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SUMHMARY

A method of fault tree synthesis relevant to the generation of
fault trées for use both in hazerd assessment in the design of plant
and in the analysis of fault conditions usihg a process control com-
puter is described. List processing techniques and bit manipulation
have been used to reduce computation time and computer storage reguire-
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

INTRODUCTION

When chemical processing plants started to become more complex, new .

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

made them, in some respects more reliable.

Initially autoﬁétion helped the operator to achieve acceptable
control of complex systems. Later on the widespread use of analogue
céntrollgrs and the arrival 6f 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 the operator became more and more

like a supervisor whose functions were to diagnoée 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 éomplex 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 himsélf.monipo;ing several hundred variables at a
time, if a fault occurs in a part of the plan£, several alarms may
become active within a few seconds and he hgs to find out which of

the variables that triggered the élarmslis in fact the original cause
of the trpubie. When a difficult situation suddenly arises, the opera-
torlis under enormous stress, he has by means of his knowledge of the

system to be able to reach a decision, to correct the fault and bring




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 "tr}p“ system might be activated to
shutdown tﬂe plant. Bearing in mingd thét 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 "trip' system. It is in these difficult

situations that his diagnosis is prone to error.

N b bk i .
R L L WY

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

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

porate aids concerned with the problem were nuclear power plants;

they introduced alarm analysis schemes.(Kl}

The alarm analysis tech-

; nigque 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 problen.

This work originated from the studies carried out by Dr. P.K.
Andow and Prof. E:.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
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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 érocess variébles
and then reduce the network to & network-relatin§ only to those process
:yariables.on which there are alarms. B unit model approach is used and
functional models with direétipn are the basis ¢f the approach. With

»

the exXperience obtained from ;he development of the method for alarm
‘analysis, it was COnsidéredrthat 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 industry, 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 helpfthe operator in the "control room" to
make the correct decision. :

FTa could be uséd in a wide range of the-chemical.éngineer’s
activities, from the design st;ge until the fuii commissioning and
operation of a plant; stiil fault tree analysis is not widespreéd in

- the Chemicai Process industries, as it is in éther industries (aero¥
space, nuclear}. The }iterature»survey revealed that the causes of the

slow spread have been:




1} fThe nature of chemical pProcessing 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 nethodologies 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(Az'LlﬂF3)

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'nofhing has gone beyond that point.

This work was intended to explore new areas of the Chemical Process-
industry in Vhich fault tree analysis could be applied. 'By looking at
some of the problems of Alarm‘Aﬁalysis it was“found that fault trees
could be used to help the operator in the difficult task of finding
the original cause of troubie 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,




at the moment of developing the tree, in this way some branches of the
tree would ﬁot have to be developed if the variables were inside their
limits. Other basic.faults such as blockage or méchanical failure
could be considered by giving fhem a érobability‘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 overcoﬁihg tﬁelreél time pioblgms of fault tree synthesis.
The aim of this work is to present a methbdoloéy capable of dealing

with these problens.

To develoP.fhe 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 efficientlwayf _The-main_reason for this was that

' computational pr;blems'involved were quite different from those found
'ih numerical programming‘probléﬁs; RTL/2 was the language chosen for

¢

this.

The content of)éﬁis thesis is arranged in such a way that the
central theme of “fault.treeslfor design and real fime 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 Chépter 2 is main;y‘é.review of the most important

- papers concerned with Fault Tree Analysis and Synthesis since the

origin of these techniques.




The methodology used in fhis work has several input requirements_
which are summarised in Fig. 1.1 Each one of these Yequirements will
be discussed in.the-work.‘ Chapter 3 is devoted t; discussing the
basis of the modelling method used in the methodology and the role
blayed by the models in the construction of thelminitrees. These mini-
‘trees were manually built in this wo;k; Chapter 4 describes the u#e
of the minitrees to construct fault treesf Chapter 5 presents the
- synthesis methodology and the differeﬁt algorithms required; The use
of the methodology for design and real time purpose is illust#ated.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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. described 'in this work




Chapter 2

Literature Survey

The distinction between analysis and synthesis can be statgd as
follows: Analysis deals with the understanding of how things are and
how they work, once the analysxs is done, the result can be used in
the creation of artlflclal things with certain desired propertles,

this creation process is called synthesis.(Rl)'

Bea;ing in mind this distinction the aim of this chapter is to
QCOver*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
eésier, for those non-familiar with the subject, tb have a better
-understanding of“the chapters to foilow. Any other references with
.other aspects 6f Fhis topic will bé inserted where relevant té the

text.

The concept of fault tree analysis was originated by H.A. Watson
of Bell Teléphone 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 Minutéman Launch Control system. Bell engineers discovered
that the method used t§ describe the flow of “correct” logic in data
processing equipment, could also be used forlanalysing the "false"
logic which results from component failures. Purther, this was ideally
suited to the application of probability theory in order to numerically

define the eritical events. The Minuteman was successiully completed



using the new technique, and provi&ed convincing arguments for the

(H1)

incorporation of a number of equipment and procedure modifications.

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. Baasl
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) 1Its evaluation.

(H1)

In his presentation Haasl described two techniques, that he and a
team of analysts of the Boeing Company, used for fault tree construc-
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"
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-
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 requiréd fault events.
With the Secondary Failure Technique, a2ll significant fault inter-

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



10

i 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 proﬁides a'concise and
orderly description of the varipus combinations of possible occurrences
within a sys%em which.can‘result in a predefined "undesired event";
Before construction of the fault tree can be-carried out ﬁhe analyst

‘must acquire‘a thorough understanding of the systenm,

Figs. 2.1 and 2.2 show the nomenclature that Haasl 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:

1) Logic gates.

2) Event symbols. .

The fundamental logic gatés for fault tree construction are the
AAND aﬁd the OR gates. The AND gate describes the logical operation
whereby the coexistence of éll input events is required to produce the
situation whereby the outpﬁt‘event wi11 exi5t if at least one of the

input events is 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 inpufs to the logic gafe.
. A cirecle defines a basic inherent failure of a syétem element when
operated within its design specifications. A diamona defines fault
inputs that were considered basiq'in a given fault‘tree, but the
possible causes of the event were not develoﬁed either because the
event was of insufficient conéequence or the necessary information

was unavailable. Triangles'are used as.transfe:'symbols. A line from
‘the apex of the triangle indicates a transfer in, and a line from the

gide denotes a transfer out.

There are other logic gates, but ﬁhey-are based upon special‘éom-
binations or modificafions of the fundamental gates. One of these
"special” gates is. the "INHIBIT" gate, it was used by Haasl in his
secondary fault technigue. The "INHIBIT"” gate defines the situation
where the co-exi;tende of an inpu; 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 fhe_output eﬁeﬂt 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 technigues for fault tree construction has become a classical example
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s N2 .
in the fault trees 11terature.{F2' ) 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

Q;f . 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

4
4 -

relay coil thereby opening the relay contacts and removing power from

PP S

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

,3&
i

should open and iemove 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 fhat the "undesired event"

y' .'5 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
combinatipn of events which could produce those causes and so on until
he reached a point where he had to choose between the two technigues
of'analysis; - either to consider only primary failures or to include
secondary failures as well. Fig. 2.5 and 2.6 show the resultant fault
trees for each technique., It can be seen from Fig. 2.6 that for large
{5 ; systems the magnitude of the task assumes phencmenal 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-

o - 'E;' 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:

’

l) 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 reguired
approximations which could not be avoided.

2) Simulation, this was a way to avoid approximations and
it was done by actually simulating the various logic
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 inh fault tree construction techniques could occur

SCOm, however he expected improvements in probability evaluation
methods.

R.J. Feutz(F4)

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 relationéhip between certain'evehté ana
the ultimate undesired events, where the probability of occurrence
of this undesired event, represents a méasurement of system safety.

He considers that due to the myriadldetails 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

.‘aown 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 aercspace industry but nevertheless are very illustrative.
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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 éystem, 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. By this he means all the
physical layout plans, detailed logic and schem-

atic diagrams which are required for a preliminary
failure analysis. : :

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 existenceiof & failure of g'given componentidid
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 Boclean 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




. tool in aerospace, nuclear and some other industries.

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:

12 10

P (undesired event) = 2.5%10 +2.3*1o'4+1.6*1o-

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 widesgpread

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

(F5)

The nuclear industry socn realised that FTA couid be very useful.
(K1)

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

the use of tree analysis at Oldbury Nuclear Power Station. In November
1968 Welbourne(WB) published a paper concerning the data processing
and computer control system at Wylfa Nuclear Power Sta;ion. The
various possible analysis methods described by Kéy and Heywood were
discussed and the tree-analysis was chosen as the most suitable methed
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 FIA. In this paper he describes the different
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"special" gates that can be used in FTA. He noted that ali these
special gates such as the EX-OR gate, the INHIBIT gate and some others
are based upon special combinations or modificatioﬂs of the fundamental
- gates AND and OR. Erxicson considered the two types of evaluation‘are
possible,.qualitative and quantitative. Qualitative evaluation could
be regarded aé an inspection or'an’engineering judgement assessment of
the fault tree. Quantitative evaluation was defined as the traditionél
‘numerical evaluation, where failurg rates of the system elements are
inserted into the fault tree structﬁ:e and mathematically combined to
yield probabilities. Ericsén considered that the purpose of the
evaluation was to determine from the faulF 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 cccurrence of-the undesired event.

Crossetti and Bruce(CI)

published a paper in April 1970 where they
gention that Douglés United Nuclear adapted and applied the fault

tree technique, to the nuclear reactor plants they operate for the
Atomic Energy Commission, with gpod results.

{c2)

In August 1971 Crossetti published another-paper on FTA. He

sald “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-
{

Facturing testing and operation phases. Fault tree analysis is also

flexible enough for application to individual pieces of equipment ox
¥ .

v

to the overall plant”. Crossetti's paper mentions that an important

feature of tﬁe 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 eliminated while the significaﬂt 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 faultltree evaluation for computer implementation soon
arose. To satisfy this need several methodologies were developed
V3’53), most_of them were concerned wtih the evaluation of the trees
and very few with the autoﬁating construction of the trees. One of the
most useful methodologies, was the one developed by Fussell and Vesely
to help in the qualltatlve evaluatlon of the fault trees, to obtain
all theruniqué modes of system failure, called minimal cut sets. A
cut set can be defined as a éet of basic events whése occurrence cause

(81)

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

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

(F2)

‘the top event. Fussell defines a minimal cut set as fhé smallest
Vset of primary events which must all ocbur'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 neéessary far the large trees and the algorithm
.developed by Fussell apd Vesely did not have the drawback of other
programs available,'which was the'excessive execution time, to obtain
mihimal 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 arcut set, whilé an OR gate always increases the number of cﬁt

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

the length of the cut sets. The algorithm cbtains cut sets such that,

(vi,v2,

(Fl

)
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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 éeduced 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 beléﬁ the top event, 1f the
_gate is an OR gate each inéut isgan entry in separate rows of entries‘
ratrix. 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 1 is an CR 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 gafes and basic events. This p:o-‘
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 se£s obtained by the algorithm are called Boolean
Indicated Cut Sets or (BICS). In this case there is no repliéation of
basic events in the fault’tree'and the BICS are the minimal cut sets.
Cnce the BICS are‘all defermined and'there are some replicétions of
the basic events a simple search is used to determine the mipimal cut
sets.

(LL) presented a "structuring process" that estab-

In 1972 Haasl
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

4

"being in a fault state:

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

2) B secondary failure is a failure due to excessive
environmental or operatlonal 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.

In March 1973 Fussell‘rz) 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‘system4independent compornent information.

The Synthetic Tree Modél could be summarised as a synthesis
technique for piecing together with éroper editing, a fault tree from
small segments called "c¢omponent 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 idéntifies all possible means by which a compon-
ent can féil 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 foux basic types of fault events, in contrast to Haasl's(Hl)
two bas;c fault events. Fussell considered that éault events that are
used only as top.events are First Order Fault Eventsrand must be
ldgveloped manually to the level of higher order fault events before
STM can automatically construct the fault tree. Fault events that
state a fault cpndition of the system that extends beyond any single
component are Second Order Fault Events. Fault events that caﬁse a
component to "behave failed" because part of the system itself, not

© simply another‘ihdividual Eomponent, is causing that component to
behave failed afe Third Order Fault Events. Fussell classified Third
Order Fault Events in two classes; Class I indicated a Third Order
Fault Event 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‘construétion is
programmed in a computer code called DRAFT. The information reguired

.

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 computexr 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



identify the order of each event that has to be developed. A flow
diagram of the methodology is shown in Eig._2.12. /

Fussel claims that any number of analysts constructing fault trees
independently for a given system and main failure event uéingqthis
model will obtéin identical fault trees. The model has some limitations,
it dves 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 ignoréd by the model. The fault
trees are constructed to the point where identifiable primary compoﬁent
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 és a
‘distinct'type of analysis that could never replace conventional fault

tree analysis.

«In spite of these limitations Fussel%'s paper is the first to
develop formal concepts and techniques of fault tree synthesis for
electrical systems; without doubt this paper marked the beginning of

a new stage in fault tree analysis.

In Apxil 1974 as a result of the NATO Advanced Study on Generic
Techniques of System Reliability Assessment (Liverpool, July 1973) an

article was published by Fussell, Powers and Bennetts.(s3)

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

art of fault trees; the authors do not alﬁays agree especially Fussell




and Powers concerning the limitations of automated fault tree synthesis.

Fussell recalls some of the points that he has already mentioned
in his previous papers;(szFs) 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 faplt 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 envirommental and human effects that can
cause failures and therefore is apart from a true indepth fault tree

analysis.

On the other hand, Powers describes ﬁow it could be possible to
apply FTA for cheﬁical processing systems with the help of computeré,
performance and failure models, property data and a way to define the
logic for the propagation of mass, momentum, energy failures through
a complex gsystem. 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

solution of the fault trees problems.

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

-are just beginning to gain experience with it, the approach appears
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feasible and they are currenﬁly expanding their perfofmance and
failure models to include environmental and human eﬁfects; one of the
advantages that he sees in those models is that tﬁey ;an be used for
operators training because they constitute a Boolean simulation of the
proceéé 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 terminoclogy he uses is sligﬁtly
different; primary failures become primary inputs; top event becomes
primary output; minimal cut-set becomes prime implicant. Hé mentions
a technique for analysing combinatioﬁal nétworks thaf had not been
mentioned in fault trees literature énd that he describes in his Ph.D
dissertation.(34) 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 isrdefined'byrits inpgts and
loéical function using a reverse Polish notation and these are used to
develop a reVerse Polish expression for the primafy outpué in-terms of
the primary inputs. (Reverse Polish Notation (RPN) is a notation

. originated b& the Polish mathematician Lukasiewicz. it is used to
~translate arithmetic expressions so that the operators are written at-
- the end of the expression instéad of in the middle. Thus A + B would

‘be written in RPN as AB+).(F6)

This expression is then unpacked into
aﬁ equivalent reduced sum-of-product expfession and, by repeated
application of the absorption rule (A+AB=A) and other rules, the final
expression consists only of prime implicantsl(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 "CR"
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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 tha£ the algorithms and soft-
ware developed to solve the problem of adeqguate testing sequences for
networks, could be uséd to evaluate fault trees.

In March 1974 Powers and Tompkins(Pl'Pz) 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 poiﬁt 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 indusiry. The approach has been advocated by

P
Recht( L and a simplified technique based upon fault tree analysis

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

hand generation offset the inherent utility of the technigque.’ Kletz(Kz)
used fault tree analysis, though he called the trees logic diagrams,
in specifying and designing protective systems fo¥ 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

ofAinformation 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 topolegy of the system is considered as a
network consisting of units interconnected in a specific fashion.
Fault tree generation starts with the definitionof final hazard states,
The final h&zard states are defined by mini-fault trees, as the one
shown in Fig. 2.14, which corresponds 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, will propagate
through the units; once this is done the failure models are used to
develop the m;jor 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 consideraticon of internal failure
propagation as opposed to external propagation. Only those failure
events are ekplicitly treated which propagate from unit to unit

iy
{
based upon physical connections.

Tompkins' methodology can be summarised in five steps:

1) Determination of the top event.
2) lLocation 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'cohtributions,to-the area of
fault tree generation before it will be adopted by £he chemiéal process
industry. Although, the methodology was not impleéented on a digital
computer, the principles developed were.quite usefﬁl 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.

In July 1974 -a paper based on testimony given by Rasmussen(RB)

. before the United States Congress Joint Committee on Atomic Energy

Héarings on Nuclear Reactor Safety (Sept. 1973) was published. This

L3

g a&ticle was effectively an advance copy of the report of the Reactor

Lot

safety Study made by the U.S. Atomic Energy Commission(Rz)

which was
published a few months later. Ra;mussen describes the way his team
c&néucted the study and how it uses the fault tree te&hnique as a
£Q§l to obtain the probaﬁility of the branches of event trees. He
recognises tﬁat there are very few people skilled in the.techniques on
FTA and because of tﬁét they had to borrow pecple from other companies
to carry out part of thé'study. He notes that one of the problems
that would have to be overcome before the technique could have wide-
spread use is the shortagé of trained analyists.

Another approach to fault trees was presented by Nielsen(NZ) in
1974. He calls the method Cause Consequence Chart (CCC) and it is a
unigque blend of fault tree analysis and failure mode and effect

analysis (FMEA}. The difference(ll)

ibetween FMEA ‘and PTA 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




'the sequence of events leading to a failure and conditions under which
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initiating events. FTA has a distinct advantage in that only event

sequences leading to failures of interest are considered.

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

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.
|

In October of 1974, Stewart(S4) published a paper where he des- |
cribeé the design and operation of a protecfiye 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" (HIES). The logic.diagram for the
design of the system is a fault tree even though he calls it a "family
tree". Itlis 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.

In January 1975 Neogy(Hl) 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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At the same Symposium as Neogy,Bass(BB)

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 keyboardf a
function keyboard and a Cathode Ray Tube {(CRT). The fault tree
evaluation is carried o;t with the help of the MOCUS computer algorithm
and the XITT 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.

In April 1975 Pandl(P3) 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 KITT 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.

5(L1)

In October 197 Lambert presented the description of a general

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 stpred in the memory of.a digital computér.'lWhen
"ta fault occurs the oéerator-feeds the computer with data of the state

of the system. The answer that he gets from the éomputer depends on
'ithe time available for chécking any known component‘féilures. The
computer can give the operator a list of the events that he should check
first and the operator will feed thelinformation required back to the
computer through a teletype. The iteratioﬁ érécess can be carried on
until the .occurrence of a min cut set is observed or a false alarm

diaghosed. ;n his conclusiéns Lambert mentiohs that a méjor disadvan=-

tage of FIA is the poésibility 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 tfee analysis

and eliminate the confusion Ereated-by the different ways in which

analysts can construct fault trees.

A problém that he sees.in fault tree modelling is the difficulty
to apply Boolean logic to describe failures of systém components that
.can be partially succeséful in operation énd thereby having effects on

ﬁhe perforﬁance of tbe system; to iilusérate this he mentions the
'leakage through a heat exchanéer. To solve this problem the analyst
may have to describe tﬁé proe;ss analysed in terﬁs of the basic laws of
mass, energy and momentum balances. He considers thaﬁ it would be a

difficult task to program his fault tree simulation model.

”~

(A4)'published a paper at the same time as

Andow and Lees
Lambert's. In the paper they‘discuss the use of fault trees in
alarm anélysis together with some other techniques which could be

useful in alarm analysis for chemical processes.
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In November 1975 Salem(Sl) et al., published a paper where they
deﬁcribed 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 aﬁproach, 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 abogt the methodology.l
Although the authors mention that much work remains to be done they
claim that techniques for compacting the decision tables have been
develcped 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-
lished by Barlow(Bs) et al., it presented several papers on FTA. Most
of the content of those papers had been published before by their
auihors and have already been mentioned in this survey. The book can
be considered as a good review of the theory and applications of FTA.
The paper by Powers(BG) et al., in this book presents their work on
the develcpment of a simulation language for safety analysis of

_chemical processing systeﬁs. 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) Preparéfion of input data.

2) Definition of potential hazards.
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3} Evaluation of hazards.
4) Fault tree synthesis.

5) TFault tree evaluation.

In the synthesis of the tree they used the method presented by Tompkinsz}?

The paper is rathef gepéral'ébdut the language. The authofs mention
that the lack of persons skilled in both chemicél process design and
fault tree analysis methods as the major reason that has limited the
| wide use.of fault trées ;ﬁ.the chegical process indﬁstry and claim that
the approach preseﬁted will hglp to solve this problem.  Powers et al., .
expected their system to be operational by the end of 1975.

In April 1976 Powers and Lapp(P4) published'a pap;r which des-
‘cribed briefly a.Faulﬁ Tree Synthesis (FTS) program. The major steps -
they suggest to carry out a quantitative safety analysis of a_chemical ‘
process is showh_;n Fig.2.16. They describe the FTS program as a
symbolic process.simulatignf Following identification and evaluatidn
- of procéss hazafds,ra symboiic model of the compléte process is
assembled from models of individual pieces 6f equipment within the
process. The models used aré signed diagraphs and they cléim'that theyl
have developed an algorithm tﬁat deduces the fault free directly'from
the properties of the diagréph. Oonce thé‘fault treé has been generatéd,
. 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

by the authors in previous papers;(Pl'Pz'PS) The key features of the

~

algorithm that the authois mention in the paper are:

1) The topology cof the diagraph is extremely ilmportant.
Negative feedback and feedforward loops are detected
and their elements determined. Cases of nested loops
are also considered. ‘ - ' .
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2) Conditional expansion of events is.performed.

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

L

4) Common cause failures are detected directly from the
diagraph.

'5) Human bperator'actions are included.

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

7)  Events which have been prev1ously developed are

detected and copied.

’

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

(Fz)-model for FIS. Fussell deais with the c¢onditional

Fussell's
expansion of the events by means of the discriminator used in his

failure transfer functions.

The concept of d;agraphs used by Powers and Lapp is very similar
(a4)

to that one of networks described by Andcw and Lees to solve the
problem cf infbrmaticﬁ flow in their Alarm Analysis method. AaAndow and
‘Lees generate'the network relating all the process veriables.and then
reduce this to a network felat;ng only all the prccess variables in °
which there are alarms. Powers and Lapp use-diagraphs to obtain the
information flow of the process incleding failtre modes of the units,

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

deduce the correct system fault tree for the process.

-

.

(o2}

. In 1976 Caceres and Henley presented a method to generate
~fault trees based on a blqck 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

- /
not give the causes-of failure for each element.

In November 1976 Salemtsz)lgg_gif, published a more detailed
report on the computer code CAT (gpmputerlgptomatic Tree) uéed to con-
struct fault trees. Inlthe report the authors énalyse several of the
computer codes used to evaluate or td constrﬁct fault trees. Some f
examples are presented on the construction and reduction of_the
decision tables used to consfruct the fault trees. The‘approaéh is
aﬁother step further on fault tree synthesis. Aithough the faﬁlt
- trees do not always look tﬁe same és those constrﬁcted manually, the
authors claim the min cut sets obtained from the synthetic tree gives
:the same results.

In December '1976 ﬁollo and Taylor (H2) presented a methodoj.ogy for
consequence diagram and féult tree construction. Tﬁeir algorithm for
fault tree construction is bésed on Fussell's method and uses the list

{F7)

processing technique their algorithm has been implemented in a
small computer and due to the limited storage capabilities has only
been tested for smaller examples.

(L4)-published another paper on their

In April 1977 Lapp and Powers
_ ‘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 bec&use it can deal with complex systems and more gates.
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This paper presents a more detailed explanation of the method than

- their other papers.(P4'P5) ‘They consider that any system of con-

structing fault trees should have the following four characteristics:

1) Handle complex systems efficiently.
2) Consider the system topolpgf as well as actual
' compenents in constructing the tree.

3) Handle multivalued logic.

- 4) During fault-tree construction, make checks to
- énsure consistency among events.

.
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Fig. 2.2' Event symbols
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Fig. 2.4 _A system designed to make available mechanical energy from

the motor whenever the switch is closed by the action
of an external control system
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"F* exists when 'A' and 'B' exist ‘

R : ' Boolean expression: F=A*B

5 : “F" exists when 'A' and 'B' exist

Boclean expressicen: F = A + B

R

Fig. 2.7 "AND" and "OR" Boolean expressions

Rl

| w
é ‘
. . -
57 ' Al (:f::) -V

4

z3 ,

Rl = X1+X2* (X3+21)* (X44+X5+22+23)

Fig. 2.8 Boolean Expression
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Fig. 2.9 Example Fault tree used to illustrate
»  Fussell-Vesely min cut algorithm
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Fig. 2.10 Replacement of gates by basic events
: . : to obtain cut sets
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Fig. 2.11 Haasl's levels of fault tree development
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Fig. 2.13 Fault trees information reguirements of Powers
and Tompkins' methodoclogy
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Fig. 2.15 Strategy for Generating Event Trees
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Fig. 2.16 The major steps to carry out a quantitative

safety analysis of a chemical process

proposed by Powers and Lapp
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Chapter 3'

UNIT MODELS AND UNIT MINITREES

Thls chapter is devoted to dlscu551ng the basis of the modelling
method used in the methodology descrlbed in thlS work and the role

played by the models in the construction of the minitrees.

. 3.1 Types of Plant Models o

The first step before attempting the synthesis of a fault tree
is to acquire a thorough uhderstanding 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

soxrt 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 functiconal 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 eguations. The number
of egquations is likely to be large and hence the
time reguired for model production is likely to
be excessive.

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 respohd in the correct manner to a variety of

external stimuli.




3.2 Formulation of Models

The unit model approach was used to formulate the p}ént models.

This was decided because of the following reasons:

- o . 1) The model for each unit may be based on the
. ' eguations 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 response 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. |

s - 3.2.1 Conventions used with the models

The models used in this work are general purpose 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 infqrmation flow of the pchess

lv)
variables to other units. )

In order to preserve continuity in process streams passing through
several units, use is made of high-gain différential 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 thq?flow of information of the process variables
upstream and downstream of the process units. The need for high-gain

equations is discussed by Franks;(Fg) ' '

Since information must flow ' in both directions 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.
Equaticen 3.1(a) is sufficient to transmit information concerning
changes in PIN and PO

to Q ' Equation 3.1(b) is the other relation

UT out”’

needed to bring in the affect of changing Q this high~gain differ-

IN’

ential equation reflects the lég induced by liquid compressibility.

These two equations transmit information in opposite directions
through the unit, reflecting the way in which'pressure transients
propagate. This concept of information flow is important for general
models and for the purpose of this work. fgr the example shown in

Fig. 3.1 only two pr0perties 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 striqt'use of the convention ﬁay 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 rélaXed'have been discussed by Andoﬁ.(Az)

3.2.2 Models in enhanced functional form

Another way of writing the uhit models ﬁay be in the enhanced
functional form; this form.erlects.only the way in which the variables
affect each other‘in qualitative, but directional form only. The
. proportionality constants of the.moie familiar.'algebraic form are not
needed for this form. The enhanced functional model may be thought
of as an.engineer'é word model &nd hence is easily obtained for .common
items. Equations.B.l(;) and 3.1(d) show the functional forxrm 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 Minitrees

Once the information of eadh‘of the elements of the system has -
beeh collected it is posSiblg to start thinking abéut the constrdction
of fault trees for the system. The models can be considered as per-
formance models for ééch unit, these models are now used to find out
how each of the units cah'faii.- This is done by means qf a féiluré

analysis for each model. In this work it is carried out manually.

3.3.1 PFailure 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 minitxee can




be. considered then, as a failure model of the unit under analysis.

The failure mode analysis for each unit model is carried out, by
piéking out each of the Left Hand Side (LHS) variables of each eguation
}' _of the 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. P for Pressure, etc.). Once the

HIGH' ‘LOW
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 decision, 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 menticned in Chapter 2; however, due to the

nature of the methodology it was necessary to introduce a particular




nomenclature to be used when generating the minitrees, This section
"is devoted to the deflnltion of the different types of events and

nomenclature used to develop the minitrees.

3.3.2.1 7Types 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
¢ircle 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 in mind that the aim of the minitrees was to
use them as a scurce of information to construct
fault trees, it was thought that this information



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 the 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 maine
tained by means of Replaced events.

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-OR gate., This gate berforms the same funection
as the QR gate, with the restriction tht certain specified inputs
cannot coexist.(El) If one input event occurrved, 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.

To.do this use is made of Boundary Conditions and Not-allowed
faults. For example, consider QOUT 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 Q0 LO and

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

that no contradiction could arise when developing the top eventQOUT HI.
The Bounda;y Conditions and Noﬁ-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 cConstruction 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 3.1(a) the following failure

states can be obtained:

LHS varaiable: Q

ouT

UT(HI) ’ e) UT(I‘O)_

Failure states: ¢©Q o

(0]

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
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in the equation and of basic events.such as blockage and leakage
'évents_£hat from experience are known fo be possible.causes of the
. top event. ’

.

Before éohsidering the minitree ready the.Boundéry Conditions and
Not—allowed faults have to be stated. They arerpart of the minitree
as well and are répreéentéd attached to the Qate of the minitree.

- Eoundary Conditions and.Not—aliowed faults afféct all the branches'of

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

Q

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

QOUT (I.O) the Boundary gondltlon is QOU'I‘ (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
equ&tionslhave been considered. in this example there is still another-
equation to be considered fof'the pipe model. Loocking now tb equ;tion
3.ltb) and following thé same procedure another two mihitreés are
. generated. -They are shown iﬁcluding its Boundary Conditions and Not-
allowed faults in Figs.'3.6 énd 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 ﬁsg of the Replaced events. In this model
the ;onventions stated £or the models are relaxed,‘so Pc is set at the
controller output. By'xélaxing fhe convenﬁions the model has heen

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

To starttheféiluré analysis consider first:;quation 3.2(a). The.
failure states QOUT(HI) and éOUT(Foy' The minitree for.QOUT(BI) without
Replaced events is shown in Fig. 3.9. The minitree for QOUT(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 Replaced eveﬁts werxe defined. It will be
,nécessa;y to split the minitree so only oﬂe gdte remains in it. In this
case there will be two new minitrees and this will imply the creation
of two dummy 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.minit;ees with the Replaced events. .ﬁote that the Boundary
Conditions and the Not-;llowed'conditions of the original minitree
affect thé new minitrées as well. This will be more evident when thé
fault tree generation algorithm is explainea in the following chapters.

Following the same procedure the minitree for Q (Lo} is

‘ oUT
obtained and it is shown in Figs. 3.11 and 3.i2. Note that the use of
~ Replaced events helps to avoid repetition of some branches. of the
minitrees, in this example the minitree for the dummy.fault C is the
same in Figs. 3.10 and 3.12. Therefore repetition‘of information may
be avoided in the set of min;trees for the control valve; The full
set of minitrees for the control valve obtained by following the pro-
-ceaure established, together with the se£ éf minitrees and models of

. other units used in this work are presented in Appendix XI. 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

wodel are summarised in Fig. 3.13.
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Fig. 3.1 Fipe model
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Fig. 3.2 Information flow diagram for pipe model in
functional form
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Equations:

Flow rate:

Continuity:

Temperature:

Concentration:
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Fig. 3,13 Stens to obtain the set of minitrees for a unit model
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Chapter 4

z

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

In the previous chapter the unit modelé and the method of deriva-
tion of the‘miﬁitrees 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. In 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 methoddlogy. Since the unit model
equations have been produced in a consistent manner the resulting mini-
trees will also be "p;ug compatible” with.eacp other. Once the top
event in a system is defined, it is now possible, by means of interf
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 thé unit minitrees are
linked together, £o produce a fault tree for a specifiéd top event in
a system, This systematic linking process is the basis of the fault
tree generation-ﬁlgorithm that will be deécribed in the following

chapters.

4.1 Topology Bf the System Under Study

The topology of the system under study is of major importance when
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the flow of information is required in generating the fault trees. It
is by means of the topolegy that is possible to know how the units are
linked, which are the input and output streams of each unit 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 wili 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 fhe 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

success by Andow(Az) 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 adequa;é,to illustrgte 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 Flbw Q) are conéldered 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 ¢ompletg system topology can be carried out, so that it‘can bé
used in the geﬁerat@on of fault trees. Since éhe variables in process
streams haﬁe.one name in each unit and these names do not alwayé have
the same leﬁferé'fs;wﬁge same‘properties in both uﬁiés, i£ was decided
for the purpose of this:work to use a comﬁleté variable described by
two letﬁers and a number. The first letter will always be the name
given to the variable in the output stream of the other unit, thelsecond
" letter will be the name given to the same variable in the input streanm
of the unit concerned; The number will be a unigue number given to the
stream linkipg both units. Fig. 4.2 shows the two pipes and valve
system but now with theicomplete variables gnd the description of the
units.” Note that in this example the names given to the prqperties
coﬁsidéred in the input and output streams of the units afe the saﬁé,
~e.g. PP2,-002. BAlso note that the complete variables in streams 1 and

4 have a blank space to show that no néme has been allocated to them due
to- the boundaries of the sysfem. To solve this problem dummy units are
placed beforé or. after any unit whose stream comes from 6r 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

variable 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

| N
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variable‘represeﬁting the level of the tank is not an input nor an .
output variable. It is represénted only with the name given to it in
‘the unit model of the tank (see Appendix.I}) and é number, To be consis-
tent with the nomenclature used to describe the topolegy of a system,
it was decided that the number allocated to the first input stream of
the unit, wherg the intergal variable is found, would be the bne 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 0Q4.LO.

After the definition of the top-évent the next step to develop it
is to answer the qﬁestion: In which unit doéé the undesired event
occur? To answer this question reference is madé to Pig. 4.3. It can
be seen that QQ4 is at the éutput 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, 004 is the equivalent

to Q in the pipe model; therefore, the unit in which the top event

ouT .
occurs is pipe 4. Once the unit has bheen located, the point at which
the minitrees are needed has been reached. The next step is then, to
lock 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 ewvent of the tree that is being developed.
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To find the correct minitree,reference is made to Zppendix 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 QQ4. The one needed in this case is the pipe's mini-

tree which has as Main event QOUT 10.

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 béen completed.

There are two events in the tree that are Transmissive events PP3 1O
and PP4 HI. According to the definitions given in Chapter 3, these

events reqﬁire further development.

To develop these events use is made again of the minitrees shown
in Appendix I. Consider first the event PP3 10, 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 P N 10 as Main event, is the one needed in this

I

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 ﬁinitree is

.the second letter of thercompiete variable. The minitree with PI HI

N

. as Main event is the one needed in this case. By following the same

-

g

procedure of writing the proper variables and by adding it to the
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 bf
looking at Fig. 4.9 it can be seen that all the events at level one
have been develéped.' Béfore He%eloping 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 wcase it can be

seen thét the event QQ4 HI cannot coexist in the tree because it is

! under the.domain of QQ4 10 and therefore contradicts the top event.

This is stated by the Boundary Condition QQ4 HI that affects all the

new gates. Therefore Q4 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. ?ig.
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.

003 Lb is now the only event that has to be developed further.
Once again use is made of the conﬁentions adopted. Q03 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 fbr the correct minitree is the
first lettex of the complete variable.  The minitree is found in the
set of minitrees for fhé valve unit, the.Main eyent ierOUT Low. By
: adding this néw branch with the‘apprqpriate variables to the tree in
Fig. 4.10 a new stage in the development of the t?ee is obtaiﬁed, the

new stage is shown in Fig. 4.11.

It can be seen from.FiQ; 4.11 that.all the events at levels 1 and
2 are now develcoped, beiore developing the events at the next level a
check for consistencf‘has to be carried out. Theré is only one con-
tradiction at this ievel, PP3 HI cannot coexist in the free éccording
to the Boundary Conditions of the gate for which this event is an
input. PF3 HI.muét'be déleted. Any time that a contradiction cguld
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
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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, iﬁ order to develop this event the same proced-
ure as béfore is followed. Tﬁe minitree needed is found in the set of
minitrees for the valve unit, its Méin event is PIN LO. A new stage
of the developmgnt of the tree is shoﬁn in Fig. 4.12.  Note that the
event PP3 HI has been deleted and‘thét the event which has ﬁot been
developed remains as it was before with thg séme symbol. ©Cnly when
the évent is deVeloped, is its rebreéeﬁtqﬁion éhanged to the commonA

one used for fault trees.

The néxt event to be developed is "Valve Closed". It is at th;
same level as PP2 IO. In this case the event is a Replaced one.
Accogding to the definitiéns'giVen iﬁ Chapter‘3, the minitree needed
to develop tﬁis event can be found in the valve unit. Therefore the
minifree with "vValve Closed" as Main event is the one needed. By
replacing it‘in the appropriate branch the treeléhown in Fig. 4.13 is

obtained.

Before developing the events at the next level the Boundary
Cénditions énd Not-allowed faults have to be checked for the new events
édded 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 Conaitions 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 Q02 0. 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 evenﬁ use has té be nade
of the unit to the left of the vaive; in this case pipe 2 is the unit
that according to the conventions has QQ2 set as an‘output. The set of
minitrees for the pipe hgs already been used in the other pipe of the

system. By means of the minitree with the Main event Q Lo, the

ouUT
event 02 LO can be developed as is shown in Fig. 4.14. Note that the
event Q03 HI and the fault "Wide Open" do not appear in the new tree
because they were a contradiction ifi 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 oﬁt.again before deveiopiné the new added
events. The event PP2 HI haé to be deleted on this occasion. The only
event that n;eds development now is PPl LO. With the help of the pipe's
minitrees this is done and thé minitree with Main event PIN I0 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 Conditiogs is
0R2 HL, therefore, the eﬁent Q002 HI has to be deleted from the tree.
The new event QQl LO is tﬁe only one left to bé devgléped. In this’
cése as at the beginning of thé developmené of the tree use has to be
made of ;nother "dummy®™ unit. This is a “Dummy Head" unit and the
minitree needed to develop Q01 IO is the one with QOUT 10 as Main
event. The new stage of the tree is shown ip Fig. 4.16. Note that the
event PPl HI cannot ccoexist in the tree with PPl 1O, the Boundary
Condition PPl HI is present and PPl HI has to be deleted from the tree.

The event Q@1 LO cannot be develcped any further because of the lack of
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information dQue 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 exémple described illustrates the systematic linking érocedure
which is the basis of the fault tree generatlon algorithm and also
shows some of the problems that can be faced during thls 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
infoxmétion travels in both directions and not only downstream. This
'feature is Qery important fof the purpese of this work, bécause it
.éllows the engineer to_;elect any variable of the system and obktain the
fault tree for the variable, with the confidence that the tree will

show how the fault propagaﬁes throughout the system.

4.3 Units with Two or More Input/Output Streams

When units with more than‘two-streams are used some éroblems may
arise, but the uée of the cbmplete variables and of the conventions
stated for the naming of_these'variables helps to avoid problems. It;
‘also makes suré 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 exchangér, 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 streans 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 cone input and output stream considered before.

Consider the top event to be PAS HI. According to the convention
stated in Chapter 3 pfessure_is defined at the input stream of the
units, therefore the minitree needed to develop the tép event, should
be found among the seﬁ of minitrées for the heat exchangef. From the
complete variable it can be seen that A is thelletter used to represent
Pressure at the input of the cold.stream. Therefore the minitree with
the Main eQent AIN HI 1is the one needed in this case. Noté the import-
ance of defining the topology of the systerh according to the names used
for the different propefties in the unit models. Although the property
is pressure, thélletters.uséd to represent it at the hot and cold streams
are.different in order to avoid any possible mistake when the search for
the coéﬁect minitree is made. Had ;he complete variable been wrong, say
APS inétéad of PA5, then the minitree cﬁosen would have been PiN HI.
This is fhe wrong one because this m;nitrée 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 Delétion 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 also 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 evénts to the gate were requiréd.
to occur, to capse the output event; If a minitree with an AND.gate
is used to const:ﬁct a fault tree and one of the input events has to
be deleteq, then the output event cannot occur any more.. Therefore,
there is no need to keep-it iﬁ 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
Conditioﬁ NO G. Furtﬁer checks should be made when an event such as B
is deleted from a tree. It may well be that B was the input eveﬁt of
another AND gate and the same procedﬁre 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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Chapter 5

IMPLEMENTATION OF THE FAULT TREE SYNTHESIS
METHODOLOGY ON A DLGITAL 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 bn 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 apprcach requires one general program for all
systems and a specific data base for each plant.

- Due to tﬁe ﬁature of this work,-it‘was decided that the second
approach was the most appropriate 1f a flexible program was desired.
This approéch would allow a relatively inexperiencedluser to set up
his plant model and use the methodology to carxy 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 methodclogy can be used either for real time or design purposes.
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5.2 Implementation of the Methodology

~To achiéve the implementation of the methodology in a digital
co@puter several problems had to be solved. One of the main problems
was to find a suitable coﬁputer language, capable of handling the data
required to construct the fault trees. IA 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.

At the early stages of this work Algol GB(AS) was used but, later

on, due'to its features and the-faciliti;s available in the Department,
RTL/2 was the“langudge chosen to develoP‘the computer programs. RTL/2

is a high level p:ogfamming 1angua§e”devéloped at the Corporate
Laboratory of Imperial Chemical Industries Ltd. It is intended primarily
for use in multitask systems.on smallgr computers and it clearly incbr—

_porates many features of other languages such as Algol 60, Algol 68,

Algol W, 3CP2, Coral 66 FORTRAN, PL/l and POP-2.

The computer used forrﬁhis.work'was'a-PDP ii/20 and the operating
system was RSX—llM. Tﬁe operating systgm is a multiprogramming,
. real time system and its fundamenfal function is to provide the control
for sharing system resources, among any number of.user ﬁrepared tasks.
. The tasks stored.bn a file-structured ﬁolume may be installed into the
system and subsequently run by issuing a command to the Monitor Console
Routine (hCR). 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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either a command to be passed directlyvto'MCR'or'a'request‘for action

by the task itéeif.

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 detéiled 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 BK (due to the space iimitgtions imposed by
the hardware) was created. A detailed description of the data-base

used caﬁ be found in Appendix III.

Three main algorithms were developed to achieve the purpose of
synthesising the fault trees. According to the methodolegy used they

¢an 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 of 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 comﬁutef it is necessary to have this ‘
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information storéd 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 uni; model by means of the faiiure 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
uSér 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 (Build Mini Trees). The same name is 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 files and the devices required for the

specific task. If the task has several options, the
option desired 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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B TI:=DK@:P .
h!iIJT 1 D¥¢ IPE.DAT

1 2 3 4
1—Is the name of the task..

2—1Is 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. 1In 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 systém 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 "M" 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 III listings
1 and 2, Listing IIX.1 is the input data for the pipe's minitree.
Listing III.2 is the input data for the heat exchanger's minitrees.

Note that in both listings a probability for the basic events is
required. Forlthis work they are dummy probabilities, they are.included

in the data as matter of completeness for future work when the trees may

*See alsc 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 s0. 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 éll the data with the consequent

delays.

The result of the data used to set up the minitrees can be cheéked

by using another task. PMT (g;int'g;ni Trees) 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 Units) and requireé as input
data the total number of units in the system, thei; names and the
number allocated to them for identification, dummy units should be.
included too. The second task, DES, {DEScription) sets up the
fopology of the system_uéing'the daté already provided through task

REU and requires as input data the streams and variables of eaéh

unit.

As a convention.for tﬁe algorithm, to 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 f£irst 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 IIT 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 output proﬁided by
the task PRI for the topqlogy of the two pipe‘and valve system. ‘'If a
variable is measured in the systeﬁ it will belmarked with an (M) in the

output., Fig, 5.5 shows the.flow chart of the algorithm.

5.2.3 Algorithm to build fault trees

Befoge the algorithm was developed two approaches to construct the
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tree.were;ponsidered:

1) Vertical develépment '

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 approcach. BAgain the numbers are used to show the
order in which each event is developed.

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 appréachf it was decided that for the . o
- purposes of this work the vertical'approach should be used in the
algorithm to genérate ﬁhe fault trees. The main';easoq for this was ' i
that if the fault tree is generated in real time, the vertical,apéroach:
due to its nature, can trace the basic causes of the top event faster

than the horizontél approach.and show how far the fault has been.propa- i

gated through other units in theAsystem.

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 purposeés.
) )

Fig. 5.8 shows the flow chart of the algorithm, = :

:
¥

;

:

1

. E
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~ The task used to generate the fault trees is BTR (Build TRees) .
Thé iﬁdirect command and the type data supplied to generate the fault
trees for design pufposes is shown in Fig. 5.9.‘ Nate that in this
cése theré is an.éxtra parameter in the command line; there ig a number
after a star chaiacﬁer. This number indicateé‘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 temminator character reguired by the program that

reads fhe'name, in order to know, when the inpﬁf data has been concluded.

The same explanétion applies. for the ng 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 until the topology of the system
or the minitrees.relatéd to the ﬁnits of the system have been defihed.
If a minitree or unit variable is not found by the algorithm a self-
explanatory message is produced. For'debugging purposes fask DEB

(DEBugging) can be used, it can'priht 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 the fault tree generated, task PTR (Print TRees) is used.

Due to the restrictions of the printer available, it was not possible

b e e e oo e oS o . oo e e e e e




107 .

- 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 ig the two pipe and.
valve ;ygtem depicted in Fig. 4.3. It shows the t;ee.as it was déveloped |
using the vertical approéch; The tree shown in Fig. 5.1)1 was drawn:

uging the data provided by the listing of Fig. 5.10. . ;

Note that the tree shown in Fig.-S.ll was developed using the
vertical approach ofjthe_algo;ithm and it is the same tree as the one i

shown in fig. 4,17, developed manuélly and usiné the horizontal approach.

Further examples of fault trees generated by the algorithm will be

presented in the next chapter.

5.2.3.2. Fault trees for real time purposes

The use of the algofithm to generate fault trees for real time

purposes is a majof feature of the methodology described in this work.
When the algorithm was used for real time pufposes the following
assumbtions 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. - , f

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 cobtained
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

e A e,

algorithm will take as fop event the variable with highest priority.




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 tc have the same priofity 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 wﬁen 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.. Evéry time the algorithm
finds a b:anch in\hhich a measured variable is involved, it checks,
before go;ng into any fufther devélopment,.whether the variable is in
fact out of raﬁge as specified by the fault which is going to be
developéd ox not. If the state iof the variable corresponds to the
fault being considered the algorithm continmues with the deVeloémenf of
the branch, otherwise tﬁe algorithm does not dévelbp that brahcﬁ. The
gate to which the-event not deééloped was an.inﬁut,is'checked so that
no contradiction can exist in the tree (AND, EX-OR gaﬁes). If any con-
tradiction exists a "prune" is made by é "garbage collector" (Qee
Appendix‘III) And the analysis is continued ﬁith any other branch of
the tree pending development.. The final treé obtained will show how
far the fault has been ;raced‘in the system and also preéent to the
operatox the more likely basic causes of the top event.

The approach'used in this wérk 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 wvalues 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, pricrities 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 priorxrities
of each variable. :

. To illuétrate the use bf the algorifhm'for reai 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 shoﬁs-these variables
obtained wi;h.the help of RVA before their values are changed. Fig.
5.13 shows the use of RVA to éhaﬁge the values of PP3 and QQ@. Note
that QQ4 has been given a higher prio%ity than PP3. Also note that
when the name of the variable is typed a "%" character is added, this
is a terminﬁtor character to tell the program that the name is complete.
{Recall intérnal‘variables); Fig. 5.14 sgows the variables for the
systém considered after‘their values héve been changed. Eig..5.12 can
he considered the statg of ﬁhe system at a.time (tl) and Fig. 5.14 at

ﬁme(t?.

When the scanning of the variables takes place at a time (t3) the
~algorithm f£inds that there are two variables out of range but QQ4 is
the one with the highest prio;ity therefore, it is considered the top
event and a fault tree is gene:atedifor Q04 LO. Note.that'when the
algorithm is used for'réal time purposes only measured variables can be

subjects for top events. Fig. 5.15 shows the listing of the fault




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 vafiable that was also out of range in this example is presented

in the treeé as a cause of the top event.

Consider ﬁow that at time t4 PP3 changes value again fo its "steady

state" value to simulate'thié'case'RVA is used again as is shown in

Fig. 5.17. When the new scanniﬁg of the variables takes place at time
ts (Fig.VS.laj thé algoxrithm finds tha£ there ié'only one wvariable out
of rénge QQ4. The fault tree-produced.in this case is shown'in the
listing of Fig. 5.19 énd 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 noﬁ been developed. This
is beqause at time t5' when the scanning of the variables was carried

out, the value of PP3 was inside its limits (Status "OK").

If 004 returns to its “steaay_state" value and P§3 does not change
again the algorithm will not produce én§ more "real time" treeé until
- one of the measured variables changes its value. Note that the values
used are fictitious ones. This simple example has béén 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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TOFOLCGY OF THE SYSTEM
o o N A oK ol a0 A Ak ok e Al ok R RO OR

******************v*************x********************************
WNIT NOs ¢ 1

TYPE 'OFUNIT : DUMMY~H

% INPUT STREAMS %% '

NONE

¥k QUTPUT STREAMS *®* ' g

FROM : 1

T2 27 .

VARIABLES : PPl, Q1 '

oHoke e 3 K 3Kk e e K oK o K e e T o ok 3 o o o 0 R Aok o o o o oK K 3K K 3Kk 6 ok e ook e ke o 3K o o 3K o o oK 3 ok ke o ROk

A o 2 K s 6 s 86 36 3K 3K 5 4 e 4G oK 5 3 e 6 3 35 3R 6 8 6 46 0 a8 6ok 46 A6 3K 3 36 ok 3 3k o A oK o ke 38 3 sk 3 6 oK K o Ok oK oK 4 ok o ok ok ok
INIT NOe ¢ 2
TYPEUFUNIT s  PIPE
*% INPUT STREAMS *x%
FROM : 1

™ @ 2 °

VARIABLES ¢ PFl,Q 1
*k QUTPUT STREAMS *x
FROM : -2

T2 + 3

VARIABLES : PF2, 442
ek 3 ¢ ok o e 3106 3 36 3k 3k ok SR K R oF 8 i A o K 38 K a5 e o o oK sk o R0 46 3% a4 e 3K o e 3 R 5C o oK 3 3K 36 oK K 3 3 0K 3 3 ke o o ok ok ok

**********%******************************************************
UNIT NOe ¢ 3 : 4
PR UF UNIT ¢ VALVE

*% INPUT STREAMS %%

FROM : 2

T2 : 3

VARIABLES : PF2,RQQ2

¥k QUTPUT STREAMS *xx%

FROM ¢ 3

T3 1 4 ‘
VARIABLES : FP3 (M) ,»QQ3 . ‘
A0k ke o o o A 3 A o8 33K oK ol o o8 sk oK o oK 3 K 40 6 e Ak e ok o ke ok oK 8 3 o Dk o o 3 3K 6 i 3 ok ok ok K 6 oK oK 3k ok ok ke ok K K oK

*****************************************************************
INIT [\-00 : 4
TWEPETUFUNIT ¢ PIPE
o INFUT STREAMS *%
"FROM. 3 3
TZ.:v 4
VARIAELES : FPP3 (M) » Q43
¥k QUTPUT STREAMS *x*
~ FROM : &
T3 ¢+ 5 .
VARI ABLES : PP4, Q04 (M) _ : ' '
***********************m*****************************************

'Fig. 5.4 Topology of the two pipe and valve system /continued
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'*****************************************************************

INIT NDe ¢ 5

- TYPEOFUNIT : DUMMY=T

¥ INPUT STREAMS %%
FRGM : 4

T2 : 5 | :
VARIABLES : FP4, R84 (M) :
*k QUTEUT STREAMS *x%

NONE o
*****************************************************************

Fig. 5.4 /continued
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Fig. 5.7 Horizontal development of a tree
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>BTR TI: = TI:*y

TREE FOR DESIGH

NAME OF VARIABLE (ADD % AT THE END) ? Q0%
NO. OF VARIABLE ? 4

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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FJ.g 5.11 Fault tree for 004 LO drawn using ‘the -data provided by the listing of Fig. 5.10
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DO YOU WaNT TO LIST THE VARIABLES(Y/N) ? ¥

MEASURED VARIABLES
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VARIAELES  HI LIMIT LO-LIMIT STATUS PRIQRITY
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READING VALUES OF MEASURED VARIABLES
************************************ .

NAME OF VARC(ADD Z,% TO TERMe) 7 %%

Fig. 5.12 Measured variables obtained with the help of RVA before their
values are changed
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L0 YOU WANT T2 LIST THE VARIABLES(Y/N) 7 X

AzADING VALUES 0OF MEASUEED VAZRLABLES
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DO YOU WANT TO CHANGE THE LIMITSCY/N) ? N
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f

Fig. 5.13 Use of task RVA to change the values of PP3 and 004
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DO YOU WANT TO LIST THE VAEILABLERC(Y/N) ?
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Fig. 5.14 The measured variables after their values have been changed _
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Fig. 5.15 Listing of the fault tree QQ4 LO for Real time
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Fig. 5.15 Listing of the fault tree Q04 LO for Real time
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Fig. 5.17 Use of task RVA to change the value of PP3 to a "steady state" value
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Fig. 5.19 Listing of the fault tree produced by the methodology when
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QR4 LO

Fig. 5.20 Fault tree for 004 10 drawn using the data provided by
' the listing of Fig. 5.1%9
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Chapter 6

APPLICATICNS 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 employed to illustrate the use of
control loops in a Chemical Process is a fléw control system like the
one shown in Fig. 6.i. 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 thé procedure already mentioned in the previoﬁs
chapters. Fig. 6.2 shows the same flow control system but now des-
cribed accordingrto‘the réquirements.of-the mefhodology. The limits
of the system are‘detérmined by £he 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 éystem, before the actual construction
of the fault trees can be carried out. To do this tﬁo indirect :
command files are used the first one is BTREES. This indirect cdmmand

file is the one that carries out the installation of all the tasks used
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by the methodoiogy. 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 indiréct command file. BTREES is
always fequited as the first step in_setting ﬁp any system. Fig. 6.3

shows this file.

The second ;ndireét command fiie, (in this case TLAP) is the one
that carries out the setting up of the unit minitrees that form the
particular system uﬁder study. It also sets-up the topology of the
.system. Fig. 6.4 shows the fiie 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) qlready_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
- topelogy. 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 fRI,for the topology
of the flow control system, The minitrees can aiso be checked by means
of task PMT, examples of the results provided by PMf are shown in

Appendix I.

From the topology shown in Fig. 6.5 it ¢an 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 tdp event Q03 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 trge 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 J
and Fig. 6.8 shows the fault free for 903 HI in a tree-like format

drawn using the data of Fig. 6.7.

;;‘. : This example was also used by Lapp and Powars(LS) to illustrate

o their methodology. It is interesting to compare their_results with

;. the ones obtained here. The best way to do this is by means of com-

| parison of the cut sets. Tables 6.1 and 6.2 show the results of the ]
two methodeclogies. It can be seen that there are some differences in {
o g these tables. The reasons for these differences is that the method-

ologies are based on different assumptions and models. The methodology

'ﬂi S used in this work does not consider in the development of the minitrees 1
any component installed in a improper way such as reversed valve; )
- o 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
develépment of the minitrees are.reléxed, the reversed faults can easily
be included in the unit minitrees and therefore the cut set "reversed

- : valve", 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 I0). 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 ea511y be defined as a Very High (VHI)

fault and a new minitree for each unit could be developed [le] 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 QQ1 should be very fast indeed to avoid any

action of the control lool:;.' * Further examples where other states of the
vaiiables besides HI and LO are considered will be presenfed in the
following examples. Note that tﬂe methbdology used here uses two-

way models to ensuré'the flow of information.. It allows the construc-
tion of fault trees fér_other top events that are not at the downstream
end of the syétem. This wili 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 contfol valves minitrees. Its input events were aeveloped using
the flow of information through the system. Recall that.éll the differ-
ent gates of the minitrees are devéloped when the failure énalysis of

the unit model is carried ocut.  The algorlthm used to 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 quallty of the

minitrees.
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6.2 Two tank and control valve system

Consider now the example shown iﬁ Fig. 6.9. This is a bigger.
systen intended to illustrate:the way in which the methodology can
hondle 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 sécond file is the one speoific to the
system being considered and is shown in Fig. 6.10. The output provided
by the task PRI for the topology is shown in Flg. 6 11. Note tha£ two

1nternal variables are involved in this systen.

Consider first the system fof design ourposes.‘ 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.;2 refers to the top event QQ7 HI, the
fault tree shown in Fig.o6.13 was drawn using the data of Fig. 6.12.
The tree for top event QQ5 LD is shown in.Eig. 6.15, it was drawn using.
the data provided by the listfng of Fig. 6.14. Flnally 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 Fig. 6.16.

Note in Figs. 6.15 and 6.17(a) how the flow of information travels
downstream and upstreanm providiﬁg a complete picture of how a fault
propagates throughout thé system. Without a two-way flow of information
this would not be possible. Fig. 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'trée.‘ It is_iﬁ'this'aspect tﬁat the methodology used in this
work has advantage-over Fﬁe methodology used by Salem(Sl) et al.
Their methodology only allows the development oflthe trees in one
direction. The capacity of c;nstructing faul£ trees for top events
occurring at any place of the systea under study is without doubt a

major feature of the methodology used in this work. No other method-

ology reported in the literature has c¢laimed 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 obtaineq with the help of task
RVA. PFig. 6.19 shows the same measured variables but after RVA has
been used to change some of their values and priorities. This is the
picture 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 cqnsidered
the top évent‘to be developed. Thé 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, arejpogfréyed in-the tree. The tree also shows,
according‘to the information available at the moment of bhilding the
)tree, which are the more likely causes of the top event; ‘This informa-
tion can be of gréat help to the operator in‘the control room when he
has to méke a decision abogt fhe problen 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 Centrol Loops System

The last example to be considered-in fhis chapter is a little more
complicated thaﬁ the former two already discussed. Consider now the
system shown in Eig.'6.22. It represents a systém that can easily be
found in many Chemical Process plants. The function of the process
considered in this example ié to cool the hot stream to a specific
temperature;‘before i£ can be used in other éarts of the plant. Water
is pumped to cool the hot stream. A frlp valve has been placed at the
inlet of the heat exchénger's hot stream. Th; valve will be activated
by a signal, from the flow sensor installéd at the output stream of the
pump when the f£low is stopped, due either to the shutdown of the pump
or to any other cause. Note that there are two contreol loops in this
system aﬁd that other-variables, begides pressure and fiow, are cop—

sidéfed.

This system has units with more thaﬁ one input/ou£put stream and
will be quite useful to illustrate the importance df the complete
variables to assure fhe correct deﬁeloPment 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 fashign to the former examples
discussed in this chapter. The indiréct commands are again, a general
one BTREES, and a spécific one for the system under study. Fig. 6.23
shows the specific comﬁand file TOT4 used for the Heat Exchanger and

control loops system. Fig. 6.24 shows the topology of the system




obtained by means of task PRI. From Fig. 6.24 it can be seen that’

both options of the methodology can be illustrated using the example

described in Fig. 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 fhe tree~like format uses the data produced by PTR. DNote 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, ény possibilify 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 the& afe the same events. ©One thing
that is ﬁseful 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.‘Q;éG shows c¢learly how the methodology
handles those units, like the heat exchanger, with more than one input/
output stream. Note the presencé of the complete variables such as
CT5, AP5, QB7 in tﬁe tree and how the flow of information travels
through the systém without any problem in spite of the prQSence of_the
control loops. Also note the presence in the tree of tw§ states of
the variable flow thaﬁ had ﬁot appeared before in any of the pther

. some of the variables have been considered as measured ones; therefore
examples considered. (These states are highlighted in the tree of
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Fio. 6.26). A failure analysis as discussed io Chapter 3, waé carried
out in each unit to obtain the minitrees for NO-FLOW and FLOW GREATER
THAN g. (In this case simplified to conéider onlﬁ the flow variable).
These minitrees are shown in Appendix I for each unit. Note fhat 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 coping with the-multi-state

nature of the variables involved in the Chemical Process.

The difference between Fussell's methodology ano_the.one used in
this work is without doubt the capability of dealing.with multistate
variablos. Fussell usually only considers two states because his
methodology is aimed at electrical systems where the oniy.states
considered are ON and OFF. _This example shows that Fussell's methodology
would not be applicable here, oecause 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 (GT¢) .

. An example quite similar to the one discussed here has been pre-
seﬁted in the literature by Lapp & Powers.(L4) Most of the results
shown in thelxr 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 ﬁsg of models that are more general
than the ones used by them in their methoaolpgy. The tree obtained in
.this case was for an event that was at the doﬁnstreaﬁ end of the

system. None of Lapp and Powers' papers have shoﬁh treés for top events
in the middle of the systgm as the oﬁes shown in the last séction for

the two tank and valve systenm.

The methodology described in this work gives the'safety anaiyst a
greater capability in the synthesis of fault trees than the one presented
by Lapp & Powers. ‘The flexibiliﬁybto introduce new states of the
variables together with fhé 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 informaticn 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 va;iables before RVA is used to change
their values{ Fig. 6.28 showsithe same variaﬁles after their values
have been changed. Note that the Variable TT4 has now the highest
priofity 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 bfanches of the tree, only those
variables that were out of range when the tree was developed are
included. By comparing the trees of Eigs. 6.26 and 6.30 the difference
between design trees and real time t;ees can be appreciated. Note

that in the real time tree only one state of the variable.is preéént and
“this is because in real time the v&riable-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 ﬁnits that the methodology can handle is only limited
by hardware restrictions of the compﬁter used. In this work the data
base was restricted to 8K by the hardwére and as a.consequence the
maximum number of units in a system is restricted to 15. Thg example
 discussed in this section consists of 12 ﬁnits including the dumny
ones and with the facilities available for this work it was possible
to produce fault trees for deéign purposes with 60 gates and more than
100 events, The space available becomes a problem when the methodeology
is used for design purposes for larger systems, but Réal time trees do .
not requireiso_much space, because thef willAneve; be és-;arge as the

equivalent design ones.
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Table 6.1

Minimal cut sets of the tree shown in Fig. 6.7

Valve fails open 6)

001 High AND sensor stuck

1)
2} Controilér fails High ) QQl.High AND controller stuck
3) Set point High (WWl HI) " 8) ©Ql1 High AND valve on manual
4) Sensor failé Low | 9) Leakage'from High Pressure |
Enviromment in valve
5) QQl High AND valve stuck
Table 6.2
Minimal cut sets from iapp & Powers Example(LS)
1) oQl (+10) , 8) Sensor fails low
2} valve fails open _' 9)‘ Sensor Reversed
'3)  Valve reversed “ 10) ’le.(+l) AND valve stuck
4) Controller fails Hi§h 11) ©Q1 (+1) AND sensor stuck
5) Set peoint High_ : 1é) 001 (+1} aND controller stuck
6) Controller Reﬁersed 13) Q0L (+1) and ON Manual
7) '§ine 4 ruptured




5 Flow 7
Controller juft———————— Set point

e —+ Sensor ——

e e :

Fig. 6.1 Flow control system
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Fig. 6.2 Flow control system described according.to the methodology used in this work
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INS L, E)FTR
INE BAT

EAS _ 154

INS CAal
INS DLB
INS D:S
INS LIT
Ing PuT
IS PRI

INS PTE
INS REU
InE EFa
IS RTU
CINS RVa
CAL TI:=TIz*E
LIT TI:=Flz
FFA D2t BeTNTs 1=EK2: FAULTS«DAT
RTU DKZ2: TeTNT; 1=DK2: TYPFE. AT
FIF ®*eTNTs%/DE" )

Fig. 6.3 BTREES file to installall the
"tasks used by the methodology
FAGE - BTREES«CHD

) S Farups puRs g




b
i

ISUNY
BHa T
B4
7
REU
LES
PLF

D2 aleT:
DKZ: Bie
D& Le TN
DK &1 e TN
DK 232 Eo TN
DD Ae TN
DKZ: BEo TN
X o TNTS %/

'2
54

20y e

o 3

FAGE

OO A D OD AT O

D N

[3) o % Mo Nr e 1 g ]

} BTN Bow a3 o3 on We s

I=DK 2 DUMMYH BAT
S=DK2: DY Te DAY
=DK2: CONTVADAT
:CONTLLSDAT
SENSD AT

Fig. 6.4 TLAP file used to define the minitrees
and topology of the system
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TOPOLOGY OF THE SYSTEM
Fje oK 4 A K A KK K K A K R K o K oK K

.******mm*m****************m*********4*********************a******
UNIT Nu« H 1

TYFE'OF 'UNTIT : DUMMY=H

*k INPUT STREAMS **x ™

NONE

wk QUTPUT STREAMS %%

FROM ¢ 1

L::E-

VARIABLES PFI;QQ!
*******s******************************%**************************

ok 3 ok 3 e 3K o K oA 2R 3K e Kk 3 o 3l ol 3K 8 3K kK ok e oK 3 3k 3 3 sk ok 35 ol ok o i ok 3k 31 ok oKk 3k o3 o4 6 K ok e 3 ke ok S e ok 3K 3K o K ok
UNIT NOe @ 2 '

TYPEOF UNT™ ¢ CONTEL=VAL

ik INPUT STREAMS *x%x '

FROM : 1

T2 2 "

VARIABLES ¢ PPi, QL%

FROM : 4 3 ’

T3 : 2 _ '

ABIABLES ¢ BHS e '

#% QUTPUT STREAMS %% '

FROM : 2 '

™+ 3

VARIABLES : PF2,QQ2

sfeoke e o 3¢ ¢ ¢ 3 3 3K ok ke o o o 3 K 3 ok 8 ¢ 30 o ok K Kk k3K s ik 6 o ok i ke ok e oK ok ok 3K 2K 3K 2R o oK 3R R K oK R KK

*********************************************x*m*#*********m*****
LNTNO.:S

TI(PE'GF 'UNIT : SENSOR=-@

¥k INFUT STREAMS *x%x 77

FROM : 2

T2+ 3

VAHRIABLES : PFE, Q&2

#k DUTFUT STREAMS *%

FROM ¢ 3
T2 ¢+ 4
VARI AELES
FROM 3 3
T3 : &
UARlABLES : FP3,0Q3
***********#******************x**********************************

1]

854

**********4******************************************************
UniT NO. s 4

TYPE'OF 'UNIT ¢ CNTROLLER

ok INPUT STREAMS %%

FROM ¢ 3

T2z 4

Fig. 6.5 Topology of the flow control system

PAGE
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VARIABLES 3 SS54 . 157
FROM : 5
Td.: 4
VARIAELES 3 WWé
%k QUTPUT STREAMS x%
FROM : 4
e s 2 .
VARIABLES 3 BES
ok A 63K vl Ak ok A A 3K K ok ale K K oK A K AR e o Ak K K G K ol ok afc ok R AR R R ol K R oK A 3K Sl Ak o AR Ok K o K R A ok R o ok R o sl o ok R koK

'*****************************************************************
INIT NOe ¢ 5 ‘

TYPEUUOF UNTT ¢ DUMMY=H

sk INFUT STHEAMS &% _ :

NONE ' : L )

ok QUTPUT STREAMS %%

FROM = .5

T3 : 4

VARI AELES = WWe .
**************************#*******************************#******

sk 3 o 3K 3 ¢ 3 K 6 3 e o o8 o 5 o K oK 6 B o 8k 36 o ok ik ok of o s ok o o 3K ok ok ok ok o ke ok oK e i o o K ok oK
INIT NOe 3 6

TYPEOF UNYTT ¢ DUMMY=T

*k INPUT STREAMS %%

FROM ¢ 3

@ 6

VARIABLES = PP3,QQ3

*% QUTFUT STREAMS %%

NONE

oK 2 26 3K 0K 3 46 N 6 o o SR oK 3 ke o sk oK oK o ok ke o o 384 s g o e ook sl e ek s o o o ok A Fk o e ok sk ok o ek




>BTR.TIL :=TI:*Q

TREE FOR DESIGN
NAME OF VARTABLE (ADD % AT THE END) ? QO%
NO. OF VARIABLE ? 3

- FAULT ? HI%

Fig. 6.6 Indirect command and data required to produce the fault
tree for top event Q03 HI for a flow control system
(the underlined characters are typed by the user)
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NOMENCLATURE :

BeEVENT

R=EVENT -

T=EVENT 2

IS5 A BASIC EVENT AND DOES NOT REQUIRE FURTHER DEVELOPHMENT

1S aN EVENT THAT REGULRES FURTHER DEVELQPMENT BUT IT
1S RELATED TO A& REPLACED EVENT IN THE UNIT

IS AN EVENT THAT REQUIRES FURTHER DEVELOFMENT

skl ok 3K K O oK 3 oK R sk e i kol e 3 K ok 3 o ofe o oK 3 ¢ ok 3K 3K SR KR K oK s ke o oK i o ok ok ok o oK ok ke Rk oK 0 3K Kk KK KO ok ke o K R
ook o ok ok ok ok ok 36 ok R SR R ROR R KRR kR DESIGN stk o 3 R oK o ok i o e ok e ook o oK oK K ok SRR R R K
skt e o A 3K 3 36 K HC oK A 4 4 o 3 2 5 o 3 16 o o 3K o ok 1 ok Kk 3o e K ot 3 e 6ok oK KoK oK 3 R ok o ke ok oKk oK oK o S ki ok oK ok

TOP EVENT

. T-EVENT .

T=EVENT

EVERT

T=EVEINT

EVENT

FeEVENT
TSEVENT
B=EVENT
© B=EVENT

EVENT

T<EVENT
R=EVENT

FAGE

..................

skk FAULT TREE ook

E T YT T L X L TN R Y Y Y

------------------------------------

NAME NOe .
VARe VARe FAULT DESCRIPTION OF UNIT GATE
¢ W@ CUZT OHIUUT L. UNITUNDYUSUUSENSOR-Q  ORTT
PF 2 fl 7 UNIT NOe 3 SENSOR=-Q

" .
n
‘o
)
-
o

CUNIT NOe 3 SENSOR=Q

NAME -NQe .
VARe UVARe FAULT DESCRIPTION OF UNIT GATE
: ”Pp.. --'...2.. HI. ...... UNITNU.'-SSENSOH-Q oR....
: @@ 2 HI. UNIT NOe 3  SENSOF=Q
NAME NOe | S
VARe VARs FAULT DESCRIPTICN OF UNIT GATE
= .“QQ.. \91-2-1 _HI""'.. 7 UNI’T"NU‘.‘""S ------ SENSUE-Q Up.urn-
: A UNIT NOe 2  CNTEL=VAL .
: BB 5 HI . UNIT NOe 2  CNTAL®VAL
: . FAIL=-QPEN UNIT NOe. 2  CNTRL=VAL
3  LK-HP=-ENV UNIT N0e 2  CNTHRL=VAL
NAME NOe
VAR. VAR. FAULT DESCRIFTICN OF UNIT GATE
: B S UNIT'NDS "2 CNTEL=VAL AND~
: PP 1 HI UNIT NOs 2  ONTAL=VAL
: " C. - - UNIT NOe 2  CNTEL=VaAL

Fié. 6.7 TFault tree for Q03 HI in a flow control system

/continued




EVENT

T=EVENT

EVENT

EVENT
T=EVENT

B=EVENT
B=EVENT

T=EVENT
E~EVENT

EVENT

B=EVENT

EVENT

T-EVENT
TSEVENT
B<EVENT

FAGE

-
- A S

DT I TR P

(1]

4% a8 98

e a#

as ¢* ap

NAME
VaRe

cpp

aa

NaME

VAR,

R

NAME
‘VAHe

- o -

.BE

NAME
VAR«

R

S8

NAME

VAaF.

-— - .

gy

NAME
VAR

EET T

SS

WW . .

NAME
VAR.

KDe
VaRe

,NOQJ
VARe

NOo.
VAR

FAULT

o

NO=CHANGE

VAL Ve STCK

" MANUAL

NQO.

VAR.,

NOe
VAR,

NG
VAR

FAULT

" NO=CHANGE

NO=CHANGE

CONT=STCK

FAULT

NO=CHANGE

FAULT .

'_HI"“”,'

Lo

H1

. CONT=F=H]

FAULT
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DESCRI FTION OF UNIT

A D Gl S D D D D D . e

UNTT'NGe 2

UNIT NOs E

CNTRLSVAL

CNTEL-VSL

DESCRIFTION OF UNIT

- D R D D A S w0

UNIT 'NOS 2 77

CNTERLaVAL

*D1 AMOND EVENT*®

DESCRIPTION OF UNIT

A S A M) S WD AR R M D O MDD ek

URIT NOe 2
UNIT NGe 2
UNIT NOe £

DESCRIFTION O

D kD G Y N R D D

UNI’?..N ....-...2 ......
UNIT NOe 4
UNIT NOe 4

DESCRIFTION O

. WD D AR WD

UNIT N0e 3

DESCRIFTION O

i Gl e A5 &) eul D S v D

UNIT 80 4
UNIT N0s 4
UNIT N0« 4

- DESCRIFTION O

Fig. 6.7 - /continued

CNTRL=VAL

CNTRL=VaL,
CNTRL=VAL
CNTFEL=VaL

F UNIT

o e

CNTRL=VAL

CNTROLLER
CNTAQOLLER

F UNIT

CNTEOLLER

SENSOR=Q

F UNIY

CNTRL=VaL
CNTROLLER

CNTROLLER
CNTHOLLER

F UNIT

GATE

-

GATE

GATE

oR

GATE

OR"

GATE

'.OR. e

GATE

DR

GATE




“EVENT

B=EVENT

EVENT

- FAGE

sveny

-

L 1]
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ptoivipiniiutvisi N B N eRDLLER
SEN=FA~LO UNIT NOe 3  SENSOF=Q

NAME NQDe :

VARe VARe FAULT DESCRIPTION OF UNIT .

CWWC UG HTTT T UNTTUNOY AT ONTROLLER
L © *DIAMOND EVENT* - :

NAME NOe _

VARe VARe FAULT DESCRIPTION OF UNIT

pp ey

e .f !;U“”." ) '. . UM'IT"M’Z).'""3"”"SE1‘Q'E_-'§R-Q

*DIAMOND EVENT*

Fig. 6.7

- -

6R

GATE

........
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PP2 HI

A BBS HY

FAIL-OPEN

F i U-2

PPl HI [

BBS
NQO-CHANGE

VAILV=STCK
U-2

£84 1O

WwWé HI

. (U = WIT Number |

Fig. 6.8 Fault troe for 003 HI in a Flow control system drawn using the data of Fig. 6.7
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PP3 (M)
QQ3 (M)
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Fig. 6.9 Two tenk and control valve system
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DT &b e TRTS CLTK o DA™ 164

M7 1z LK 3

EMT DIK3: 220 TNTS I=DKZ: FIFt e DaT
B4T DKZ2: A3 TNT; I=DK 2 PUMMY e AT
BT D2 BIeTNT: i=DK2: DUMMY To BAT
E4T DKZ:GomnTrisDK2 CONT Ua”.oIAa
BT DK LeTTs (2D 2 CONTLLL BAT
HIT D2t EeTuTs [=DK2: ...‘..l\‘*':nnbrsa
REU DHZs A TNTs 1=K 2: 700V DA

[ES DK:s bom ;E DK&:TOCUC.DQT

PIF *o,.“- ’?‘/DE

Fig. 6.10 TOCON - file used to set up the minitrees and topology of ~
a two tank and control valve system
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TOFOLOGY OF THE SYSTEM
A 3 2R A K K 1 K HC v oK ol s Ak Sk ok ok ke ok K ok

e ok o o O R o R R e o o K e o o ok Rl s ke ok o ko e 3 el e ok ke i i R 3K 0 3 3K K K sk o 3K ke R ok ok oK ok oKk e ok
WNIT NOe ¢ 2

TIPETGF U UNTT ¢ DUMMYw~H

® INPUT STREAMS #x 7

NONZ . |

sk QUTPUT STREAMS *x%

FROM = 4

T2+ 2 :

VARIABLZS : PPl (M) »QQ1 (M)

sk o ok e ek e 3 5 e o e o o oo o K o 3K 3R o 31 56 K KK KK 6 o 3 6 A o oK S oA 0 6 o 5 o 8 0 o 6 8 3K o8 6 7K Kk ok

Rk 6 o4 36 3 3 3 o o R K e ok ok ok Sk o K 3K 3 36 6 oK K sk 33 I oK 38 55 3 o 3k ok oK e ke 6 3 ok 3K oK 3k o 3K oK 3K o o€ o oK R oK
INIT NQe ¢ 2

WPEOF UNTT ¢ CLOSED=TK

®k INPUT STREAMS % 77

FROM = 1§

T2 ¢+ 2 7

VARIABLES : FP1 (M) ,QQ1 (M)
INTESNAL VARIABLES : L I (M)
*k QUTPUT STREAMS *% B ‘
FROM : 2

T2 + 3

VARI ABLES : "PP2 (M) ,QE2 (M)
ok 3 5 o o b o i ok o 8 e s o e 6o o 3 s e o ok o oK i ok ke ok ok ko0 o 3K 5 o o oK K o6 K ok 3 i 3ok ke oK ok o K o ok ek

*****************************************************************
INIT NOe -2 3 .

™PE'OFUNIT : FIFE

#k INFUT STEEAME %

FaoM : 2

T3 + 3 )

- VARIABLES ¢ FF2 (M) » Q82 (M)

#k QUTPUT STREAMS *x

FEOM ¢ 3

T2 3 4 '

VARIAELEIS = PP3 (M) »GQ3 (M) .
*****************************************************************

*****************************************************************
INIT NOe : 4

TYPE'OF UNIT : CNTRL=VAL

=k INPUT STREAMS xx '

FEQM ¢ 3 ‘ :

T2 s 4 oo

VARIABLES 2 PF3 (M) -»QQ3 (M)

"FROM : 8 '

TZ ¢ 4

VARIABLES & BEIZ2 (M)

#k QUTFUT STREAMS #x% .

-Fig. 6.11 Topclogy of a two tank and control valve system

FAGE /continued
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FROM : 4 ' _ 166
T3 : 5
VARIAELES : PP4 (M) ,Q04 (M)

*******************%***#****************************************$‘

*****************************************************************
INIT NOe 32 S ' '

.-

TFE'DF'UNIT ¢ PIPE

*k INPUT STREAMS ok

FEOM : 4
T3 s 5

VARIABLES : PF4 (M) ,0Q4 (M)

#k QUTPUT STREAMS *xx '

FADOM ¢ 5

T 6 ‘

VAZIAELES : FFS (M) ,QQ5 (M)
******************************************#**********************

***********************************#*****************************
UnIT NOe : & ' _

TYFEOF "UNTYT : CLOSED=-TK

* INFUT STREAMS *% 7

FEOM ¢ 5§

T+ 6

VARIAELZS ¢ PPS (M) 085 (M)

INTERNAL VAEIBELES : L .5 (M)

*% QUTPUT STREAMS *x

FEQM : 6

T2+ 17 ‘

VARI&BLES : PP6 (M) ,BRQs6 (M) _
*****************************************************************

*****************************************************************
UNIT NCe 2 7

TWPEOF 'UNIT : SENSGE=Q

#k INFUT STAREAMS %%

FEOM ¢ &

T 7

VARIABLES : PP6 (M) , 006 (M)

ok QUTFUT STREAMS %%

FSOM ¢ 7
T¢ : 8
VARIAELES
FEOM ¢ 7
T2 9
VAZIABLES : FP7 (M) »QQ7 (M)

Ao A A S R AR R o6 R R ok e R oo R R Kl R 0 R R R 3 o 1 SR R oo K o o s o o 38 6 3 3k 5 o sk oK o oK K o K

558 (M)

(1]

*****************************************************************
UNIT NOe & 8

TYFEOFUNTT : CNTROLLER

*k INFUT STREAMS %% '

FAOWM : 7

_ Fig. 6.11 /continued
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T2 : 8 _ 167
ARI ABLE 588 (M)

FEOM 2 %2

T3 ¢+ 8 °

VARIABLES Uwe (M)

ek QUTFUT STREAMS *x*

FEOM : 4 '

T2 : 4

VARIABLES : BBEL3 (M)

**************&**************************************************

s
L 1)

.*****************************************************************
NIT NOw 3 9

TYPE DY UNIT : DUMMY=T

ok INFUT STREAMS %% 7

FEOM ¢ 7

T3z 9 '
VARLAELES : PP7 (M) , Q@7 (M)
# QUTPUT STREAMS *x

NONE

KR s ek 3 o R o R 0 R o o R ol R R ok o s sl ool 6 ke sk i ok e oK R o ok o 3K K SR o ok 3 K 2K 3 3R o oK ook A ke oK o ok o oK

***f*****************************#*******************************
UNIT NG. H 13

. WPEOFUNIT : DUMMY=H

ok INFUT STREAMS %% 7

NONE

*% QUTPUT STREAMS *x

FROM = 10

T2 + 8 °

VARIAEBLES :. WWO (M)

A K e A o 2R o o 33 KR g ok R o sk o ke SR SR e i oK e R A kSR oK K 3K o 36 ok ok o 3 3 0 oK 3R oK o ok ok ok o ok o 3k K oK o sk

Fig. 6.11
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NIMENCLATUNE ¢

DD MG D U e D D G A

B«EVENT : I35 A EASIC EVENT AND DOES RNOT BIQUIRE FUSTHLR DEVILOP®EINT

B=EVENT IS AN EVENT THAT REQUIRES FURTHER DEVELOFMENT BUT IT.
" 1S RELATED T0 A ECPLACED EVENT IN THE UNIT

T=EVENT .15 AN EVE ?T THAT REQUIRES FURTHER DZVELOFMENT

*#*****************************************************************
sk 4 3K s S e 8 i 3 35 K 36 A ok K ok o o Rk A R OK DZSIGN st 5 o 3 o7 ok o 30l oK R K kR R RO sk ROk R
" s e e s R ok e s ol S 3 3 SKOR 3 SK e R K S 3k 3R K 00 3K SR ROK S0 R B e s e o 5 ok ok o ok o 2K ok 3R o o i ke ok sk o SRR K R
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Flg.. 6.17(a) Fault tree for top event PP3 HI drawn
using the data of Fig. 6.15
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DO YOU WANT T0 LIST THE VARIABLESCY/N) 7 ¢

' MEASURED VARIABLES
HRRHR AR KA A K KK A K

VARIABLES . HI LIMIT - LO LIMIT . STATUS ~ PRIQRITY
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L 5 {22 2 oK -3
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Ss 8 . ¥) . B oK i
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READING VALUES OF MEASURED VARIABLES
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Fig. 6.18 The measured variables of the two tank and control valve system
before anv change has occurred to thenm
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Fig. 6.19 The méasured variables of the two tank and valve system after

some  values and priorities have been changed
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UNIT NOe & CLOSED=TK
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Fault tree for QQ7 HI of the two tank and valve - system when used
for real’ time purposes
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Fig. €.21° Fault tree drawn by using the data provided by the listing of Fig. 6.20




O Number 6f unit

A Nunber of ctream and variables

(M) = Measured variable ‘ o o o . g;(m c
o : . cTiM)
' ' ' : DX

' - ’
. . 'Hot. Stfeam _.—._...).-:Dq: —_— e | SERSQ] T
PP FP " rp — T PP
o) 00 (M) 00 () . 20 M)
TT (M) _ TT{1) TP (M) TTX
xx Sj xx n XX
B(M) '
A e
' A oB(M)
: ‘ o (M) .
. xD
. _ : )
A £\ A ' : “
—_— — 5 - T Contr =< g
Cold Water —— B [ i
: PP PP 3] \ A
o0 oQtm) o0 . !
TT (M) TT (M) T (M} S -
2 2@ 3 1
, ) - -
) -

AN

.

Fig. .22 Heat Exchanger and control loop system

i A TR SN SR

86T -



LI

BMT DK2:2eTNT3 1=DKZ: CENFUMeDAT
BT DKB:1 CoTNT3 E=LKZ:CONTVAS AT
BT DKZ:DeTNT; I=DKZ2: CONTLLDAT
EMT DL2: Z4TNT; 1=2DKE: DUMMYHe DAY
IMT D FeTNT; I=DK2: DUMMY Te DAT
HMT DKZ:GeTNT [=DKE:HEATEX « DAT
T DHatleTwT; I=DKZ: SENSQe DAT
EMT DiQ:deTNT; 1=DK3:SE.NST0DAT
FEU DKZ:O83eTNTs 1=DKE8: TOT4«DAT
DES DKZ:A2«TNT; I=DK3: TOT4CeDAT
FIF %+ TNT;%/DE ~ ’

'Eig. 6.23 TOT4 file used to set up the minitrees and define the topology
. of the Heat Exchanger and control loop system
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TOFILOUGY JF THE EYSTEM
MO 3K K AR K K TR R R R OK 3O K R

3Rl 6 i 3R 3 3 R 3K K K R 3K KR e ok ok a0 ke 3 oK KO R Ol K R A i S K 3R 36 38 K ok K oK R R A K ok 3 7 3K ok K ok ofe ok o ¢ sk e ok e
WIT NOs 2 ¢

TYPEOFUNIT ¢ DUMMY-d

¥k [NFUT STREAMS =%

NONE

% QUTPUT ETRZAMS %%

Frigm @ -1

T s 2

VARIABLES ¢ PPI, QAL (M) »7TTH (M) .XX1 _
- 30k 3 e AR e o ok 0 e o K 46 I 0k 3R RO Rl o o 3 K 4 a5 o S Rk e o 3 ol ofe ek e R SR S o R SR oK o K 36 o 3 o 6 o R o o ok SRR

AR A AR AR A AN AR AR R HACR A A A K AR A K RO R RO AR R o ko K

INIT NOe ¢ 2 '

TPELGFUURTT ¢ CNTRAL=-VAL:

w®k I NPUT STREAMS %%

Fiom @ 1 : ‘ o

T2+ 2 ° : . S )
VARIAHLES ¢ PP1,QQAYI (M) L TTY (M) +XX&

FROM : 7 B s T "

T3+ 2

VARIABLES ¢ Bl1l (M)

% QUTPUT STHREAMS %%

FA0M 3 2

T2 : 3 .

VARIABLES : FP2,QU2 (M) ,TTZ (M) ,XX2

SRR 3 3K 5 B R SR R 3R K SRR KK o Rl o e ¢ S s of R R o ok ok 3K e o sk ok i ok 3K R ok 36 K o ok 3K ok ke ke o 3K o oK R R

e 6 o€ 3 4 ke oK A 3 3 K K 0 3K Ko oK 46 G AR e K B I 3K e ok B 3k K oK K KK 35 K KR oK oK R K ok oK ok o K R SRR ok R o R KR
INIT NOes, ¢ 3 '

TIPE'OF 'UNTT 3 HEAT=EX

w#k INPUT STREAMS %%~

FROM : 2

Td : 3 :
VARIABLES 3 PP2,0Q2 (M) L,TT2 (M) »,XX2
FROM @ §2 ‘

Tz ¢+ 3 ° o o
VARIAELES ¢ PaAc.QBSs (M) »TC6 (M) LXD6 .
#% QUTPUT STAEAMS ®% = S
FROM ¢ 3

T2 1 4 : ‘ ' .
VARIABLES ¢ PPE3,RU3. (M) »TT3 (M) LXX3
oM ¢ 3 : ' C o
13 v 5 , '
VARIABLES 1 AF5,HQS5 (M) LCT5 (M) »DX5

stk 3 o 06 0 o o SRR R K N o K o o HKOR o ok ok e o o o KR R ok otk e o e kol o o i A oK K ol e ko o o AR

INIT NDe ¢ 4

TYPE OF 'UNYT : SENSOR=T

R o oo R A€ SR KK K O 6 R o S K R R 36K o ek 3Rl 3Kl O R s R o K R R KRR R

Flg. 6.24 Topology of the Heat-Exchanger and control loop system
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¥k INFUT STREAMS *x* 201

FipM = 3

TA o4 . _

VARLABLES : PP3,QQ3 (M) »TT3 (M) »XX3

% QUTPUT STREAMS %%

FROM : 4

T3 s 6

VARLABLES : PP4A,UR4 (M) »TT4 (M) +XX4

FROM & 4 ' '

TS : 13

VARIABLES ¢ 5514 (M) :
A R o 36 e o o 3 O K o Rk 0 38 5 ok 36 3R R R 3 A o s oK 36 3 6 R ek K o ok o s oKk s o ok K oK 4 K oK 6 ook

***************************************************¢*************
WIT NOO HE!

TYPEOFUNIT : DUMMY~T . , _ :

*% INFUT STREAMS *%x *° ' .

FE0M ¢ 3

2 1 5 ' :

VARIABLES 1 AFP5,BQ5 (M) LCT5 (MY »DXS

w QUTPUT STHEAMS =% - ' . ) ‘ )

NONE
******************************************************x******m***

**m************m************************#************************
INIT h“- I <)

TYPE'OF UNIT : DUMMYeT

¥k INPUT STREAMS #*

FROM : 4

T3 06 .

VARIABLES : PP4L QR4 (M) »TTa (M) +XX4

*r JUTFUT STREAMS *x% ‘ :

NONE
***************#******#******************x***********************

*****************************************************************
NI T ?0. : 7

WPECFUURNTIT + CNTROLLER

*x INPUT STREAMS %% -

FAOM ¢ 8

T2 s 7

VARIABLES ¢ WL E (M)

FROM : 11} ) '

™%+ 7 °°

VARIABLES : S§S12 (M)

#k QUTFUT STREAMS *x%x-

FroM ¢« 7 :

T2 ¢« 2

VARIABLES BB!I (M)
***************m******************************************¥******

*****************************************************************
INIT &0e & B :

“‘ﬁ-‘-d----

M pLEndesr i s S rn e

' Fig. 6.24  /continued
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TPIL OF UNIT : DUMMY=H '
*xx [ NPUT STFEAMS wk T
NONE

*kk QUTPUT STREAMS *x%
FROM : B

TE o 7

VARIABLES : WW1Z (M)
A e A 56 ok R 0 R o R o o o A R 3 O R o o R K G 1K 3K K R K o SR s o 3 ke K ok o K R oK 46 e o K 6 8 3 oK ok oF ok o

*********************x*******************************************
UNIT NG HE
FEOFUNIT ¢+ DUMMY-H
¥% INPUT STREAMS %% 7
NONE
*k QUTFUT STREAMS *x%
FROM 3 © :
T2 ¢+ 13
VaRAIABLES -+ PF9, QA9 (M) 2 TTY (M) LXX9 :
***************************************************************x*

**********x******************************************************
UNIT NOe t 32 -

TYPR OFUNTT : CENT=PUMP

#% INPUT STREAMS =%’

~FROM : 9 o :

‘T2 o 32 S : S

VARIABLES ¢ PPOLART (M) LTTI (M) »XX32

% OUTPUT STREAMS *x

FROM 3 12 - '

T s 117

VARIABLES : PP8,QQ8 (M) »TTS (M) ,XX8B
*****%*********************m****************#********************

*************************************************************¥***
UNlT NO.: 11

TPEOF URNTT : SENSOR-Q

wx INPUT SIMLAMS ¥k T

FECM ¢ 13
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Fig. 6.27 Measured variables in the Heat Exchanger and control loop system
' ‘before their values were modified
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ChaEter 7

DISCUSSION AND CONCLUSIONS -

The methodology and its applications were presented in the previous
chapters. It is likely that as eiperience is.gained on the appliéa-
tions of fault trees to Chemical Process Plants, tﬂ; méthodolégy 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 af,the

methodology because it allows the construction of fault trees at any

Aplace 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 ﬁo produce a library of models for use as required
rather than models that only xeflect 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- i

action can be achieved between the design engineer and the safety

! ‘
%-E analyst.' ' ;
!

Unit models are flexible and when changes are required, it is only
P the specific unit involved that requires attention, and not the whole ;

plant being considered.

7.2 The minitrees

557“; . 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

'fﬁ} : cut without difficulty. It was decided to use this approach because it
| was a simple and straightforward method that can encourage a non-fault
s tree specialist to froduce 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 Band Side (LHS) variables of the

equations. When the failure analysis is carried out tc produce the
minitrees a better insight of the unit being considered is obhtained. As

i 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 eaéh unit can have a higher quality. This again is not a problem
in the methodology because the unit approcach 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—io-date fault trees for the design can be produced. The quality
S 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

TR

é is carried out thoroughly the unit minitrees will reflect this and the |
E ; results obtained will be better.
IR
ﬂ- The minitrees used in this work for each unit have some similarity
i _
j with Fussell's(Fz) failure tiansfer functions. The difference is that
4
g, the minitrees used here are based on eguations which describe the
i behaviour of the unit and allowed the flow of information in two direc-
.g L tions. Fussell's were cobtained on the basis of experience of the
a ; mechanisms that could cause the'failure of the component. His transfer
g . : functions only allow the flow of information in one way. An explanation
g V; * 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.
The decision tables approach used by Salem(Sl) et al., has some .
: P similarities to the minitrees used here. The main difference with this
work is that their decision tables, although quite complete because
e they consider several states of the variables, do not have the twé—
| way flow property that the minitrees have. Therefore, their trees are
. restricted to be developed only in one direction for top events that
'3,?;, are located at the end of the systen. Lapp and Powers£L4) methodology

has the same problem, only one way flow of information is considered.

f S The nomenclature used for the development of the minitrees during |
ot . b, ' N

w | J
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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 medify 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.

|

| \

‘ ' i
Due to the unit approach used, the control loop is not considered |

as a wnole. Each component of the loo§ is considered a uﬁit in itself ‘

and has its own minitrees obtained accord;ng to the rules mentioned in

Chapter 3. Note how the minitrees shown in Appendix I for the controller,

the sensors and‘the controi valve (which are fhé‘components of the Eon—

t;ol loops considered in the exampleé 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 wvariables.

The two~way information flow ié very useful in this éase. The methodol-

ogy only requires the topolégy of the system gnd the unit minitrees of

the components of the system. The information travels from one unit to

the other and the correct minitrees are linked togethef to produce the

final tree. A good exanmple of how the methodology c¢an handle control

loops are the fault trees shown in Chapter 6. Note that the general
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modeis used for the units provide gene?gl minitrees. An example of this
is the flow sensor unit. The same set of miﬁitrees 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 ﬁeat—Exchanger and Control loops

system with satisfactory results.

A good example of how the methodology deals wi%h multi-state
variables is the Heat-Exchanger and Control Loops systcm.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_valvg was considered to be wide-cpen. 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 obtaingd (considering
only the variable flow for simplicity) for the rest of the uni%s 50

that flow of information due to this specific state of the Flow

' variable could be £ransmitted in the same fashion as the rest of the
faults for the other.variablés.l The top event TT4 HI {(for design éur—
poses) shown in Chépterle shows how the methédology 1inked up the correct

ninitrees and produced a‘fault tree that presents multi-state variables.

7.4 AND Gates and Boundary Conditions

In order to presexve the\coh@rency of the fault trees pro@uced by
the methodplogy the Boundary Conditions and Not-allowed faults were used.
Each time a new branch ofthe tree is developed by the methodology the

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 faﬁltsﬁfor uge further down
the tree. Every time a new gate.ié inserted in the tree the existing
Boundary Conditions and'Not;allowed faults of ﬁhe_gate at the next
1evel'up, are passed onto the gate anq the same process is repeated
with the néw gates that are created‘at the folléwing levels. A
depailed'example of how the Boundary Conditions ané Not-aliowed Faults
are used was presented in Chapter 4. The use of the Not-allowed:

faults in this'féshion aveids the ﬁeed for a@ding extralAND gates to -
the tree with the negation of the faults that could affect the coherency
of the tree. Fig. 7.l.shows how the minitree for the fault QOUT HI would
lock if the Not-allowed faul; "Blockage“_in the Pipe‘moael were added

as an additional branch of the tree. This would regquire more space to
store the minitrees and the prdcess of building the tree would take more

time because of the AND gates involved and the extra checking required.

When AND gates are involved in‘the minit¥ees sometimes the
Boundary Conditions and Not-allowed faults detect an event that éannot
be developed. This implies that the whole branch where the AﬁD 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‘th;t‘all thé AND 'gaies that remain in the
tree,after the deletion of the branch that was first found inconsistent,
does nﬁt cause any contradiction in the remaining tree. This feature
is a majoé advantage when the methodelogy is used for real time puiposes:

The AND gates that appear in theé examples of Chapter 6 have all been




checked by the algorithm before inclusion in the final tree. HNote that
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 the correct minitrees 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 commen 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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1
4

- FORTRAN to solve the same problems would have required many more arrays

than those actually used in this work %nd it would have produced less
efficient prograﬁs, because sﬁbscript evaluvaticn is less efficient than
component selection. Another reason why RT£/2 was uéed instead of
FORTRAN or‘any other of the better known 1anguages,.was that RTL/2 is
ideally suited for real time purposes and smail computers which were
some of thé major features required for the use ofifhe 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 carfied 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 represented by intégers 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 oxder 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 BK was able to accommodate 500 events and 150 gates. Usually half
of the evénts and gates available were uséd 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 treés.'

Fault trees with 60 gates and over 100 events have been produced

by the algorithm used in this work. Considering the facilities

available and the results_reported in the literature,(L4)‘the resgults

obtained during this study are encouraging. Most of the workers men-

tioned in thg literature have not generated trees with more than 25

gates. " The largest trees reported that have been synﬁhesised by com- )
puter conﬁain 143 gates. 1If a lérger Amachine.i; 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 éata area of 24K. With this space

available it would ke 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 standérd program to synthesise fault trees

for almost any chemical process. The_keystone to achieve this is the

specific data of the system under study (minitrees and topology) . 'The

programs were developea beafing this in mind. Flexibility is always

present, so that any change needed in the specific data can alﬁays be
‘ |

carried out without having ﬁo change the programs. With the help of

the indirect command files and the editor provided wiFh the operating 1

system the time needed to carry out any modifications to the specific

data is minimal. A good exémble 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.ana 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 (GI{¥) 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.

 0nce the input data files for each unit minitree were modified the
. same tasks ﬁsed,in all the previous examples were employed to set up

the minitrees for the units forming part of the system under study.

The topology waé defined ané the treeé shown in Chapter 6 were produced
without problem. This flexibility would allow any change in the models,
miﬁitrees 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 éf time for both the safety analyst and the desién engineer.
Fié. 7.2 helps to illustrate how the different tasks created during

this study are used to set up the “envirorment” needed in order to

build the'minitrees; Task-BTRlis the standard program that constructs
thé‘fault trees; it_ihteracfs with the different parts of the data base

to produce the fault itrees.

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 Ch?ES)
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 setiﬁl?imilar 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
: K implemented, the methodology has the capability (due
Co to the way in which the MODES of the data base were
defined) ?83?roduce 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

5 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 fauit trees has been mentioned in the litera-
ture but only as a possibility of seve:g}‘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) TFault tree for design purpcses ohly require the

specific data of the system being considered (mini-
trees and topology). No checking of the measured
variables is reguired. 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

coning 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 methodoldgy 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 solwved.
The next step réquired is to use a pilot plant and obtain these signais
from the plant. Some of the points that will require special attention
ares

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 exrconeous 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 ocut 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 pricrity. This is certainly not the only
way ©f handling the problem and may reguire 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 £ind. that so litﬁle Qork has been done on the
use of fault trees.in the Chemical Process indsutry. There is a
great potenfial in this area that has been neglected. Generally,
different aspecfs of this work need further dévelopment, some suggestions
have been made in the previous sections_of,this chaﬁter but the follow-

ing may be highlighted as the most immediate ones:

1} 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 upit models and minitreeé. 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 coula 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 fhe states
could be Fully Open, Noxmal, Fully Closéa, etc;
Environmental and human effects could alseo 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 sf 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 con£aining the pr9bability/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

péckage.
|
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3} Use of a pilot plant

The practical use of the methodélogy in a pilot plant is
the next stage required. The same data base and the
facilities available can be used for a small system.
Scme simple programs to bandle the analog signals coming
from the pilot plant would be needed'but'no major changes | f

‘éo the programs or'data'base are requiréd. If a better

use of the space available is desired, séme modifications

could be done. This might be carriéd cut by using

another device such as a magnetic tape, to save the

information reiated to the miniﬁrees. A minor modifica-

tion to the program that build the minitrees might Also . j
be required. The modification woﬁld imply that ény
time the minitrees of a specific unit wére reguired by
BIR they could be retrieved from the magneétic tape and
remain in coré only as long as the ianrmation is
needed. Eventually if larger plant sections are
reguired 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 preéented in
this work. The nethodology developed is based on the use of unit
models. These unit models are conventional aynamic models of the
common proéess units found in chemical processes. These models are
used to produce, by means of a failure analysis, un}t minitrees. A
new nomenclature to deal with the minitrees has been defined. The
ninitrees are used in £he construction of fault trees for systems
formed by different units. The methodology has been implemented on-a
PDP-~11/20 digital computer. The coperating system used was RSX-11M.
The computer programs used to implement the methgddlogy were developed
in the RTL/2 p?ogramming language. It allowed the use ofllist pro-
cessing techniques and bit manipulation. Thé synthesis of several
fault trees have been performed automatically with good results. The
results obtained lead to the following conclusions:

1) A systematic approaeh for synthesis of fault trees is

possible.

2} The unit models and conventions used have proved to be

o useful in solving the problem of information flow

through the different systems studied.
3) The two-way information flow feature, of the unit mddels
: 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 infermaticn and made
~easier any modification reguired.

6) There is a close relationship between the quality of the
fault trees produced by the methodolegy 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 trees.

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 bech 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~

ments in plant design and operation.
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AEEendix I

Unit Models and Unit Minitrees

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 modei. 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 caseé,

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. These type of equations help to pre-

serve continuity in process streams passing through several units. The

(F9)

need for this type of equation is discussed by Franks. 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.(Az)

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 aﬁxiliary
data files that were used to implement the minitrees in the digital
computer are alsc shown for each unit. Task PMT was used to produce

the printouts.
A key to the names of the unit models used and to the faults of
the minitrees 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 Minitrees

The unit models and the minitrees used in this work are the

following:
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I.2.1 Centrifugal Pump

p ' P
Q R— 2
T — T
X
X ouT
Fig. 1.2.1 Centrifugal pump
Egquations Used Assumptions
dPIN
1) ac = G(QIN-QOUT) 1) Isothermal Operation
2) 0 = |k.Q -%;k (P Y+ 2) Constant rotational speed of
ouT 1IN IN OUT
impeller
2 %
'k3QIN]
3) XOUT = Xy
4} TOUT = Ty
Name used to identify the unit: CENT-PUMP
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P
L #]
I.2.2 Closed Tank T
IN X
4
Tt o
L . T
1 —
out L X
Fig. I.2.2 Closed Tank
Equations Used Assumptions
1) L. (T o S 1) Closed Vessel
at - ‘““mnCour’ Prank
2) Perfectly Mixed
2) P - kT
IN v - Area L 3} No heat loss
Tank
4) HNo velume changes
- L
i Qour = *2 [PIN+kLL POU'I‘] 5) No phase changes
6) Ideal gas behaviour
B Ty = Toyr
P) ¥ = our
Name used to identify the unit: CLOSED-TK
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I.2.3 Control Valves

Bin
P P
Q T, Q
T b T
X
IN , out L ¥
Fig. I.2.3 Control Valve
Equations Used Assumptions
dPIN
1) =t =‘G(QIN—QOUT) 1) &Air to open
2) Isothermal flow through
_ , sliding-steam valve
2 Qour = ¥arvel Biv? PryFoyr!
3) Contrary to the conventiocns
of Chapter 3 BIN (Pressure)
3 T =T

ouT IN is assumed to be fixed at
the controller.

D Xour = %
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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I.2.4 Controller

WIN —— = Boyr

Fig. 1.2.4 Controller

Equations Used ' Assumptions

1) B = kce + P0 1} Proportional controller

IN IN 3) Contrary to the conventions

of Chapter 3 BOUT (Pressure

is specified here.

Special Nomenclature

B = Pressure

€ = Error

Po = Steady-state output

W = Setpeint

§ = Input signal from sensor

2) Ideal action

Name used to identify unit: CNTROLLER
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I.2.5 Dummy Head

D.H, p———p

£ x-H0D

ouT

Fig. I.2.5 Dummy Head

Equations Used Assumptions

1) QOUT = f(POUT) ' 1) No input streams

2) General purpose use
2) waT = f (other causes)

Special Nomenclature

3) TbUT = f {other causes)

W = set point
4) xOUT = £ {other causes)
Name used to identify unit: DUMMY-H
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I.2.6 Dummy Tail
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D.
iN
Fig. I.2.6 Dummy Tail
Eguations Used Assumptions
1) PIN = f (QIN) 1) 1Mo output streams
2) General purpose use
Name used to identify unit: DUMMY-T
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K o o O R o o i o o o o o o o o oK R kK o R

kR kR ok Rk
* MINITREES *
* FOR *
* DUMMY=T x
I YITIII I LYY
VARIAELE ‘ EeCe & NOT
DESCRIFTION FAULT GATE ALLOWED FAULTS
M=EVENT 3 F 1IN H1 OR LO
* LEK=LF=ENV
T=EVENT : 4] IN HI
VARIALBLE EeCoe & NOT
DESCRIPTION FAULT GATE ALLOWVED FAULTS
e naen | 1
M=~EVENT @ F IN Lo OR H1 |
T FL=EX=ENV |
‘T=sEVENT @ Q IN LO

|
1
Aok ol 2 o O 38 0K K K ok o ok 3 e ok ok e K ok o o K kR K ok 3K s K i ook ke ok ok ol ok koK e ol ok ok K R o K K
|
|
|
|
|
|

FaGE DUMT «PRO




DiMMY=T%

M »

F

|

HI %

b

LKL FafgNVUY%
xpE g T

Lo%

2
FLmEX=ENVUY%
*xPxE

* Dree o)

kK Y
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ouT A
I.2.7 Heat Exchanger  (COLD STREAM){B
: c
D
P P
Q - a
T —— —— e
X IN .
X
(HOT STREAM)
T OUT {HOT STREAM )
A
B
cf'N (cOoLD STReAM)
D
Fig. 1.2.7 Heat Exchanger
Equations Used Assumptions
1) N . G, (. ..-Q ) 1) Shell and Tube design
at 1 ‘*In"“ouT : g
2) Shell perfectly mixed
2) —N =g (B,.-B__ )
I
dt 2 ~In our 3) Plug flow in tube
- Sk
3) QOUT = kl (PIN POUT) 4) No rhase change
i 5) No wall resistance

1) B =k, (A_~A__)
ouT 2 AIN ouT 6) No density changes

[LI‘ -C.)+(T__-C )] AT, + AT
5) z = UArea —OUT > our _IN'Jl4) ar = _L_z____z_
~2 4 NProTC pHOT 1N 8) Counter-current
6) TO " o..p.C
OUT"HOT pHOT
7) C = Z+Bm0001dcpcoldc‘.[b: Special Nomenclature
our BOUTpcol dcpcol a in the model
8) X = x A = Pressure
our I B = Flow
For cold
o) DOUT-= D, C = Temperature streams
D = Molar fraction

Hame used to identify unit: HEAT-EX
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MO 0 3 e o o o e ok o ok ok o ke ajc ok e o o e o i o o o ok ak ok ok ok 3 i o e o ke 3 o ok ofc afe ok e ok ofe o o e ok ok e ok ok e o ok Rk ok

M=EVENT

T«EVENT
T=EVENT
R=EVENT
B=EVENT

M=EVENT

T=-EVENT

" s ¥

R=EVENT :
R=SEVENT

M=EVENT

T=EVENT :

T<EVENT

M=EVENT

T=EViINT
R<EVENT
R=EVENT
E<EVENT

M=EVENT

T=EVENT
R=EVENT

o 2 ok ok ke o o o oK 3K K K X
* MINITREES %
* FOR *
* HEAT=EX =%
ok a5 o ok g o ol K Aok kK K
VARIAHLE
DESCRIFPTION FAULT
T ouT Hl
T IN HI
a ouT HI
Z=-L0O
EXT«FI1RE
VARIALBLE
DESCRIFPTION FAULT
T ouT LO
T IN Lo
A
Z=H1
VaRIABLE
DESCRI PTION FAULT
a
(\] ouT LO
Q ouT NO=FLOW
VARIAEBLE
DESCRI FTION FAULT
C QuT H1
C IN H1
B
Z=Hl
EXT=F1RE
VARIABLE
DESCRIFTION FAULT
B
B ouT LO
c
VARIABLE
DESCRIPTION FAULT

HEATEX « PRO

GATE

OR

GATE

EX=GER

GATE

BeCe & NOT
ALLOWED FAULTS

Lo

BeCe & NOT
ALLOVED FAULTS

LR R P

HI

EeCe & NOT
ALLOWED FAULTS

D I N T

BeCe & NOT
ALLOVED FAULTS

LO

BeCe & NOT
ALLOWED FaAULTS

BeCe & NOT
ALLOWED FAULTS
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M=EVENT 3 c AND
T-EVENT : B ouUT NO=-FLOV
T<EVENT : e ouT GTR
VARIAELE "HeCs & NOT
DESCRIPTION FAULT GATE ALLOWED FAULTS
M=EVENT 1 e ouT GT® OR
T-EVENT @ a 1N GT?
VARIALLE BeCe & NOT
DESCRI FTI10N FAULT GATE ALLOWED FAULTS
M=EVENT : c ouT LO OF H1
T=EVENT : c IN Lo
TSEVENT ¢ B oUT LO
R=SEVENT 1 Z=L0
VARIAELE BeCe & NOT
DESCRI PTION FAULT GATE ALLOWED FAULTS
M=EVENT Zanl OR Z=L0
T=EVENT 1 T oUT HI
T=EVENT : C ouUT LO
VARIAELE BeCe & NOT
DESCEI FTION FAULT GATE ALLOWED FAULTS
'M=EVENT 3 Z=L0 OR ZeHI
T-EVENT : T oUT LO
TSEVENT 3 c oUT HI
VARIABLE BeCe & NOT
DESCRIPTION FAULT GATE ALLOWED FAULTS
M=EVENT ¢ P N H1 OR LO
. LK=LP=ENV
T=-EVENT Q IN HI
TSEVENT . o ouUT Lo
B=<EVENT 1 ELOCKAGE
B=EVENT : LK=~HF=ENV
VARIAELE BeCe & NOT
DESCRI FTION FAULT GATE ALLOWED FAULTS
M=EVENT 3 P IN LO OR H1
N FL=EX=ENV |
PAGE HEATEX« FRO




T=EVENT
T<-EVENT
B=EVENT

M=EVENT

T=EVENT
T=-EVENT
BSEVENT
B=EVENT

M=EVENT

T=EVENT
T=EVENT
B=EVENT

M=EVENT

T=EVENT
T<EVENT
E=EVENT

M=EVENT

T=EVENT
T<SEVENT
B<EVENT
B=EVERT

M=EVENT
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Q In Lo
Q ouT Hl
LK=LP=ENV
VARIABLE
DESCRIPTION FAULT
A IN H1
B IN Hl
B ouT LO
BLOCKAGE
LK=HP=ENV
‘VARIAEBLE
DESCRI FTION FAULT
A In LO
B IN LO
b QuUT HI
' LK=LFP=ENV
VARIAHLE
DESCRIFTION FAULT
Q ouT H1
P IN HI
P ouT LO
FL=EX=ENV
VARIABLE
DESCRIPTION FAULT
Q ouUT L0
F 1IN LD
P our HI1
ELQCKAGE
LK=LF=ENV
VARIAEBLE
DESCRI PFTION FAULT
B ouT HI

HEATEX+ PRO

GATE

OR

------

GATE

OR

GATE

OR

BeCe & NOT
ALLOVED FAULTS

--------------------------

Lo
LK=LP~ENV

BeCe & NOT
ALLOWED FAULTS

HI
FL=EX=ENV

BeCe & .NOT
ALLOVWED FAULTS

LO
CLOSED
ELOCKAGE
SHUT

BeCe & NOT
ALLOVED FAULTS

- Ep apEh G Ak O 0 O " B

1

BeCa & NOT
ALLOWED FAULTS

- O - K e S

LO
CLOSED
ELOCKAGE
SHUT




T~EVENT
T=-EVENT
B=EVENT

M=EVENT
T-EVENT
T=EVENT

B=EVENT
B=EVENT

M=EVENT

T=EVENRT

M=EVENT

T-EVINT

M=EVENT

T=EVENT

M=EVENT

T=EVENT

M=EVENT

T=EVENT
B<EVENT

M=EVENT

FAGE

o8 o M a8

(1)

A IN
A ouT

VARIABLE
DESCRI FTION

B ouT

A IN
A out

VARIABLE
DESGRIPTION

- up w ap oy S8 o o W &

Cpssssassrt i pR R e s

X ouT
X IN

VARIABLE
DESCRIPTION

PRI IRy I

X ouT
X IN

VARIABLE
DESCRIFTION

b ouT
D In

VARIAELE
LESCRI FTION

......................

D IN

VARIABLE
DESCRIPTION

B oOUT NO=FLOW
B It NO=FLOV
COMP=ELOC
VARI ABLE
DESCRI PTION FAULT .
Q oUT NO=FLOW
HEATEX « FED

£

HE
Lo

FLeEX=ENV

FAULT

LO
Hl

BLOCKAGE
LK=LF«ENV

FAULT

..........

----------

..........

----------

oooooooo

--------

........

........

--------

GATE

Ok

......

BeCe & NOT
ALLOWED FAULTS

--------------------------

Bele & NOT
ALLOWVED FAULTS

LO

BeCe & NOT
ALLOWED FAULTS

- - G & A0 EE A A D A AN

..........................

BeGCe & NOT
ALLOWED FAULTS

- o e ey op =p ap db db S S .

........................

BesCe & NOT
ALLOWED FAULTS

H1

BeCs & NOT
ALLOWED FAULTS

BEeCe & NOT
ALLOWED FAULTS

.......................




T=-EVENT : Q IN
B=EVENT 1
VARIABLE
DESCRIPTION
" M=EVENT : B ouT
T=EVENT : B IN
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NO=FLOW
COMP~ELOC

FAULT

-y wp -

IR YL

GT®

GTe

GATE

OR

BeCe & NOT
ALLOWED FAULTS

ﬁ******************t#**t********#**********************************

PAGE HEATEX . FR)




EXT=FIRE%

BeBE2)

FAGE
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. EXT=FIREX
- BeBB22

PAGE HEATEX « LAT
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2
L~LF=ENVE
*PEY

PAGE
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HEATEX.LAT
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2
H.OCKAGEX
B.0@83

B

2
LK=HF=ENVUZ
B.8224

Loz

2
FL=EX=ENVZ
xpEY

L=l FaENVY
2.292%

Hl %

.
LK=LFP=-ENV2

*Pxy

H.OCKAGER
ge222¢
B

2
LK=HP=ENVZ%
CRe2Bi

Loz
2
FL=EX=ENU%
ey

'l' .

PAGE
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LK=L F=ENVZ
2.2227

M

o

H1Z

2

. HLOCKAGEX
CLOSEDX

C SHUTR

L3 13

FL=EX=~ENVZ
Be222Y

H.OCKAGE%
2. 2029
B

2

LEK=L F=ERVZX
g.2212

™ -

B

e

FAGE HEATEX «DAT
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Hl % 305
8

H.OCKAGE2X

CLOSEDX

SHUT%

L3 L33

FL=EX=ENVZX
 B.0811
Mo

H.OCKAGEX
2e2212
B .

2
IK=LF=ENVE
2.23213

M -

FAGE HEATEX « DAT




LOZ% 306

"~ NO=FLOW®
2
xR

'NO=FLOWX
g

2 -
CCMP=BLOCS

2. 2281

" :

q

2
- NO=FLOWZ

PE

*xP %

NO=FLOW %
B

2
COMF=BELOC
2.2221

PAGE HEATEX «LAT
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| 3 -
Py 1
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I.2.8 Pipe
P P
Q Q
# ﬂ
T T
X )N outl X
Fig. 1.2.8 Pipe
Equations Used Assumptions
dPIN
1) &t - G (QIN—QOUT) 1) 1Isothermal flow
2} No density change
_ - n
2) Qou'r = k(PIN Pou'r)
3 Try = Tour

4 Xy = Xoyp

PIPE

Name used to identify unit:
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sl s e o o ok 0o o o 0o o o e o o o S o ol o o o o a0 o o ol o ol oo ok ol o o ok o ok oK Ko ok

o sk e ke ofeoge ok o e K K
* MINITREES %
* FOR *
* PIFE *
o5 2 3 e e ok e e e o ok
VARIAELE ' BeCe & NOT
DESCRIPTION FAULT GATE ALLOVED FAULTS
M=EVENT : Q ouT H1 OR LO
" CLOSED
BLOCKAGE
SHUT
T=EVENT @ P IN HI
TSEVENT ¢ P ouT LO
B=EVENT FL=EX=ENV
VARIABLE BeCe & NOT
DESCRI FTION FAULT GATE - ALLOWED FAULTS
M=-EVENT 1t Q ouT LO OR H1
T«EVENT : P IR LO
T=EVENT : F ouT 191
B=EVENT : ELOCKAGE
BSEVENT @ LK=LF=ENV .
VARIABLE BeCe & NOT
DESCF1 FTION FAULT GATE ALLOVED FAULTS
M=EVENT P IN H1 OR LO
T LK=LP=iNV
T«EVENT ¢ Q IN HI
TSEVENT 1t Q ouT L.O
B=EVENT : BELOCKAGE
B=EVENT @ LK«HFP=ENV
VARIAELE BeCe & NOT
DESCEIFTION ~ FAULT GATE ALLOWED FAULTS
M=EVENT 3 P IN LO OR H1
" FLe=EX=ENV
T=EVENT ¢ o ouT HI
T<EVENT « IN LO
B=EVENT : LK=LP=ENV
VARIAEBLE BeCe & NOT
DESCRI PTION FAULT GATE ALLOVED FAULTS
M=EVENT 3 T ouT HI OR LO
PAGE FIFE «PRO




T=EVENT
B=EVENT

M~EVENT

T_-EUENT

M=EVENT

T=EVENT

M=EVENT

T=-EVENT

M=EVENT

T=EVENT
B<EVENT

M=EVENT

T=EVENT

ok 2 o o ok 3 ke e ke OK 3 ok A ok o 3l ok K o K OK K K R K *********************_#*************

T IN

VARIAHBLE
DESCRI PTION

SeisEdnsnsrragnin g

T  ouT
T IN

VARIAELE
DESCRIFPTION

- A

CELrLE s s rara

X ourT
X IN

VARIABLE
DESCRI FTION

b ) s G e S 3 b

fyrmpupiTrsupir cn

X ouT
X IN

VARIALLE
DESCRIFT10N

PR BV RARA R s e

o ouT
Q IN

VARIABLE
DESCRIPTION

Q ouT .

Q IN

FIFE
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HI
EXT=FI1RE

FAULT

arssasner s

Lo

LO

FAULT

HI

Hl1

FAULT

LO

Lo

FAULT

L L L X L J
Feinprw

NO=FLOW
NO=FLOW
CoMP=-BELOC

FAULT

..........

GT®

« PRD

........

GATE

GATE

Ok

GATE

OF

GATE

OR

BeCe & NOT
ALLOWVED FAULTS

H1

BeCe & NOT
ALLOVED FAULTS

Lo

BEeCe & NOT
ALLOWVED FAULTS

HI

BeCe & NOT
ALLOWED FAULTS

BseCe & NOT
ALLOVED FAULTS
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HI %

]

. HLOCKAGEX
CLOSEDX

SHUTx

IR T TY 1

FLeEX=ENVX
BeBB2ZY

BLOCKAGEX
BeR2B2
B ‘

2
LK"LP-EN vx
28225

H1 %

.

LK« P=ENVZ
L3113

T

FlFL
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P

HLOCKAGEX
BeBRES
B

2
. LK=HP=ENVZ
 BeB224

b

Loz
]
_FL=EX=ENVZX
LY TS S

LK=LF=ENV%
8.228E5

2 .
EXT=F1HE%
BQE'ZZ.!
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NO=FLOWX
P
Bk

NO=FLOWZR
B

2 .
COMP=BLOC2
Boﬂlﬁ!

GTE2
*

L L2 TR 3

P1FE
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1.2.9 Sensors

314

Sourt
P P
Q — Q
—_— e
T " 1T
X}n out | X
Fig., I.2.9 Sensor
Equations Used Assumptions

.dPIN

1) T G (QIN-QOUT) 1) lsothermal flow
1 2) No density change
2) Q = k(p__~P_ )
ouT IN “our 3) Multipurpose use
3) TbUT = TIN'
Special Nomenclature
4) X =
ouT XIN *Y = variable under study, it
may be Flow(Q),
5) SOUT = f(¥¥) Pressure(P) or
Temperature (T)
S = Output signal to controller
Name used to identify unit: SENSOR-Y*
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M=EVENT

T=EVENT
T<EVENT

M=EVENT

.. T=EVENT
. T=EVENT

M=EVENT

T=EVENT
TSEVENT

M=EVENT

T=EVENT
T=EVENT

M=EVENT

T=EVERT
BfEVENT

PAGE

LRI TR I

*»

0 2 o 0 o o o

DESCRI FTION

. SENG

* MINITREES =*
* FOR *®
* SENSOR=-L =
R R kN ok
VAR! ABLE
DESCRIPTION FAULY
a auT HI
P IN "HI
P ouT Lo
VARIAEBLE
DESCRIFPTION FAULT
Q ouT LO
P IN LO
F ouT HIl
VARIAHLE
.DESCRIFTICN FAULT
F IN HI
Q IN HI1
a ouT LO
VARIAELE
" DESCRIFTION FAULT
P iN LO
@ IN LO
& ouT H1
VARIAHELE
CESCRIPTION FAULT
5 our HI
[\ IN HI
SEN=FA=HI
VARI ABLE

FAULT

«PRO

GATE

OR

GATE

OR

GATE

GATE

0R

GATE

OR

GATE

BeCe & NOT
ALLOWED FALLTS

Lo
CLOSED
BLOCKAGE
SHUT

BeCe & NOT
ALLOVED FAULTS

HI

BEeCe & NOT
ALLOVED FAULTS

....................

LO
LK=LP=ENV

BoCo_& NOT
ALLOVED FAULTS

HI
LK=HF«ENV

BelCe & NOT
ALLOWED FAULTS

LO

BeCe & NOT

ALLOWED FAULTS



M=EVENT

T=EVENT
B=EVENT

M=EVENT

B=EVENT

M=-EVENT

T=EVENT :
B'-jEUE‘.N‘I‘ H

M=EVENT

T-EVENT

M=EVENT

T=EVENT

M=EVENT

T«EVENT

M=EVENT

. T=EVENT
"B=EVENT

PAGE -

-

S ouT

Q IN

VARI ABLE
DESCRI PTION

R P Y IR Y]

S ouT

VARIAHLE
DESCRIPTION

LA T T L R

T ouT

T IN

VARIABLE
DESCRI PTION

IR IT Y

T ouT
T IN

VARIABLE
DESCRIFTION

X ouT
X IN

VARI ABLE
DESCRIPTION

X ouT
X IN

VARIABELE
DESCRI PTION

- A S 4 R T . . "
e

a  out

- IN

VARIAELE
DESCRIFTION

ssesrrrrenn

SENQ
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LO
LO
SEN=FA«LO

FAULT

NO«CHANGE
SENS=STCK

FAULT

HI
H1
EXT=FIRE

FAULT

e - ah ab

Teumsy

Lo

----------

----------

..........

NO=FLOW
NO=FLOW
COMP=ELOC
FAULT

----------

« PRO

OR

GATE

Y P

OR

GATE

OR

--------

GATE

OR

GATE

GR

G6ATE

-------------------------

BeCe & NOT
ALLOWED FAULTS

L L TN TN TR I I RN R

BeCs & NOT

ALLOVED FAULTS

--------------------------

BeCe & NOT
ALLOWED FAULTS

" ) -

srasrwn

HI

BeCe & NOT
ALLOVED FAULTS

sevsrrrenrLraen sy

LO

BeCe & NOT
ALLOVED FAULTS

........................

BeCe & NOT
ALLOVED FAULTS

BeCe & NOT
ALLOWED FAULTS



M=EVENT 1

T=EVENT :
R<EVENT 3

M=EVENT :

T-EVENT ¢
B<EVENT 3

5

a

ouT

IN

VARI ABLE
DESCRIPTION

LY Iy TR I

4]

IN

sapugee- arw
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GTP

----------

NO=FLOW
SI=STR=PL

EX=0R

BeCoe & NOT
GATE ALLOWED FAULTS
AND
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SHIR
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- HLOCKAGEZ
CLOSEDX
SHUTx
*§n g
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5 *ebepILaDAm~ v
e x O ,

[
"

mg—m::mhqh-pq
= A

L= P=ENVZ
w@iER "

Lox

2
LKwHF=ENUVZ
xP¥EE

ab-—lgn-ov-!
. e

FAGE
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. SENeFA=HIX

 BepZeY”
B I

- SEN=FA=LO%X
S.9002"
M

S _

NO=CHANGEX
g :
*x@x X

B

-
SENS=STCK%
L. 0223
M

EXT=FI1RES%
2.2021
b
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M=EVENT

T=EVENT
TSEVENT

M=EVENT

T=EVENT @

T<SEVENT :

M=EVENT

T=EVENT
TSEVENT

M=EVENT

T-EVENT
TSEVENT

M=EVENT

T=-EVENT
 BSEVENT

PAGE
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o o e 20K o ok o Kok X0k
* MINITREES =»
% FOR *
* SENSOR-T
T TT T TYY P Y Y
VARIAELE
DESCRIFTION FAULT
Q ouT Hl
P IN HI
P ouT LO
VAEl AELE
DESCRI FTION FAULT
a ouT LO
F In LO
P ouTt HI
VARIAELE
TESCRIPTION FAULT
P IN HI
Q IN HI
Q ouT LO
VARIABLE
DESCRI FTION FAULT
P ) ¢ LO
& IN Lo
Q - ouT- HI
~ VARIAELE
DESCRIFPTION FAULT
S ouT H1
T iN H1
SEN=FA=HI
VARIAELE
DESCEIPTION FAULT
SENT oFPED

GATE

OR

GATE

OR

GATE

OE

........

GATE

BeCe & NOT
ALLOWED FAULTS

.......................

Lo
CLOSED
BLOCKAGE
SHUT

BeCe & NOT
ALLOWVED FAULTS

PAsERs . wpmraFYE I RPN

HI

HeCe & NOT
ALLOVED FAULTS

Y I YRR

LO
LK=LP=ENV

Bels & NOT
ALLOWED FAULTS

HI
LK=HF=ENV

BsCs & NOT
ALLOWED FAULTS

Lo

BeCoe & NCT
ALLOWED FAULTS
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BSEVENT 1

"M=EVENT

B;EVENT

M-EVENT

 T=EVENT :
B=EVERNT :

M=EVENT

T-EVENT

- M=EVENT

T=EVENT

M=EVENT

T-EVENT

M=EVENT

T=EVENT
BXEVENT

FAGE

----------------------

VARl ABLE
DESCRI PTION

LI Y N T T Y L Y ]

S ourt

VARIAHLE
DESCRIPTION

AR A A AN TR LN LN AR

T ouT

T IN

VARI ABLE
DESCRIPTION

L LR LY L TR T I

T ouT
T IN

VARIABLE
DESCRI PTION

----------------------

X IN

VARIAELE
DESCRIPTION

X ouT
X IN

VARIAEBLE
DESCRI FTION

(IR I T I

aQ out

@ IN

VARIAEBLE
DESCRI FTION

sdernsewsr

SENT

----------

LO
SEN=FA~LO

FAULT

arsmavsave

NO=CHANGE

SENS=STCK

FAULT

A . -

HI
H1
EXT=F1RE

FAULT

Lo

----------

----------

NO~FLOVW
NO=FLOW
CGMF=BLOC
FAULT

----------

« PRO

--------

GATE

OR

.......

GATE

OR

--------

........

L I T L TR T

H1

BeCe & NOT
ALLOWED FAULTS

Frewrrenghiasnde

Beles & NOT
ALLOWED FAULTS

Fnassassiupars

LO

BeCe & NOT
ALLOWED FAULTS

------------------------

BeCe & NOT
ALLOWED FAULTS

LO

BeCe & NOT
ALLOWED FAULTS

Hi

EeCs & NOT
ALLOVWVED FAULTS
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I.2.10 valves

P
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Fig. 1.2.10 valves
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Table 'I.1

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/m?
Q Volumetric flow rate m* /s
T Temperature °x
t time sec
u Overall Heat Transfer W/ﬁFok
Coefficient
v volume m*
X Mass fraction -
Z Heat flux W/m?
p Density kg/m*




Key to the Names of the Unit Mcdels

Name Used in the Minitrees and trees

Name of the Unit

CENT-PUMP
CLOSED-TK
CNTRLV-SC
CNTRL~VAL
CNTROLLER
DUMMY~H
DUMMY-T
HEAT-EX
PIPE
SENSOR-Q
SENSOR-P
SENSOR-T

VALVE

Centrifugal Pump

Closed Tank

Control vValve (Special Case)
Control Valve

Controller

" Dummy Head

Dummy Tail

Heat Exchanger
Pipe

Flow Sensor
Pressure-Sensor
Temperature Sensor

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 Fault
A Dummy fault
B Dummy fault
. BLOCKAGE Blockage
C Dummy fault
CLOSED Closed
COMP-BLOC Completely Blocked
CONT-F~HI Controller Fails High
CONT-F-LO Controller Fails Low
CONT-STCK Controller Stuck
BLOC~OUTL Blockage at theoutlet of tank
BLOC-INLE Blockage at the inlet of tank
D Dummy fault _
DUMMY Dummy fault (for general use)
EXT-FIRE External fire
FAI-CLOSE Fails Close
FATL~HI ~ Fails High
FAIL~1O Fails Low
FAIL-OPEN Fails Open
FAIL-TO-CL Fails to clese on demand
FAIL~-TO-QP Fails to open on demand
FIL-EX-ENV Flow from External Envircnment
G1¢ Flow in the unit ‘
BI High
1o Low
LK-LP-ENV Leak to Low Pressure Environment
IR-HP-ENV Leak from High Pressure Environment
HMANUAL Manual
I&EECH—f‘AIL Mechanic failure
NO-CHANGE No change
NO~-FLOW Ho flow

/continued




Table I.3 (continued)

treel:a::eldu\snelgtiziz?:rees Fault
NO-SIGNAL No Signal
OPEN Cpen 7
OTHER~CAU Other Causes
SENS-STCK Sensor Stuck
SEN-FA-HI Sensor Fails High
SEN-FA-LO Sensor Fails Low
SET-PO-HI Set Point High
SET-PO~-LO Set Point Low
sSHuT Shut
SHUTDOWN Shutdown
SI1I-STR-PL Signal Stream Plugged
VALV-5TCK Valve Stuck
WILDE-OPEN valve Wide Open
Z~HI Heat flux High
Z2-10 Heat flux Low

" Note: The dummy faults are used only in Replaced Events







