking at Fig. 4.9 it can be seen that all the events at level one 

have been developed. Before developing the events at any further 

level, it is necessary to have a look at the new events in order to 

~, check that they may coexist in the fault tree. In this •case it can be 

seen that the event QQ4 HI cannot coexist in the tree because it is 

under the domain of QQ4 LO and therefore contradicts the top event. 

This is stated by the Boundary condition QQ4 HI that affects all the 

new gates. Therefore QQ4 HI has to be deleted from the tree.• With 
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the deletion of QQ4 HI some changes are introduced to the tree. Fig. 

4.10 shows the new tree after the modifications. Note that PP4 HI is 

now represented as a diamond event. Due to the boundaries of the 

system it is not possible to develop the·event any further because 

there is not enough information to do so. 

QQ3 LO is now the only· event that has to be developed further. 

Once again use is·made of the conventions adopted. QQ3 is being con

sidered in the tree as an input to pipe 4. To "develop the event use 

has to be made of valve 3 in which QQ3 has been set as an output. The 

name of·the variable used to look for the correct minitree is the 

first letter of the complete variable. The minitree is found in the 

set of minitrees for the valve unit, the.Main event is Q
0

UT LOW. By 

adding this new branch with the appropriate variables to the tree in 

Fig. 4.10 a new stage in the development of the tree is obtained, the 

new stage is shown. in Fig. 4.11. 

It can be seen from Fig, 4.11 that all the events at levels 1 and 

2 are now developed, before developing the events at the next level a 

check for consistency has to be carr:led out. There is only one con

tradiction at this level, PP3 HI cannot coexist in the tree according 

to the Boundary Conditions of the gate for which this event is an 

input. PP3 HI must be deleted. Any time that a contradiction could 

exist in the tree, the event that according to the Boundary Conditions 

and Not-allowed faults is the cause of contradiction and should be 

deleted from the tree. 

Once the Boundary Conditions and Not-allowed conditions are 

l_ ___ :......__;__ _____ ..:...__ ___________ j 
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checked, the development of the tree can be continued. There are now 

two, events that have to be developed further PP2 LO and "Valve Closed". 

Consider first PP2 LO, in order to develop this event the same proced

ure as before is followed. The minitree needed is found in the set of 

minitrees for the valve unit, its Hain event is PIN LO. A new stage 

of the development of the tree is shown in Fig. 4.12. Note that the 

event PP3 HI has been deleted and that the event which has not been 

developed remains as it was before with the same symbol. Only when 

the event is developed, is its represen~~ion changed to the common 

one used for fault trees. 

The next event to be· developed is "Valv.e Closed". It is at the 

same level as PP2 LO. In this case the event is a Replaced one. 

According to the definitions given in Chapter 3, the minitree needed 

to develop this event can be found in the valve unit. Therefore the 

minitree with "Valve Closed" as Hain event is the one needed. By 

replacing it in the appropriate branch the tree. shown in Fig. 4.13 is 

obtained. 

Before developing the events at the next level the Boundary 

Conditions and Not-allowed faults have to be checked for the new events 

added to the tree. From Fig. 4.13 it can be seen that the events QQ3 HI 

and the fault "Valve Wide Open" are against the Boundary Conditions and 

the Not-allowed faults therefore have to be deleted from the tree. 

Once again the development of the tree has to be continued, with only 

one event needing further development; this event is QQ2 LO. At this 

stage ,a similar problem to the one presented with QQ3 in the early 
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stages is faced here for QQ2. To develop the event use has to be made 

of the unit to the left of the valve; in this ca~e pipe 2 is the unit 

that according to the conventions has QQ2 set as an output. The set of 

minitrees for the pipe has already been used in the other pipe of the 

system. By means of the minitree with the Main event QOUT LO, the 

event QQ2 LO can be developed as is shown in Fig. 4.14. Note that the 

event QQ3 HI and the fault "Wide Open" do not appear in the new tree 

because they were a contradiction in the tree. Note also how the number 

of Boundary Conditions and Not-allowed faults has been incremented as 

the tree has been developed. 

At this stage the checking of the Boundary Conditions and Not

allowed faults is carried out again before developing the new added 

events. The event PP2 HI has to be deleted on this occasion. The only 

event that needs development now is PPl LO. With the help of the pipe's 

minitrees this is done and the minitree with Main event PIN LO is used 

again but the variables are now related to pipe·2. The resultant tree 

is shown in Fig. 4.15. Note that one of the Boundary Conditions is 

QQ2 HI, therefore, the event QQ2 HI has to be deleted from the tree. 

The new event QQl LO is the only one left to be developed. In this 

case as at the beginning of the development of the tree use has to be 

made of another "dummy11 unit. This is a 11 Dummy Head 11 unit and the 

minitree needed to develop QQl LO is the one with Q0UT LO as Main 

event. The new stage of the tree is shown in Fig. 4.16. Note that the 

event PPl HI cannot coexist in the tree with PPl LO, the Boundary 

condition PPl HI is present and PPl HI has to be deleted from the tree. 

The event QQl LO cannot be developed any· further because of the lack of 
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information due to the boundaries of the system. It will then be 

represented as. a diamond event. The final tree is shown in Fig. 4.17. 

Note that the final tree does not present any trace of the minitrees 

used, all the transmissive and Replaced events have been developed and 

the tree is developed up to the point of basic fault events and diamond 

events. 

The example described illustrates the systematic linking procedure 

which is the basis of the fault tree generation algorithm and also 

shows some of the problems that can be faced during this procedure. 

Fig. 4.18 shows another tree which was developed for a top event in the 

two pipe and valve system. Note that the top event in this case PP2 HI 

is located in the middle of the system and in spite of this the flow of 

information travels in both directions and not only downstream. This 

feature is very important for the purpose of this work, because it 

allows the engineer to select any variable of the system and obtain the 

fault tree for the variable, with the confidence that the tree will 

show how the fault propagates throughout the system. 

4.3 Units with Two or More Input/Output Streams 

When units with more than two streams are used some problems may 

arise, but the use of the complete variables and of the conventions 

stated for the naming of these variables helps to avoid problems. It 

also makes sure that the flow of information is correct. To illustrate 

this point consider the example shown in Fig. 4.19. It shows a 

system formed by a heat exchanger, a pipe and a valve. Note that in 

this case the heat exchanger model has two input streams and two output 
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streams •. The properties· for the cold streams considered for this 

example are Pressure (A) and Flow (B) and the properties for the hot 

stream are the same, but their names are the common P and Q used in 

the models with only one input and output stream considered before. 

Consider the top event to be PAS HI. According to the convention 

?tated in Chapter 3 pressure.is defined at the input stream of the 

units, therefore the minitree needed to develop the top event, should 

be found among the set of minitrees for the heat exchanger. From the 

complete variable it can be seen that A is the letter used to represent 

pressure at the input of the cold.stream. Therefore the minitree with 

the Main event AIN HI is the one needed in this case. Note the import

ance of defining the topology of. the system according to the names used 

for the different properties in the unit models. Although the property 

is pressure, the letters used to represent it at the hot and cold streams 

are.different in order to avoid any possible mistake when the search for 

the correct minitree is made. Had the complete.variable been wrong, say 

APS instead of PAS, then the minitree chosen would have been P~N HI. 

This is the wrong one because this minitree refers to the pressure at 

the input of the hot stream as it can be seen in the unit model for the 

heat exchanger described in Appendix I. 

4.4 Deletion of Events Under the Domain of AND Gates 

When an event that is under the domain of an AND gate has to be. 

deleted from the fault tree being developed, all the events that are 

under the domain of the AND gate will a~so have to be deleted. This 

is because when the minitree used to develop the output event of the 
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AND gate was obtained, all the input events to the gate were required 

to occur, to cause the output event. If a minitree with an AND gate 

is Used to construct a fault tree and one of the input events has to 

be deleted, then the output event 'cannot occur any more. Therefore, 

there is no need to keep it in the fault tree, nor any of the input 

events to that particular AND gate. Fig. 4.20 illustrates this case. 

Event B has to be deleted because of event G, which was an input event 

to the AND gate, and cannot exist in the tree due to the Boundary 

Condition NO G. Further checks should be made when an event such as B 

is deleted from a tree. It may well be that B was the input event of 

another AND gate and the same procedure of deletion would .need to be 

repeated until no AND gates affected by those deletions were found. 

Fig. 4.21 shows the new tree for the top event once the necessary 

deletions were carried out. 
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Fig. 4.7 Minitree used to develop the event PP4 LO 
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Chapter 5 

IMPLEMENTATION OF THE FAULT TREE SYNTHESIS 
METHODOLOGY ON A DIGITAL COMPUTER 

The input requirements for the Fault Tree Synthesis methodology 

were described in the former chapters. This chapter is devoted to 

describing the implementation of the methodology on a digital computer. 

5.1 Alternative Approaches. to Implementation of the Methodology 

To solve the problem of implementing the methodology on a digital 

computer two basic approaches were considered: 

1) Special Program Approach 

The program is specific to the.plant and can only be 
used for that specific system. 

2) Standard Program and Specific Data Approach 

This approach requires one general program for all 
systems and a specific data base for each plant. 

Due to the nature of this work, it was decided that the second 

approach was the most appropriate if a flexible program was desired. 

This approach would allow a relatively inexperienced user to set up 

his plant model and use the methodology to carry out a fault tree 

synthesis for a specific top event of his plant model. 

Fig. 5.1 illustrates the approach used in this work. Note how 

the methodology can be used either for real time or design purposes. 
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5.2 Implementation of the Methodology 

To achieve the implementation of. the methodology in a digital 

computer several problems had to be solved. One of the main problems 

was to find a suitable computer language, capable of handling the data 

required to construct the fault trees. A language with list processing' 

as one of its features was thought to be desirable, because list pro

cessing had proved'to be very useful when networks and fault trees 

were handled by computers. (A2,K3) 

At the early stages of this work Algol 68(AS) was used but, later 

on, due to its features and the facilities available in the Department, 

RTL/2 was the language chosen.to develop the computer programs. RTL/2 

is a high level programming language developed at the Corporate 

Liiboratory of Imperial Chemical Industries Ltd. It is intended primarily 

for use in multitask systems on smaller computers and it clearly incor

porates many features of other languages such as Algol 60, Algol 68, 

Algol W, 3CP2, Coral 66 FORTRAN, 'PL/1 and POP-2. 

The computer used for .this work was a.PDP 11/20 and the operating 

system was RSX-llM. The operating system is a multiprogramming, 

real time system and its fundamental function is to provide the control 

for sharing system resources,· among any number of user prepared tasks. 

The tasks stored on a file-structured volume may be installed into the 

system and subsequently run by issuing a command to the Monitor Console 

Routine (MCR) • MCR provides the language interface between the operator 

and, the system. MCR has an indirect file processor task (.AT), which is 

capable of reading a command input file and interpreting each line as 



----------- -~-------------
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lOq 

either a command to be passed directly·to ·MCR·or a request for action 

by the task itself. 
! 

For this work all the interaction with the computer was carried 

out through a teletype terminal and the indirect command files were 

~widely used. A more detailed description of the system and of the 

language used is presented in Appendix II. 

Once the problem of an adequate language was solved, a data-base 

restricted to a maximum of 8K (due to the space limi~tions imposed by 

the hardware) was created. A detailed description of the data-base 

used can be found in Appendix III. 

Three main algorithms were developed to achieve the purpose of 

synthesising the fault trees. According to the methodology used they 

can be named as: 

1) Algorithm to set up the minitrees • 

. 2) Algorithm to define the topology. 

3) Algorithm to build fault trees. 

Each algorithm will be discussed in the following sections 6f this 

chapter. 

5.2.1 Algorithm to set up the minitrees 

The use of the minitrees· to construct fault trees was described 

in Chapter 4. If the minitrees are employed to construct the fault 

trees by means of a digital computer it is necessary to have this 
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information s~;ored in such a way, that it can be handled by the computer. 

To implement the minitrees information in a form which can be easily 

stored and retrieved, an algorithm was developed. Its flowchart is 

shown in Fig. 5.2. The algorithm uses as input the set of minitrees 

obtained from each unit model by means of the failure analysis method 

described in Chapter 3. The algorithm was developed bearing in mind 

that it should be as simple as possible so that-a relatively inexperienced 

user would be able to set up the minitrees without problem. Resemblance 

to the events described in Chapter 3 was maintained so the user can 

feed the data into the computer by interacting with it through a tele-

type. Once the information is saved, it can easily be retrieved at any 

time - a specific minitree is needed to help in the construction of a 

fault tree. 

Several programs are used by this algorithm, all of them have been 

gathered together and built into a task as a module. The name given to 

each task in this work was restricted by the operating system, to only 

three letters. Each name was given, bearing in mind the use of each 

task.* In the case of the algorithm to build the minitrees the task 

name given was BMT (~uild ~ini Trees) • The same name i-s used as key-

word in the indirect command utilised to set up the minitrees for a 

specific unit model. The indirect command can be formed in two parts: 

1) The name of the task required. 

2) The input/output 
specific task. 
option desired 

files and the devices required for the 
If the task has several options, the 

is included too. 

For the case of the pipe minitrees the command would be as follows: 

*For a description of each task see page 560. 
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BliT TI ::DK~:PIPE .DAT 
.................. ~~ 

1 2 3 4 

1- Is the name of the task. 

2- Is the output device (in this case the teletype) • 

3- The source device (in this case the disk) • 

4- The source file for the unit model pipe. 

The use of keywords/data driven programs proved to be very useful during 

this work. The input files needed for the different tasks can be pro-

duced using the editor provided by the operating system. In this way 

any tyPing mistake in the input data is easily corrected and there is 

no need for retyping all the input data. Each data file is given a 

name according to the unit or system described. An example of these 

files is shown in Fig. 5.3 It corresponds to the input data for the 

pipe's minitrees.* All the files of this type for each unit model used 

in this work can be found in Appendix I together with the unit models 

and minitrees. Note the order in which the events are described. 

"M" events first together with Boundary Conditions and Not-allowed 

faults. "T" and .,R" events after the 11 M11 events. "B" events at the 

end together with its probability. This order of description makes 

easier any correction or modification that could be needed. The same 

order should be used if any other minitree is added to these files or 

new files are created. The use of BMT is shown in Appendix Ill listings 

1 and 2. Listing 111.1 is the input data for the pipe's minitree. 

Listing 111.2 is the input data for the heat exchanger's minitrees. 

Note that in both listings a probability for the basic events is 

required. For this work they are dummy probabilities, they are included 

in the data as matter of completeness for future work when the trees may 

*See also page 583. 
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need to be evaluated. Also note that both listings were produced by 

using the data files of each unit model. If the operator wishes to 

interact with the computer through the teletype, he has the ·option to 

do so. There will be tasks in which he would like to do so. In the 

case of BMT the command would be as follows: 

BMT TI :=TI: 

In this case the input will be coming from the teletype terminal and 

not from an input file. · The big disadvantage of doing this, is that 

any typing mistake will mean ·retyping all the data with the consequent 

delays. 

The result of the data used to set up the minitrees can be checked 

by using another task. PMT (~rint·~ini !rees) is the keyword used in 

this case. All the minitree printouts shown in Appendix I were 

obtained with the help of PMT. 

Details of all the programs, the tasks and their names can be 

found in Appendix III. 

'· 5.2.2 Algorithm to define the topology 

To input the topology information for a specific system into the 

computer an algorithm was developed. The algorithm assembles the com-

plete plant model from the data provided for each unit model of the 

system. The data required by the algorithm should be in the form used 

to describe the topology presented in Chapter 4. 
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The programs used by the algorithm have been split into two 

tasks. The first task used is REU (REad !!_nits) and requires as input 

data the total number of units in the system, their names and the 

number allocated to them for identification, dummy units should be 

included too. The second task, DES, (~cription) sets up the 

topology of the system using the data already provided through task 

REU and requires as input data the streams and variables of each 

unit. 

As a convention for the algorithm, t<> be consistent with the con-

vention presented in Chapter 4, any internal variable of the unit being 

described, should be set as a variable of the first input stream. 

Recall that internal variables are the only complete variables that 

may have a blank space in their name. The type of data supplied to 

the programs of task REU are shown in Appendix III listng 3. The 

type of input data required by task DES is shown in Appendix III listing 

4. BOth· listings refer to the topology of the two pipe and valve system 

described in Fig. 4.3. 

The output.of the data used to set up the topology can be·checked 

by using the task PRI (PRint). Fig. 5.4 shows the outp\lt provided by 

the task PRI for the topology of the two pipe and valve system. ·If a 

variable is measured in the system it will be marked with an (M) in ·the 

output. Fig. 5.5 shows the flow chart of the algorithm. 

5.2.3 Algorithm to build fault trees 

Before the algorithm was developed two approaches to construct the 
I 
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tree were 'considered: 

1) Vertical development 

Using this approach each branch of the'tree is developed 
completely up to the point of basic events. Fig. 5.6 
illustrates this approach. The numbers are used to 
show the order in which each event is developed. 

2) Horizontal development 

Using this approach the tree is developed according to 
the different levels of the tree. Fig. 5. 7 illustrates 
this approach. Again the numbers are used to show the 
order in which each event is_ develop!'d• 

The approach used only helps, to decide which event is to be. 

developed next; but it does not affect the linking process of the mini-

·trees. At the end the fault tree obtained by either approach should 

be the same. Although the systematic linking process described in 

Chapter 4 uses the horizontal approach, it was decided that for the 

purposes of this work the vertical approach should be used in the 

algorithm to generate the fault trees. The main reason for this was 

that if the fault tree is generated in real time, the vertical.approach, 

due to its nature, can trace the basic causes of the top event faster 

than the horizontal approach and show how far the fault has been propa-

gated through other units in the system. 

5.2.3.1 Fault trees for design purposes 

The algorithm was developed in such a way that· it can be used to 

generate the fault trees either for design or real time purposes. 

Fig. 5.8 shows the flow chart of the algorithm. 
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The task used to generate the fault trees is BTR (~uild ~ees). 

The indirect command and the type data supplied to generate the fault 

trees for design purposes is shown in Fig. 5.9. Note that in this 

case there is an extra parameter in the command line; there is a number 

after a star character. This number indicates which option is required 

to build the fault trees. ~ is used to indicate design purposes and 

1 to indicate for design purposes. The "%" character after the name of 

the variable, is a terminator character required by the program that 

reads the name, in order to know, when the input data has been concluded. 

The same explanation applies. for the "%" character after the fault of 

the variable and in general to all the "%" characters that appear in 

this work, it is merely a terminator character required because of the 

way the reading program was developed. 

The data supplied to BTR, must be related to the system under 

study and for which its topology·has been previously assembled by means· 

of the tasks described in section 5.2.2. Note that the algorithm will 

not be able to generate any fault tree u~til the topology of the system 

or the minitrees related to the units of the system have been defined. 

If a minitree or unit variable is not found by the algorithm a self-

explanatory message is produced. For· debugging purposes task DEB 

(!2§.!!.ugging) can be used, it can print any of the arrays used in the 

data base. The type of output produced by DEB is shown in Appendix III 

listing 5. 

To print th~ fault tree generated, task PTR (~rint ~ees) is used. 

Due to the restrictions of the printer available, it was not possible 
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to print the tree in the usual tree-like format. Fig. 5.10 shows the 

listing produced by PTR for the top event QQ4 LO in the two pipe and 

valve system depicted in Fig. 4.3. It shows the tree as it was developed 

using the vertical approach. The tree shown in Fig. 5.11 was drawn 

using the data provided by the listing of Fig. 5.10. 

Note that the tree shown in F.ig. 5.11 was developed us.ing the 

vertical approach of the algorithm and it is the same tree as the one 

shown in Fig. 4.17, developed manually and using the horizontal approach. 

Further examples of fault trees generated by the algor.ithm will be 

presented in the next chapter. 

5.2.3.2. Fault trees for real time purposes 

The use of the algorithm to generate fault trees for real time 

purposes .is a major feature of the methodology described in this work. 

When the algorithm was used for real time purposes the following 

assumptions were made in this work: 

1) The algorithm has access to all the measured variables 
of the system under study and checks on the state of 
the variables are carried out at each stage. 

2) Every time a scanning of the variables is carried out 
a snap shot is taken "to freeze" the moment. The 
algorithm uses the values of the variables obtained 
in this way to carry out the analysis of the system. 

3) · No malfunction of process instruments is considered at 
this stage. 

On this basis if one or more of the variables is out of range, the 

algorithm will take as top event the variable with highest priority. 

l 
i 
! 
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The priority of a variable can be fixed according to the importance of 

each variable as defined by the hazard analysis. If all the variables 
! 

happen to have the same priority the first variable at the top of the 

list will be the one defined as the top event. 

Once the top event is defined the algorithm starts the building of 

the fault tree in the same way as it does when used for design purposes, 

the only difference now, is that not all the branches will have to be 

developed up to the point of basic faults. Every time the algorithm 

finds a branch in which a measured variable is involved, it checks, 

before going into any further development, whether the variable is in 

_ fact out of range as specified by the fault which is going to be 

developed or not. If the state iof the variable corresponds to the 

fault being considered the algorithm continues with the development of 

the branch, otherwise the algorithm does not develop that branch. The 

gate to which the event not developed ..,as an. input
1
is checked so that 

no contradiction can exist in the tree (AND, EX-OR gates). If any con-

tradiction exists a "prune" is made by a "garbage collector" (see 

Appendix III) and the analysis is continued with any other branch of 

the tree pending development. The final tree obtained will show how 

far the fault has been traced in the system and also present to the 

operator the more likely basic causes of the top·event. 

The approach used in this work to test the algorithm for real time 

purposes was as follows: 

1) All the measured variables were given as "OK status" 
value and a priority when the topology was set up 
by means of the tasks already mentioned in Section· 
5.2.2. 
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2) To simulate the input values from the plant a task 
was used. This task was RVA (Real VAlues). It 
allows the user to change the value~of the 
measured variables and its priorities,'so every 
time the values are changed a new analysis is 
carried out by the algorithm. A listing of the 
measured variables with their values, priorities and 
status is also produced if required by the user. 

3) Every time a change in the value of the variables is 
made task BTR is used, with the real time option, 
to carry out the scanning of the variables and to 
generate the fault trees according to the.priorities 
of each variable. 

To illustrate the use of the algorithm· for real time purposes consider 

the topology shown in Fig. 5.4 There are only two measured variables 

in this simple system, PP3 and QQ4. Fig. 5.12 shows these variables 

obtained with the help of RVA before their values are changed. Fig. 

5.13 shows the use of RVA to change the values of PP3 and QQ4. Note 

that QQ4 has been given a higher priority than PP3. Also note that 

when the name of the variable is typed a "%" character is added, this 

is a terminator character to tell the program that the name is complete. 

(Recall internal variables). Fig, ,5.14 shows the variables for the 

system considered after their values have been changed. Fig. 5.12 can 

be considered the state of the system at a time (t1l and Fig. 5.14 at 

time (t
2
). 

When the scanning of the variables takes place at a time (t3) the 

algorithm finds that there are two variables out of range but QQ4 is 

the one with the highest priority therefore, it is considered the top 

event and a fault tree is generated for QQ4 LO. Note that when the 

algorithm is used for real time purposes only measured variables can be 

subjects for top events. Fig. 5.15 shows the listing of the fault 

I_ 
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tree produced in this case. Fig. 5.16 shows the fault tree drawn using 

the data provided by the listing of Fig. 5.15. Note that the other 

measured variable that was also out of range in this example is presented 

in the tree as a cause of the top event. 

Consider now that at time t 4 PP3 changes value_again to its "steady 

state" value to simulate this case·RVA is used again as is shown in 

Fig. 5.17. When the new scanning of the variables takes place at time 

t 5 (Fig. 5.18) the algorithm finds that there is only one variable out 

of range QQ4. The fault tree produced in this case is shown in the 

listing of Fig. 5.19 and the .tree drawn by using this data is shown in 

Fig. 5.20. By comparing Fig. 5.16 and 5.20 it can be seen that in· 

Fig. 5. 20 the branch referring to PP3 LO has not been developed. This 

is because at time t
5

, when the scanning of the variables was carried 

out, the value of PP3 was inside its limits (Status "OK"). 

If QQ4 returns to its "steady state" value and PP3 does not change 

again the algorithm will not produce any more "real time" trees until 

one of the measured variables changes its value. Note that the values 

used are fictitious ones. This simple example has been used to illus

trate in some detail the use of the algorithm. Further examples for 

other systems will be considered in the next chapter. 
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***************************************************************** 
!..NIT NO• : 1 

-----------'l"x'PE''tj}t"UNl''l' : DUMMY•H 
** INPUT STREAMS ** " 
NONE 
** OUTPUT STREAMS ** 
FROM : 1 
~a : 2 ~ 

VARIAE~ES : PPJ, QQl 

***************************************************************** 

***************************************************************** 
Wl T NO. : 2 

------------'lYPE"O}t"U~l''l' : . PI PE 
** !~PUT STREAMS ** 
FROM : 1 
Tl'l : 2 -
VARlAl:!~ES: PP1,QQ1 
** OUTPUT STREAMS ** 
FROt1 : ·2 
TZ. : 3 
VARIAB~ES : PP2,QQ2 

***************************************************************** 

***************************************************************** 
UNIT NO. : 3 

-----------'l'x'PE"tll""UN'I T : VA~ VE 
** INPUT STREAMS ** 
FROM : 2 
TZ : 3 
VARI Ab~ES : PP2, QQ2 
** OU'l'PUT STREAMS ** 
FROM : 3 
ora : 4 
VARIAE~£S : PP3 CM) • QQ3 

***•************************~*****************~****************** 

***************************************************************** 
U\IT NO• : 4 -----------
'lYPE''Ur"'UtHT : PI PE. 
** INPUT STREAMS ** 

. FROM. : 3 
TZ.: 4 
VARIAb~ES: PP3 CM) ,QQ3 
** OUTPUT STREAMS ** 
FROM : 4 
T::l : 5 
VARIAE~ES: PP4,QU4 CM> 

***************************************************************** 

Fig. 5.4 Topology of the two pipe and valve system /continued 
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***************************************************************** 
l.N_I 'r NOe : 5 -----------
Tl'PE"tll''"llN!"l' : DUMMY-T 
** I NPtlT STREAMS ** .. 
FROM : 4 
T:l : 5 
\IAF.I ABL ES : F P4. QQ4 (M) 
** OUTPUT S7BE~~S ** 
NOfi:E . 

I 

***************************************************************** 

Fig.· 5.4 /continued 
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>BTR TI: = TI:*~ 

TREE FOR DESIQl 

NN'lE OF VARIABLE (ADD % AT THE END} ? QQ% 

NO. OF VARIABLE ? ,i 

FAULT ? LO% 

Fig. 5.9 Indirect command and tyPe of input data supplied to task 
BTR to generate fault trees for design purposes 

(the underlined characters are typed by the user} 
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NC·ME.i'ICLA'l'UF!E. : 

-~-----------

B•EVENT : IS A bASIC EVENT AND DOES NOT REGlUIRE FURTHER DEVELOPMENT 

!1-E.VE.NT IS AN EVENT THAT REQUIRES FtiR'.:'HER DEVELOPMENT BUT I'l' 
IS RELATED TO A REPLACED EVENT IN 'i'HE UNIT 

T•EVE.NT IS A~ EVENT THAT REQUIRES FURTHER DEVELOPMENT 

************************~****************************************** 
*************************** DESIGN ************************** 
******************************************************************* 

TOP EVENT. 

T-EVENT : 
T•EVE.£\7 
B;.;E.VEN'l" 1 

.B;.;EVE.NT 

EVENT . . 
i•EVE.NT : 
B;.;EVENT :. 

. EVENT : 

'!'•EVENT . . 
R;.;EVE.N'l' : 
B;.;EVE.N'r 

EVENT 

T-EVEN't' 
B;.;EVENT 

NPF:E 
VARo ----
"QQ" 

PP 
FP 

NAME 
VA~• ----
"PP"' 

QQ 

NAME 
VARo ----
"(,}Q" 

pp 

NAME. 
VARo ----
'"FP" 

QQ 

NOo 
VARo ----
"''tj" 

3 
,. f, 

4 

NOo 
VARo ----
''"3" 

3 

NOo 
VAR. ----
""3" 

2 

NOo 
VARo ----
'"''2" 

2 

*** FAULT TREE *** · 
------------------

FAULT DE.SCF!I F'l'I ON OF UNIT GA'l'E ----- --------------~----. ----
t:tr .... · uNnr ·wo~· .. ·4· · "PlPt"·· OR"" 

LO UNIT NOo 4 PIPE 
HI UNIT NCo 4 PIPE 
BLOCKAGE .UNIT NO. 4 PIPE 
L.K-LP•E.NV UNI7 NO. 4 FIFE 

F.AULT DESCRI FTI ON OF UNIT GATE ----- ------------------- ----
t:O"'."' UN!T"N0 ....... 4·::· PrPE."'' OR" 

LO UNIT NOo 4 FIFE. 
L.K•LF-ENV UNIT NOo 4 PIPE 

FAULT DES CRI FTI ON OF UNIT GATE ----- ·------------------- ----
t:O'""' UN!'l'"NO'•. '"4" PIPE .... OR'" 

LO UNIT NOo 3 VALVE 
CLOSED UNIT NO~. 3 VALVE. 

. LK•LF•ENV UNI'I' NOo 3 VALVE 

FAULT DE.SCRI P'l'I ON OF UNI'i' GATE 

----- ------------------- ----
t.:'O'""' UNIT"N'O'o ""3'" . Vi\t:VE" OR .. 

LO UN I 'I' ~a. 3 VALVE 
LK•LP•E.NV UNI 7 NOo 3 VALVE 

Fig. 5.10 Fault tree for top event QQ4 LO in a two pipe and valve system 

FAG E. /continued ---------



E.VE!I;T 

T-E.\IE.NT 
B;.:EVENT . . 
E:.;EVE.NT •· 

EVENT : 

'I'-EVENT . . 
b;.;E.VE.NT 

EVENT 

EVENT 

E--E.VE.NT : 
:;.:::_v:::~: : 

EVENT 

.PAG E. --------

NAME NOo 
VARo VA!lo FAULT ---- -----
··t~Q .. ···:2'' ~;o···· .. 

PP 1 LO 
BLOCKAGE 
LK-LP-&~V 

NAME NO. 
VARo VARo FAUL 1' ---- ---- -----
''FF' ····c t;(l ...... 

QQ 1 . LO 
LK-L P-EN V 

NAME NO. 
VARo VARo FAULT ---- -----'"QQ .. :"T' J.;tf' .... 

NAME NOo 
VAR. VARo FAULT 

---- ---- -----
Ct;tlSE.D 
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DESCl'll F71 ON OF UNI 'T 

--------------·----Ui'Jl 'l"' 'No·;· ···:r·· . 'VAt.:v:.·. 

UNIT NOo 2 F lP E. 
UN I 'i' NO• 2 PIPE 

.UNI '!" NO. 2 PIPE 

DESCRI P'I'I ON OF UN I'!' 

-------------------UNIT Ntr~ .. 2· .... PI PE'' ' 

UNIT NO• 2 PIPE 
UNIT NO• 2 PI PE. 

DESCRI P7l ON 0 F UNIT 

-------------------UNIT"No·; ..... 2 .... Pl'PE ... 

*DIAMOND EVENT* 

DESCRIPTION OF UNIT 

-------------------
BLOCKAGE UNI 7 NO• 3 
SHUT UNIT NO• 3 

VALVE 
VP.LVE. 

NAME NO• 

GAi."E ----
OR 

GATE ----
OR 

GATE ----

GATE ----

VARo VAR. FAULT DESCRIP7IJN OF UNIT GATE ---- ----.. PP .. .... 4 .. -----HI'" ... -------------------UtH'i'"N:l'~ 4 . FIFE .... 
* DI At"! ON D E. VENT* 

Fig, 5.10 
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; 

fu-=-U-NI'r~ 

-~ 
\::) .... 

"' "' 

Fig. 5.11 Fault tree for QQ4 LO drawn using the.data provided by the listing of Fig. 5.10 

.-. 

~ 
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00 YOU WANT TO LIST TKE VARIAB~ESCY/N) ? Y 

MEASURED VARIAbLES 

****************** 

VARIAbLES HI LIMIT LO Lit1IT 

--------- -------- --------••• ......... h ••••• '•' lo ro •' •• •• • • • . ,. ............. 
FP 3 Hl.<l 0 
QQ 4 1 ~z 2 

READING VALUES OF MEASURED V?IRIABL.ES 

************************************· 

NAME OF VAR.(ADD %,* TO TE.RMo) ? *% 

STATUS ------........ ... 
OK 
OK 

PRIORI'l"{ --------. ............... 
1 
2 

Fig. 5.12 Measured variables ob~ained with the help.of RVA before their 
values are·changed 

PAGE ---------
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m YOU HAN'r TQ LIS'!' 7HE. VARI.<BLES(Y/11)) ? C. 

H~ADI~G VALUES OF MEASURED VARIABLES 

************~*********************** 

N8o Of VARIAbLE ? 3 

VALUE OF VABo ? 5 

~J. OF VA!\IAbLE. 1 4 

m YOU IVAN'I' TO CHANGE. THE. LIMITSCY/N) ? t\' 

VALUE OF VAP.o 1 2 

NAME OF VA::lo(ADD %•* '1'0 7ERI't.) ? *% 

Fig. 5.13 Use of task RVA to change the values of PP3 and QQ4 

FAG£ 

---------........... ,. ..... 



132 

DO YOU \vANT TO LIS'! 'l'H£ VAP.IABLESCY/N) ? 

MEASURED VARI AbL E.S 

************~***** 

VAili ABLES HI LIMIT LO L It1 I'!' 

--------- -------- --------................... . ............... . ................ 
FP 3 li!!'l Ul 
QQ 4 5 "1 

l'.EADnG VAL UE.S OF M E:ASUREV VA:tl ABLES 

************************************ 

S u.?US ------. ............ 
LO 
LO 

F:':IO:RI'l''( __ ... _____ 
. ............... 

1 
2 

Fig. 5.14 The measured variables after their values have been changed 

FAG£ ------.. --
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NOM ENCl. ,;';'URE : 

--------------............................ 

IS A BASIC EVENT MID DOES NOT REC1UlRE: FURTHER. DEVC:1..0Ft1EN'l' 

fl•EVEN'l' 

'l'•E.VENT 

IS AN EVENT THAT REQUIRES FURTHER DEVELOPMENT BUT IT 
IS RELATED TO A REPLACED EVEN~ I~ 7HE UNIT 

IS AN EVENT THAT RE.QIJIRES FURTHER DEVEI..OFMEN'l' 

******************************************************************* 
***********************¥*** REAL. TIME ~************************* 
******************************************************************* 

NAME 
VARo ----

TOP E.YEN':r : "'Q'Q"' 

T•EVEN'l' . FP . 
'r:.;EVENT . PP . 
E;.;EVENT . . 
B;.;E.VE.NT : 

NAME 
VAR. ----

EVENT : "'PP"' 

'!•E.VEN"r . QQ . 
B:.;E.VE.NT : 

NAt'·jE 
VARo ----

EVENT . "'Q"Q"' . 
T•EVENT FF 
li;.;EVENT 
B;.;EVENT : 

NAME 
VARo 

E. V EN 'I' . "'"FP"' . 
7~£VEN'i' : QQ 
B..;E.VENT : 

*** FAULT TREE *** 
------------------................... ,. ............... . 

NO. 
VAR. FAULT DESCRI F'l!'l ON OF UNIT ---- ----- -------------------"'"'4"' t.:O'" ... U~!T"'NtJ'~·· .. Li······pr PE. 

3 1..0 UNIT NO. 4 PIPE 
4 HI UNIT NO. 4 FIFE 

BLOCKAGE UNIT NO• 4 FIFE 
LK•LP•ENV UNIT NO • · 4 PIFE 

NO. 
VAR. FAULT DESCRIPTION OF UNIT ---- ----- -------------------"''"3"' t.:O"""'"' UN!'l'"'NO",;"""Li .. "FlP£ 

3 LO UNIT NO. 4 FIFE 
LK•LP•ENV UN I 'i' NO• 4 FIFE 

~-0. 

VAR. FAULT DES CRI F'l'I ON OF UN! T ---- ----- -------------------'''"3"' t.:o·~·: .. UN! '!'"'NO",;"'". 4· ... PlPE:"""" 

2 LO UNIT NO• 3 VALVE 
CLOSED UN! T NO• 3 VALVE 
LK•LP•ENV UNIT NO• 3 VALVE 

NO. 
VAR. FAULT DES CRI P7I 0:-.i OF UNIT ---- ----- -------------------"'""2"' t;O"'""' UN!'l'"'t·W·~··· ·:;··· ""V,;t.; VE 

2 LO UNI":' NO• 3 VALVE 
VALVE LK•LF·ENV UNI'r NO. 3 

GATE ----
OR"'"' 

GATE 

----
OR"'" 

GA':'E ----
"OR""" 

GATE 

----
OR···· 

Fig. 5.15 Listing of the fault tree QQ4 LO for Real time 
FAG E. 

--------- /continued 



EVENT 

T•EVENT 
B:.;EVENT 
B:O:EVENT 

EVENT 

T-EVENT 
E:.;EVENT 

EVENT 

EVENT 

B•EVENT 
B:.;EVEN'l' 

EVENT 

PAGE ---------

: 

: 

: 

: 

NP.ME II!Oo 
VAR. VARo ---- ----
"UQ" ""2" 

PP l 

NAME NOo 
VARo VARo ---- ----
'"P?" ..... 1 .. 

Q(~ 1 

NAME NOo 
VARo VARo ---- ----
"UQ" ""l" 

NAME. NOo 
VARo VARo ---- ----

NAME NOo 
VAR. VARo 

"F'P" ""<!" 

FAULT -----
t.:d""" 

LO 
BLOCKAGE 
LK-Lf'-ENV 

FA UL 'l' -----
t.:O'"~" 

LO 
LK-LP-ENV 

FAULT -----
.. t.:d""" 

FAULT -----
'Ct.:OSl::D 
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DESCRIPTION OF UNIT 

------~------------UN! 'I'' 'IHJ'~ .... 3· .... ·vAt.: VE'. 

UN I'!' NO. 2 PIPE 
UNIT NOo 2 PIPE 
UNI"l' NO. 2 PIPE 

DESCRIF'riON OF UNIT 

-------------------UN!'!'''M0·~· .... 2 ..... PIPE .... 

U!I!I'l' NO. 2 PIPE 
UN I '!' NOo . 2 PIPE. 

DESCRIPTION OF UNIT 

-------------------UN!T''NOo .. ···2······pi PE .... 

*DIAMOND EVENT* 

DESCRIPTION OF UNI"l' 

-------------------Ul\l!T''No·~· ... 3 ...... VALVE'' 

BLOCKAGE UNIT NOo 3 VALVE 
VALVE SHUT UNIT NO. 3 

FAUL 1' DESCRIPTION OF UNIT ----- -------------------H!""" Ui'IH""NO·~ ... 4 ... PI' PC:.". 

*DIAMOND EVENT* 

GA7£ ----OR .. 

GA'l'E ----
OP."" 

GATE ----

GATE ----
Ol:l' 

GATE ----

Fig. 5.15 Listing of the .. fault tree QQ4 LO for Real time 
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"' 

Fig. 5.16 Fault tree for QQ4 LO drawn using the data provided by the listing of Fig. 5.15 
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DJ YOU l•IAN7 TO Ll S'r 7HE. VAEI AbLES<':t'/N) ? Y 

o1 EASUfiED W>.RI MoLES 

~ **********7.o:C****** 

VARI ABL E.S HI LIMI'i:' LO Lir1l'J;' 

--------- -------- --------00000H0000IO,. .. O .................... . ................ 
pp 3 102 nz 
QQ 4 

. 
5 1 

l':EADING VALUES Or MEASURED VARIABLES 

****************~******************* 

NO. OF VARIABLE ? 3 

W YOU loiAN'l' 70 CHAII:GE THE LIMI'l'SCY/N) ? N 

VALUE OF VAR. ? 2Z 

NAME OF VARo(ADD %•* TO 7ERMo) ? *% 

STATUS ____ ..,_ 
. ........... 

LO 
LO 

PRIORITY 

------""'-. ....... " ....... 
: 
2 

Fig. 5.17 Use of task RVA to change.the value<:if PP3 to a "steady state" value 

FAGS --------..................... 
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DJ YOti HAN7 70 LIST 'ii'HE VABlAbL£S(Y/Nl ? 'l 

MEASU?.E.D VA!?.I Al!LES 

*********•******** 

VAF.I ABL ES HI LIMI 7 LO LIMIT -------- -------- _...,_.,.. _____ 
. ,, ,, ' .... . .... .. , . , .... -......... . ,. " .... ' ...... 

PP 3 lll: 1Z 
QQ 4 5 - 1 

?.EADING VALUES OF MEASURED VA2IABLZS 

********¥*************************** 

STt\TUS ------
OK 
l..O 

PE! 0 RI 'r.'l --------... ,. ........... 
1 
2 

Fig. 5.18 State.of measu~ed variables at time. (tS) 

FAGE --------....... ,. ......... . 
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NOM EN Cl. A 'rUR E. : .-------------
B-E VENT IS A BASIC EVENT AND DOES NOT REQUIRE. FURTHER DE. V El. 0 Pt~ EN'!' 

R-E.VE.N'i' IS AN EVEN7 'rH AT REQUIRES FURTHER DE. V El. 0 Pt1E.N 'l' BUT I'i 
IS P.E.l.ATE.D TO A RE.Pl.ACE.D EVENT IN 'THE UNI '!' 

T-EVE.NT IS AN E. VENT THAT REQUIRES FUR!HE.:R DE.VE.l.OPMEN'i' 

******************************************************************* 
*************************** REAl. TIME ¥************************* 
*****************~************************************************* I 

*** FAUl.'l' TREE *** 

------------------. 

NAME NO• 
VAR. VAF.o FAUl. T DES CRI P.Tl Oi-: OF UNIT GATE ---- ---- ----- -------------~-----TOP EVENT : "1,1\,)" "'"4" t:O ..... UN!'l'' 'Ntl"~"' ·4· ... , . PlP£" ... OR"" 

T-E.VENT pp 4 HI UN17 NO• 4 PI PE. 
B:.;E.VENT Bl.CCKAGE UNIT NO~ 4 PIPE. 
B;.;EVE.N'i' l.K~l.P-ENV UNIT NC• 4 PIPE 

N At1 E. NO• 
VAF.o VAR. FAUl. 7 DESCRI FTI 0 N OF UNIT GATE ---- ---- ----- ------------------- ----EVENT : '"PP" "'"4" HT'""" Ull!r'l"""NO'~" ·4 . . PlFE. . . 

*DIAMOND EVEN 'I'* 

Fig. 5.19 Listing. of the fault tree produced by the methodology when 
only QQ4 .is out of range 

PAGE ---------
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Fig. 5.20 Fault tree for QQ4 LO drawn using the data provided by 
the listing of Fig. 5.19 
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Chapter 6 

APPLICATIONS OF THE METHODOLOGY' 

The previous chapters have presented the development of the con

ceptual basis of a methodology for fault tree generation and its 

implementation on a digital computer. In this chapter three different 

systems are used to illustrate the applications of the methodology. 

6.1 Flow-Control System 

One of _the most common examples empl.oyed to illustrate the use of 

control loops in a Chemical Process is a flow control system like the 

one shown in Fig. 6.1. The system is a simple one, but it was con

sidered appropriate to be used as the first example, to illustrate how 

the methodology handles a control loop. 

The first step in the generation of the fault trees for this · 

system is to follow the procedure already mentioned in. the previous 

chapters. Fig. 6.2 shows the same flow control system but now des

cribed according to the requirements of the methodology. The limits 

of the system are determined by the dummy units and the name of the 

variables have been described' according to the' names used in the unit 

models described in Appendix I. The next step is to set up the mini

trees and the topology of the system, before the actual construction 

of the fault trees can be carried out. To do this two indirect 

command files are used the first one is BTREES. This indirect command 

file is the one that carries out the installation of all the tasks used 
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by the methodology. Once the tasks have been installed, BTREES uses 

some of them, to link the arrays of the data base and provide the basic 

information required by the second indirect command file. BTREES is 

always required as the first step in setting up any system. Fig. 6.3 

shows this file. 

The second indirect command file, (in this case TLAP) is the one 

that carries out the setting up of the unit mini trees that '.form the 

particular system under studi. It also sets·up the topology of the 

system. Fig. 6.4 shows the file TLAP used for this first example. Note 

that it makes use of the tasks BMT (to set up the minitrees), DES and 

REU (to set up the topology) already described in Chapter 5. All the 

output files are written on the disk and then deleted, leaving in core 

only the minitrees of the units forming the specific system and its 

topology. This information is later required to generate the fault 

trees. Task PRI can be used now to check ·if the topology kept in core 

is correct. Fig. 6.5 shows the output provided by PRI for the topology 

of the flow control system. The minitrees can also be checked by means 

of task PMT, examples of the results provided by PMT are ·shown in 

Appendix I. 

From the topology shown in Fig. 6. 5 it can be seen that this par

ticular example does not have measured variables defined. Due to this, 

it will only be used in the construction of fault trees for design 

purposes. 

Consider as top event QQ3 HI. Once the top event has been chosen 
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task BTR is used to produce the fault tree for this particular event. 

Fig. 6.6 shows the indirect command used and the data given to BTR in 

order to produce the fault tree desired. Note that in this case, the 

option (~) for design purposes is the one used. The resultant tree 

can be printed by using task PTR. Fig. 6.7 shows the listing obtained 

and Fig. 6.8 shows the fault tree for QQ3 HI in a tree-like format 

drawn using the data of Fig. 6.7. 

. (LS) Th1s example was also used by Lapp and Powers to illustrate 

their methodology. It is interesting to compare their results with 

the ones obtained here. The best way to do this is by means of corn-

parison of the cut sets. Tables 6.1 and 6.2 show the results of the 

two methodologies. It can be seen that there are some differences in 
.. i- ·:~ 

these tables. The reasons for these differences is that the method-

elegies are based on different assumptions and models. The methodology 

used in this work does not consider in the development of the minitrees 

any component installed in a improper way such as reversed valve; 
..... 

only the failure modes of the units are considered important from the 

point of view of design. If the assumptions made in Chapter 3, for the 

development of the mini trees are relaxed, the reversed :faults can easily 

be included in the unit minitrees and therefore the cut set "reversed 

val ve11
, may be obtained. 

When the use of the unit models to develop the minitrees was 

presented in Chapter 3 only two states of the variables were considered 

(HI and LO). This does not mean that they are the only possible states 

of the variables. If any other state of a variable requires to be con-
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sidered it can be done without any problem. Each new state of the 

variables will require a new minitree. The way to introduce new mini-

trees is by carrying out a failure analysis for the new state of the 

variable in a similar fashion as for the other minitrees presented in 

Chapter 3 and Appendix I. For the example being considered, the (+10) 

state used by Lapp & Powers can easily be defined as a Very High (VHI) 

fault and a new minitree for each unit could be developed, so that 

when the fault tree is constructed the cut set QQ3VHI may be obtained. 

In this example this fault was not considered because it implies that 

the sudden change in QQl should be very fast indeed to avoid any 

action of the control loop. Further examples where other states of the 

variables besides HI and LO are considered will be presented in the 

following examples. Note that the methodology used here uses two-

way models to ensure the flow of information. It allows the construe-

tion of fault trees for other top events that are not at the downstream 

end of the system. This will be illustrated with several examples in 

the next sections of this chapter. 

Note in this example the presence of the AND gate. It comes from 

the control valves minitrees. Its input events were developed using 

the flow of information through the system. Recall that all the differ-

ent gates of the minitrees are developed when the failure analysis of 

the unit model is carried out. The algorithm used tci produce the fault 

tree only links the minitrees, it does not create any events or gates. 

The quality of the fault tree is closely related to the quality of the 

mini trees. 
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6.2 Two tank and control valve system 

Consider now the example shown in F.ig. 6.9. This is a bigger 

system.intended to illustrate .the way in which the methodology can 

handle more complicated systems. In this system all the variables are 

assumed to be measured, therefore, it can be used to produce fault 

trees, either for design or real time purposes. 

The indirect command files used to define the system of Fig. 6.9 

are BTREES and TOCON. The second file is the one specific to the 

system being considered and is shown in Fig. 6.10. The output provided 

by the task PRI for the topology is sho;,n in Fig. 6.11. Note that two 

internal variables are involved in this system. 

Consider first the system for design purposes. Figs. 6.12, 6.14 

and 6.16 show the listing produced by the task PTR for the ·fault trees 

of three top events. Fig. 6.12 refers to the top event QQ7 HI, the 

fault tree shown in Fd;g •. 6.13 was drawn using the data of Fig. 6.12. 

The tree for top event QQ5 LO is shown in Fig. 6.15, it was drawn using. 

the data provided by the listing of Fiq. 6.14. Finally the listing of 

Fig. 6.16 refers to the top event PP3 HI, the fault tree shown in Fig. 

6.17 is based on the data shown in F.ig. 6.16. 

Note in Figs. 6.15 and 6.17(a) how the flow of information travels 

downstream and upstream providing a complete picture of how a fault 

propagates throughout the system. Without a two-way flow of information 

this would not be possible. F.ig. 6.17(b) shows how the tree for P3 HI 

would be if only one-way flow of information were used in the development 
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of the ·tree •. It is in this aspect that the methodology used in this 

· (Sl) work has advantage over the methodology used by Salem et al. 

Their.methodology only' allows the development of the trees in one 

direction. The capacity of constructing fault trees for top events 

occurring at any place of the system under study is without doubt a 

major feature of the methodology used in this work. No other method-

ology reported in the literature has claimed this feature. 

Consider now the tank and control valve system for real time pur-

poses. The state of the variables before any change is carried out 

is shown in Fig. 6.18, this listing was obtaine~ with the help of task 

RVA. Fig. 6.19 shows the same measured variables but after RVA has 

been used to change some of their values and priorities. This is the 

picullre that the task BTR finds when it starts the scanning of the 

variables. There are several variables out of range but the one with 

highest priority in this example is QQ7 and therefore it is considered 

the top event to be developed. The tree shown in Fig. 6.21 was obtained 

from the listing of Fig. 6.20. Note that the tree shows how far the 

fault of the top event has .propagated through other units, only those 

measured variables that were out of range when the "snap shot" (shown 

in Fig. 6.19) was taken, are portrayed in·the tree. The tree also shows, 

according to the information available at the moment of building the 

tree, which are the more likely causes of the top event. This informa-

tion can be of great help to the operator in the control room when he 

has to make a decision about the problem that he is facing at that very 

moment •. New trees can be produced every time the scanning is carried 

out and measured variables found out of range. 
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6.3 Heat Exchanger and Control Loops System 

The last example to be considered in this chapter is a little more 

complicated than the former two already discussed. Consider now the 

system shown in Fig. 6.22. It represents a system that can easily be 

found in many Chemical Process plants. The function of the process 

considered in this example is to cool the hot stream to a specific 

temperature, before it can be used in other parts of the plant. Water 

is pumped to cool the hot stream. A trip valve has been placed at the 

inlet of the heat exchanger's hot stream. The valve will be activated 

by a signal, from the flow sensor installed at the output stream of the 

pump when the flow is stopped, due either to the shutdown of the pump 

or to any other cause. Note that there are two control loops in this 

system and that other variables, besides pressure and flow, are con

sidered. 

This system has units with more than one input/output stream and 

will be quite useful to illustrate the importance of the.complete 

variables to assure the correct development of the fault trees. Other 

states of the variables such as NO FLOW and FLOW GREATER THAN ~ (GT~) 

are also considered in this example. · 

The initial steps before the actual constructions of the trees, 

have to be carried out in a similar fashion to the former examples 

discussed in this chapter. The indirect commands are again, a general 

one BTREES, and a specific one for the .system under study. Fig. 6.23 

shows the specific command file TOT4 used for the Heat Exchanger and 

control loops system. Fig. 6.24 shows the topology of the system 



147 

obtained by means of task PRI. From Fig. 6. 24 it can be seen that 

. some of the variables have been considered as measured ones; therefore 

both options of the methodology can be illustrated using the example 

described in F.ig. 6.22. 

Consider first the example for design purposes. TT4 HI will be 

the top event in this case. Task BTR ·is used with the design option (~). 

Fig. 6.25 shows the listing obtained by means of task PTR and Fig. 6.26 

the fault tree for TT4 HI in a tree-like format. As in the previous 

examples the tree-like format uses the data produced by PTR. Note that 

in the listing of Fig. 6.25 there are' two R events with the same dummy 

fault C but by means of the description of the unit, provided in the 

same listing, any possibility of confusion is excluded. As a rule when 

the minitrees are developed for a specific unit, no two R events can 

have the same dummy fault unless they are the same events. One thing 

that is useful when the trees are drawn using the data provided by 

PTR, is to·remember that the listing was produced in the same way as 

the tree was developed, following the vertical approach. 

The tree shown in Fig. 6.26 shows clearly how the methodology 

handles those units, like the heat exchanger, with more than one input/ 

output stream. Note the presence of the complete variables such as 

CT5, AP5, QB7 in the tree and how the flow of information travels 

through the system without any problem in spite of the presence of the 

control loops. Also note the presence in the tree of two states of 

the variable flow that had not appeared before in any of the other 

examples considered. (These states are highlighted in the tree of 



148 

Fig. 6.26). A failure analysis as discussed in Chapter 3, was carried 

out in each unit to obtain the minitrees for NO-FLOW and FLOW GREATER 

THAN ~. (In this case simplified to consider only the flow variable) • 

These minitrees are shown in Appendix I for each unit. Note that the 

same set of minitrees has been used in all the examples discussed in 

this chapter. The methodology only uses those minitrees that are 

required according to the type of event that is being developed. It can 

be seen from this that the methodology is flexible. This feature allows 

the use of more general models capable of copihg with the multi-state 

nature of the variables involved in the Chemical Process. 

The difference between Fussell's methodology and the one used in 
' . 

this work is without doubt the capability of dealing with multistate 

variables. Fussell usually only considers two states because his 

methodology is aimed at electrical systems where the only states 

considered are ON and OFF. _This example shows that Fussell's methodology 

would not be applicable here, because more than two states were 

involved. The states of the flow variable considered in Fig. 6.26 are: 

1) Flow HI. 

2) Flow LO. 

3) NO-FLOW. 

4) Flow present in the system (G~) • 

An example quite similar to the one discussed here has been pre

(L4) 
sented in the literature by Lapp & Powers. Most of the results 

shown in their paper are obtained here, but the differences in this 

case are due to the introduction of a sensor (unit 9) in this example 
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(that theirs does not have)· and the use of models that are more general 

than the ones used by them in thei;- methodology. The tree obtained in 

. this case was for an event that was at the downstream end of the 

system. None of Lapp and Powers' papers have shown trees for top events 

in the middle of the system as the ones shown in the last section for 

the two tank and valve system. 

The methodology described in this work gives the'safety analyst a 

greater capability in the synthesis of fault trees than the one presented 

by Lapp & Powers. The flexibility to introduce new states of the 

variables together with the choice of top events throughout the system 

under study, provides a useful tool at the design stage of a process. 

Note in Fig. 6.26 that the AND gates that appear there, come from 

the unit minitrees used. No special consideration is required for 

the loops.· Using the flow of information the methodology plugs the cor-

rect minitree together to produce the final tree. 

Consider now the real time option for the same system. Fig. 6.27 

shows the state of the measured variables before RVA is used to change 

their values. Fig. 6.28 shows the same variables after their values 

have been changed. Note that the variable TT4 has now the highest 

priority to ensure that the tree developed in this case has TT4 as top 

event. The listing obtained after BTR and PTR have been used is shown 

in Fig. 6.29. The fault tree obtained from the data of Fig. 6.29 is 

shown in Fig. 6.30. 

Note again that when the real time option is used, the methodology 
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does not develop all the possible branches of the tree, only those 

variables that were out of range when the tree was developed are 

included. By comparing the trees of Figs. 6.26 and 6.30 the difference 

between design trees and real time trees can be appreciated. Note 

that in the real time tree only one state of the variable is present and 

this is because in real time the variable has a defined value. Therefore 

all the other options that appear in a design tree cannot appear in a 

real time one, and are ·ruled out by the Boundary Conditions. 

The number of units that the methodology can handle is only limited 

by hardware restrictions of the computer used. In this work the data 

base was restricted to SK by the hardware and as a.consequence the 

maximum number of units in a system is restricted to 15. The example 

discussed in this section consists of 12 units including the dummy 

ones and with the facilities available for this work it was possible 

to produce fault trees for design purposes with 60 gates and more than 

lOO events. The space available becomes a problem when the methodology 

is used for design purposes for larger systems, but Real time trees do 

not require 'so much space, because they will never be as large as the 

equivalent design ones. 
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Table 6.1 

Minimal cut sets of the tree shown in Fig. 6. 7 

1) Valve fails open 

2) Controller fails High 

3) Set point High (WWl HI) 

4) Sensor fails Low 

5) QQl High AND valve stuck 
. 

6) QQl High AND sensor stuck 

7) QQl High AND controller stuck 

8) QQl High AND valve on manual 

9) Leakage from High Pressure 
Environment in valve 

Table 6.2 

Minimal cut sets from Lapp & Powers Example(L5l 

1) QQl (+10) 8) Sensor fails low 

2) Valve fails open 9) Sensor Reversed 

3) Valve reversed 10) QQl (+1) AND valve stuck 

4) controller fails High 11) QQl (+1) AND sensor stuck 

5) Set point High 12) QQl (+1) AND controller stuck 

6) Controller Reversed 13) QQl (+1) and ON Manual 

7) Line 4 ruptured 



1 --->-

• 

' 

5 Flow 
r--------------1 Controller 

2 Flow 
Sensor 

Fig. 6.1 Flow control system 
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INS C!.,!.lDA':E~AS 

INS C li..~ ~J F .. i~::.E.S 
l:VS Eh717-

bS 8':'::< 
IN.S GAL 
I;>;S DUi 
1:\S D<S 
It'>S LI'i: 
Ii'S Pct:T 
I~:S PR! 
INS P'l'l': 
1~ s r~E.u 

hS f.FA 
IK'S R!U 
INS ?.VA 
GAL 'i.""I : = 'TI : * &: 
LI 7 7I: =TI: 
F.FA D;\~:l\.~~7; l=DKJ: FAUL7S.DAT 
liTU Dl\l: 'roTN'l'; l=DK~: 'l'YFEo DA'l' 
HP *oTN'r;*/DO.-
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Fig. 6. 3 BTREES file to instal'l all the 
·tasks used by the methodology 

-------
..... H.o •• .. ,_. 



E.M'i: Dt\.3: ;I! o'l'N7; I= DK:l: t•UMMYf!oDA'l' 
ii"Ji:' DK2: B!o':"(~7; l=Dl\Z: [;t.Jt·it1YToD~·r 
8•i7 D:\~': c;7N7i i:DI{Z: CO;.;':"VA.o DA? 
B'l'? Di<Z: L;. ·:-~: '?; i'=DKZ: CON"rLL~ DA'T 
EM':' Df\ 2: E~ 71\' ';l; i= DK .2: SE.N S!.Jo DA'r 
:RE.U Dl\2,: ,A.T.~"r:; £=t;KZ:.LAF.DA'! 
DES DKZ: l:'o';'~';i'; f=DKZ: LAPC. DA'Il' 
PI F *. ':'~ '!'; *I DZ-
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Fig. 6.4 TLAP'file used·to define the minitrees 
and topology of the system 

7LAF oCMD __ ., ___ _ 
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***************************************************************** 
UNI'l' NOo : 1 

-----------TYFE .. O'F''UN!"l' DUMMY•H 
** INPUT STi'.EAMS ** .. 
NONE 
** OUTPUT STREAMS ** 
FROM : 1 
't't'; : 2 ... 
VARIABLES': PFl,QQl 

***************************************************************** 

***************************************************************** 
UNITl'IOo: 2 

------------7:1'P'£ .. 0F .. \JN!':' : CN7Rl..•VAL 
** INFU7 S7REAMS ** .. 
FROM : 1 
'rZ : 2 -
VARIABLES : FFi, QQl 
FROM : 4 
Tll : 2 
W\RI AbL ES : BBS 
** OU7FUT STREAMS ** 
FROM : 2 
T2: : 3 
VARIAbLES : PP2,QQ2 

***************************************************************** 

***************************************************************** 
lNIT NOo : 3 -----------
'Tx'PE"OF .. DN'l't' : SENSOR•Q 
** I~FUT STREAMS ** 
FROM : 2 
T-2 : 3 
VA!'!I ABL ES : FF2, QQ2 
** OUTPUT STREAMS ** 
FROM : 3 
Tiil : 4 
VARIABLES : SS4 
FROM : 3 
'1':3 : 6 
VARIABLES : FP3,QQ3 

***************************************************************** 

***************************************************************** 
U\!I'! NOo : 4 

------------"NPE .. OF .. tlN!T : CNTROLLER 
** INPUT STREAMS ** 
FROM : 3 
Tl : 4 

Fig. 6.5 

PAGE . --------
Topology of the flow control system 

/continued 



VAF.I ABL ES : SS4 
FROM : 5 
7t3.: 4 
VARI A f:L ES : \ol\o/6 
** OUTPUT STREAMS ** 
FBOM : 4 
£'2 : 2 
VARIABLES : BE5 
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***************************************************************** 

***************************************************************** 
l!lli'l' NOo : 5 ------------
'lYPE."tlf''DNl'i : DUMMY-H 
** IN PU'l' STREAMS ** .. 
NO~E 

** OUTPUT STREAMS ** 
FROM : . 5 
7~ : 4 
VARI AbL E.S : I.JW6 

*********************************************************~******* 

***************************************************************** 
UHT NO. : 6 -----------
'lYP'i::''tlf''UNl"l' : DUMMY-T 
** INPUT STREAMS ** .. 
FROM : 3 
T0 : 6 
VARIABLES : ?P3, QQ3 
** OUTPUT STREAMS ** 
NONE. 
************************************~**************************** 

Fig• 6.5 · 

?AGE 
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>BTR.TI:~TI:*I/l 

TREE FOR DESIGN 

NAI1E OF VARIABLE (ADD % AT THE END) ? ~ 

NO. OF VARIABLE ? 3 

FAULT?~ 

Fig. 6.6 Indirect command and data required to produce the fault 
tree for top event QQ3 HI for a flow control system 

(the underlined characters are typed by the user) 
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NOMENCLATURE : --------------
B-E.VE.!Ii'l' IS A BP SIC EVENT AND DOES NOT REQlll?.E FU::\'l"HER DEVELOPt1ENT 

R-EVE.t-1'1' : IS AN EVENT .THAT RE.IWIBES FURTHER DEVELOP11ENT BUT I'!' 
IS RELATED TO A REPLACED EVENT IN THE UNIT 

T•EVENT : IS Al\' EVENT THAT REQUI!iES FURTHER DEVELOPMENT 

******************************************************************* 
*************************** DESIGN ************************** 
*****************•************************************************* 

*** FAULT TREE *** 
----------~-------

NAME NO• 
VAR. VAR. FAUL'l' DESCRI P'!'I ON OF UNIT GA'l'E ---- ----- -------------------':'OP E. VENT : ... Q'Q .. ····:; .. Hr .. ··• UNr'l'· ·~,nr~····:;· .... 'SEN SOl':- Q on···· 

7•EVE.NT . pp 2 HI UNIT NO• 3 SENSOR•Q . 
T·.;zVENT : pp 3. LO UNIT NO• .3 SENSOP.;.;Q 

NAMEc NO• 
VAR. V ARe FAULT DESCRI P'rl ON OF UN I 7 GAtE ---- ----- ------------------- ----

E. VEN 'i : .. pp .. ...... 2 .. Hr ...... UN!'l'" ·tm..-.. ··:;······sENSO.R•Q OR .... 

7•EVENT : QQ .2 .HI UNIT NO• 3 SENSOE•Q 

NAME NO• 
VAR. VA!le FAULT DESCRIPTION OF UNIT GATE. ---- ---- ----- -------------------EVENT : ... QQ .. . ,. ''2". Hr···· .. UN!'l .. 'NO'~ .... 3······sENSOP.•Q OR' ... 

ii•EVEN'i' : A UN 1 'i' NO• 2 CN'rF.L•VAL. 
T;.;E.VENT BB 5 HI UN! 'I' NO~ 2 CN'l'RL;.;VAL 
B;.;E.VENT . FAIL•OPE.N UN! T NO• 2 CN'I'RL;.;VAL. . 
B;.;EVEN'l' : L.K•HP•ENV UN I 'l' NO• 2 CN'I'RL;.;VAL .. 

NAME. NO• 
VI\F.e VI\Re FI\ULT DES CRI FT! ON OF UNIT GI\'!'E. ---- ----- ------------------- ----

E.VEN7 : ~ ........ UN!7 .. NG·~····2 . . "CN':'F.t.:•VAL ANn 

T-E.VE.NT . pp 1 Hl UN! T NO• 2 CNTRL•VAL. . 
R;.;EVENT c UNIT NO• 2 C!>'I'RL;.;VAL 

Fig. 6.7 Fault tree for QQ3 Hr in a flow control system 

/continued 

PAGE --------................... 



NA11E NO• 
VAR. VARo FAULT ---- ---- -----

EVENT . "pp-· ····r· Hr······ . 
':'•EVENT : QQ 1 HI 

NAi1E NO• 
VARo VARo FAUL.'ii' ---- ---- -----' 

EVENT : "QQ" ''"l" HT"":· 

NAME ~o. 
VARo VAR. FAULT ---- ---- -----

EVENT . C"""". . 
':'•EVENT : Bl:i 5 NO•CHANGE 
b..;EVEN'i' . VA(;V•STCK . 
B..; EVENT . MANUl'IL. . 

NAME NOo 
VA!lo VAP.o, FAULT 

---- -----

160 

DESCRIPTION OF UNIT 

-------------------
UNIT NO• 2 CN'!'RL•VAL 

DESCRIPTION OF UNIT 

-------------------Uli I T"NO -~· .. ·2· ... 'CNTF.L;. VAL 
*DIAMOND EVENT* 

DESCRI PT! ON OF UNIT 

-------------------U!H7"NO._- ... 2 ..... Cr-;'l'RL...;VAL 

UNIT NO• 2 CN'l'RL.•VAL 
UN! T NO~ 2 CN'l"FiL..;VAL. 
UNI -r NO• 2 C NT RL:..; V AL. 

DESCRIPTION OF UNIT 

-------------------
TaE.VENT : SS 4 NO•CHANGE. UN! T NOo 4 CNTROLLER 

CN'l'ROL.LE.R b..; EVENT CONT•STCK UNIT NO~ 4 

NAME NOo 
VAR. VARo FAULT DESCRI FTIO.,_ OF UNIT ---- ---- ----- ·-------------------EVENT '"SS" ."'"4" NO..;CHANGE UIH'l'' 'NO·~· ... 4· .... 'CNTROL.L ER 

B•EVE.NT : SENS•STCK UNIT NOo 3 SE.N SOR•Q 

NAME NO. 
VAR• VARo FAUL. T DESC!iiF'l'IOtll OF UNIT ---- ---- ----- -------------------EVENT "BB" ""5" Hr· ,, .. Uilit 't' 'Ntr~· .. '2' .... 'CNTRL..; V AL. 

T•EVENT ss 4 LO UN! T NO• 4 CNTR0L.LE.R 
T;.;EVE.N'l' IVW 6 HI UN I": No·. 4 C N'l'RO L. L ER 
b:.;EVEN7 CON'i'•F•HI UN! T NO• 4 CN'i'ROL.LER 

NAME NOo 
VAR. VARo FAUL 7 DESCRIP'i'ION OF UNIT 

Fig. 6.7 /continued 
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---- ---- ----- ---------------~---

SEN-FA-LO UNIT NO• 3 SENSO?.-Q 

NAME ~m. 
VAR. VAR. ---- ----.. 1o11r • "'"6" 

N.At~E NO• 
W\R. VAR. ---- ----"PP" ""3" 

FAULT -----
HI""" 

FAULT -----
t:O"". 

DESCR!i''l'ION OF UNIT 

-----~-------------utH"l'"No·.; '"4"""CN7Rut:LER 
*DIAMOND EVENT* 

DESCRI i''il'l ON 0 F UN! T 

-------------------Ul'J! 'l'' 'Mtl ~ ... '3 ...... 5 E.N SOP.- Q 

*DIAMOND EVEN'l'* 

Fig. 6.7 

----

GATE ----

GATE ----



PPl HI 

-· 

A 

c 

BBS 
NO-CHANGE 

SS4 
NO-CHANGE 

l62 

. 003 HI 

PP2 HI 

QQ2 HI 

SS4 LO 

U "' UiliT .Number 

Fig. 6.8 Fault tree for. Qg3 HI in a flow Control system drawn using the data of Fig. 6. 7 
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b'17 Di( 2: At • Tt...:i."; l = tiK 3: CL 'J"K o DP..":' 164 
B·~T Dt\ 3: ~-.2• 'l:'N ";; ll= Dl{ 2: F! F;. .• · DJ~'!' 
l:i·:T DI\Z: .~3.TX·T; ll=DKZ: DUi1i·1YIIoD!\T 
fllT D:\i: B!-~T~~7i Z=D!C3: Dl1f1M'x'T~DA": 
Ei"1""Z Dl< z: c; 7:\:Ti i =DJ< 2: cc;-.: ·rvt~. r;A? 
b"·'l"!' DK>!~: l,.Tf\\7; S=Dl<Z: CCN7LL~ DAT 
l:i'1? D1\Z: E-.7r.:':."; R=DK2: SS(\\Sf.JGDP.T 
~EU Di{Z:A~~K7;l=DKZ:70G\loD~7 

D.:.S DKZ:Er~7i\'!i ~=DKZ:TOGVCoDP.? 
.f-11~ * • Ti\ 1'i * ID£ -

Fig. 6.10 TOCON file used to set up the mini trees and topology of· 
a two tank and control valve system 

Fi\G£ ___ ., __ .._. 
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***************************************************************** 
lNI'l' i\Oo : 1 -----------
'7{ P:E.'. '()'r •. UN'!':' : DUt1M 'f- H 
** I:I:PUT STREAt1S ** ·• 
NONE 
** OUTPUT STREAMS ** 
FROM : a 
TZ : 2 
VARIABLES : PP! (M) , QQl (M) 

***************************************************************** 

***************************************************************** 
lNIT NO. : 2 

------------"'l'YPE"OF"UN!'l' : CLOSED-TK 
** INPUT STREAMS ** 
FROM : 1 
T<l : 2 • 
VARIABLES : FP! (M) , QQ! (M) 
INTER.\lA.L VARIAbLES : L 1 (M) 

** OUTPUT STREAMS ** 
FROM : 2 
73 : 3 
VARIAbLES: PP2 (M) ,QGl2 (M) 

***************************************************************** 

***************************************************************** 
lNIT NOo ·: 3 

-----------'iYPE"OF"UN:t'r : PI FE 
** I NFUT S'l'f.E.AM S ** 
F?.OM : 2 
73 : 3 
VARIABLES : FF2 <M> , QQ2 (M) 
** OUTPUT STREAMS ** 
FROM : 3 
To2 : 4 
VARIAbLES : PP3 (M) , flQ3 (M) 

***************************************************************** 

***************************************************************** 
tNI 'l' NO~ : 4 ------------
'!YFE."O'f"UN!T : CN'i'?.l.•VAL 
** IN FUT STREAMS ** .. 
FROM : 3 
-:z : 4 
VABIABLES.: PF3 (M) , QQ3 (M) 
FROM : 8 
Tl: : 4 
VARI A&l.ES : BB12 (M) 
** OUTPUT S'rREi'lMS ** 

Fig. 6.11 Topology of a two tank and control valve system 

PAGE /continued 
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FF:Ot1 : 4 
7J : 5 
VARIAbLES : FFL1 (M) , Q04 (M) 
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*******************~********************************************* 

***************************************************************** 1NIT t-.,·Q. : 5 -----------
"lYPE''Or··uN'!T : PI PE 
** I~FU7 STREAMS ** 
FROM : 4 
TV : 5 
VARIABLES : PF4 (M)., (~Q4 (M) 
** OU'i'Pu~· S"i'REAMS ** 
FROM : 5 
TZ : 6 
VA?:IAELE.S: PPS (M) ,QQ5 (M) 

~*************************************************************** 

***·**********************************************************'**** 
Ul\l! 'l' NO • : 6 ------------
'iYH''OF"lJN'!'1 : CLOSED-'l'K 
** l N PUT STREAMS ** 
FROM : 5 
'!'~ : 6 
VARIABLES PPS (M) , QQ5 (M) 
IN':E.E~AL VARIABLES: L .5 (M) 
** OUTPUT STREAMS ** 
F;;i:OM : 6 
rz : 1 
Vrl.RIABLE.S : PF6 (M) , toQ6 (M) 

***************************************•********~**************** 

***************************************************************** 
lJNJ ·r NO. : 7 ------------
'TfPE"OF"UNT'!' : SENSOP.•Q 

** INFUT STREAMS ** 
FROM : 6 

VAliiABLES : PP6 (M) , Q.Q6 (M) 
** OU'i'PU'i' STREAMS ** 
FEOM : 7 
72 : 8 
VA?.I .:\EL E.S : SSS <M) 
FP.OM : 7 
'i'J I 9 
VAF.IABLES : PP7 (M) , QQ7 (M) 

***************************************************************** 

***************************************************************** 
UNIT NO. : 8 -----------
'iYF2."0F"Ut-!T '! : CNTROLL ER 
** INPUT STREAMS ** 
FliOt1 : 7 

PAGE ---------... ,. ... , .... , .... 

Fig. 6.11 /continued 



1'2 : 8 
V~2IABLES : SS8 (M) 
ffiOM : 1 il 
Ta : s -
VAi!I AbLES : tJtJ9 (M) 
** OUTPUT STREAMS ** 
FROM : 8 
'l'il : 4 
VARIABLES: 88~3 (M) 
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**********~**************************************~*************** 

***************************************************************** 
LNIT NO. : 9 -----------
iYP't.""t)F""U!'/t'i' : DUt1M'f•7 
** INPUT S't'RE;::1S ** .. 
FROM : · 7 
?2 : 9 
VARIABL.C:.S : PP? CM> , QQ7 (M) 
** OU'l"PUT STREAMS ** 
NONE 

***************************************************************** 

***~************************************************************* 
UNlT NO• : IZ 

------------'lYPE."'O} ... UNI'l' : DUMMY•H 
** I.NFUT STREAMS ** :· 
NONE 
** OUTPUT STREAMS ** 
FROM : 10 
n : s -
VP~RI ABL.E.S :. \oltJ9 (M) 

***************************************************************** 

Fig:, 6.11 

PAGE --------
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--------------
&-EVENT : IS 1'), l~ASl C EVC:N'!" AND DOES NOT R~UUI RE Ftla:;'HER DEU::.LOP:":E.~~7 

IS AN S\IE.N'r THAT RZ(JUI~ES FUF.TH.ER DEVELOFi·IE~'J:' EUT !7 
IS RELATED TO A REPLACED EVENT IN THE U~IT 

7-EVEN'T :. I;::; AN EVENT '":."HAT F.EQUI~E.S FUF.TtiE~ DEVELOFMEN1' 

****************************************~************************** 
*******~**~*************** D~SIGN **************************· 
~***************** ** **** ******JiOj(*** >i:.* *************************** ** 

TOF EVENT 

T-EVE.N'r 
'l';.;EV;£..:-.:7 

E. VENT 

T- EUE~ ..... 

E v::.~~-= 

-::-E.\JZ:K1' 
b~E.VEN':" 

7'-EVE~t7 

E;.;£\7!:-N".!' 

. . 
: 

: 

N .O.t1 E 
VAR. 

"Q'Q" 

PP 
FP 

NAME 
Vrl~o 

----
. "FP"' 

Ql1 

N~.ME 

VAD.e~ 

----
'"QQ" 

PP 

:·~.: .. t·''! E 
VARI;I ----··pp" 

L 

*** FAUL7 !BEE*"* 

---~------------~-

NO• 
VAP.o FAULT DES CRI f'Tl i:i'N OF u~~ 1 T ---- ----- -------------~~-~--''"1'' Hr"" UN l 'l'" lW ·~ ... 1 """S£11! stm- tJ 

6 HI UN! T NOo 7 SEt\SOP.•f--.1 
.7 LO U!\!I'l' NO~ 7 SENSOE;.;Q 

NO• 
VAR. FAULT DE.SCRl F'i'l ON OF Ui\IT ----- -------------~-----""'6" HT""" U:JT .. { ·:\O'.;H'•'"'}· .. ···sE:~ SbE-Q 

6 HI UN! 7 ~Do 7 SSNSO:=!-U 

NCo 
VAR• FIHJL'i' DESCRIF7ID~ OF UNI? _ .. __ ----- ---~---------=~----"""6" HT"'"' UXT7' ·r·fO'o''''''1' .. ···s.E,;:..: SO~- Q 

5 HI U:O.:IT II'Co 6 CLO :0 Z D-':'1{ 
CL05ED:.:'i:'!{ FL·EX-ENV UNI':' !'J''J.· 6 

i"< () 0 

V:>.::lo FAUL'l" DESC~IFTI:~ OF U~IT ---- ---...:-
"'""5" HT"'" . 

5 H 1 UN I '! N 0 o 6 
LK-HP-EX\1 UNIT NO~ 6 

CLOSED- '::"K 
CLOSED;.;';"K 

GATE ----
OF;"" 

GATE ----
tl"'"" • • 

GA7E. 

Fig. 6.12 Fault tree for top event QQ7 HI in a two tank and control valve system 

friG £ I continued 
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EVENT 

'f•EVE.N'i: 
B:.;EVENT 

EVENT 

'!-EVENT 
B:.;E.VEN!' 

Z\JENT 

R-E VENT 
7:.; E. V E.N 1 
s:.;;;:,vz~·T 

B:.;E.VENT' 

SVEN7 : 

t"=EVEKT 
R;.;EVE~~7 

EVEN~ 

1-EVE.N·'l' 

FAG::. 
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''!.:'"' ""'5" HT""" 

5 HI U~IT NOo 6 CLO.~E.D-7!{ 

CLO S £[;:.; ':'f\ 

NAME KO• 
VA:!e VAR. ---- ----
"tlll" ""'5" 

pp 4 

NAi-l E NO• 
Vi\Ro VAR. ---- ----
"PP" ""4" 

QQ 4 

NAME NO'o 
VAP.o VAE. 

'"QU" ''"'Lj" 

BB ~~ 

N At-'d~. ~~o. 

VARo VARo 

----
PF 3 

~.~V:E NO• 
VAf.o VI\P.o ---- ..... ...,._ 
"'F'P" ... ''3' ~ 

UQ 3 

NAME NOo 

LK~HP•E.NV U:\'1 T NOo 6 

FAULT -----
HT""" 

HI 
FL-EX-EN V 

FAULT -----
HT""" 

HI 
LK-HP-ENV 

FAULT -----
HT""'' 

A 
HI 
FAIL-OPS:-1 
LK-HP-E.NV 

FAULT 

-----
<I"'.'" .. 

HI 
c 

FAULT -----
HT""" 

Hl 

D"SSCBI Pi:' I:}"' OF U:-.:1':' 

------------~------UISTT''NlJ".:'" •. 6." .. 'ClO .S<:D- ':'!< 

UN 1 'l' ~o. 5 pIp E. 
UN I 'ir NOo 5 PIPE. 

DE.SCBI FTI 0.\· OF UNI'!' 

--=---~-----~=-=---Ul'fr t"N()'~·' .. '5' ..... Pl' P:C:'". 

UN!'!:' ~~0. 5 PlFE. 
U~IT ~o. 5 FIFE.. 

DE.SCRI P':ii ON OF U:\ l 7 

--------------~-~--UNT'l''. NO·~· •. ''5." "'Pl'F:C:"'. 

UN!? NOo LJ CN7'RL•VAL 
UN I "!" NO• 4 C~TEL~V;:L 

U:I:I 'T NO .. 4 C[l;7f:L:.;VAL 
UN! T NO'• 4 C N 'l'l'lL:.; V P. L 

DESCEIF~ICN OF lJNIT 

-------------=-=---
UNIT NOo 4 
U/<17 NOo 4 

DE.SCRIF"':IC~ 
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OF UNIT 
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Fig. 6.12 /continued 
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VARo W\So FAULT DESCRIPTION OF U~I7 

~-----~~----~~-----
~V£!\ 'l' : "Hi" '"'3" IH""" 

FP HI ut.:r:' r-.:o. 
FL-EX-:ENV UNIT NO• 

3 
3 

Fl PE. 
PIPE. 

NAME: NO•· 
VAF.o VAP.. FAUL1 ---- ---- -----

EVEN'! "FP" "'"2'' HI"'"" 

T-E.VE:\-T QQ 2 HI 
B;,;EVE.N7 : LK-HP-ENV 

N fl.t·~ E ND• 
VA?:o VAP.. FAULT ---- --~- -----

E.V.E.N7 : "tlQ" "'"2'' HT""" 

T-EV:SN7 : FF l HI 
'E:O:EVE-~7 : FL-E.X-ENV 

1\:ANS NOo. 
VAH. VAB. FAUL 'l' ---- ---- -----

E.VEN7 "PF' '""!" HT"''" 

7-£VENT : [.. 1 HI 
B;.;£V£N'i: LK-HF-ENV 

N~.ME NO• 
VARG VA~. FA!JL 'i' ---- ---- -----

E.VE~7 "t.:'"' '""!" Hl"'"" 

!-EVENT QQ 1 HI 
B"EVEN'!' LK-HP-E.NV 

KAt{~ NO• 
VA:=!o VABo Fi\UL7 

---- ---- -----
EVEN 'I' : "UW' ""l" HT ...... 

t\''rlMS ~~0• 
VARo VP.?:. FAUL 1' ---- -----..-

EV:::N':' C""" ' 

DSSCF.IFTI;;~ OF u:~rT 

~-----c----Q~---~--
U:-JT'i'"t\b._. .... 3 .... PlPS". 

l.lNI ':!' NO• 3 PIPE. 
UNI4 ~Oo 3 Pl FE. 

DE.SCF.I F'l'I Q;, OF UNIT 

-------------=-~---u~r'r.··~~·~· .. ·::;· .... ·prp::: ... 

U;.JIT NO• 2 CLOSED-7K 
UNIT N:r. 2 Cl.OSED:.;'Z'I< 

DESCRIP'rlG:-.1 OF UNIT 

-------------=~==~= UNT'r"i,Hl·~· .. 2 ..... CLOS'CD-TK 

IJ:'ll 1' NO• 2 Cl.OSE.D-7K 
UNIT NO• 2 CLO SED;,;'l"K 

D£SCRI FT! Q~; OF U~IT 

~-------------=~~--
U~T -r· 'N:r:· ... 2 ...... CL: 0 SED- 'I'K 

UN I 'l' ND• 2 Cl.OSED-1'K 
UNI? ~0~ 2 Cl.OSE.D;,;':'t\ 

u:H 'l'''Ntr;· .. '2' ..... CLtl S!.D- 'i:K. 

'-<DiiWliJ:-JD EVEN'!* 

DESC 2I F'i:'I CN 0 F !1:1! I 7 
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W\R. ----... s·s·· 
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VAR. .. ----
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L3 ~C-CHANGE u~ 1 :· NOo /j c:·o':':<.L~V~L 
v,~t.;V-STCK UN I':'" ~o. 4 Ci\:'::'?:L:.;IJAL 
M .A~ UP:L Ui~I .~ N" • Li • Lj CN:J:'~L;..;V,;L 

t'\·C· o 

VAR. F HUL '!' DESCEIF?IO!'>! OF u~· I 'r ---- ---~- -----~----==~~~---~ 
'"!~" MD;.;CHAi\: GE Ui: T 'l'" N t)'o''" "!;." ... C N? :F.L:. V ,;L 

8 ~O=CHANGE. U~I'i' NOo 8 
.CQ~T-STCK U~IT ~C~ 8 

C:-..l"!i'"ROLLE:R 
C~7ROLLE.B 

NOo 
VAF!e ----""8" 

~c. 

VA2. -- .... -
•:y~u 

8 
9 

~o. 

VAl'io 

----····g--

NOo 
VA.R. 

"'"'9" 

NOe 
V:''<!'lo ----
""''!" 

FAUL7 DESCP.IPTIC~ OF U~I? -----
N:l:.;CHANGE 

S~NS•STCK·UNIT NOo 7 S EN SO F..co (,} 

FAUL'l' -----
Hl""" 

LO 
HI 
CON7-F-HI 

FAUl. 7 -- ... --
t;'Q'"" 

FAULT 
-----
HI"."'" 

FAUL'l' -----t;t!""" 

DE SCE! F71 O;\~ OF UN I "t 
----~-~~-----~---~-. UK!'r' '!ID·;·." :.'1' .... Cts'l':O:L;,;VAL 

. Uili T NOo !3 CN'!'20LLEB 
UNI' NO~ fi cwr:.::.oLL EF. 
UNIT No~· 8 C:\TRCLL E.R 

DES CRI F'i'I ON OF UNIT 

~----------~--~----mrnr 'Ntr;""g· .... CKTROLL ER 

DESCRIPTION OF UNiT 

-------------------UMI -:··:-,;o·~····g' .. "'CN'tF:OLl. ER 
* Dl AiV,QND EVE.IH'* 

DZSC2IFTlC~ OF UNIT 

UW!':!'"N'O'~"'T" '"5<::1'! SJ="- Q 

*DIAt10f~D i:.\i~N'r* 

Fig. 6.12 
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QQ7 HI 

PPG HI 

QQ6 HJ: 

PPS HI 

Fig. 6.13 Fault tree for top event QQ7 IJI drawn using the data of Fig. 6.12 

/continued 
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Fig. 6.13 
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________ ...... __ _ 

·&-E. VENT 

IS A~~ EVE;;";:" ":'HA1' ?;;::QUIRE-S FtTR':HE.?:. DE.Vt.LOi='t-'lE.~':' BUT I'!' 
IS RELATED TO A REPLACED EVENT IN ?~E U~IT 

******************************************************************* 
********~***************** DESIGN •************************* 
~*************~*************************************************** 

'!'Of EVENT 

T:.O:EVEt\:7 
E;.;zVEl\!4 
E:.;E.VE.N'li' : 

EVEKT 

T-EVE~"':' : 
8~EVE.~! 

EVENT 

b;.;EyENT 
b:.;~vz~:- .. 
B~E.Vf.N'"Z 

E. V £1\ '!' 

*** FAULT TREE *** 
'''"'''"''P'"'""'''''''''''""'''' 

NP.M E. NJ• 
liAR• v.~B. FAULT D£SCiFll i"'i'ION OF UN! T ---- ---- ----- --~-----~---~------''UU" ..... 5 .. 1.:0 ...... UNT?'' NU'~ .... ··s· ..... Pl'Ft···. 

pp lj LO UNI~ i'-:0· 5 PIPE 
pp 5 HI U~I 7 No·~ 5 PIPE 

Bl.OCi{AGE -UN! 1 NO• 5 PIPS 
LK-LP-ENV UN I 'l' NO~- 5 PIPE 

NAME. NO" 
VA2• -Vi\Ro FAULT DESCRIPTION OF U~!T ---- ----- ---------~~--------u~r -:· 't<tr~ ... · -s· .... 'HP'E' .. · 

QQ 4 LO UNIT NO• 5 PIPE 
PIP<. LK-LP-ENV UN! "i' NOo 5 

NAt-1E t\0 0 

V H.?.. VABe FAUL 'l' DESC:tlP':'ION 01' u;; I:-
--_..,. __ ---- ----- -~------------~---~ "UU" """4" 1.:0"""' UNT'l'"N.l:)'.;""S' ""'PJP'E;'"' 

[; !JNI 7 :-lOo ll CN'rBLu::.VAL. 
Eb 1Z LO UN I 'l' No·. 4 C:-17 .coL;.;VP.L 

BLOCKAGE UNI':" rv.o-.; 4 CN7F.L:0:\Ii'.L 
LK-LP-ENV UN I": NO• 4 CN'i':::L:.;VPL 

FAT-CLOSE UNI 1 NO~ 4 CN'i'?.L:.;V;.L 

NAMC. ~0. 

V~?.. \JAli.. FAUL..? DESCRIF~ION OF UNI7 

GA'l'£ ----
'0~ .... ·' 

----
K'O"" v .. 

GA7E 

OR""' 

GA?E 

-----------"""'=""'"""'""·-- ~---

Fig. 6.14 Fault tree for event QOS LO in a two tank and control valve system 

PAC;E /continued --------
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T-E.V.:.NT QQ. 1 
B~EVE~T 
B;.;::. V E.;\;":.'" 

NP.I~ Z NO• 
VA.E~ VARo _ .... __ ----

EVENT "'Q"Q'' ""l" 

\'\i ri~1 E WOo 
VAf:o V A Eo 

---- ----
E.VE.N7 : 

T-EVENT : Bb 1 ·a ... 
B;..:E.VE.~? 

B~EVE.i\:T : 

' 
!\!AME :-.;o. 
VPJlo VARo ----

EVENT : "BW' '""11"'1'" ... 
':-EVENT : ss B 
B:..;EVE.N'!' 

N P.t-'1 E. :;o. 
V~~Ro VAB. ---- ----

EVEN'S '"S'S" ""8" 

E-EVEN*! : 

• 
N ril1 E NOe~ 

v.o.R. V~F.G ---- ----
EVEN'i:" : "BB" ··-r·zu 

T-E.VE.N7 : ss B 
T:..;.SVE.~7 : HH 9 
a:.:E.vE.~7 : 

N P.tvl E. ~Oo 
VAl1o VAR. ---- ----

EVEN'!' . '"S'S'. ""B" . 

LO 
LK~LP~E.l\'V 

BLtlCf(AGE 

Fi\UL 7 -----
t;l)'"". 

FAULT -----
t:"'"'" 

NO-CHANGE 
VAt: V- S'!'CK 
MANUiiL 

FAUL? -----
Ntl;.;CHANG£ 

N·o-CHA~~GE 

C0~7-STCK 

FAUL ':' 
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UN! T NO. <! C LCJ S ED-7!{ 
U:-!I 'i:' NOo 2 CL 0 ~E [):..;1'1{ 
ue: I' NOo 2 CLV :.SED:.; JK 

DESCRIPTION OF U~I7 

---~------=-----~-~ tJN r '!'·No ·r:· ··"·2· •· · · ·c·~ n s:.:n- '!1{ 

* DI P.MO~ D EVE:<'::'>.< 

SESCB!PTI::N OF UNI? 

--------~-~--~-===~ UK! 'i.'"Ntl'~''. '4' .. " 'CNT~.t;:.: V .1L 

U~I;. NCo 4 CN'l'RL-VAL 
U~l "lo" NO• 4 CN1."RL:.;VAL 
UNI 'i!' NO·.- 4 CII:T:<.L;.;VP.L 

DESCRI i'TION OF Ui\ I':' 

-----~~---~--~~--c~ 
Ut{T'lt ·~o·.;""4'.' ... Ct-;'l'F.t:;.; V.'\L 

u~~r 7 NO. B CN7ROLLER 
UNIT NO'o B CNT20L!. E.R 

DSSCBIP7ION OF UNIT 

SZ.~S·.S'rCK UNIT NO• 7 

FAULT DESCRIPTION OF UNIT _...,10 __ 

t.:tl'""' 

HI UNI ": N8o B C:\'?~CLL ZR 

!.0 UNI 7 ~~0 •· g Ct\:"r:.CLL E.R 
CO~T-F-LO U:-JI7 ~0~ B C:-!'r?.O!.L;o:R 

FAUL? _..,. ___ 
HT''"" U!~r~r· 'Ntr~···,g··· .. 'CN'I'~OLL ER 

Fig. 6.14 · /continued 
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7-EVE.:\~'::' 

B:..:EVEN·T 

EVEN7 

7 ... EUEN7 
7:.:z.vErxT 

EVENT 

'!-E.V20:T 
B:.:E. V£'~1 

EVEN'!' 

E• EVSN':i 

EVEN7 

7 .... EVE~T 

EVE.t\'1' 

':-EVE~T 

E.'iJEN"': 

PA(i E. ---------

. . 

: 

: 

: 

QO 

t\:AME 
VAflo 

----
"t,l\1" 

FF 
PF 

N P.t-1 E. 
Vt!Ro 

"FF' 

L 

N1~.~j E. 
VA2. ----
"!.;"" 

~~.C1E. 

V A F.. 

''PF" 

(~Q 

NiH1E 
VAS. ----• "Q'Q" 

FF 

:\AtE 
VA.Bo ----
"P'P" 
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6 HI ll:d'l' NO• 7 
SE~-FA-HI UN!T NO~ ·7 

SE~'SO?.-r:l 
SE:IlSQ:C::O:U 

NOe 
VA"• ----. ""6'. 

5 
6 

NO• 
VA:Ro 

. "."5 . 

5 

NO• 
V~R. 

----
"'"5" 

:-;o. 
VA!'.o 

.. "c" 

7 

NOo 
V A Eo --........ 
""7'' 

7 

~~0 e 

VA.Ro ___ .... 
' .. "1" 

FAULT -----
HT'"'" 

HI 
l.O 

F!Hil. 7 -----
HT"'".' 

HI 
Li\-11F-ENV 

FAULT -----
HT"''" 

FI'.Ul. T -----
L.:tl" " 

HI 

FAUL'l' 
-~.., ....... 
HT'""" 

LO 

FP.ULT -----
t:o··~ ... 

DE.SCF:! F?IC.:\1 OF u~· 1 .. : GA'l'~ 

----~~-~~~---=~~=-- ~- ..... 
u~rr;·;Nn~····7······sr~J so E-u '0 :."i" .. 

lli'IIT NCo 6 CLOSi':D~7K 

UNI7 NO ... 6 CL 0 SE r:;;.: 7'K 

lJESCRl FT! QN OF UNIT GP.?E 
--~---~-·~---~·~~~~= ----UH'J'' 'tl\tl'o''.' 'c' ..... et: 0 -s·;:; D-71\ tl'"' ". . . 

U/11 '? ~Oo 6 CLOSED~':'K 

UN 1 'r NO> 6 CLOSED:.;':'K 

DESC~IF718N OF TJN17 GATE 

DESCRIPTIO~ OF UNIT GATE 

u~r7··~c·;,· .. ''6' ,, .. "CLOSE li ... 'ri{ OR'' .. 

SENSQ;O;-Q 

DESCRIPTIO~ OF U~I~ 

tJl\f r " . .'"' ·~-s t._ .. ,. ·1· · · ·· · s E.N sa :2- (-l 

U~IT NO• · 7 SENSOE-GI 

DESCRIPTIO~ OF U~IT 

U~T'T' 't'-J'd'~·· '';1 . .... ·::; ·zN SdF:- C~ 

"'DI A:10N D E. V:::l\:7* 

----

GATE 

F.ig. 6.14 /continued 
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EVENT 

EVEN7 

T-EVEN7 
B;.;ZV2NT 
B:.;EVEN':" 

B~Z.VENT 

ZVEN7 

'!-EVEN'!' 

EVENT 

T-EV£NT 

E.VEN7 

PAGE ---------

: 

: 

VARo 

.,H~·r · 

NP.M:S 
VA?.e 

"FP'' 

L 

NAME 
V.:\ Eo 

"t.:"" 

QQ 

NAt1E 
VAP..o .. ----
"tltl" 

FP 

t~:~ME 

v.~P.. ----
''FF" 

Q(1 

"i>.t<: E. 
VAR. 

"'O'i.:.r· 

FP 

N~l1E 

VA'::;• ----Hppu 

VAP.o ----
"";I" 

NO• 
VAR. 

----
'''"!)' 

FAUL 'C -----
t;lj""" 

FAUL'f -----HT"" . 
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DESCRIFTlOx OF U~I7 

U:VI ':":Vu'~"" 8 ..... C t-.!'l' ii'Ct:L ER 
* DI PJ•10:\-D EVE{\:":!'* 

DESCP.IFTJON OF U~IT 

----=-~--~---~----~ 

5 HI UNI7 NO• 6 CLO:SED-'ll'K 
CLOSE.D:.;TK LK•HP-ENV U~IT NO~ 6 

~'n 
~\. ;J 0 

VAF!. FAUL'l' DZSCRIPTION OF UNIT ---- -----
··_'"5" HT""" 

6 LO UNI 7 NO• 6 CLOS~D-TK 
BLOCKAGE UN!": NO~ 6 CLOSED;.;'['}( 
LK-HF-E.NV UNI·~ NO~ 6 CLC SED:.;TK 

NOo 

G A7E. 

GA'TE 

O'C:'"' 
• 0 

Gi\':£ 

VA?.o FAULT DESCHIP7ION OF U~I7 GATE .. ---- -----
·~···/·. c !;!)""" u:-~r 7· · t-<tl'~ ... · 6 · .. · · ·cco s: n~ 7<{ 

6 HI Uc;-I 7 NOo 6 CLO SED-7.K 
CLOSE~7K 

NOo 
V~F..o ----..... 6 .. 

7 

t~O • 
VA!:<. 

----
""'1'' 

7 

NO• 
UARo ..., ___ 
.... ..., .. 

bLOCKAGE. UNIT NO• 6 

FAUL7 .. ... ___ 
HI"":• 

LO 

FAUL'ii -----t.:O""" 

HI 

FI'>ULT 
___ ooQ ... 

HT""" 

DESCRIP~IC~ OF U~IT 

Ul\H" 'tftr.;· .. ~·6' .... 'Ct::J SED- 'J'l{ 

UN! t' ~Oo 7 

DESCEIF7IC~ OF U~IT 

li~IT' 'Ntl'~ ... "1' '' .. 'S J::N :Stl R- o 

UNIT NO. 7 

DSSCRIPTIC:N OF UNIT 

l)~(r'r'>·. ~ ~·rr.· .. ,. '",-{ . ..•. ·..::::-::·;··c:o· ·0- ~~ 
,\ J1 .\l..;• ( ...,_,,'\J,..,. "'\..X 

*-Dl AMO:-.J!D E.V~N'r* 

Fig. 6.14 

-----... , .... 
u .. 

---..;. 



QQSLO 

PP4 LO 

D BBlO LO 

PP3 LO c sse Ht 

Fig. 6.15 Fault tree for top event QQS LO drawn using the data of Fig, 6.14 

/continued 
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Fig. 6.15 /continued 
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-PP2 LO 

Fig. 6.15 /continued 
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_____ ...,. ___ ....... -....... 

IS A~\: E.VE~'I' '!:'HAT REQl!IRES FU?.jHZ·?i. DE.\Jf".l .. ·QF;·-rE!'\~ EU': 17 
IS RELA~ED 70 A REPLACED EVEN? IN 7HE UNIT 

******************************************************************* 
*************************** DESIG~ ************************** 
~******************************.********************************** 

'TOP E. VE.!\t ~ .. 

'Ji ... EVENT 
T~ E.VE~T 

B~ E. VE.~''T' 
E:.;EVENT 

EVEN~ 

7-EV'SNT 
E;.;EVEKT 

EVEN':" 

: 

N;:.t1·E 
VARo ----
"FF" 

QQ 
Qlj 

NAM8 
V p,.f~ • ----
"UQ" 

PP 

i\At'i S 
\U~~o 

--""-.. FP:" 

(1(,1 

N -~~1.S 
VA~Cl 
_..., ....... 
"t,)'Q" 

*** FAUL~ TREE *** 
--~-------~-----~-

NOo 
VARo FAULT DESCHIP7IDN OF UNIT ---- -----..... 3 .. Hr· .... : Ut'JT~··Ntr;··· .. 4···"·CNTF.l;.,;VAL tnr··· 

3 HI U~I'r' ~So Ll CN7:;;.L~VP.L 

4 LO UN!': ~~ o·.;· li C:-J"rBL:.;VP.L 
BLOCI{AGE UN I '!' NO~ ,, CN':'!':L;.;V,~L 

SHU'l' UN!:' NO~ 4 Ct\':!'BL;.; VAL 

N.J• 
VARo F 1\UL 'i' D2.SCl':IP'riON OF UNIT GA'l'Z 

--~-- -~-------~~----~~--
'""3" Hr· 

2 HI ti:~I '7 ~\!0.• 3 PIP: 
FL-EX-E.N.V U:\:1 '!' NOo 3 F 1 i=Z 

NO• 
VA~$ FAUL7 DESC::?! F;.z C~~ ""'!t; u. U:iiT _, ___ 

-==~.o ~-=~---~-~--~-~-~~~ 
'"•2"' H!""" U~T't"t,~::· .... "'3"'. "Fl' PZ .... 

2 HI U;-~I 'll' NJ• 3 PIPE 
Lf(•HP~E.11V tJ~ I 1" ~o·~ 3 PIPE 

NOo 
V.:'::!,!=:~ FA UL .. ~ .. DESC2IFTIQN OF U~IT 
---- -----
'""2" HT""" 

l HI U;-;17 ;-<Oo 2 CLOS:::.D~~:;( 

CLOSED:.:'tK FL-EX-.E:'JV U~~I 1' :\'Oo 2 

__ .,._ 

Fig. 6.16 Fault tree for event PP3 HI in a two tank and control valve system 

FPJi E I continued 

--------



~~ P·r-1 £ 
v.~?. o 

E\JEN": .. pp .. 
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:-;o. 
Vri?.o F A.UL 7 D~SG2I~7IC~ OF Ut<;I7 -....... ""' ... ..... , .. !J'l"'"'"' 

1 til UNIT NOo 2 CLOSE.D-":'r( 
CL0.3£D:,;7l< LK•HF-E.r<V U:H't :>:0• 2 

DESCR!FT!JN OF UNIT ---00 ... Otl:lo., __ 

E.VEi\''i:" : "'t.:""' ""T' HT""'"' 

7-EVE~·: QQ 
o:..: E.VEN'"j : 

E. V EN": 

B~E.V£NT • 
E:..:zv~~T : 

EVE~'!" : 

"?-EVEN? : 
s:.:: VE.t\::' : 
b~:.VE~T : 

~ E. V E.:\':" : 

t',JP,f1E 
v.~no ----
""Q'Q"' 

N ~~~1E 
VAF.o 

"QU" 

FP 
BB 

NAM:.: 
VARo 

""FP'' 

QQ 

NAt1E 
VP..2o 

. ~ ----
"UU" 

7-EVE~'::' FP 
B;.;E.VE.i\:T : 

f'AG:::. 

1 HI U:-ll'l.'NO• 2 GLO SE.D•'r<{ 
GLOSED:.;'l:K 

NO• 
VAF;.o ----
""li" 

~o. 
v;;.R. 

""4" 

ll 

! z. 

~o. 

VAR. ----
"'"4" 

5 

1'<0· 
VARo ----
""''S" 

LK-HF-ENV UNIT NO~ 2 

FAUL7 ·-----
HT""'" 

FAUL~ -----
t.:tl""" 

HI 
LO 
BLOCKAGS 

ti~~T"t ·~~:.J'.;' '' ''2: .... 'CLOSE. t• "rK 
*DIAMO:-iD EVE~l'l'* 

DESCRIPTION OF UNIT 

-------------------
UNI 'r N'O• '• Ci'\7r-!L-VAL 
UX I '7 NOo Lj CN'rEL:.;VAL 
UNI~ NO. ,, Cl-l':'RL:.; VAL 

FAI-CLOSE·u:-:I': ~~·o • L; CNTF:L'.;VAL 

F il.tJL 'l" DE.SC::li P'n ON OF UioliT 
----- --~--~---~-~-~--~~= 
HT""" U~T":··•t-;b ·~· '"4' .... 'CK":?.t.:;.;V AL 

LO UO:I'r ~o. 5 PIP: 
BLOC!{ AGE Ul>l I 'l' NO. 5 F 1 PE. 
LK-HP-ENV UNI7 ~0 .. 5 Flf':': 

FAUL'!' D~SCRIPTI0N OF U~IT -----t:n ...... 

5 HI U:H '7: NO• 5 p l.P~ 
BLOCKAGE U~I7 ~C~ 5 PIP::. 

Fig. 6.16 /continued 

,.,.., .... 
u .. 

><?"'"" Ud 

GA.".i"E. .., __ _ 

GATE ----
Klj"'"' u .. 

GATE 

t)"l"" .. 

GAT:!. 

><-··, .. 
u.:.'< 
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NAME NO. 
VARo VAR. FAULT DESCRIPTION OF UN I 'l' ---- ___ ;.; ----- -------------------EVENT I ."PP" .... ~ .. .'5"' Hr'_.•·n~ UNIT"NO'o' '"5 ...... PrP'E.'" . 

T•EVENT I L 5 Hl UNIT NOo 6 CLOSED•!K 
B:.;EVENT : LK•H?•ENV UNIT No·~. 6 GLO SED:.;'!'K 

NAME NOo 
VARo. VAR. FAULT DESCRIPTION OF UNIT ---- ---- ----- ------~~-----------EVE.NT • ""[;' .... .ou"'5'' HT'""' UN'{T' 'NO-:' .. ' 6'"" 'Ct:l:!'S! t- 'l'l< • 

T•EVENT : . QQ 
B~ E. VENT : 

6 .LO UNIT NO~ 6 
· BLOCKAGE l!NI 'I' NO~ 6 

CLOSED•'l'K 
CLOSED~7K 
CLO S ED:.;7K B:.OEVENT : LK•H?•ENV UNlT.NOe 6 

• NAME NO• 
VAR. VAR. FAULT DESCRl FTION 01'' mn '!' ---- ----· ----- -------------------EVENT I '.*'Qtl"." ""'6". t:tf'''" UNIT' 'NO'o'''''l5'"'' ·cr.;OSJ;:O•?K 

T:-EVENT : PP,. 6 HI UNIT NO• 6 CLOSED•TK 
B:.;EVENT I . BLOCKAGE UN1T NO'" 6 CLO SED:.;'i'K .. l .. 

. NAME NOo 
VARo VARo . FAULT · DESCRI PT! ON OF 'UNIT ---- ---- ----- -~----------------~ EVENT I ··•pp .. "'"'·'6"" HI""" UN'J:'T' ·~o-.;·'. 'l5. ".' 'Ct:O S'E:tl•7K .. 

T•EVENT I QQ~ 7 LO UNIT NO<i 7 SENSOFl•Q ... .. .. 

NAME NO• 
VARo VARo FAULT DESCRl .P.':'I ON OF UNIT ---- ---- ----- ------~------------EVENT • "tl'Q.'' .... , ..• . t:o·····, UNTT"NO'o:'"''7' ""'St:NSOR- Q • 

' ' T•EVENT • pp 7 HI UN 1 'l' NO• 7 SENSOR•Q • .. 
i ' I 

' 
NAME NO• 
VAR~ VARo FAULT D~SC.Rl PTION OF lie\ IT 

'· 
. ---- ---- ----- •m•••••••••••----~~ 

EVENT ! ··pp .... ..... 1··. Hr······ UWiT"MO',;·'' ''I ..... 'SENSOfi.•Q 
*I)IAMO~D EVENT* 

NAME. NOo 
VARo · VAR. ·fAULT DESCRIPTION OF UNIT 

Fig, 6.16 · /continued 
PAGE --------

GA'.iE ----
OR"" 

GATE ----
OE''" 

GATE 

"r'C"' ·~. un 

GATE:. 
' ----

OR"" 

GATE ----
OR"" 

GATE 
' ----

GA'l'E 
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---- ---- ----- --~----------------EVENT : "l":E" 'T:J" !;lj"'''' 

T•EVC:N't' : 
T;.;EVE.N't' : 
B'.:E.VENT : 

EVENT I 

ss 
tJ\J 

NAME 
V ARe ----
""SS'' 

8 HI 
9 LO 

CONT•F-LO 

NOo 
VARo FAUL 'I' ---- -----... Jr~ HT""'' 

UNIT NOo 
UNI 'il' NOo 
UN.I T NO~ 

8 
8 
8 

DESCP.I FTI ON 

CN7:'f;OLL El'! 
CN'l'F.OLL ER 
CN7?.0LLER 

OF UNIT 

-----------------~-UNT'l:'"Nll~'". !3"' .. 'CN't'F.OLL ER 

T•EVENT I QQ 
B:.;EVENT l 

6 HI UNIT NOo 7 
SEN-FA-HI UNIT NO~ 7 

SENSOF.•Q 
SENsor,;.; Q .. 

NAt1E tW • 
VAP.. VARo ·FAULT DESCRIPTION OF U~IT 

--~- ---- ----- . --------------=----
EVENT 1 "lJQ" ""'6'', Hr""" UNl'T"Nn·;·.:"'l' :·· .. SENStlF.- Q 

T-EVEN7 I 

TO:EVENT 1 

a:.:EVENT 1 .. 
PP 
pp 

5 .·HI UNIT 
6 LO UNI 1' 

FL•EX•ENV UNIT . . . . 

NAME NOo 

CLO SED•'I'K 
CLOSED;.;'l'K 
CL 0 SED'.: TK .. 

. VAR. VAR. FAULT DESCRIPTION OF UNIT ... ,· ---- ---- ----- -------------------EVENT.: "PP" '""5" HT'""' 

T-EVENT : L · 5 .HI UNIT NOo 6 CLO SE.D•TK 
Cl.O SEr..:.:1K a:.:EVENT : · LK•HP•ENV UNl T NO~. 6 

NAME NOo 
VARo VAR. FAULT. DESGRIP'ii'ION OF U~IT . ' . . ---- ---- ----- -------------------

GA'l'E ----
llR"" 

GA7E ----

GATE ----

GA 'l'C. ----EVENT : "!.:"'' ""'S" Hr"'"' UN,TT"Ntl._. ..... 6"''"Ct;OStn-TK U'fi'"' 

T•.EVENT : QQ 
B'.:EVENT : .. 

NAME 
V ARe ----

EVENT : "t1tl" 

T-EVENT : PP 
B0:EVE!11T 1. 

'. ' .. 
5 HI UNIT NOo 6 CLOSED•"i'K 

Cl.OSEO:.:TK .. • LK•HP-ENV UNIT NO~ 6 

NOo 
V ARe FAULT DESCRIPTION OF UNl'''•oo; ---- ----- --------------------~-~-s,·~ HI'""' Ut-liT' 'N'O'i' "'l5''' "'Ct:O St:0-7K 

4 HI UNIT NOo 5 PIPE 
PI FE. FL-EX•ENV UNIT NO~ 5 

• # •• 

NAME NOo 

Pig •. 6.16 /continued 

--------.... ~· ...... , ...... , 

GATE _.., __ 
On"" 
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VAI'lo VARo FAUL. T DESCRIPTION OF UNI7 

---- ---- ----- -------------------EVENT I ••pp" :''''4'' HI' ..... UfJIT''Ntl';'"'S''''''Pl'Pt'"' 

B•EVENT 1 L.K•HP·E~V UNIT NO• 5 PI PE. 

NAME NO• 
VAR •. VAR. ---- ----

EVENT • "PP" ..... 6 .. 
• 

T•EVENT I QQ 7 

NAME NO• 
VAR. VAR. ---- ----

EVENT : ''Qtl" ····1'' 

T•EVE.NT I pp 7 

NAME NO• 
VAR. VARo ---- ----

EVENT I ''PP~.' ou'"7'' 

NAME NO• 
VARo VAR. ---- ----

EVENT I "\JW" ····g·· 

.• 

. FAGE '--------.,. .................. . 

FAUL.T -----t:o·_ ..... 

HI 

FAUL.T -----
. HT''"'' 

1..0 

FAUI..T -----t;tl' ..... 

FAUI..T -----t:U ...... 

.. 

OESCRI FTI ON OF UN! T 

----------------~--m-IIT''NU';· ""6' .... 'Ct.:O ·st t-TK 

UNIT NO• 7 SENSOR•Q 

DESCRIPTION OF UNIT 

-------------------U!JIT''~Hr.;····'1'""'SENSOR•Q 

UNIT NO• 7 SENSOl'l•Q 

DESCRIPTION OF UNIT 

----·---------N----
UN!'!'' 'f.H:l'.;""''1' .... 'S EN :SO R- Q 

*DIAMOND EVENT* 

DESCRIPTION OF. UNIT 

-------------------UNT'i" 'NU";""B' .. '. 'CN'l'Rtlt.:L. ER 
*Dl AMOND EVENT* 

Fig. 6.16 

GATE. ----,..,., .... 
V .. 

GATE ----
OR'": 

GATE ----
OR""' 

GATE ----

GATE ----
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PP2 BI 

Fig •. 6.17(a) Fault tree for top event PP3 HI drawn 
using the data of Fig. 6.16 

/continued 



l 

QQ7ro 

0 - Unit Number I 

Fig. 6.17 (a) /continued 
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PP3 HI 

--:------1 
I 

QQl HI 

I U • Unit number I 

Fig.' 6.17(b) Fault tree (With only one way flow of information) for top event PPJ HI in a two 
tank and control valve system 
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DO Y 0 lJ !JAN'!' TO I.. I S'r THE VARI AB!.. ES C Y /Ill> ? Y 

MEASURED VARIABL.ES 

****************** 

VARI ABL.ES HI L.IMIT 1..0 L.IMIT · S7A'l'IJS PRI 0 P.l'l'Y -------- ------·-- -------- ------- --------
,.,,,,.,,,,..~on;•• '"''""'••n••••r . .. . . .. . . ... .. . .. . ............ ...... ,. .......... 

PP 1 lil:a 0 OK I 
Q(.J 1 l•ZZ -~ OK 1 
1.. 1 IZIJ ll' OK Hl 
PP 2 {llZ ll 01{ -~ 

QQ 2 Uz a ·.OK l 
PP 3 IZZ B OK 9 
QQ 3 U3 2 OK . I 
BB 10 llilZ 3 OK 1 
PP -4 llllil z OK I 
QQ 4 l!lll <I OK I 
PP 5 IZZ 0 OK ! 
QQ 5 la~ 0 OK I 
1.. 5 132 ~ OK. 13 
PP 6 Ull z 01{ . I 
QQ 6. 13~ z OK ! 
ss 8 lil:il ll 01{ I 
PP 7 IZil il OK 1 
Q(~ 7 !zz 0 01< 1 
~~~~ 9 l<lil z OK I 

l'lEADI NG VAL.UES OF MEASUR.E.D VARIABL.ES 

************************************ 
> 

NAME OF VAReCADD X•* TO TE~M•> ? *X 

Fig. 6.18 The measured variables·of the two tank and control valve system 
before any change·has occurred to them 

PAGE --------
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W YOU \MNT TO 1..157 TH£. VARIABl.ESCY/N) ? Y 

MEASURED VARI ABL.ES 

*******'********** 

VA!U AEL.ES HI L.IMIT 1..0 L.IMI'L' S'iiATUS PRIORI7Y 

--------- -------- -------- ----Cl- --------. . . ... ... .. ... .... .. .. ....... , ............ ...................... . ............. .................. 
pp 1 lJ!l ~ OK t 
QQ 1 uz z OK 1 
!.. 1 132 2 OK 12 
FP ~ lilJ :a OK - 1 
QQ 2 !;H a 01{ 1 
pp 3 1 ~z e OK 9 
Ql-1 3 tza z 01{ 1 
Bb 13 l:lC) a OK 1 
pp -4 IBZ 0 OK ! 
QQ 4 1Z3 6 01{ 1 
pp 5 llr?: z HI 1 
QQ 5 lZll e OK. [ 
!.. 5 (00 z HI u 
pp 6 Hll 0 HI - 1 
QQ 6 120 z HI ! 
ss 8 u.a a OK n 
PP 7 blZ 0 OK i 
QQ 7 120 a HI 250 
IJW 9 Iaz ~ OK 1 ., 

READING V Al. UES 01' MEASURED VARIABL.ES 
************************************ 

.. 

F.ig. 6.19 The measured variables of.the.two tank and valve system.a:fter 

some values and priorities have been changed 

·PAGE '-------........................ 

• 
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NOM EN CL A TU :'lE : 

-------------· ~ ................................ . 
B-EVEN'l' IS A bt"!SIC EVENT AND DOES NO'!' RSQUI:2E FURTHER DEVE!.OP,v,E:-<7 

R-EVEN7 : IS AN EVENT THAT REQUIRES rl!RTHE;R DEVELOP;r,·E.N'r BU'!:' l'i' 
IS RELATED TO A REPLACED EVENT IN THE UNIT 

'!'•EVENT : IS AN EVENT THAT REQUIRES I'URTHEE DEVELOPMENT 

******************************************************************* 
#************************* REAL TIME ************************** 
****************************.************************************** 

*** FAULT TREE *** 
------------------........... , ................. ·~o······· 

NAME NOo 
-VAR. VARo FAULT DESCRIPTION OF UNIT G'A'TE ---- ---- ----- ------------------- ----

TOP EVENT : u'QlJ''" • "'""'?'. Hr ....... Utllr'l'''~.to·_. ... '1" .... ':Sl::N SOR- Q OR"" 

'i'-EVE.NT : pp 6 HI UNIT NO• 7 SENSOR-Q .. 

NAME NO• 
VAR. VAR. FAULT DES CRI P"l'I ON" or U!IHT GA'!'E ---- ---- ----- ---------------~--- ----

E".VENT : '"P'F'' "'''"6'' Hr····· .. UNrT"Ntf_. .... '1 ..... ·sw SOP.-(-! OR"" 

T-EVENT : Q(,) 6 HI UNIT ~0· 7' SENSOR•Q 

NAt1E NO•. 
VAR. VAR. FAULT DESCl:'li P"tl ON OF U,NI 7 GATE ---- ---- ----- ------------------- ----

EVENT : ···uu" ........ 6'". HI"'"" UNn'"~tf.,'"'.'t''""'"Sl::USOR• Q OR"" .. .. 
7-E.VENT : PP 5 HI UNIT NO• 6 CLO SED• 'i'K 

CLOSED;.;TK B;.;EVENT : 1'1..-EX-ENV UNI 'li' NO;; 6 

EVENT 

T•EVEN": 
E;.;E.VENT 

Fig. 6.20 

PAGE ---:-----.... ,.~.,. .... ,. .. ,. 

.. 

NAME NO• 
liAR. VAR. rAUL T DESC!U f''l'lCN or U/>: I 't' GATE --- ---- ----- ------------------- ----

: '"PP" ""'5" HI""" U!HT"N!1'.,''"'"6''" ···ct:O SED- TK OR"" 

. L 5 HI UNIT NO• 6 CLOSE.D-7K . . LK-H P-E.NV UNI7 NO~ 6 CLOSED;.; 'm . ... 

NAME NO• 
VA:Ro VAR. rAUL 7 DESCRIPTION Or UN17 GATE 

Fault tree for QQ7 HI of the two·tank-and valve·system when used 
for real·time purposes 

/continued 



___ ..., ____ ..., 
0 .. •• ,_ •• H •• •' •o •• • 196 

---- ---- ----- -----------~--~~---
E. VENT Ulll'!'l'''t-Hf~"' '\5'" .. 'CLO :SEb•':'K OP."" 

I..K•HP•E.NV UNIT NOo 6 CI..OSE.J::-'I'K 

Fig. 6.20 
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QQ7 HI 
•. 

PP6 HI 

QQ6 III 

. L 5-HI 

-· -· 
J U • Unit llwnber / 

Fiq. 6.21' Fault tree drawn by using the data provided by the listing of Fig. 6.20 



0 Nwnber bf unit 
0 

6. Numb.er of .ctream and variables 

(M) Measured variable AP 

~ llQ(M) 

cr!M) 
DX 

'. 
0 0 

Bot Stieam I I· 
& ·& & 

0 0 
H • 

A 
pp tJ 
QQ(M) 

pp 

'I'T(M) 
QQ(H) 

pp 

'I'TUU 
QQ(M) 

pp 

'I'T(M) s QQ(Ml 
T'r(Y.) .... 

"' XX XX XX XX "' 
B(M) 

I & 
In 

PA ~ QB(M) 
TC(M) 

XD 

~ £ 
s J 8 

D =Q= 
&, 

(M) G 
Cold Vater 

s 
w 

wl 

pp 
G I 

QQ(M) 

pp 

contr. B 

0 
QQ(YJ 

pp 

'I'T(M) '1"1' (M) 

QQ(II) 

.&, 

XX 0 0 
'1"1' (M) 

I 

• XX XX 

L------~. 

Fiq. 6.22 Heat Exchanqer and control loon svstem 

/ 



EM'r D!-\2: ·.~.7:-.JT; n:DK2: CENFU1'1.DAi." 
8·11"' Dl\ 8: c. iN?;!= LiK 2: COl\:7VA.. DAT 
EM7 DKZ: o·;TN'!; !=DKB: CCWl'LL-~DA7 
b'1'r Do<2: E.~?~~T; l=DKZ: DUMt1YH. DA'r 
&17 D:{~: F·'rNT; I=DK2: DUM~~Y"r~DAT 
l:M'i' Dl<i: G~':'NT; I=Dl<E: HEA'I'EX • DAT 
EM'i' DK0: I ~'lW'l'; I=DK.Z: SE.NSQ.DA':!' 
I:JM'l' D<Hl: J • TN ':'; != DK :l: SE.N S1'•DAT. 
F.E.U Dl{l: -'lk.TN'rf I=DKZ: TO'i'4~DAT 
DES DKZ:A2o'i'NT; 1=DK2i: 70T4CoDA'l' 
PIP *•'l'N'I';.>I</DE 

PAGE. 

Fig. 6.23 TOT4 file used to·set up the minitrees and define the topology 
of the Heat Exchanger and control loop system 

TO '1'4 • CM D -------



':'\lt\)l.()U\' OF ':"liE S'I'S'rHI 

*****~****~*****•***** 

~00 

***********************************************************~***** 
ll\'I'l' No.· : 1 

. ------------
'lYPE"'tlF"UtH1' 
**·H:Fll'l' S':REAMS **"' 
NO~ f. 
** OU':'PIJ'l' S':'REAt1S ** 
FROM : ·-1 
72 : 2 ~ 

VAR!ABL.ES : PP!, Qtn (M) ,';'!'1 (M) ,XX1 

#*************************************************************** 

***************************************************************** 
UHT NO• : 2 ----·-----
"N'P"£" "tJF"Uii"! ":' : CN 'I' ill.• V AL. 
** I LllPUT STREAMS ** ·• 
F:':Ot1 : I 
TZ : 2 -
VARI .:\ Hl. E.S 
FROM : 7 
T0 : 2 
V'" "1 I A EL. £S 
** OUTPUT 
F?.OM : 2 
T<J : 3 
VARIABLES 

PPl• QQI (M) ·, TTl CM> ,xxn 

Bbl 1 CM>' 
STREAMS.** 

• 

***************************************************************** 

***************************************¥************************* 
U:IT NO•. : 3 

-----------'t'(F"E:"'lj'f" "UN! T : HEAT'• EX 
** INPUT S'l'REAMS **"" 
FROM : 2 
T<l : 3 
VARIABL.ES: PP2,QQ2 (M) ,'l"il'2 (M) ,XX2 
FROM : 12 
1Z : 3 ~ 

VARIAEL.ES : PA6,Qb6 CM> ,'l'C6 CM> ,XD6 
** OUTPUT STREAMS ** . 
F?.OM : 3 
T.O : 4 
Vri:=IIABL.ES : PP3,(HI3. CM> , T'l'3 CM> ,XX3 
F?.Ot1 : 3 
'l'a : s 
VARIABL.ES: AFS,BQS (M) ,CTS (M) ,DX5 . 

***************************************************************** 

***************************************************************** 
lr<IT NO• : 4 

------------"!YPE"Ul"" "UN!1' : S ENSO R•T 

PAGE --------
Fig. 6.24 Topology of the Heat-Exchanger and control loop system 

/continued 

'i 
' 



** INPll"': STREAMS ** 
FI-:OM : 3 
7.n : 4 
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VARIABLES : P.P3, QQ3 (M) ,'J''r3 (M) ,XX3 
** OUT.PUT STREAMS ** 
FROM : 4 
76 : 6 
V;.RIABLES .: .P.P4,lHi4 (M) , TT4 (M) ,XX4 
F'EOM : 4 
Tn : 13 
V;.RIA9LES : SS14 (M) 

**************'**********************************~*************** 

***************************************•************************* 
lii:Ii NO• : 5 

------------'lY'Pl!.''tl'F''U~!'T : DUMMY-T 
** INPUT STREAMS ** •• 
F;~OM : 3 
TZ : 5 
V;,RIABLE.S: APS,BQS <M> ,CT5 (M) ,DX5 
** OUT.PUT STREAMS ** 
<:ONE 

***************************************************************** 

***************************************************************** 
lNI 'l' NO• : 6 

------------'IY'PE .. O'F .. UN!'l' : DUt1MY-T 
** INPUT STREAMS ** .. 
FROM : 4 
1'3 : 6 
VA:il.IABLES : .P.P4,t<Q4 (M) ,TT4 (M) ,XX4 
** OUTPUT STREAMS ** 
NONE. 

***************************************************************** 

***************************************************************** 
UHT NO. : 7 

-----------';'/'PE .. O'F"'uti!T : CNTROI.l.E::l 
** INPUT STREAMS ** 
FROM : 8 
7Z : 7 
VARIABLES: HHlB (M) 
FROM : 11 
~2 : 7 A .. 

VARIABLES 
** OUTPUT 
F?.Ot1 : 7 
Tl : 2 
VA!ll AB!. ES 

SS12 <M> 
STREAMS ** 

: BBU (M) 
' 

***************'************************************************* 

********************'******************************************** 
lNIT 1\0o : 8 

-----------•,. r• •• •• ,., ••,. •• •• •• •• • 

· ' Fi<;!. 6. 24 I continued 
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'N P::. OF UKI 1 : DUMMY-H 
** I:VPU'l' STREAMS ** " 
NONE. ' 
** CU'l'PU'l' STREM~S ** 
FROM : 8 
7~~ : 7 
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VARIABLES : l'l-113 (M) 

*********************************¥******************************* 

***************************************************************** 
UNI'l' NO• : 9 

-----------";Y.PE"tlr'"U!f:C".!' : DUMMY-H 
** I:">:Pll': STREA.1'1S ** " 
NONE 
** OTJ'l'PUT STREAMS ** 
FROM : 9 
'l'Z : lll 
VA:'!I A8L ES : PP91 QQ9 (M) I 7'1'9 (M) I XX9 

***************************************************************** 

***************************************************************** 
Ulll'l' NO. : 1 2 .. . 
___ ;:!' ______ _ 

'IYPt''tlF''UN'!i : CEN'l'-PUMP 
** H•PU'l' STREAMS **" 

:FROM : 9 
·•ta : l2 
VAEIABLES : PP9,\'W9 (M) ,'1''1'9 (M) .• XX9 
** OU'l'PU7 SlRE.AMS ** . 
FRO cl : 1 il 
T2 : 11-
VARIAELES : PPB~QQ8 CM) .778 (M) .XX8 

***************************************************************** 

***************************************************************** 
UNIT NO. : 11 ----------
':YPt:"tl'f'"UN'!':' : SENSOR-Q 
** IN PUT STREAt-1 S ** 
FF.OM : !ll 
TZ: 11-
VARIAELES : PP81QQ8 CM) ,';'TB. (M) .XXB 
** OU'l'PU'l:' S'J:'F.EAMS ** 
FROM : 11 
'l'·:il : . 7 --
VARIABLES : SS12 CM) 
FF.Ot1 : H 
TZ : 12 
VAP.I AflL ES 

***************************************************************** ' . 

***************************************************************** 
11.\IT NO. : 12 .. -------------
1YPE"O'f'"UN!" : CN'L"RL-VAL 
** IN PUT STREAMS ** " 

PAGE --------
Fig. 6.24 /continued 
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FROM : ll 
'l"0: l2R• 
VARI A[;[. ES 
F7!0t1 : ! 3 
n : 12· 
WI?.I ABLES 

** Qtl'::PU'l' 
FROM : 12 
'i'J : 3 -

: BI:H 3 <M> 

S'l'RE.At1S ** 
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VAf.IABl.ES : PA6. QB6 (M) ,•tc6 (M) .XD6 

***************************************************************** 

***************************************************************** 
1NI1' NO• : 13 -----------
"'NP~''lJF"UNl T : C:\''l'ROl.l.ER 
** INPUT S'i'REAMS ** 
FP.Ot1 : l4 
'l'Z : 13. 
VARI Abl. ES : · \oll.Jl 5 (M) 
F?.OM : 4 
Tl3 : l 3 
VA?;I ABL ES 
** OU'!'PUT 
F?.OM : 13 
'rl! : 12-

SSI4 <M> 
STREAMS ** 

VARIABLES : BB13 (M) 

. ,' ' 

' 

***************************************************************** 

*****************************************~*********************** 
UNIT NGo : 14 

------------'n'FE"tlF"UNr'::' : DUMMY-H 
** I;,> PUT S":S EAM S ** '. 
NOli: E. 
** OU7FUT STREAMS **. 
FROM : 14 
T3 : 13. 
VA'liASl.ES : \JH15 (M) 

********************************************'********************* 

Fig. 6.24 

PAGE 
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NDMENCLA'l'URE : --------- ---........ ,. ................... .. 
E-EVEN'l:' : IS fl l:!ASIC EVENT A~D DO£S NO'!' f!HlUlRE FU?•'l'HER DEVEL~h·iEK'l:' 

!l•EVEN? IS AN EVENT 'l'IH\7 REQU!RES FUl'.'l'HER DE,VELJFMEN'i' BUT IT 
IS RELATED TO A REPLACED EVENT IN 7HE UNIT 

'l'-EVZN':' IS A;.; EVEN'l' 'l'HA'i!' REQUIRES FUR7HE:F. DE.VE.LuPiEN7 

******************************************************************* 
"*******.************* *** *** DESIGN ************** **''********* 
********************************•********************************** 

*** FAULT TREE *** 

----------------~-~" ............ ~· ~· .......... u .... ' 

NAME. NO• 
VAl'.o VAR. FAULT DESC?.I P'l'I ON OF UNIT GA'l'E ---- ---- ----- -------------~--~-- ----

10P EVE.NT : ''T'TH "'"4'' H!'"'" mrr 'l'··~nr;···"4'" ·· ·s tNso l'.-7 un .... 

'!'•EVENT . TT 3 HI UN I 'l' NO• 4 SEN SOR•i:' . 
B•EVEN'l' E.XT•F I RE UNI7 NOo. 4 SEN SOE~T 

NA~1E NO• 
VAP.o VAR • . FAULT DESCRIPTION" OF UNI'l' GA.'l:'E ---- ---- --·-- -----------------~- ----

EVENT . ""!'T'. ... "''~-"'' . 
j· HI'"'" U!IITT"Nll'~ ... ''4 ..... 'SEfl so:;-'!' OF."" 

T-EVEN':' : 't'7 2 HI UN I'! NO• 3 HEAT• EX 
-zo:.;E.VE.NT . QQ 3 HI UNI·T t-:o·; 3 HEA7:.;EX . 
R•EVENT . Z•LO · UNI 'l' NO;.' 3 HEAT:.; EX . 
s•EVENT . EX'r•FI RE UNIT NO~ 3 HEA7;.;EX . 

N~ME NO• 
VP.R. VA.Ro FAULT · DESCRI P'l:'I ON OF UNI1' GATE ---- ---- ----- ----~-------------= ----

EVENT ".'TT .. . ,. ''2', HI"'"' uur·r · N tl'O''" '3'" .. 'H t~'t;.;cx OR"" 

. T•EVEN'r : 'l''l' 1 HI UN I':' NO• 2 CNTF.L V•SC 
B~EVEN'r . EX'l'•FIRE UNIT NO;.' 2 CN'l'RL v• se . 

N~-ME NO. 
VA?.o VA.R. FAULT DESeRI fl'rl ON OF UNIT GATE ---- ---- ·----- -------------~--··· ----

EVENT : "'l'T" '""{" H!""" U~l "l'"t•.l'O';· ... ~ . ' ... C N'i'Rt:V• Se 
~ 

*DIAMOND EVEN'!* 

Fig. 6.25 Fault tree for top event TT4 HI in a Heat Exchanger and 
control Loop system 

/continued 
FAGE ·--------
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NAME NO• 
VAB. VARo FAUL.'l' DE.SC!U P';'I O:il Of U~l7 GA';'E. ---- ---- ----- --------~-------~--E.VEN'r "U'Q" "":J'' H!""" UNI'i!'"I-Hf~'" '"3"' .. 'HE!< T;.;t:x un. .... 

T•EVENT pp 2 HI WI 'l' NO• 3 HEA':'-:::X 
T:.;EVEN"! : pp 3 LO U~IT ~o·~ 3 HEAT~ EX 
s:.:E.VE:i~T FL.•EX•E.NV lJNI'l' ~a·~ 3 HEAT;.; EX 

NA~l E. NOo 
VA?.o Vi\R. FAUL. T DZSC?.I P'!'l ON OF U:;I ~ GATE ---- ---- ----- ••••••c••--------~• ----

EV~NT "F'P" ""2" H!""'' UN! T' 'Nt!' ...... '3'" .. 'f{l::'A'!';.;l::X OR"" 

T-E.VEN'I' : QQ 2 HI UNIT NO• 3 HEAT-EX 
B;.;E.VENT . LK-HP•E.NV UNI7 No·.; 3 HEAT;.; EX . .. 

N o'lt1 E 11<0 • 
VAl'i.o V.:\ R. FAULT DESCRIPTION OF UNIT GATE ---- ---- ----- -------------------· ----

EVENT UN!':''. No·.-· .. ''3 ..... 'HE.A '!';.;~ U!\"" 

'i!'-EVEN'Ii' PP 1 HI UNI'Ii' NO• ·2 CN'!'RL v- se 
CNTBL.V;.;SC B;.;EVENT : 

NMlE NO• 
VARo VARo ---- ----

\ EVE..~': : "PP" ""T'. 

T-EVENT : QQ 1 

NAME NO• 
VARo Vi\!1. ---- ----

EVENT '"Q'Q" ..... , .. 
• 

Nt~~lE NO• 
VARo VA?.. 

.. ---- ----
EVENT "FF" ""3" 

'!'-EVENT fl(,l 4 

NAME. NO. 
VAR. W>.Ro ---- ----

EVE~T '"Qtl" '""4" 

--------.• ., •• ••••••hr•.,• 

l.K-HP•ENV UNI'l' NO',; 2 

FAULT -----
H!""H 

HI 

FAUL 'i' -----
Hi""." 

FAULT 

~----
t.:O'"'" 

HI 

FAULT -----H!""" 

DESCRIPTION OF UNIT GATE 
--------------~--~- ----

UNIT NO• 2 CNT~L v-sc 

DESCRIPTION OF UNIT 

-----------------~-U!.f! 'r. t-,!t);." '"'2' .... 'Ct-.i'I'?.(.;V- SC 
*DIAMOND. EVENT* 

DES CRI F'l'l 0:'1 OF Ut\ IT 

-------------------UN I"''' 'i'.J(f~' .. :3 ..... 'HEl\7;.;~ 

UNIT NO• 4 SENSOR•,. 

DE SC ?.I P71 011 OF U:-JI'l' 

----~-----~----~---u:·n: 'I'' Nu' ..... 'il ..... 'S!~ SUR• T 

GATE. ----

GA7E ----
OR". 

GA':'E .., ___ 
OR"" 

Fig. 6.25 · /continued 
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T•EVEN7 : FP 4 LO U~I'l'NOo 4 SENSOi?.•"J' 

EVENT 

EVENT 

T•EVE.:-JT 

EVENT 

7•EVEN7 
R:,.;~VEN'!' 

B;.;E.V E1JT 

EVENT 

":"•EVE-NT 
E;,;EVENT 

EVENT 

'I'•EVE:\:T 
E:.;EVEt~T 

EVENT 

I 

• • 

NAt1E NOo 
VAR. VAR. FAULT ---- ---- ---..:.-··pp .. ... . 4 .• t.:tl ..... · .. 

NAME NO• 
v.:~a. VAR.o FAULT ---- ---- -----z;.;t.:tl .. 

G1' 5 HI 

NAME. NO •. 
VAR. VA?..o FAUL7 ---- ---- -----
u'C";!" '~'.'5'' Hr ...... 

TC 7 HI 
B 
EXT-FIRE 

NAME N3. 
VA:P.o VARo FAULT ---- ---- -----u7\::u • ,,r"f'" Hr ...... 

~4'!n 11 HI .. 
EX'ii'•F I RE. 

1\:AME. NOo 
VA?.o Var!o FAULT ---- ---- -----.... , .... H .. HT""· 

DESCRIPTIO~ OF U~IT 

-------------~~-~--UNT'r'•NtJ';·"·'4··· .. 'S'E:NSOR- T 
*DIAMOND E.VE:;o-;7* 

DES CRI P'!l ON 0 F .Ut'll 't' 

----~--------------

UOIIIT NOo 3 
' .. 

DE.SCRI P'.l'I ON OF UNIT 
------------O~Q·=--

U~HT' 'Ntr~·.···':l· ""'HE;>; '1';.; E:X 

u~..:r "'!'. ~o. 3 HE.A'r•EX· 
UNI'I' ~0~ 3 HEAT~ EX 
UNIT No; 3 HEAT:.; EX 

DESCRI PTICN OF uxi7 

-------------------u~rr or· 'No-:·,.· ::r ·· ·· ·r-n::~ -:;.: rx 

U~I7 NOo lV CN'J:'RL•VAL 
UNI7 No-; !0 CNTRL;,;VAL 

DESCRI FT I ON 0 F U:'l ':' 

----------~--------

10 HI UNIT NOo. 9 sa~so:::-a 
SE.~ SO :;.:.;a' EXT•FIRE U:lli'r NO... 9 

N.!I.ME NO• 
VAI'lo · VAR. FAUL7 'DE:SCRIP'l'ION OF U~I T ---- ----- ----- ----------~--------.. ...__ .. 
' ' 

..,1'2'. Hr ...... U!'JIT' 'fH)';' .. ·g .... " S l:.M SO ?.-t~ 

7-EVE~T : TT 
b:.;£VE~'l' 

9 I:U U~I7 NO. 8 
EX'l'•FIRE UNIT NO'o 8 

CENT-PUMP 
C£N7;.;PUMP 

Fig. 6.25 /continued 
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GATE. 

--'""-

GATE ----

GAT~ ----t:f'"' ... .. 

GA"TE _ _, __ 
OB ... 

GATE. 
---OQ 

GA7E -- .. -
!JP. ... 



NAME NOo 
VAP.. VARo ---- .... --

EVENT : ''"l'T'. "'"9 .. 

~AM E. NOo 
VARo VARo ---- ----

EVENT 
~ ....... ~ ........ 

'!"•EVENT : BQ 5 
R;.;EVENT : 

NA~lE NO• 
VARo VA:P._~ ---- ----

EVENT : "'EfQ". ..... s· .. 

T-E.VE.NT . PA 7 . 
'!;.;EVENT AP 5 
B:.;EVEWI' 
a:.: EVENT . . 

N.~.ME NO• 
VARo VARo ---- ----

EVENT : "F"A" .... .., .. 

-:"-EVENT : QB 7 
B;.;EVENT . . 

NAME NOo 
VARo VARo ----

EVEN'! : "tl.'E" . ~ .. ·'7'. 

R~EVENT . . 
7:.:EVENT : BB 12 
B~EVEN7 . . 
B~EVEN'.; .. 
b:.;EVENT : 

N.P.M E NOo 
VARo VARo 

.. ---- ----
EVE.N'i". 

T•EVE~T . FP 11 . 

PAGE --------..... ,.u,. ...... . 

FAULT 

-----Hr······ 

FAULT -----
B"'""" 

LO 
c 

FAULT -----
t:O"'"" 

LO 
HI 
BLOCKAGE 
LK-LP-ENV 

FAULT -----
t;t)""". 

LO 
LK-LF•ENV 

FAULT -----
t:O"""' 

D 
LO 
BLOCKAGE 
LK-LP-ENV 
FAl'•Ct:OSE .. 

FAULT -----
lY""'" 

LO 
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DESCRIPTION OF UNI? 

-----------~-~-----u:~n···No· ..... ·g·" · · · c t:wr;.;FuM P 
*DIAMOND EVEN'T* 

DES CRI FTI 0:1: OF U)JI'J' 

-------------------utH'i""M'O'o""":l"""'HE:i<IT;.;i::X · 

mHT NOo 3 HEAT• EX 
UNIT NO~. 3· HEAT:; EX 

DESCRI P"!I CN OF UN! T. --------------·-----
maT·"~lj",;''""j""'"'H.E~'!':;EX 

U~I7 NO• 3 HEA7-EX 
UNI 7 NO~ 3 HEAT;.;~ 

UNIT Nn·· vO 3 HEA7;.;EX 
U:-JI'.I' NO',; 3 HEAT;.; EX 

DESCliU P'l"I ON OF UNIT 

-------------------lll'l! T' 'NO'•"'''j"' .. 'HUT:;tx 

UN I 'l' NOe 3 H~AT.nEX 
UNIT NO~ 3 HEA'ir;.;EX 

DESCRI P'l'I ON OF UNIT 

--------------~----u~rT' 't{lj",;"""3" .... 'HEl'i T:.;t:x 

UNIT ~o. nz CN'l:"P.L-VAL 
UNIT NO~ [0 C1>: 'l"F.L;.;VAL 
UNIT NO'~ u CNTT~:.OVAL 

UNIT No• u C~i!'RL:.;VAL 

UNIT NO~ li!l "CN'rF.t..:.tVHl. 

DE.Sc::u P1I Ot~ OF Ut-liT 

•M--------------m-~ 
U~!T"NO~· TZ' .... ·c~'l'::'.t;;.;VAL 

u~ I 'l" NO• 12 CN'r'F.l.- VAL 

Fig. 6.25 · /continued 

GATE. 

rx·..:o:R 

GATE ----Un"" 

GATE ----
t:l:R"" 

GATE ----
OFt"" 

GA"T::. ----
:t:~:HJ" 



R-EVENT 

EVENT 

7-EVEN~ 

B;.;E.VEN'l' 

EVENT 

T-EVENT 

EVENT. 

·T-EVE.~T 

EVEr\1" 

'i'•EVEN"i' 
T;.;EVE:>;'r 
El;.; EVEN':' 
E-.: ;:. V EN 'l' 

EVENT 

·-EVENT 
fl:O:EVENT 

EVZNT 

FAGE ------·-

: 

: 

: 

: 

: . 

: 

: 
: 
: 
: 

: 
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c UNIT NO • 1 :l 

NAt1E NO• 
VARo VARo FAUL.'l' DESC?.I P'Z'l CN OF U:\!'1:' GATE ---- ---- -----. -----------------~- ----
"FP'' U)'"f' ~:n······ UtH T''tJlf•"''l:T''"'I::N':'F.L;.;VAL tf'.:\' ••• .. 

QQ l1 LO U:-JI T NOo !J CIX TF.L- V~L 
LK-LP-ENV UN! 'l' NO• 1a CN 7P.L:.; VAL 

NAME NOo 
VARo wm. FAUL. '!' DESCRIFTION OF UNI'r GATE ---- ---- ----- --------~-----~---- ----
"tltl" "l .. f' t:tf"''' Ullll"'l'"IHf.;"·l·t· ..... CN'l'F.t;;.; VAL OR"" 

PP u LO UNIT NO• 9 SE(I;SOB-Q 

~t~4ME NO• 
VAR. VARo FAULT DZSCRI P7l ON OF UNIT GA'l'E ---- ---- ----- ------------------~ "FP" .. n~·· t:o· ..... U!-Jt'I"'Nt)'.;""9' .... 'SENSOR• Q OR"" 

QQ 12 LO UN! 7 NO• 9 SEN SOR-Q . 

N~~ME ~o. 

VARo VAR• FAUL'l' DES CRI PT! ON OF UNIT GATE ---- ---- ----- --------------~--~- ----
"tm'· ··!~ ... t:tl""" u:vr ,..·:.~o·_. ... 'tJ' .... · stN'Sdl'l-Q u~ .... .:':.. 

FP 9 LO UNI'r NO• B CEN'l'•FlJMF 
QQ 9 LO UN I 'l' !':0~ 8 CEN7:.:f'UMP 

BLOCKAGE UXIT No·~ 8 CEN7;.;FUt1P 
LK-LP•.E.N\1 UN! T NO·~ . 8 C E.._.'!';.; FUM F 

NAME NOo 
VA?.o VA?.. FAUL'll' DESCRIP~IO~ OF UNI'l' GATE 

-· ---- ---- -----
"F:P" ""9"' t:lJ""" 

QQ 9 LO UNIT NO• 8 CEt\TQPUMF 
CENT;.;FUMF LK•LP-ENV UIII T NO~ 8 

N~ME NO• 
VAR. V.~R. FAULT ---- ---- -----
'"Q'Q" ····g .. t:tl""" 

DESCRIP~ICN OF U~IT 

---------~--------~ UNI "l'"NO-.; ... '8 ..... 'tEN'!";.; FUMP 

* DI At10N D E.V:'.N'l"* 

Fig. 6.25 /continued 

GA1'E ----



209 

:.:AM E; NO• 
VAB• VA?.o FAULT DESCRIPTION OF UNIT GATE 

---- ---- ----- -------~----------- ----
E.VE~-r . "'[,)'[,)" ····g" t:tr· .... . 

t-EVEN'r . pp 9 HI . U1H'l' NO. 7 DUMMY-H 

NM1E NO• 
VARo ·VA?.o FAUL'l' D:<:;SCRIP'TION OF UNIT Gtl'!'E ---- ---- ----- ------------------- ----

EVENT ··pp" ''"g" HI""" Ut-I! T' 'No..-·.'. '1' .... 'DUMWX' :.;H OR"" 

BLOCKAGE UNIT NO• 8 

' 
NAt1E NOo 
VAF.o VAF.o FAUL'l' DE.SCRIP'l'ION OF U:i'I'l' GATE --.-- ---- ----- ------------------- ----

EVENT 
C ........ UN! 7" NO';"l}f .... 'CNTf,t;".:VAL tl""" .. 

T•E.VENT BB l2 NO-CHANGE UNIT NO• !2 CN'I:'F.L-VAL 
B:.;EVE.N'r VA.t;V•STCK UNIT NO'~ D. CNTRL:.;VAL 
a:.: EVENT MANuAL UNIT NO~ '13 CN'l'RL:.;VAL 

NAME. NO• 
VAR• VAF.o FAULT DESCRIF'riON OF UN I 't' GA7~ 

---- ---- ----- ------------------~ ----
E.VEN7 : ''EE" "1'2" ~O;.;CHANGE UNI'ii''I-Hfo''"[';!''''"CN'r:F.t;:.;VAL OR"'' 

'l"-ZV::.N1 : ss 8 NO-CHANGE UNIT NO• in CN"i'ROLLER 
B:.;EVEN'l' : CON'i'-STCK UNI7 No-; n C~TP.OLLER 

NAt1E NO• 
VAR. VARo FAULT DES CRI P'l'I or-; 0 F UNIT GATE ........ ----

EVENT '"SS'' ''"8'" 

E-EVENT SE.i.~S-STCK UNIT NOo 4 

N ~.M E. NO• 
VAR. VARo FAUL':' DESCRI P'rl ON OF 1JNI7 GA'l'S ---- ---- ----- --~---------------- ----

E.VEN"r "EE" H"f2'~ [;\)""" uu:r .... ·tnr.-· .. , . ..;· .... ·cN'l'r:r.; ;.;v AL o-.... :-1 

1'•E.VEN7 ss 8 HI UNIT NO .• H C:-i't'ROLLER 
'l':..;EVU-17 m-J t3 LO WiiT ~o...- H CN'l':':O LL ER 
B:.;E.VENT . CON'J'eF-LO UN I 'l' NO;; n CNT~:OLLER . 

Ni'.ME NO• 

Fig. 6.25 /continued 
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ElJENT 

EVENT 

EVENT . • 

~ 

.EVEN! 

T•EVENT 
7:.:EVE.NT : 

E. VENT 

'l"•EVEN'ii' 
B;.;EVEN't' : 

?:VE.Nir : 

'r•E.VENT : 
B;.;EVENT . . 
b~E..VEN'T : 

E.VE.~'T 

1•El.IE.~7 . . 

AGE. --------................ 
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VAR9 VA:S. F,'\UL 'l' DSSCi'ii P?I ON OF UC(I 7 
•ooo.,. ---- -----

: "'S"S" .... B •• fft'" .... --------=~--~=~----

SEN-FA•HI UN! T NO • Ll S ENSOB-'1:" 

Nt~M E NCe 
VP.Ro VAB. FAULT ---- ---- -----.. \·1\1"' u·r'3·' t:tf""' 

NAME wo. 
VARo VAfl. FAUL'"l' ...... ---- -----"f1P'' "'"'"5"' Hr ...... 

NAME NOo 
VA!'lo VAli.o FAULT -Q-- ---- -----•••••u; 

'C'"'""' 

BQ 5 NO-FLOtJ 
QQ 3 G'l'l3 

NAME NOo 
VARo VA.R. FAUL'l' ---- ---- -----
'"EU"' """5"' Ntl;.;'ft:OH 

QB 7 NO-FL0\1 
COt1F•BLOC 

NAl1E NO. 
VARo. VAR. FAUL'i' __ ..,_ ---- -----
"'UH" .... '1 .. 

~tJ~"ft:otv 

QQ u NO~FLOtJ 

COHP•BLOC 
SHUT'~ 

~AM~ NO. 
VAR. VARo FAULT ---- ---.- -----
""Qtl" "H"' Ntl:.:ft:CtJ 

QI.J l 2 NO•FLOt·l 

DESCRIPTION OF U~IT 

----------------~=-UfJ!"ii" '~tl"o''T!" .... 'CN T:.:iOt:L ER 
*Dl AI10ND" tVEN'N 

D~SCF.IPTICN OF UNIT 

-------------~-~--~ UN!'l'''NtJ"o' .... 3 ..... "ftl::<=i !;.;.tx 
*DIAMOND EVEN'Ii'* 

DESCRIPTION OF UNI~ 

--------------~----ut-tn·· 'Ntl'o'""':r .... 'HE~j 'l':.;<:x 

UNIT NOo 3 H EA 'I'• EX • 
UNIT N·o·.-- 3 HEA7:.;EX 

DESCRI FT I ON OF UNIT 

-------------------UNn··· KtJ"o''"'3''····HEf1'!':.;!X 

UNIT NOo 3 HEAT• EX 
UNIT ~a• 3 HEAT;.; EX 

DESCRI F'i'!ON OF UNIT 
•••••-•-•--•-•w•~=-

UMl'T" 'NO-;·~· '':f .. '. 'HEAT~ 'EX 

UNIT NOo !Z CNT2L-VI\L 
UNIT NO~ l.ll CN'ln=::t..~VAL 
UNIT NO~ 1Z CNTPJ.~VAl. 

DES CRI F'i'I ON OF U:\I? 

-----..,--~-----~~~~~ 
u:~!':'"':-J 0 ·;;. ~·! Z' ... '·c NTRt: •v AL 

IJN!'l:' NO. 9 SE~1 SO?.•Gl 

Fig. 6.25 /continued 
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Fig. 6.26 Fsult tre~ for TT4 HI dra~~ using the data of Fig. 6.25 
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Fig, 6,26 

J U = Unit Number I 



219 

lXI YOU l·/AN'i' 70 LIST THE. Vt.RIAcLZSCY/N) ? y · 

t1Et.SUEED VARI 1\ELE.S 

****************** 

VA?.I AEL ES HI LIMIT LO LIMIT S';A'l'U S P :?! I 0 :RI 'l' '( 

--------- -------- -------- _""' ____ ---------... ,. .... ,. ........ . ..... ..... ,.u .... . .................. .. .......... . ......... , ...... 
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3 1 zn 3 OK 8 EQ 5 I~;: ;c OK n z CT 5 loc !l OK 11 UQ 4 1 '"" 'J 2 OK f:'3 '"'--r- 4 n ,., .,. z 01( ! /j ' "'-ss 8 !ZZ e OK [6 QQ 9 122 :l OK !8 
T'l' 9 l2~ G 0!( [9 
QQ HJ lG0 ;?; Oi( 2t 
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QO !1 120 2 OK 25 TT u ~lzz 0 OX 26 
Bb 12 iZ.Z " ox 33 
l-'H 13 Ll& ., 

OK 34 .. 
!".E. A DI NG VALUES OF MEASURED V A :RI ABL ES 
*******************~**************** 

· Fig. 6.27 Measured variables in the Heat Exchanger and control loop system 
before their values were modified 
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!X) YOU HANT TO LIST THE. VARIAELESC\'/l\1) 7 Y 

MEASURED VA?.l AELES 

****************** 
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************************************ 

· Fig. 6.28 Measured variables in the Heat•Exchanger and control loop system 
after the values have been modified 
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Fig. 6.29 Fault tree for top event TT4 HI in a Heat-Exchanger and control 
loop system 
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Fig. 6.30 Fault tree for TT4 HI drawn usinq the data of Fig. 6.29 
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Chapter 7 

DISCUSSION AND CONCLUSIONS · 

The methodology and its applications were presented in the previous 

chapters. It is likely that as experience is gained on the applica-

tions of faul~ trees to Chemical Process Plants, the methodology and 

the programs developed may need some alterations. A review of the work, 

considering the problems that may arise, together with the conclusions 

and recommendations for further work is contained in this chapter. 

7.1 Unit Models 

The unit approach used in this work has proven quite useful in the 

development of the methodology for the synthesis of fault trees. The 

examples shown in Chapter 6 illustrate how the use of the conventions 

stated in Chapter 3 for the setting of the variables in the unit models, 

provides a two-way flow of information. This is a major feature of .the 

methodology because it allows the construction of fault trees at any 

place in the system, not only at the downstream end. 

The use of unit models has the advantage that it focuses the 

safety analyst's attention on a manageable portion of the problem. It 

also enables him to produce a library of models for use as required 

rather than models that only reflect particular plants. The unit 

models used in this work are general models that can be easily recognised 

by the engineer who is not a fault tree specialist. This is an advantage 

at the design stage of a plant, because the gap between a fault tree 
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specialist and a non-specialist engineer is narrowed, greater inter-

action can be achieved between the design engineer and the safety 

analyst. 

Unit models are flexible and when changes are required, it is only 

the specific unit involved that requires attention, and not the whole 

plant being considered. 

7.2 The minitrees I 
The minitrees used in the methodology are the basis for the con-

struction of the fault trees. Although in this work they were produced 

manually, the production of minitrees based on the equations is carried 

out without difficulty. It was decided to use this approach because it 

was a simple and straightforward method that can encourage a non-fault 

tree specialist to produce his own minitrees. The only requirements are 

the unit models and some knowledge of the internal faults that may 

affect the different states of the Left Hand Side (LHS) variables of the 

equations. When the failure analysis is carried out to produce the 

minitrees a better insight of the unit being considered is obtained. As 

experience is gained in the use of the minitrees to produce the fault 

trees, some modifications or other states of the variables are found, 

that need to be included in the minitrees, so that the' set of minitrees 

for each unit can have a higher quality. This again is not a problem 

in the methodology because the unit approach allows the addition or 

• modification of the minitrees without problem. This feature can be 
. ' 

very useful at the design stage of a Plant. Any modification in the 

design can easily be carried out in the minitrees of the units involved 

•· 
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and up-to-date fault trees for the design can be produced. The quality 

of the fault trees produced by the methodology is closely related to 

the quality of the minitrees used to build them. If the failure analysis 

is carried out thoroughly the unit minitrees will reflect this and the 

results obtained will be better. 

The minitrees used in this work for each unit have some similarity 

(F2) 
with Fussell's failure transfer functions. The difference is that 

the minitrees used here are based on equations which describe the 

behaviour of the unit and allowed the flow of information in two direc-

tions. Fussell's were obtained on the basis of experience of the 

mechanisms that could cause the failure of the component. His transfer 

functions only allow the flow of information in one way. An explanation 

of these differences is that Fussell's work was applied to simple electrical . 
systems, whose components are less complex than those components that 

are used in chemical plants and hence the failure modes analysis can be 

carried out directly. 

. (Sl) The decis1on tables approach used by Salem et al., has some 

11 
•' similarities to the minitrees used here. The main difference with this 

work is that their decision tables, although quite complete because 

they consider several states of the variables, do not have the two-

way flow property that the minitrees have. Therefore, their trees are 

• restricted to be developed only in one direction for top events that 

are located at the end of the system. (L4) 
Lapp and Powers' methodology 

I 
~ ... 

has the same problem, only one way flow of information is considered. 

The nomenclature ~sed for the development of the minitrees during . 

.. ' 
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this work is particular to the methodology but not very different from 

that commonly used in the literature. The Replaced events (R events) 

help avoid the repetition of events that appear sometimes in the mini

trees and make it easier to modify them. The nomenclature used could 

be considered equivalent to the one defined by Fussell for his Ordered 

fault events in his Methodology. 

7.3 Control Loops and Multi-State Variables 

One of the problems that has prevented the use of the fault tree 

techniques in Chemical Process plants is the presence of control loops 

and multi-state variables. The methodology described in this work does 

not need to give the loops and multistate variables a special treatment. 

Due to the unit approach used, the control loop is not considered 

as a whole. Each component of the loop is considered a unit in itself 

and has its own minitrees obtained according to the rules mentioned in 

Chapter 3. Note how the minitrees shown in Appendix I for the controller, 

the sensors and the control valve (which are the components of the con

trol loops considered in the examples of Chapter 6} are defined, based 

only on the equations of their unit models and the internal faults, 

that may affect the different states considered for the LHS variables. 

The two-way information flow is very useful in this case. The methodol~ 

ogy only requireS: the topology of the system and the unit minitrees of 

the components of the system. The information travels from one unit to 

. , the other and the correct mini trees are linked together to produce the 

final tree. A good example of how the methodology can handle control 

loops are the fault trees shown in Chapter 6. Note that the. general 

• 
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models used for the units provide general minitrees. An example of this 

is the flow sensor unit. The same set of minitrees was used in two 

different loops in Chapter 6. It was used first in the two tank and 

control loop system and later on in the Heat-Exchanger and Control loops 

system with satisfactory results. 

A good example of how the methodology deals with multi-state 

variables is the llcat-Exchangcr and Control Loops system shown in 

Chapter 6. For this example a trip valve model. was developed. It was 

considered as a special case of the control valve where the normal 

state of the valve was considered to be wide-open. Some modifications 

were made to the control valve's minitrees, due to this consideration. 

A new state condition for the flow variable was considered NO-FLOW and 

the final result was the control-valve.special case shown in Appendix I. 

Similar minitrees with the NO-FLOW condition were obtained (considering 

only the variable flow for simplicity) for the rest of the units so 

that flow of information due to this specific state of the Flow 

variable could be transmitted in the same fashion as the rest of the 

faults for the other variables. The-top event TT4 HI (for design pur-

poses) shown in Chapter 6 shows how the methodology linked up the correct 

mini trees and produced a fault tree that presents multi-state variables. 

7.4 AND Gates and Boundary Conditions 

In order to preserve the coherency of the fault trees produced by 
' . ; .I 

the method9logy the Boundary Conditions and Not-allowed faults were used. 

Each time a new branch of :·.the tree is developed by the methodology th,e 

new events are checked against the Boundary Conditions and Not-allowed 
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faults already existing .in the tree. Each gate of the tree carries 

these Boundary Conditions and Not-allowed faults;'for use further down 

the tree. Every time a new gate is inserted in the tree the existing 

Boundary Conditions and Not-allowed faults of the gate at the next 

level up, are passed onto the gate and the same process is repeated 

with the new gates that are created at the following levels. A 

detailed ex~le of how the Boundary Conditions and Not-allowed Faults 

are used was presented in Chapter 4. The use of the Not-allowed 

fauits in this fashion avoids the need for adding extra AND gates to 

the tree with the negation of the faults that could affect the coherency 

of the tree. Fig. 7.1 shows how the minitree for the fault Q
0 

HI would 
· UT 

look if the Not-allowed fault "Blockage" in the Pipe model were added 

as an additional branch of the tree. This would require more space to 

store the minitrees and the process of building the ~ree would take more 

time because of the AND gates involved and the extra checking required. 

When AND gates are involved in the minitrees sometimes the 

Boundary Conditions and Not-allowed faults detect an event that cannot 

be developed. This implies that the whole branch where the AND gate 

is, has to be deleted because it can no longer exist in the tree. The 

methodology takes care of this by means of a garbage collector program, 

that has been included in the algorithm that builds the trees. The 

garbage collector makes sure that all the AND gates that remain in the 

tree,after the deletion of the branch that was first found inconsistent, 

does not cause. any contradiction in the remaining tree. This feature 

is a major advantage when the methodology is used for real time purposes. 

The AND gates that appear in the examples of Chapter 6 have all been 
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•. 

.. checked by the algorithm before inclusion in the final tree. Note that 

I 

- ,, 

1_,. ·,: 
I .. the AND gates come from the minitrees used to generate the tree. They 

were generated during the failure analysis of the unit models. The 

algorithm only links tile correct mini trees to produce the final tree. No 

gate or event is created by the algorithm. 

,·,_ 

7.5 The Implementation of the Methodology in a Digital Computer 

The approach used in this work to implement the fault tree 

synthesis methodology, was the one of a standard program and specific 

data. This approach allows the flexibility required, so that, a 

relatively inexperienced user may use the methodology and produce 

fault trees for his plant model without difficulty •. The language chosen 

to develop the programs was,RTL/2. It is a language intended for real-
• 

time work, but incorporates many features of other languages such as 

Algol 68 and FORTRAN. 

RTL/2 has some advantages over some more common programming 

languages such as FORTRAN. It incorporates some features that FORTRAN 

does not have and that are useful to handle (in an efficient way) the 

type of data employed to build the fault trees. FORTRAN was not suit-

able to deal with the problems involved in the generation of the 

trees because the computational problems involved in this work Were 

quite different from those usually found in numerical programming prob-

lems. RTL/2 enables the programmer to declare new modes so that groups 

of related information (as was the case in this work) can be handled 

in a convenient way by means of records. List processing techniques 

were used in this work thanks to this powerful feature. The use of 

;_, 
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FORTRAN to solve the same problems would have required many more arrays 

than those actually used in this work and it would have produced less 

efficient programs, because subscript evaluation is less efficient than 

component selection. Another reason why RTL/2 was used instead of 

FORTRAN or any other of the better known languages, was that RTL/2 is 

ideally suited for real time purposes and small computers which were 

some of the ~ajor features required for the use of'the methodology 

described in this work. 

7.5.1 The programs 

Due to the space limitations imposed by the hardware of the system 

used in this work, the development of the programs was carried out in 

a·manner intended to use the space available in the best possible way. 

8 bit BYTES, rather than 16 bit words, were used in the definition of 

the MODES whenever it was possible. Bit manipulation was used in some 

of the programs to pack the most information in the minimum space. 

The faults and unit names were represent~d by integers related to look-

up tables, so that strings were not needed in the handling of the trees. 

By inspecting the procedures it was found that some of them were similar 

in many respects to others; In order to save space, those procedures 

were, when possible, combined into one procedure. 

In spite of the savings, the maximum number of units that was 

·possible to handle with the facilities available was 15.· The data base 

of SK was able to accommodate 590 events and 150 gates. Usually half 

of the events and gates available were used for storing the different 

unit minitrees, leaving only the other half free to be used in the 
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construction of the fault tree's. 

Fault trees with 60 gates and over lOO events have been produced 

by the algorithm used in this work. Considering the· facilities 

available and the results reported in the literature, (L4) the results 

obtained during this study are encouraging. Most of the workers men

tioned in the literature have not generated trees w~th'more than 25 

gates. 'The largest trees reported that have been synthesised by com

puter contain 143 gates. If a larger machine is used, it would be 

· possible to have more space available and larger trees than those 

actually obtained during this study which can be produced without 

problem. Consider for example a data area of 24K. With this space 

available it would be possible to have more than 30 unit models and 

produce trees with more than 700 events and 300 gates without change 

to the programs. 

The approach of a standard program and specific data used in this 

work, allows the use of a standard program to synthesise fault trees 

for almost ~ny chemical process. The keystone to achieve this is the 

specific data of the system under study (mini trees and topology) • The 

programs were developed bearing this in mind. Flexibility is always 

present, so that any change needed in the specific data can always be 

carried out without having to change the programs. With the help of 

the indirect command files and the editor provided with the operating 

system the time needed to carry out any modifications to the specific 

data is minimal. A good example of this, is the case of multi-state 

variables mentioned in Section 7. 3. When it was necessary to include 

other states of the variable flow for the Heat-Exchanger and control 
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loops system, use was made of the editor and the indirect command files. 

The trip-valve model was obtained from the control valve model by con

sidering the normal state of the valve to be wide open. A copy of the 

minitrees for the control valve was made and modified by means of the 

editor to suit the needs of the trip valve. The minitrees for the 

NO-FLOW state and FLOW in the unit (G~) were added to each of the unit 

files already available. This job was carried out in less than two 

hours and did not involve any modifications· to the RTL/2 programs. 

Once the input data files for each unit minitree were modified the 

same tasks used in all the previous examples were employed to set up 

the minitrees for the units forming part of the system under study. 

The topology was defined and the trees shown in Chapter 6 were produced 

without problem. This flexibility would allow any change in the models, 

minitrees or topology that is required during the different stages of 

plant design. In this way, up-to-date trees could always be synthesised 

saving a lot of time for both the safety analyst and the design engineer. 

Fig. 7.2 helps to illustrate how the different tasks created during 

this study are used to set up the "environment" needed in order to 

build the minitrees. TaskBTR is the standard program that constructs 

the fault trees; it interacts with the different parts of the data base 

to produce the fault trees. 

7.6 Applications of the Methodology 

The methodology described in this work can be used mainly for two 

purposes as has already been shown in the former chapters. However there 

are some other applications that may be considered: 
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1) The methodology could be used to help in the training 
of future control room operators. With the help of 
a computer, some situations could be simulated (via 
a task like RVA to change the value of the measured 
variables), so that the operator may learn from them 
and be exposed beforehand to cases that he might 
have to face in real time. 

2) The use of fault trees in real time to produce a chr£~> 
list for the operator as was suggested by Lambert 
can now be carried out with the help of the methodology 
described here. It would require the implementation 
of a method to find the cut setlFlfimilar to the ones 
described by Fussell and Vesely and a larger data 
base, but these improvements were not difficult to 
carry out, since the methodology is well defined. 

3) If a method for the evaluation of the trees produced is 
implemented, the methodology has the capability (due 
to the way in which the MODES of the data base were 
defined) ~3yroduce the sort of Dual Tree described 
by Pandle et al., required to evaluate the minimum 
paths. The OR gates can easily be converted into AND 
gates and viceversa by means of setting and clearing 
bits in each of the gates of the tree under study. 

4) If the methodology is used only for design purposes, it 
could be possible to translate the programs into 
ALGOL-68 and use them off-line in a bigger computer. 
This would solve the problem of memory limitations 
that could arise when larger sections of plant are 
analysed. The use of a bigger computer, would also 
allow more freedom in the formats to print the trees, 
and special programs to print the trees in a more 
tree-like format could be developed. 

7.6.1 Real time application 

The use of real time fault trees has been mentioned in the litera-

ture but only as a possibility of several possible applications of 
~ 

fault trees in the Chemical Process industry. The methodology presented 

in this work makes this possibility more likely. This work is the 

first to explore the use of synthesised fault trees for real time pur-

poses, and therefore further considerations are still needed before a 

complete system with real time fault trees can be completely satisfactory 
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for alarm analysis purposes. 

Although it may seem that Real Time and design fault trees are 

treated in the same way by the methodology, there are some differences 

between them that have to be considered. These differences are: 

1) Fault tree for design purposes only requi,e the 
~pecific data of the system being considered (mini
trees and topology) • No checking of the measured 
variables is required. More space is required for 
the trees because almost all their possible branches 
are developed'. 

2) Fault tree for real time purposes require, besides the 
specific data, the signals of the measured variables 
coming from the plant. Extra checking of the measured 
variables is involved but the trees are not likely to 
be as large as the ones for design purposes. 

In spite of these differences the methodology has produced satisfactory 

results with consistent trees. In this work some of the real time 

problems, due to the incoming signals from the plant have been tackled 

with the help of the simulating task RVA· This task was used to 

change the values of the measured variables through a teletype. This 

approach was useful to test the methodology for the purposes of this 

study, but that does not mean that all the problems have been solved. 

The next step required is to use a pilot plant and'obtain these signais 

from the plant. Some of the points that will require special attention 

are: 

1) The quality of the incoming signals from the measuring 
devices 

This is a very important point because if the quality. of 
the signal received is not good erroneous fault trees 
could be produced. 
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2) The limitations imposed by the display devices 

In this work the trees produced .were printed in the 
same way as they were developed. This is certainly 
not an adequate format to display the trees to the 
operator. Some changes are needed in the formats to 
improve the way in which the information is presented. 
The' experience of other industries such as the nuclear 
one, in the solution of display problems could be used. 

3) The method of handling variables out of range 

During this work the variables out of range were handled 
according to their priorities. The top event after 
scanning the measured variables was the variable with 
the highest priority. This is certainly not the only 
way of handling the problem and may ~equire some modi
fications to some of the programs that deal with the 
definition of the top event. 

7.7 Further work 

It is surprising to find. that so little work has been done on the 

use of fault trees in the Chemical Process indsutry. There is a 

great potential in this area that has been neglected. Generally, 

different aspects of this work need further development, some suggestions 

have been inade in the previous sections of .this chapter but the follow-

ing may be highlighted as the most immediate ones: 

i) The unit models and minitrees 

The quality of the fault trees produced by the methodology 

is closely related to the quality of the unit models and 

minitrees. It is highly desirable to continue with the 

development of other unit models and minitrees. The 

failure analysis can be carried out beyond the component 

level. As an example consider Fig. 7.3 a minitree for 

the event "LEAK TO L.P. ENV. IN A PIPE". This event 
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which was considered a basic event in this work, can 

be depicted as a fault event which could occur if the 

events "HOLE IN PIPE" and "LOW PRESSURE IN THE EXTERNAL 

SIDE OF THE PIPE" were present in the system under 

study. Other possible states of the units can also be 

considered i.e. for control valves some of the states 

could be Fully Open, Normal, Fully Closed, etc. 

Environmental and human ~ffects could also be included 

in the minitrees. A closer look at' the unit models and 

consideration of other possible modelling methods is also 

desirable. 

2) Evaluation of the ·trees 

The creation of a package which would include a method to 

evaluate the trees produced by the methodology could 

increase the use of the fault trees in the Chemical 

Process Industry. Several evaluation methods are 

already available and it is just a matter of developing 

the program that would put the methodology and the 

evaluation method together. The package could include 

a data bank containing the probability/failure rate 

data already available in the literature. Provision 

has already been made in the definition of the data 

base to include the probability data in the basic 

events. Reduction techniques to make more efficient 

evaluation of the trees could also be included in the 

package. 
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3) Use of a pilot plant 

The practical use of the methodology in a pilot plant is 

the next stage required. The same data base and the 

facilities available can be used for a small system. 

Some simple programs to handle the analog signals coming 

from the pilot plant would be needed bu~no major changes 

to the programs or data base are required. If a better 

use of the space available is desired, some modifications 

could be· done. This might be carried out by using 

another device such as a magn"etic tape, to save the 

information related to the minitrees. A minor modifica

tion to the program that build the minitrees might also 

be required. The modification would imply that any 

time the minitrees of a specific unit were required by 

BTR they could be retrieved from the magnetic tape and 

remain in core only as long as the information is 

needed. Eventually if larger p:).ant sections are 

required to be analysed the best solution would be to 

use a larger machine. 

The use of a pilot plant could provide many answers to 

the points discussed in Section 7.6.1 and in the 

future could lead to the implementation of a pilot 

system for alarm analysis based on the synthesised 

fault trees. 
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7.8 Conclusions 

A method for process fault tree synthesis has been presented in 

this work. The methodology developed is based on the use of unit 

models. These unit models are conventional dynamic models of the 

common process units found in chemical processes. These models are 

used to produce, by means of a failure analysis, unft minitrees. A 

new nomenclature to deal with the minitrees has been defined. The 

minitrees are used in the construction·of fault trees for systems 

formed by different units. The methodology has been implemented on a 

PDP-11/20 digital computer. The operating system used was RSX-llM. 

The computer programs used to implement the methodology were developed 

in the RTL/2 programming language. It allowed the use of list pro-

cessing techniques and bit manipulation. The synthesis of several 

fault trees have been performed automatically with good results. The 

results obtained lead to the following conclusions: 

1) A systematic approach for synthesis of fault trees is 
possible. 

2) The unit models and conventions used have proved to be 
useful in solving the problem of information flow 
through the different systems studied. 

3) The two-way information flow feature, of the unit models 
used, allows the construction of fault trees at any part 
of the system under study and not only at the downstream 
end. 

4) Multi-state variables typical of Chemical Processes can be 
handled by the methodology without difficulty. 

5) The nomenclature used for the development of the minitrees 
helped to avoid the repetition of information and made 
easier any modification required. 

6) There is a close relationship between the quality of the 
fault trees produced by the methodology and the quality 
embodied in the unit models and minitrees used. 
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7} The methodology described can be used in the automatic 
synthesis of fault trees for design and real time 
purposes. 

8} The approach used to implement the methodology on a 
digital computer allows the flexibility needed so 
that a relatively inexperienced user may use the 
methodology with his own models. 

9} The use of list processing techniques and bit manipulation 
proved to be very useful and allowed an efficient way of 
handling the construction of the fault t;ees. 

Every effort has been made to find any possible "bugs" in the programs. 

All those programs that might present problems .when the methodology is 

used in a pilot plant have bee~ provided with self-explanatory messages. 

It·is hoped that this work will provide a better understanding of 

the many possible uses of fault trees in the Chemical Process industry, 

so that major use of this tool may be achieved with consequent improve-

mertts in plant design and operation. 
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Appendix I 

Unit ~lodels and Unit Mini trees 

I .1 Introduction 

The unit models described in this appendix are intended to be 

representative of the class of models, that may be conveniently used 

in the failure analysis, required to produce the unit minitrees. 

The nomenclature which follows defines the characters used to 

denote common quantities. Any exceptions to the nomenclature will be 

defined in the model concerned. All the unit model .streams are based 

on mass or volume units, except where the opposite is stated in the 

unit model. In order to comply with the conventions stated in 

Chapter 3 of this work all stream properties but pressure are set in the 

unit outputs. Pressure is normally set in the unit input streams. The 

conventions may be relaxed for those cases in which the strict use of 

them may lead to unnecessarily complicated models. In those cases, 

where the conventions are relaxed it is noted in the model. 

High gain differential equations are used in the unit models to 

set intermediate stream pressures. Trese type of equations help to pre

serve continuity in process streams passing through several units. The 

need for this type of equation is discussed by Franks. (Fg) The use of 

high-gain equations with the conventions used in this work and cases 

when the convention is relaxed have been discussed by Andow. (A2) 

The unit minitrees that are described after each unit model, are 
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the ones used in the various examples considered in this work. They 

were obtained by means of the derivation method discussed in Chapter 3; 

the derivation of the minitrees was carried out manually. The auxiliary 

data files that were used to implement the minitrees in the digital 

computer are also shown for each unit. Task PMT was used to produce 

the printcuts. 

A key tc the names of the unit models used and to the faults of 

the mini trees is shown in Tables I. 2 and I. 3. Note that the name of 

the faults is restricted to ten characters. 

I.2 Unit Models and Mini trees 

The unit models and the minitrees used in this work are the 

following: 
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I.2.1 Centrifu9:al Pum12 

p 
p 

a ... a 

T 
.. T 

OUT X 
X 

IN 

Fig. !.2.1 Centrifugal pumE 

Equations Used Assumptions 

1) 
dPIN 

G(QIN-QOur) 1) Isothermal Operation --= 
dt 

2) QOUT = [ kl QU(+k2 (PIN-Pour)+ 2) Constant rotational speed of 
impeller 

k3QIN 
2 )~ 

3) XOUT = XIN 

4) Tour = TIN 

Name used to identify the unit: CENT-PU!1P 
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*************************************•****************************** 

************* 
* MINITRE.E.S * 
* FOR * 
* CENT• PUMP * 
******"****** 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------........................ . ......... . ......................... 
M•E.VENT I bl OUT HI OR LO 

CLOSED 
BLOCKAGE 
SHUT 

T•EVENT : p IN HI 
T;.;EVENT I p OUT LO 
T~EVENT I Q IN Hl 
B:.:EVE.N T • FL•E.X•ENV • 

VARIABLE BoGo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ----
____________ .. 

ounoo •••••••••• • • • • ........... . .... ................. 
M• EVENT . Q OUT LO OR HI . 
T•EVENT : F Ill! LO 
T:.:EVENT : F OUT HI 
T:.;EVEII!T : Q IN LO 
B:.:EVENT . BLOCKAGE . 
B;.;E.VE.NT : LK•LF•E.NV 

VARIABLE. BoCo & NOT 
DESCRIPTION FAULT GATE. ALLOWED FAULTS 

----------- ----- ---- -------------. .. .. ... . . .. .. . . . . . . . . ........... ·········· .... 
M• EVENT : p I:O.. HI OR LO 

LK•LP•ENV 

T•EVE.NT • Q IN HI • 
T:.;EVE.NT . Q OUT 1.0 . 
s:.:EVE.NT : BLOCKAGE 
B;.;EVENT . LK•HP•E.NV . 

VARIAH..E B. c. & NO':' 
DESCRIPTION FAULT GATE ALLO\JED FAULTS 

----------- ----- ---- ... ., ..... ______ 
..................... '. . ......... . ......... . ........... 

M•E.VE.NT : F IN LO OF. HI 
FL•E.X•ENV 

T•EVE.NT : Q IN 1.0 
T:.;EVENT Q OUT HI 
B:.;E.VENT . LK•LP-E.NV . 

VARIABLE e. c. & NOT 
DE SC RI PTI ON FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------.................. ····· .... #0.0#0#0#0 ..... 

PAGE. CENPUMoPRO -------



M-EVENT : 

T-EVE.NT : 
B;.;E.VE.NT 1 

M-EVE.NT I 

T-EVENT : 

M-EVENT 1 

T-E.VENT : 

M-EVENT : 

T-E VEN'f I 

M-EVENT : 

T-EVENT 
B;.;E.VENT : 
B•EVE.NT : 

M-EVENT 

T-EVE.N7 

T OUT 

T IN 

VARIABLE 
DESCRIPTION 

-----------
T OUT 

T IN 

VARIABLE 
DESCRIPTION 

-----------
X OUT 

X IN 

VARIABLE 
DES CRI FT! ON -----------

X OUT 

X IN 

VARIABLE 
DE.SCRI PTI ON 

OUT 

Q IN 

VAil.l AbLE 
DESCRIFTION 

-----------
Q OUT 

Q IN 
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HI 

HI 
EXT-FIRE. 

FAUl. T -----
LO 

LO 

FAULT -----
HI 

HI 

FAULT -----
LO 

LO 

FAULT -----
NO-FLOt~ 

NO-FLOI~ 

SHtl't'DO~lN 

COMP-ELOG 

FAULT -----
GTfl 

G'l'<l 

OR 

GATE ----
OR 

GATE ----
OF. 

GATE 
-----
OF. 

GATE 

OR 

GATE ----

LO 

BoCo & NOT 
ALLOWED FAULTS 

-------------
HI 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 

BoCo & NOT 
ALLOWED FAULTS 

--------------
HI 

BoCo & NOT 
ALLOivED FAULTS 

-------------•.· ....................... . 

BoCo & NOT 
ALLO~IED FAUl. TS 

-------------

******************************************************************** 

PAGE CENPUMoFRO -------
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I.2.2 Closed Tank 

Fig. I.2.2 Closed Tank 

Equations Used Assumptions 

1) 
dL 

(QIN-QOUT)/~ank 1) Closed Vessel -= 
dt 

2) Perfectly Mixed 

2) p = kT 
IN VTank - Area L 3) No heat loss 

4) llo volume changes 

j3) QOUT = k2 [PIN+~L-PoUT)J, 5) No phase changes 

6) Ideal gas behaviour 
!'I) TIN = TOUT 

~) XIN = XOUT 

Name used to identify the unit: CLOSED-TK 



M-EVE!<T 

T-EVENT 
T-EVE.NT 
b-EVENT 
b;.;E.VENT 

M-E.VEI';T 

T-EVENT 
T.;E.VE.r< T 
h•E.VE.NT 
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M-E.VE.NT 

T-EVE.NT 
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M-EVENT 

PAGE -------
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I 

: 
: 
: 

I 

: 
: 

: 

: 

: 
: 

. . 

: 
I 

: 

VARIABLE 
DESCRIPTION 

-----------............ 

I. 

Q IN 
Q OUT 

VARI AB!. E 
t:;E.SCRIFTION 

-----------............... 

I. 

Q I" 
Q OUT 

VARIAbLE 
DE.SL!ii FTJ ON 

-----------······· ... 

F IN 

I. 

VARI Ab!. E 
IJESCRI FTI ON 

-----------. . . . . . . . . . . . . . . . . . ' 

F IN 

I. 

VARI Ab!. E. 
DESCP.IFTION 

-----------.......... 
Q OliT 

••••••••••••• 
* MINITFiEES * 
* FOR * 
* Ct.OSE.D-TK * 
**********"'** 

FAU!. T -----
HI 

HI 
1.0 
bl.OCKAG.E. 
t.K-HF-E.NV 

FAll!. T -----
>> ...... 

1.0 

1.0 
HI 
I. K -1. F-EN V 
BLOCKAGE 

FAULT -----
HI 

HI 
t.K-HF-ENV 

FAULT -----
1.0 

1.0 
t.K-t.t--ENV 

FAIJI.T -----
HI 

Cl.TA!<KoFRO 

BoCo & NOT 
GATE Al.l.O\JED FA Ut. TS ---- -------------············ ...... 
OF. 1.0 

t.K-t.F-E.NV 

B. c. & NOT 
GATE Al.l.O~'E.D FA Ut. TS ---- -------------
OR HI 

Ft.-EX-ENV 

BoCo & NOT 
GATE ALLOWED FAUI. TS ---- -------------
OR 1.0 

t.K-t.P-ENV 

Be Ce & r>OT 
GAT£ Al.l.OIJE.D FAUI. '!'S ----- -------------
OR HI 

Ft.-EX-ENV 

l:loCo & NOT 
GATE ALLOWED FAUt.TS ---- -------------
OR 1.0 

CLOSED 
BLOCKAGE 
SHll'!' 



PAGE CLTANKoPRO -------
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T-EVENT I 11\. 
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GTfl 

GTfl 

OR 

******************************************************************** 

.PAGE CLTANK.FRO -------
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I.2.3 Control Valves 

p 

0 
T 

X 

Fig. I.2.3 Control Valve 

Equations Used Assumptions 

~) 
dPIN 

G (QIN -QOUT) 1) Air to open --= 
dt 

2) Isothermal flow through 

2) QOUT 
~ sliding-steam valve = \ralvef(B.IN) (PIN-POUT) 

3) Contrary to the conventions 
of Chapter 3 BIN (Pressure) 

3) TOUT = TIN is assumed to be fixed at 
the controller. 

4) XOUT = lS:u 
Special Nomenclature 

B = Pressure 

Name used to identify unit: CNTRL-VAL 

Special case: CNTRLV-SC 

Note: The special case considered in this work refers to a valve 
that will remain open all the time, unless a signal is 
sent to close the valve. Therefore it is not like the 
general use valve that can open and close according to 
the value of BIN" 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

M• EVENT I 

T•E.VENT I 

T•EVENT I 

B•E.VENT I 

b•E.VENT I 

M• EVENT 

T•EVENT I 

'I'• EVENT I 

B•EVENT I 

M• EVENT I 

R•EVENT : 
T•EVENT . . 
T•EVENT : 
B•EVE.NT : 
B•EVE.N'I' 

M• EVE I\ T : 

R•EVE.N'i' I 

T•EVE.NT I 

T•EVU.;T : 
b•E.VE.I\T : 
B•EVENT : 

PAGE. -------

VARIABLE 
DESCRIPTION 

-----------...................... 
p IN 

Q IN 
Q OUT 

VARIAbLE 
DESCRIPTION 

-----------···················· 
p IN 

Q IN 
Q OUT 

VARIAbLE. 
DESCRIPTION 

-----------............. 
Q OUT 

********•**** 
* HINlTRE.ES * 
* FOR * 
* CNTRL•VAL * 
••••••••••••• 

FAULT ------
Hl 

HI 
LO 
bLOCKAGE 
SHUT 

FAULT -----.......... 
LO 

LO 
HI 
LK•LP•ENV 

FA liLT -----
HI 

p OUT 
A 
LO 
HI B IN 

VAP.I ABLE 
DE.SCRI F'n ON 

-----------................. 

Q OUT 

F OUT 
b IN 

FAI L•OPE!\ 
LK•tiP•E:'\V 

FAULT -----
LO 

D 
HI 
LO 
BLOCKAGE 
LK•LF•ENV 

CONTVAoFF.O 

GATE. 

OR 

GATt. 

OR 

G A 'l'E ----
OR 

GATE 

OR 

s.c. & NOT 
ALLOWED FAULTS -------------. ... . . . . . . . . . . 
LO 
LK•l.P•ENV 

B. c. & NOT 
ALLOWED FAULTS 

-------------. ............... 
HI 
LK•HP•t.NV 

e. c. & NOT 
ALLOWED FAULTS 

-------------.. .......... 
LO 
CLOSED 
BLOCKAGE 
SHUT 

boCo & NO> 
ALLOWED FAUL 'l'S 

-------------
HI 
OFEN · 
WIDE.•OPE!\ 
FAIL;.;OPEN 
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M-EVENT 1 
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b;o E. V£1\ T : 
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M-EVENT 1 
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R;.;EVE.NT : 
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T-EVENT : 
b;.;EVENT : 

M-EVENT : 

T-EVENT I 

M-EVENT : 

T-E.VE.r\ T : 

M-EVENT : 
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VARIABLE 
DESCRIPTION 

-----------

p IN 

VARIABLE 
DES CRI PTI ON 

-----------

IN 

VARIABLE. 
DE.SGRlFTlON 

-----------

p IN 

VARIAbLE 
IJESCRI PTl ON 

-----------
T OUT 

T 111: 

VARIAbLE 
DES CRI P'!'l 01'< 

-----------
T OUT 

T IN 

VARlAbl.E 
DESGRl f'TlON 

-----------
X OUT 

X IN 

VARIABLE 
DES CRI f'Tl ON 

-----------
X OUT 

FAl-Gl.OSE 

FAUI. T -----
A 

Hl 
c 
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c 
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GATE 

OF. 

GATE ----
QR 

BoCo & NO'!' 
ALLOWED FAULTS 

-------------

BoCo & NOT 
ALLOWED FAULTS 

-------------
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-------------

BoCo & NOT 
Al.!. OWED FAUl. TS 

-------------
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-------------
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M• EVENT I IJ OUT 

T•EVENT I Q IN 
B:.;EVENT I 
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T•EVENT I Q IN 
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******************************************************************** 

M-EVENT I 

T-EVE.NT I 
T;.;EVE.NT I 

b•EVENT I 
b;.;EVENT I 

M-EVENT I 

't'•EVENT I 

T-EVE.NT . . 
B;.;EVE.NT I 

M• EVENT : 

T•EVENT : 
T;.;EVE.NT : 
B;.;EVE.NT 1 

M·E.VEIIO T : 

T-EVENT 
T;.;EVE.NT I 

':"•EVE~-. T I 
a·.: EVENT : 
B•EVU:T . . 
I:!;.; EVENT : 
B•EVENT : 

PAGE -------

VARIAbLE 
DESCIUPTION -----------............ 

p IIIO 

Q IN 
1.1 OUT 

VARIABLE. 
DESCRIPTION 

-----------...................... 
p IN 

Q IIIO 
Q OUT 

VARIAEI..E 
DESCRI FTION 

-----------................ 
Q 

p 
p 

OUT 

IN 
OUT 

VARIABLE 
DESCRIPTION ----------

Q OUT 

F IN 
p OUT 
b IN 

************* 
* MINlTREES * 
* fOR * 
* CNTR..V-SC * 
••••••••••••• 

fAULT -----
• • 0 ••••••• 

HI 

HI 
LO 
Eil.OCKAGE 
SHUT 

fAULT -----
LO 

LO 
HI 
LK-LP•E!I;V 

fAULT -----
HI 

HI 
LO 
LK•HP-E.ti/V 

FAULT -----
LO 

LO 
HI 
LO 
BLOCKAGE 
LK-LF•E.NV 
FA"I•CLOSE 
V AL. \1- STCK 

CONTSFoFF.O 

GATE ----
OR 

GATE. ----
OR 

GATE ----

BoCo & NOT 
ALLOWED fAUL. TS 

-------------
l.O 
LK•LF•fNV 

BoCo & NOT 
ALLOWED FAULTS 

-------------
HI 
LK-HP-ENV 

BoCo & 1\0T 
ALLOWED FAULTS 

-------------
OR LO 

GATE ----
OR 

CLOSED 
BLOCKAGE 
SHUT 

E:toCo & NOT 
ALLOI•IED FAULTS 

-------------
HI 
OFE.N 
WI DE•OFE.N 
FAIL;.;OFEN 



B-E VENT r 

VARlAEl.E 
DESCRl FTl ON 

-----------OH 00 00 ... H 0• '0 oo 00 0 • 

M• EVENT r T OUT 

T•EVE.NT r T IN 
B•E.VENT r 

VAI'Il AB!. E 
DESCRl PTl ON 

-----------. .. .. ... .. .. ... . . . . .. .. . 
M• EVENT r T OUT 

T•EVENT : T IN 

VARlABl.E 
DE.SCF.lPTlON 

-----------. .. .. . . .. ... .. .. . . . . . . . 
M• EVENT r X OUT 

T•EVE.NT • X IN • 

VARlABl.E 
DESCRIPTION 

-----------······· ··············· 
M• EVENT • X OUT • 

T-EVE.NT r X lN 

VARI ABI.. E 
DES C. Rl PTl ON 

-----------. . .. .. .. .. .. . 
M-EVENT : Q OUT 

T•E.VE~T : Q lN 
h•E.VE.NT r 
a:.: EVENT r 

VARl ABI.E 
DESCRl FTION 

-----------············ 
M• EVENT : Q OUT 

T•EVENT r Q IN 
T;.;EVENT r B IN 
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MANUAl. 

FA Ill. T -----.......... 
lil 

Hl 
E.XT•FlRE. 

FAUl.T -----.......... 
1.0 

1.0 

FAUI. T -----.......... 
Hl 

Hl 

FAUI. T -----" ....... 

1.0 

1.0 

FAUI.T -----.......... 
NO•Fl.OW 

NO•Fl.OW 
SHUT 
CJMP-Bl.OC 

FAUI. T -----
• 0 •••••• 

GTe 

GTI:l 
NO•Sl G:I)Al. 

GATE. ----
OR 

GATE ----
OR 

GATE ----
01'1 

GATE. ----
OR 

GATE ----
OR 

GATE ----
AND 

BoCo & NOT 
Al.l.OWED FAU!.TS 

-------------
1.0 

BoCo & NOT 
Al.LOWED FAU!. TS 

-------------
Hl 

BoCo & NOT 
Al.LOWED FAUI. TS 

-------------
1.0 

EoCo & NOT 
ALI.O\<TED FAlll.TS 

-------------
Hl 

EoCo & 1\0T 
Al.l.OioJED FAULTS 

-------------

Eo C • & r.o'I' 
ALt.OWED FAU!. TS 

-------------

***** **** .. ***"'* ***·* **** ** ****** ** *** * ... * * *** * * * ** ** ** * * ** * * ** **** ** * 
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I.2.4 Controller _LN 
--·~1 1~--·~ BouT 

Fig. I.2.4 Controller 

Equations Used Assumptions 

,J.) BOUT = k e: + p 1) Proportional controller c 0 

2) Ideal action 

~) e: = WIN - SIN 3) Contrary to the conventions 
of Chapter 3 BOUT (Pressure 

is specified here. 

Special Nomenclature 

B = Pressure 

e: = Error 

p = Steady-state output 
0 

w = Setpoint 

s = Input signal from sensor 

Name used to identify unit: CliTROLLER 
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******************************************************************** 

M• EVENT I 

_T•EVENT I 

T;,;EVENT I 
B;.:EVEt\'T I 

M• EVENT I 

T•EVENT I 
T;,;EVENT I 
B;,;EV£NT : 

M•EVE!i T I 

T•EVENT I 

~EVENT • • 

VARIABLE 
DESCRIPTION 

-----------.,.,. ................. 
B OUT 

s IN 
w IN 

VARIABLE 
DESCRIPTION 

-----------..................... 
B OUT 

s IN 
w IN 

VAP.I Al:LE 
DESCP.IFTION 

-----------...................... 

************* 
* MINITREES * 
* FOR * 
* CNTROLLER * 
••••••••••••• 

FAULT -----.. ..... '" 
HI 

LO 
HI 
CONT•F•HI 

FAULT -----
LO 

HI 
LO 
CONT•F•LO 

FAULT -----·········· 
B OUT NO•CHANGE. 

s IN NO•CHANGE 
CONT-~TCK 

GATE ----
OR 

GATE ----
OR 

GATE ----
OR 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 

BoCo & NOT 
ALLOWED FAULTS 

-------------
HI 

BoCo & NOT 
ALLOWED FAULTS 

-------------

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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1.2.5 Dummy Head 

D. H. ~ { ~ 
OUT ~ 

Fig. 1.2.5 Dummy Head 

Equations Used Assumptions 

fL) QOUT = f(POUT) 1) no input streams 

2) General purpose use 

2) WOUT = f (other causes) 

Special Nomenclature 
3) T = 

OUT 
f (other causes) 

w = set point 
4) X = 

OUT 
f (other causes) 

Name used to identify unit: DUMMY-H 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

M-EVENT I 

T-EVENT I 

M-EVENT 1 

T-EVE.NT I 

B-EVENT : 

M- EVENT 1 

M-EVENT : 

B-EVENT • • 

M-EVENT : 

.PAGE -------

••••••••••••• * MINITREES * 
* FOR * 
* DUMMY-ti * 
••••••••••••• 

VARIAbLE 
DESCRIPTION 

-----------
Q OUT 

p OUT 

VARl Al:ll. E 
DESCRIPTION 

-----------
Q OUT 

p OUT 

VARIABI..E 
DESCRIPTION 

-----------
w OUT 

VARIABI..E 
DESCRIPTION 

-----------
w OUT 

VAP.I Ab!. E 
I:ESCRI.FTl ON 

-----------
T OUT 

VARIABLE 
DESCRIPTION 

-----------...................... 
T OUT 

FAULT -----
til 

LO 

FAULT -----
LO 

KI 

FAULT -----
KI 

OTHE.R-GAU 

FAULT -----
LO 

OTHE.P.-CAU 

FAULT -----
HI 

OTHE.n-CAU 

FAULT -----
LO 

DUMH • PRO 

GATE ----
Ofi 

GATE ----
OR 

GATE ----
OF. 

GATE ----
OR 

GATE ----
OF. 

GATi ----
OR 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 
CLOSED 
BLOCKAGE 
SHUT 

BoCo & NOT 
ALLOWED FAULTS ------------
HI 

BoCo & NOT 
ALLO~lE.D FAULTS 

-------------
1.0 
:JTHER-CAU 

Bo Co & i\OT 
ALLOWED FAULTS -------------
HI 
OTHER-CAU 

BoCo & NOT 
ALLOIJED FAULTS -------------
LO 
OTHER-CAU 

BoC• & NOT 
ALLOWED FAULTS 

-------------
HI 
OTHER-CAU 
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B•EVENT I OTKER•CAU 

VARIABLE a. c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. . . .. .. .. ... . . .. . . .. .......... . .... ················· .. 
M• EVENT I X OUT tU OR LO 

OTHER•CAU 

b•EVENT I OTKER•CAU 

VARI Abl.E BoCo & NOT 
DESCRIPTION FAULT GATl ALLOWED FAtn.TS 

----------- ----- ---- -------------. .. . . .. .. .. . . .. .. .. .. . .......... .... '"''no• , ..... 

H•EVENT I X OUT LO OR HI 
OTHER•CAU 

B•EVUiT I OTHER•CAU 

VARIAbLE s.c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------........................ .......... ······· ................. 
M• EVENT I Q OUT NO• FLOW OR OTHER•CAU 

l:i•£.V£.NT I OTHER•CATJ .. 
VARIAhL.E s.c. & NOT 

DESCRI FTI ON FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. .. .. .. .. .. .. .. .. .. . .......... .... . ....... ' ....... 

M•EVENT • Q OUT GTI'l OR OTHER•CAU • 

B•EVENT : OTHER•CAU 

******************************************************************** 

PAGE. DUMH oPRO 
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I.2.6 Dummy Tail 

p} ·I o. T· 

O IN 

Fig. !.2.6 Dummy Tail 

Equations Used Assumptions 

I") PIN = f (QIN) 1) llo output streams 

2) General purpose use 

Name used to identify unit: DUMMY-T 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

VARIABLE 
DESC RI PT I ON 

-----------......... 0 •••••••••••• 0 

M• EVENT I p IN 

T•f.VENT I Q IN 

VARIAbLE. 
DESCRIPTION 

-----------...................... 
M•EVf.NT I p IN 

T•EVENT : Q IN 

••••••••••••• * MINITREES * 
* FOR • 
* DUMMY•T * 
••••••••••••• 

FAULT -----........... 
Hl 

Hl 

FAULT -----
LO 

LO 

GATE ----
OR 

GATE ----

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 
LK•LP•ENV 

BoCo & NOT 
ALLOVED FAULTS 

-------------
OR HI 

FL•EX•ENV 

.................................................................... 

DUMT oPRO -------
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1.2.7 Heat Exchanger 

n.-
(HOT STREAM) 

... 
p 

Q 

T 
X 

OUT (HOT STREAM) 

(COLD STREAM) 

Fig. I.2.7 Heat Exchanger 

Equations Used Assumptions 

1) 
dPIN 

= G (QIN-QOUT) l,) Shell and TUbe design --dt 1 

dAIN 2) Shell perfectly mixed 
2) dt = G2 (BIN-BOUT) 

3) Plug flow in tube 

3) QOUT = kl (PIN-POUT) 
~ 4) No phase change 

~ 
5) No wall resistance 

4) B - k (~N-AOUT) OUT- 2 
6) No density changes 

5) z = UArea 
(<TIN-COUT)+(TOUT-CIN)J 

7) f>T 
f>Tl + f>T2 

= 2 2 

~> Tour= 
-Z+QINPHOTCpHOTTm B) Counter-current 

QOUTPHOTCpHOT 

Z+B P C S Special Nomenclature 7) c = IN cold pcold N 
our B p C in the model OUT cold pcold 

B) 
A = Pressure 

XOUT = XIN 
B = Flow For cold 

~) Dour= DIN 
C = Temperature streams 

D = Molar fraction 

Name used to identify unit: HEAT-EX 

1 
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.................................................................... 

PAGE. 

M-EVENT I 

T-EVENT I 

T•EVENT 1 
R•EVENT I 

E•EVENT 1 

M-EVENT 1 

T-EVENT I 

R•EVENT 1 
R:.;EVENT I 

M-EVENT 1 

T-EVENT I 

T:.;EVE.NT : 

M-EVENT 1 

T-EVENT I 

R•EVENT : 
R:.;EVENT 1 

E•EVEN'I' I 

M-EVENT : 

T-EVENT I 

i'i•EVE.NT 1 

-------

************* 
* MINITREES * 
* FOR * 
* HEAT-EX * 
••••••••••••• 

VARIABLE 
DESCRIPTION 

-----------
T 

T 
Q 

OUT 

IN 
OUT 

VARIAbLE 
DESCRIPTION 

-----------
T OUT 

T IN 

VARIABLE 
DESCRIPTION 

-----------

Q 
Q 

OUT 
OUT 

VARIABLE 
DESCRIPTION 

-----------
c OUT 

c IN 

VARIABLE 
DESCRIPTION 

-----------

E OUT 

VARIABLE 
DESCRIPTION 

FAULT -----
HI 

HI 
HI 
Z-LO 
EX'i'- F I F.E 

FAULT -----
LO 

LO 
A 
Z-HI 

FAULT -----
A 

LO 
NO-FLOW 

FAULT -----
HI 

HI 
B 
Z-HI 
EXT-FlRE 

FA liLT 

-----

LO 
c 

FAULT 

HEATEXoPRO 

GATE ----
OR 

GATE ----
OR 

GATE ----
EX-GF. 

GATE ----
OR 

GATE. ----
EX-OR 

GA'!'E 

BeG• & NOT 
ALLOWED FAULTS 

-------------
LO 

EeC• & NOT 
ALLOWED FAULTS 

-------------
HI 

EeCe & NOT 
ALLOWED FAULTS 

-------------

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 

BoCo & NOT 
ALLOWED FAULTS 
____________ _, 

BoCo & NOT 
ALLOWED FAULTS 
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----------- ----- ---- -------------...................... .... . .. .......... . ........ " 

M• EVENT I c AN!J 

T•EVENT I 1! OUT NO• FLOW 
T•EVENT I Q OUT GU 

VARIAbLE f!oCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----· ---- -------------.............. •· .......... ... " ..... . . . ... " . 
M• EVENT I Q OUT GTfl OR 

T•EVENT I Q IN GTII 

VARIAbLE a.c. & NOT 
DESCRI.FTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------...................... ....... ,., ... .. ... . ... . . ........... 
M• EVENT I c OU'I' LO OR HI 

T•EVENT : c IN LO 
T•EVENT I B OUT LO 
R•EVENT I Z•LO 

VARIABLE. a. c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. . . . . . . .. . . . . . .... " .... " .. ......... ······ ... 
M•EVENT I Z•t!I OR Z•l.O 

T•EVENT : T OUT HI 
T•EVENT • c OUT LO • 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. ... .. .. .. . . . . .. .. . .. . . . .......... . ................. 
M•EVENT I Z•LO OR Z•Hl 

T•EVENT : T OUT LO 
T'.;EVENT • 

I c OUT HI 

VARIABLE a.c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. ,. ................... . . . .. . . . . . ....... .. . ........ 
M•EVENT : F IN HI OR LO 

LK•LP-ENV 

T•EVENT I 1.1 IN HI 
T•EVENT I . 1.1 OUT LO 
E;.;EVENT I E>l.OCt<AGE 
B•EVENT : LK•tt.F-n:v 

VARIABLE a.c. & NOT 
DES CRI P&l ON FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. ........ . . . .......... . ......................... 
M• EVENT : p IN LO o:n HI 

FL•EX•ENV 

PAGE HEAT EX • .FF.O -------................... ' l 
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T-EVUIT I Q IN LO 
T•EVENT I Q OUT HI 
B;.;EVE.NT r LK-LP-ENV 

VARIABLE a. c. & NOT 
DESCRIPTION FAULT GATE. ALLOWED fAULTS 

----------- ----- ---- -------------••• h .................. ·········· . ......................... 
M• EVENT I A IN HI OR LO 

LK•LP•ENV 

T•EVENT r El IN HI 
T.OEVENT r El OUT LO 
a:.: EVENT r BLOCKAGE. 
El;,; EVENT r LK•HP-ENV 

VARIABLE a. c. & NOT 
DE.SCRIPTION fAULT GATE ALLOWED fAULTS 

---~------- ----- ---- -------------. .. . ... .. .. ... . . ... .. .. . ........... . ......................... 
H•EVENT I A IN LO OR HI 

FL-E.X-ENV 

T•EVF.NT r El IN LO 
T•EVE.NT r b OUT HI 
!:!;,; E. V ENT r LK-LP-E.NV 

VARIABI..E. a. c. &.NOT 
DESCRIPTION fAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. . . . . . . ,. ............ . . . , ..... .......................... 
H-E.VE.NT r Q OUT HI OR LO 

CLOSED 
BLOCKAGE 
SHUT 

T•F.VENT r p IN HI 
T;,; E. VE.N T : p OUT LO 
B;,; E. V E.N T . fL•E.X•ENV . 

VA!U ABLE a. c. & NOT 
DESCRIPTION fAULT GATE. ALLOWED fAULTS 

----------- ----- ---- -------------....................... . . . . . . . . . ........ . . . . . .... 
H•E.VE.N T : Q OUT LO OR HI 

T•E.VF.NT r F IN LO 
T;.;EVENT r p OUT HI 
B;.;E.VENT r BLOCKAGE 
B-E. VENT : LK-LP-F.NV 

VARIAbLE. Bo Co & NOT 
DESCRIPTION fAULT GATE ALLOWED fAULTS 

----------- ----- ---- ---------------. ,,. ................... ........ '. . ................ 
M• EVENT I h OUT HI OR LO 

CLOSED 
BLOCKAGE 
SHUT 

PAGE. HEATE.XoPP.O -------
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T•EVENT I A IN til 
T;,;EVENT I A OUT 1..0 
El;,; EVENT I FL•EX•ENV 

VARI AB!.. E. e. c. & NOT 
DESCRIPTION FAUL.T GATE ALLOWED FAUL.TS 

----------- ----- ---- ------------••••••••••• u ••••••••• . ......... . ......................... 
M•EVE.NT ' B OUT 1..0 OR HI 

T•EVENT I A IN 1..0 
T•EVENT I A OUT HI 
El;,; EVENT I BL.OCKAGE 
El"" EVENT I L K•L F• EN V 

VARIABLE s.c. & NOT 
DES CRI PTI ON FAUL. T GATL AL.L.OWED FAULTS 

----------- ----- ---- -------------• •• • • •• •• • • .. •• ,. •••• 0 .......... ............ ........ 
M• EVENT • X OUT HI OR LO • 

T•EVENT I X IN HI 

VARIABL.E e.c. & NOT 
DESCRIPTION FAUL.T GATE AI..L.OWED FAUL.TS 

----------- ----- ---- -------------. .. .. . . .. .. .. . . . . ... . . . .......... . ...... ' .......... 
M• EVENT I X OUT LO OR HI 

T•EVENT I X IN 1..0 .. 
VARIABL.E a. c. & NOT 

D£.SCRIFTION FAULT GATE ALLOWED FAUL.TS 

----------- ----- ---- -------------...................... ·········· ................... 0 

M• EVENT I D OUT HI OR 1..0 

'I'• EVENT I D I Ill HI 

VARI Abi..E B. c. & NOT 
DESCRI FTION FAUL. T GATE ALLOWED FAUL. TS 

----------- ----- ---- -------------...................... . ......... .. . .................. 
M•EVENT : [; OUT 1..0 OR HI 

T•EVEN':' I D IN 1..0 .. 
VARIABI.E. s.c. & NOT 

DESCRIPTION FAUL.T GATE ALL. OWED FAUL. TS 

----------- ----- ---- -------------·--············· -···· . . . .. , .... ... . .................... 
M• EVENT : B OUT NO•FL.OH OFi 

T•EVEN'r I B H. NO•FI..0\1 
E•EVENT I COMF•bi..OC 

VARIABI.E &.c. & NOT 
DESCRIPTION FAUL.T GATE. ALL. OWED FAUL.TS 

----------- ----- ---- -------------..... •••••• oou ....... . .. .. . . . . . ................ 
M• EVENT : Q OUT NO•FL.OW OR 

FAGE HEATE.X .FRO ------- _l 
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T-EVENT 1 
(:Vo:EVENT 1 

M-EVENT 1 

T-EVENT I 

-------

Q IN 

VARIAfli..E 
DESCRIPTION 

-----------
B OUT 

El IN 
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NO-FLOW 
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ALLOWED FAULTS 
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I.2.8 Pipe 

H. 
Fig. I.2.8 

Equations Used 

1) 

2) 

dP 
_!!!. = G 
dt 

4) ~N = XOUT · 

Hame used to identify unit: PIPE 

p 

..... Q 

T 

OUT X 

Pipe 

Assumptions 

1) Isothermal flow 

2) No density change 
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PAGE 

M•EVENT 1 

T•EVENT 1 
T;,:EVENT I 

B;,:EVENT 1 

M• EVENT I 

T•EVENT I 

T•EVENT I 

&"EVENT I 

B;,:EVENT • • 

M•EVENT I 

T•EVENT I 

T•EVENT I 
B;,:EVENT 1 
s;.;EVENT I 

T•EVENT : 
T;,;EVENT I 

B•E.VENT 1 

. M•EVENT 1 

-------

************* 
* MINITREES * 
* FOR * 
* PIPE * ••••••••••••• 

VARIABLE 
DESCRIPTION 

-----------
Q 

p 
p 

OUT 

IN 
OUT 

VARIABLE 
DESCRIPTION 

-----------
Q OUT 

p IN 
F OUT 

VARIABLE 
DESCRIPTION 

-----------............... · .. 
p 

Q 

Q 

IN 

IN 
OUT 

VARIABLE 
DESCF:l FTI ON 

-----------
p IN 

OUT 
IN 

VARIABLE 
DESCRIPTION 

-----------
T OUT 

FAULT -----
HI 

HI 
LO 
FL•E..X•ENV 

FAULT -----
LO 

LO 
HI 
BLOCKAGE 
LK•LP•ENV 

FAULT -----
HI 

HI 
LO 
BLOCKP.GE 
LK•HP•EI\V 

FAULT -----
LO 

HI 
LO 
LK•LP•ENV 

FAULT -----
HI 

PI PE • PRO 

GATE ---
OR 

GATE ----
Oil 

GATE 

OR 

GATE ----
011 

GATE 

.On 

BeC• & NOT 
ALLOWED FAULTS 

-------------
LO 
CLOSED 
BLOCKAGE 
SHUT 

BeC• & NOT 
ALLOWED FAULTS 

-------------
HI 

BeCe & NOT 
ALLOWED FAULTS --------------
LO 
LK•LP•E.NV 

E!• Ce & NOT 
ALLOWED FAULTS 

-------------
HI 
FL•EX•ENV 

BeG• & NOT 
ALLOWED FAIJL TS 

-------------
LO 
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T-EVENT I T IN HI 
a:.:£VENT I EXT-FIRE .. 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------...................... . ............ 
M-EVENT I T OUT LO OR HI 

T-EVENT I T IN LO 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------... ... ... .... .. ..... ..... ........... 
M-EVENT I X OUT HI OF. LO 

T-EVENT I X IN HI 

VAF.I Abl. E Elo Co & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. .. ... ... .. . . ... . . . . . . . .......... 
M-EVENT I X OUT LO On HI 

T•EVENT : X IN LO 

VAfi.l Ab!. E BoCo & NOT 
DESCRIPTION FAULT GATE ALLOIJED FAULTS 

----------- ----- ---- -------------. .. ... .. .. .. . .. . . . " .. ........... 
H•EVENT I (,J OUT NO-FLOW OF. 

T•EVENT I Q IN NO-FLOW 
a:.: EVENT I COMP•BLOC 

VARIABLE BoCo & NOT 
DE.SCRI.PTI ON FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------. .. .. .. .. . ". .......... 
H•EVRJT I Q OUT, GTI'J OR 

T•EVENT I Q IN GTI'l 

******************************************************************** 

.PAGE PIPE oPRO ------- I. 
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I. 2. 9 Sensors 

-{: . T 

OUT X 

~ ~----~~ :=::J---L~l 
X IN 

Fig. I.2.9 Sensor 

Equations Used Assumptions 

1) 
dPIN 

G (QIN -QOUT) 1) Isothermal flow --= 
dt 

J, 2) No density change 
2) QOUT = k(PIN-POUT) 

3) Multipurpose use 

3) T = T · 
OUT IN 

Special Nomenclature 

4) XOUT = ~N *Y = Variable under study, it 
may be Flow (Q) , 

5) SOUT = f(Y*) Pressure (P) or 
Temperature (T) 

S. = Output signal to controllei 

Name used to identify unit: SENSOR-Y* 
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.................................................................... 

M•EVEN.T 1 

T•EVENT I 

T;.;EVENT I 

M• EVENT I 

T•EVEHT I 
. T;,;EVU.T I 

M• EVENT : 

T•E.VENT : 
TO: EVENT : 

M•E.VENT : 

T•EVENT I 

TO: EVENT : 

M• EVENT : 

T•EVENT • • 
B;.;EVENT : 

PAGE -------

************* 
* MINITREES * 
* FOR * * SENSOR•I.l * 
••••••••••••• 

VARIABLE 
DESCRIPTION 

----------
Q OUT 

p IN 
p OUT 

VARIABLE 
Df.SCRIPTION ----------....................... 

Q OUT 

p IN 
p OUT 

VARI AE!I.. E. 
. DESCRIPTION 

-----------...... ~· u •• • • • .•••••• 

p IN 

Q IN 
Q OUT 

VARIABLE 
DESCRIPTION 

-----------......................... 
p IN 

Q IN 
bl OUT 

VARIAELE 
DESCRIPTION ---·--------000 Oo., O• Oo UO• OOO•ooO 

.S OUT 

bl IN 

VARIAELE. 
DES CRI F"i'' ON 

FAULT -----
HI 

HI 
LO 

FAULT -----. ......... 
LO 

LO 
Hl 

FAULT -----. .......... 
HI 

Hl 
LO 

FAULT -----. .......... 
LO 

LO 
HI 

FAULT -----......... 
HI 

HI 
SEN•FA•HI 

FAULT 

. SENQ .PRO 

GATE ----
OR 

GATE ----
OR 

GATE ----
OR 

GATE. ----

BoCo & NOT 
ALLOWED FAll. TS 

-------------
LO 
CLOSED 
BLOCKAGE 
SHUT 

BoCo & NOT 
ALLOWED FAUI.. TS 

-------------
HI 

BoCo & NOT 
ALLOWED FAUI.. TS 

-------------
LO 
LK•LP•ENV 

BoCo & NOT 
ALLOWE.D FAULTS 

-------------
OR HI 

GATE ----
OR 

GATE 

LK•HP•ENV 
' ,. 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 

BoCo & NOT 
ALLOWED FAULTS 
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----------- ----- ---- -------------• u •• ~· •••••••••• 0. .. .......... • • " .................... 0 

M-EVENT l s OUT LO OR HI 

T-EVENT l Q IN LO 
B;,;EVENT l SE.N-FA-LO 

VARIABLE a. c. & NOT 
DESCRIPTION FAUI.. T GATE ALLOWED FAUL.TS 

----------- ----- ---- -------------...................... 0 • •• •• ... ... 0 ... ... ............ uooo ............ 

M-EVENT l s OUT NO-CHANGE OR 

B-E VENT l SENS-STCK 

VARIAI:l.E a. c. & NOT 
DESCRIPTION FAUI..T GATE ALLOWED FAUL.TS 

----------- ----- ---- -------------.......................... . ......... • .... 0 u ••••••••••••••••••• 

M-EVENT I T OUT HI OR LO 

T-EVENT l T IN HI 
B~EVENT l EXT-FIRE 

VARIAEll.E a. c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------• •• •• •• • • • • •• •• u ••••• ........... . ......................... 
M-EVENT l T OUT LO OR HI .. 
T-EVENT : T IN LO .. 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAUL. TS 

----------- ----- ---- -------------. . . ... ... .. .. .. .......... 0 ............................ 

M-EVENT I X OUT IU Ofi. LO 

T-EVENT I X IN HI 

VARIABLE a. c. & NOT 
DESCRIPTION FAULT GAT£ ALLOWED FAULTS 

----------- ----- ---- -------------••o•••••••••••••o•••·· ........... 0 ••••••••••••••••• 

M-EVENT I X OUT LO OR HI 

T-EVENT • X IN LO • 

VARIABLE a. c. & ~07 
DESCRIPTION FAULT GAT f. ALLOWED FAULTS 

----------- ----- ---- -------------••••• oo •• u,. 0 •••••••• . .......... ········· ................. 
H-E VENT • Q OUT NO-FLOW OR • 

T-EVENT : ·.Q IN NO-FLOW 
B;,;EVENT • COMP-hl.OC • 

VARIABLE B. c. & NOT 
DESCRIPTION FAUL. T GATE ALLOWED FAUI..TS 

----------- ----- ---- -------------................ ,. ..... ............ '''" o.oouo•••oooo•Oooooo 

PAGE · -------........ " ...... . 
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M•EVE.NT 1 

T•E.VENT 1 
B•E.VENT 1 

s OUT 

Q IN 

VARIABLE 
DESCRIPTION 

-----------

IN 
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NO•SIGNAL 

GTI!l 
A 

FAULT -----
A 

NO• FLOW 
SI:;STR•Pl. 

GATE. ----
AND 

BoCo & NOT 
ALLOWED FAULTS 

-------------

.................................................................... 
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******************************************************************** 

M•EVENT 1 

T•EVENT I 

T•EVE.NT • • 

M• EVENT I 

.T•EVENT I 

T•E.VENT I 

M• EVENT : 

T•EVENT I 

T•EVENT I 

M•EVENT : 

T•EVENT : 
T•EV£NT : 

M• EVENT : . 

T•EVENT : 
B•EV£NT • • 

PAGE. -------

••••••••••••• 
* MINITREES * 
* FOR * * SENSOR•T * 
••••••••••••• 

VARIABLE 
DESCRIPTION 

-----------
Q OUT 

p IN 
p OUT 

VARIABLE 
DE.SCRIPTION 

-----------. .. . . .. .. .. .. . . .. .. .. . 
Q OUT 

F It< 
p OU'l 

VARIABLE 
DE.SCRI PTI ON -----------..................... 

p IN 

Q IN 
Q OUT 

VARIABLE 
DE.SCRIFTION 

-----------................ u ••••• 

p IN 

Q IN 
Q OUT 

VARIABLE 
DESCRIPTION 

-----------...................... 
s OUT 

T IN 

VARIAbi..E 
DESCRI P':'I ON 

FAULT -----
HI 

HI 
LO 

FAULT -----. , . ' ...... 
LO 

LO 
HI 

FAULT -----·········· 
HI 

HI 
LO 

FAULT -----. ........... 
LO 

LO 
HI 

FAULT -----. ......... 
HI 

HI 
SEN•FA•HI 

FAULT 

SENT oPRO 

GATE ----
OR 

GATE. ----
OR 

GATE ----
OR 

GP.T£ ----
OR 

GATE. ----
OF. 

GATE 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 
CLOSED 
BLOCKAGE 
SHUT 

BoCo & NOT 
ALLOWED FAULTS -------------
HI 

BoCo & NOT 
ALLOWED FAULTS -------------
LO 
LK•LF•E.NV 

BoCo & NOT 
ALLOWED FAUI. TS 

-------------
HI 
LK•HP•ENV 

BoCo & NOT 
ALLOWED FAUL ':'S 

-------------
LO 

BoCo & NOT 
ALLOWED FAULTS 
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----------- ----- ---- -------------~ ..................... . ......... ............................ 
M• EVENT I s OUT LO OR HI 

T•EVENT I T IN LO 
BOO EVENT I SEN•FA•I.O 

VAfilABI.E BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------·••······•···········• ........... ······· ..........•••...•.. 
. M-EVENT I s OUT NO•CHANGE OR 

B-EVENT I SENS•STCK 

VARIAbLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------....................... • • • u ••••• . . . ................... 
M• EVENT I T OUT HI OF. LO 

T•EVENT I T IN HI 
B::EVENT I EXT•F IRE 

VARI AB!. E BoCo & NOT 
DESCRIPTION FAULT GA'!'E ALLOWED FAULTS 

----------- ----- ---- -------------. .. .. .. .. ... .. .. . . . . . . . -······· ............ 
M;. EVENT I T OUT 1.0 OR HI 

T•E.VENT I T IN 1.0 

VARIABLE. BoCo & NOT 
DESCRIPTION FAULT GATE. A(.;I.OWED FAULTS 

----------- ----- ---- -------------• ... • • •• •• •• •• •• • • •• • • 0 ........... . .. .. ......... 
M• EVENT I X OUT HI OR LO 

T•EVENT : X IN HI 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE. ALLOWED FAULTS 

----------- ----- ---- -----------••••••••••• ~· •• 0 ....... . ......... . . . . . .................... 
M• EVENT : X OUT LO OR HI 

T•F.VENT : X Illi 1.0 

VARIABLE B. c. & NOT 
DESCRIPTION FAULT GATE ALLOWED FAUI. TS 

----------- ----- ---- -------------....................... . . . . . .. . . . . ...... ................... 
M• EVENT : Q OUT NO• FLOW OR 

T•EVE.NT I . Q I Ill NO• FLOW 
S:.:EVENT : COMF•BLOC 

VARI AB!. E BoCo & NOT 
DESCRIPTION FAULT GATE. At;LOWED FAULTS 

----------- ----- ---- -------------. ... .......... . . . . .. .. . . .......... .......................... 

PAGE SENT oPRO -------.,.. .... , ........ . 



M-EVENT 1 Q OUT GT8 OR 

T-E.VE.NT I Q IN GTfl 

******************************************************************** 
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I.2.10 Valves 

Equations Used 

1) 
dPIN 

G (QIN-QOUT) --= dt 

2) %UT= k (~IN-POUT)n 

3) TIN = TOUT . 

4) ~N = XOUT 

328 

OUT 

p 
Q 

T 

X 

Fig. I.2.10 Valves 

Assumptions 

1) No heat loss 

2) Subsonic flow 

Name used to identify unit: VALVE 
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PAGE 

M•EVENT 1 

T•EVENT 1 
T;.;EVENT 1 

a::EVENT 1 

a::EVENT I 

M•EVENT 1 

T-EVENT I 
T;.;EVENT 1 

R::£vENT 1 

a::EVENT : 

H•EVENT I 

B•EVENT : 
li;.;EVENT I 

H•EVENT 1 

T•EVENT 1 
T;.;EVENT : · 
R;.;EVENT 1 

a::EVENT I 

-------

••••••••••••• * MINITREES * 
* FOR * 
* VAt. V£ * 
••••••••••••• 

VARIABLE 
DESCRIPTION 

----------
Q 

p 
p 

OUT 

IN 
OUT 

VARIABLE 
DESCRIPTION 

-----------
Q 

p 
p 

OUT 

OUT 
If'Y 

VARJAILE 
DESCRIPTION -----------

VARIABLE 
DESCRJ PTI ON 

-----------
p 

Q 

Q 

IN 

IN 
OUT 

VA!HABI.E 
DESCRIPTION 

-----------

FAULT -----
HI 

HI 
LO 
WIDE•OPEN 
FL•E.X•ENV . . . .. 
FAULT -----
LO 

tU 
LO 
CLOSED 
LK•l.P•ENV 

FAULT -----
CLOSED 

BLOCKAGE 
SHUT 

FAUI. T -----
HI 

HI 
LO 
Ct.OSE.D 
LK•HP•ENV 

FA Ut. T -----
VALVE oPRO 

GATE ----
OR 

GATE ----
OR 

GATE ----
OR 

GA'!'E ----
OR 

GATE ----

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 
CLOSED 
BLOCKAGE 
SHUT 

BoCo & NOT 
ALLOWED FAULTS 

-------------
HI 
OPEN 
WJ DE•OPEN 
FAIL;.;OP£N 

Eo Co & NOT 
ALLOWED FAULTS -------------
OPEN 

BoCo & NOT 
ALLOWED FAULTS 

-------------
LO 
LK•l.P•ENV 

BoCo & NOT 
ALLOWED FAULTS 

-------------
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H•EVENT I p IN LO OR HI 
FL•E.X•ENV 

T•EVENT I Q OUT HI 
T"•EVENT I Q IN LO 
B•EVENT I LK•LP•ENV 
B;,;EVENT I Wl'OE•DPEN .. 

VARIABLE BoCo & NOT 
DESCRIPTIO~ FAULT GATE ALLOWED FAUI.TS 

----------- ----- ---- -------------·~···················· ... " ...... 
H•EVENT I T OUT HI OR LO .. 
T•EVENT I T IN HI 
s-E. VENT I EXT•FIRE. 

VARIAI:!l.E. BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS ----------- ----- ---- -------------.. .. . . ... ... ... ... ... .. . . . . . . .......... 

H•EVENT I T OUT LO OR HI 

T•EVENT I T IN LO 

VARIABLE BoCo & NOT 
DESCRIPTION FAULT GATE ALLO\nD FAULTS 

----------- ----- ---- -------------. ... ... ... .. . . .. . .. .. . . . . ............. 
H•EVENT I X OUT HI OR LO 

T•EVENT • X IN HI • 

VARIABLE BoCo & NOT 
DE.SCRI PTI ON FAULT GATE ALLO~IED FAULTS 

----------- ----- ---- -------------........................ . ........... 
M• EVENT : X OUT LO 0 li. HI 

T•EVE.NT : X IN LO 

VARIABLE. BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -------------...................... . ........... 
M•EVENT • Q OUT NO• FLOW • OR 

T•EVE.NT : Q IN NO• FLOW 
B•EVENT : COMP•&LOC 

VARIAEl.E. BoCo & NOT 
DESCRIPTION FAULT GATE ALLOWED FAULTS 

----------- ----- ---- -----------·-..................... . .......... 
M• EVENT • Q OUT GTfl • OR 

T•EVENT : Q IN GT0 

******************************************************************** 
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Table'I.l 

Nomenclature of the Unit Minitrees 

Symbol Quantity Typical Units 

A Area m• 

G Gain constant -
(for high-gain equations) 

K Constant -
L Level m 

M Mass kg 

p Pressure N/m2 

Q Volumetric flow rate m3 /s 

T Temperature OK 

t time sec 

u OVerall Heat Transfer 11/m,oK 
Coefficient 

V Volume m• 

X Mass fraction -
z Heat flux W/m2 

p Density kg/m3 
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Table I. 2 

Key to the Names of the Unit Models 

Name Used in the Minitrees and trees Name of the Unit 

CENT-PUMP Centrifugal Pump 

CLOSED-TK Closed Tank 

CNTRLV-SC Control Valve (Special Case) 

CNTRL-VAL Control Valve 

CNTROLLER Controller 

DUMMY-H Dummy Head· 

DUMMY-T Dummy Tail 

HEAT-EX Heat Exchanger 

PIPE Pipe 

SENSOR-Q Flow Sensor 

SENSOR-P Pressure-Sensor 

SENSOR-T Temperature Sensor 

VALVE Valve 
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Table I.3 

Key to the Faults Used in the Trees and Unit Minitrees 

Name used in the 
trees and unit minitrees 

A 

B 

BLOCKAGE 

c 
CLOSED 

COMP-BLOC 

CONT-F-HI 

CONT-F-LO 

CONT-STCK 

BIDC-QUTL 

BIDC-INLE 

D 

DUMMY 

EXT-FIRE 

FAI-CLOSE 

FAIL-HI 

FAIL-LO 

FAIL-QPEN 

FAIL-TO-CL 

FAIL-TO-oP 

FL-EX-ENV 

HI 

.LO 

LK-LP-ENV 

LK-HP-ENV 

MANUAL 

llECH-FAIL 

NQ-CHANGE 

NO-F'"....OW 

Dummy fault 

Dummy fault 

Blockage 

Dummy fault 

Closed 

Fault 

completely Blocked 

controller Fails High 

Controller Fails Low 

Controller Stuck 

Blockage at the outlet of tank 

Blockage at the inlet of tank 

Dummy fault 

Dummy fault (for general use) 

External fire 

Fails Close 

Fails High 

Fails Low 

Fails Open 

Fails to close on demand 

Fails to open on demand 

Flow from External Environment 

Flow in the unit 

High 

Low 

Leak to Low Pressure Environment 

Leak from High Pressure Environment 

l~anual 

Hechanic failure 

No change 

No flow 

/continued 
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Table I. 3 (continued) 

Name used in the 
trees and unit minitrees Fault 

NO-SIGNAL no Signal 

OPEN Open 

OTHER-eAU Other Causes 

SENS-STCK Sensor Stuck 

SEN-FA-HI Sensor Fails High 

SEN-FA-I.D Sensor Fails Low 

SET-PO-HI Set Point High 

SET-PO-ID Set Point Low 

SHUT Shut 

SHUTDOWN Shutdown 

SI-STR-PL Signal Stream Plugged 

VALV-STCK Valve Stuck 

WIDE-OPEN Valve Wide Open 

Z-HI Heat flux High 

Z-ID Heat flux Low 

Note: The dmmny faults are used only in Replaced Events 
I 




