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Appendix A 

THE DEFINITIONS OF THE PROLOG OPERATORS 
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op(41, xfx, @). 

op(240, xfx,: ). 

op(230, xfx, then). 

op(220, fx, if). 

op(44, xfy, or). 

op(42, xfy, and). 

op(18, fx, rule). 

op(18, xfx,; ). 

op(18, xfx, is 
- 

caused 
- 

by). 

op(18, xfx, is-indicated_by). 

op(18, xfx, exhibits states). 

op(18, xfx, has_units). 

op(14, xfx, scan_previous). 

op(17, xfx, fails). 

op(l7, xfx, does-not_fai1). 

op(17, xf, working). 

op(17, xfx, =>). 

op(14, xfx, -). 

op(17, xfx, =/=>), 

op(17, xfx, reads). 

op(15, fx, local 
- 

indication). 

op(14, fx, device). 

op(14, fx, control 
- 

loop). 

op(14, fx, trip_loop). 

op(14, fx, pressure). 

op(14, fx, flow). 

op(14, fx, temperature). 

op(14, fx, level). 

op(14, fx, signal). 

op(14, fx, indication). 

f 
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Appendix B 

SIMULATING THE REACTOR CHARGING SYSTEM 

The simulated section of process plant is purely hypothetical, 

but is based on similar examples in the literature, [20,57,30]. Figure 

BA is a schematic diagram of the modelled plant. Pure ethanoic acid 

is pumped from a storage tank down a 40m pipeline into an elevated 

buffer tank (tank 2). From this tank the acid flows under gravity into 

the reactor rl which is maintained at a pressure of 0.3 bar gauge. The 

function of the buffer tank is to provide the reactor with a constant 

head of fluid in an attempt to decouple it from the pipeline process 

noise. To achieve this, the level is controlled by manipulating the 

inlet flow, using level sensor ls-2, controller cnt-1 and control 

valve cv-1. 

The tank drain valves v5 and v7 are closed during the normal 

operation of the process and the remaining isolation valves are fully 

open. Valve v6 is a manual control valve which is initially adjusted 

to throttle the flow out of tank 2. Pipes 2,3 4 and 5 are sized at 

25mm ID and are 4m, 40m, lm and 5.7m in length respectively. Pipe 5 

connects the flow sensor to the elevated tank and therefore includes a 

net vertical section of 4m and 3 900 bends. 

The normal level of tank 2 is 0.5m which gives it an effective 

head of 3.5m above the reactor inlet. The control loop has 

proportional and integral action with a deadband of cm around 

the setpoint. 

I 
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Figure B. 1 The Modelled Process Plant 
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Because the flow out of tank 2 is due to gravity and distances are 

short, pipes 6 and 7 are sized at 50mm ID. Pipe 6 has a 3m vertical 

section, a 900 elbow and a lm horizontal section and pipe 7 is simply 

a 1M horizontal pipe. 

The dynamic simulation conveniently breaks down into four parts, 

modelling the flow into the tank, the flow out of the tank, the tank 

level and the response of the control loop. To simplify the modelling 

task the process dynamics are approximated as second order. The first 

differential term is due to the acceleration or deceleration of the 

fluid in the pipes and the second is because of the accumulation of 

ethanoic acid in buffer tank 2. 

Unfortunately the simulation is further complicated because it is 

necessary to introduce faults into the system. Four basic types of 
faults have been considered: 

The first class are pipe and tank leakages. Tank leaks are easily 
incorporated since this simply involves modifying the tank 

accumulation differential equation to include the extra term. For 

example the level in tank 2 is now defined by Equation B. I: 

qin qout - qleak ý A. dl (B. 1) 

where q 

t 

is the flowrate at the tank inlet, outlet or at the leak 

is the tank cross sectional area 

is the tank level 

is the time 

Pipe leaks are modelled by dividing the pipe section into two 

equal parts and removing the leaking fluid from the intermediate 

point. Figure B. 2 illustrates the model: 

I 
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Figure B. 2 Modelling Pipe Leakaggs 

l<---- dPi ---- >1 j<---- dP2 

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

qin --I Pipe 1/2 1 ----- I Pipe 2/2 1-- qout 
----------------- ----------------- 

qleak 

The steady state pressure drop is given in Equation B. 2 

dp = K(q2in + q2out) 

where 

qin = qout + qleak 

(B. 2) 

For the reactor charging system leaks, can be introduced in any of 

the pipe sections, at the pump inlet and at the control valve 

outlet. 

2 The second type of fault is a blockage, either due to a pipes 

increased resistance, the process fluid freezing or the 

inadvertent closing of an isolation valve. Within the simulation, 

a pipe blockage can be introduced in both the buffer tank inlet 

and outlet pipelines. Additionally the isolation valves v2, v3, v4 

and v8 can be closed. 

3 The indication faults are the third class. These can be of two 

types, either the sensor fails invariant or it spontaneously fails 

giving a false reading. All the monitored indications can be 

affected in this way. The control valve stem position can also be 

made to fail invariant, high or low. 

4 Finally the fourth type of fault is a centrifugal pump failure, 

resulting in the loss of discharge pressure. In this circumstance 

the impeller speed is assumed to decay exponentially. Given that 

the pressure delivery is a function of the rotational speed 

squared, [62] the pressure decay is modelled by Equation B,. 3. 
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-0.0166-t 2 
Pump discharge pressure ý Pin + 17.9*e 2610*q (B. 3) 

where Pin is the Pump inlet pressure 

t is the time since failure in seconds 

q is the flowrate through the pump 

The simulation program runs as a detached process on the 

MicroVax. Once every 10s the task copies the fault data from the 

process variable database into its local variable storage. The 

program then performs two iterations and writes the resulting 

values back into the database. 

For each iteration the rate of change of flowrate in and out 

of tank 2 is calculated and using Euler's method, the new flows 

are estimated. From these flows the rate of change of level and 

therefore the actual level can be determined. The last step in the 

process is to calculate the new controller output value given the 

new level sensor signal. 

I 
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Appendix C 

THE KBS CONTROL PROGRAM 

When the KBS is not responding to user commands, the control 

program (described in Chapter 6) continually cycles through a number 

of tasks. These include reading input from the terminal, checking the 

database for new alarms, updating the time and date on the terminal 

screen and retrieving process variable and alarm information from the 

database. 

The function of the four tasks is described in more detail in 

Sections C. 1 to C. 4. 

C. 1 Reading Input From The Users Terminal 

Once every cycle of the control program loop, the terminal's 

input buffer is checked for new characters. Because some of the other 

control program tasks update the terminal screen, when a terminal key 

is depressed its associated character must not be automatically echoed 

to the screen. Otherwise the keyboard characters could be written in 

amongst those of the other tasks, For this reason the POP11 raw 

character input buffer is used. When a character is detected in this 

buffer, it is read, added to a list of input characters and written to 

the screen when all other tasks have completed. If the character is a 

carriage return, the list of previous characters is passed back to the 

operator interface for parsing. 
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The function keys on the VT241 terminal are used in the operator 

interface to perform specific functions. When these keys are depressed 

the terminal generates an escape sequence. Therefore when an escape 

character is read from the input buffer, the succeeding characters are 

also read and passed back to the operator interface. 

c. 2 Checking The Process Variable Database For New Alarms 

Unlike the input scanning task, the check for new alarm messages 

is not performed every cycle of the program control loop. Instead the 

check is made once every 500 cycles, which equates to about once every 

1.5s at the normal MicroVax system loading. 

The database is first interrogated to determine the latest alarm 

message number. If this number is unchanged from the previous alarm 

message check, then the task terminates. When new unaccepted alarm 

messages are detected, the current operator interface screen is 

updated with a summary of the first outstanding alarm message. The 

remaining outstanding alarm messages, if any, are also displayed 

singularly after subsequent alarm message checks. 

Before the alarm message summaries are written to the screen, the 

current position of the cursor on the command input line is saved. 

Fortunately with the VT241 terminal this simply involves sending an 

escape character followed by a '7'. When the screen has been updated 

the sequence of escape '8' restores the cursor to its original 

position. 

c. 3 UpdatinR The Current Time And Date 

The current time and date is updated on the operator interface 

screen once every 500 cycles of the control program loop. The value of 

the time and date is obtained using a POP11 system procedure, and the 

cursor position is saved and restored as described in the previous 

section. 
p 
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C. 4 Retrieving Process Variable Information From The Database 

As described in Section 6.1.1, the process variable information 

is only kept in the database for 30 scan intervals. Whilst this is 

adequate for most purposes, if an alarm diagnosis is requested 30 scan 
intervals after it was detected, the diagnosis cannot be performed. To 

overcome this potential problem, when a new alarm is detected the 

control program ensures that the information required for its 

diagnosis is copied into the PROLOG database. 

When a rulebase is compiled, the database information required 
for the diagnosis of every considered variable deviation is 

determined. This information is then stored within the compiled 

rulebase. Following the detection of a new alarm, the rulebase is 

interrogated to ascertain the process variable data that is required 
for its diagnosis. The PROLOG database is then checked to determine if 

the same information has already been accessed for a previous alarm. 
If this is not the case a data request is queued. The alarm message 

checking task performs this function. 

Once every 500 cycles of the control program the oldest data 

request, if one exists, is retracted from the PROLOG database. The 

information, in terms of a specific variable and scan number, is 

accessed from the process variable database and stored back into the 

PROLOG database. 

A time history of all the process alarms is also managed in a 

similar way. 

p 
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Appendix D 

THE INFORMATION SPECIFIED TO THE RULEBASE COMPILER 

The rulebase used by the fault diagnosis system is compiled from 

an ASCII file generated by the user. This appendix briefly describes 

the information that needs to be specified prior to compilation. 

D. 1 The Process Variable Description 

For each process variable that is modelled within the rulebase, 

up to three attributes need to be defined: 

All the possible fuzzy state names must be specified. This is 

achieved using the 'exhibits-states' clause as illustrated below: 

Variable X exhibits_states [low, normal, high, null, null, null] 

The operator 'exhibits-states' is infix, with a higher precedence 

than the variable operators 'level', 'pressure', 'flow' etc. 

A maximum of six fuzzy states can be specified, but if any 

are undefined, the atom 'null, must be substituted in the list. 

The order of the ranges must also be the same as in the process 

variable database. This information could be obtained directly 

from the process variable database, thus avoiding the necessity to 

specify it twice, but the rulebase compiler was not developed to 

that level of sophistication. I 

318 



The relationships between process variables and their indications 

are defined using the 'is-indicated_by' infix operator. For 

example, the clause: 

flow fl is_indicated_by [buf_acd_fl_l, buf_acd_fl_2] 

states that flow variable fl is monitored by the two indications 

named 'buf_ acd_fl_l' and 'buf_acd_fl_2'. The list structure 

enables any number of indications to be assigned to the process 

variable. 

3 If a process variable is monitored by more than one indication, 

the maximum permissible error between the indications needs to be 

stated, as discussed in Chapter 5. The more conventional PROLOG 

clause structure is used for this purpose, as illustrated below: 

maximum-error(flow fl, 0.03) 

In addition to the three predicates which define the process 

variable attributes, two other clauses must also be specified, 

detailing information about the indications. The first relates the 

indication names to their indices in the process variable database, as 

follows: 

indication_index(buf_acd_fl_1,2) 

The second predicate specifies the units associated with each 

indication for display purposes. For example: 

indication fl_il has-units 'm3/sl 

The 'has-units' operator is again infix with a higher precedence than 

the 'indication' prefix operator. 

p 
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D. 2 Causal And Indication Rules 

Three different types of rules can be specified in the source 

code to the compiler. These are the causal rules, the subsystem rules 

and the indication rules. 

The causal rules describe the potential causes of process 

variable deviations in terms of other process variable deviations, 

basic unit failures or subsystem failures. The subsystem failure rules 

describe the causes of a subsystem fault such as a control loop 

failing high, in exactly the same way. The syntax of these rules is 

discussed in more detail in Section 3.2. 

The indication rules detail all the possible explanations for an 

indication outputting its signal value. These include both the working 

and failure modes of the instrument equipment. These are described in 

Section 5.4. 

D. 3 Basic Event Definitions 

The information required by the inference engine about the 

failure rates of individual process units is discussed in Section 5.1. 

To recap, four items of data must be specified: 

1 The name of the fault, in the form 'X fails Y' 

2 The failure frequency in terms of events per year. 

3 The type of fault, either an enabling or an initiating fault. The 

two mnemonics 'init' and 'enab' are used in this context. 

4 The fault detection and repair time. 

The information about each potential fault is specified 

separately in 'basic_event' predicates. Two example predicates are 

illustrated overleaf: 

0 
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basic-event(pipe_1 fails large_leakage, 0.1, init, 10) 

basic-event(fs_1 fails normal, 0.5, enab, 2016) 
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Appendix E 

THE USER GRAPHIC SCREENS SUPPORTED BY THE KBS 

All the KBS displays have been designed for a VT241 colour 

graphic terminal using the REGIS graphics protocol. This appendix 

describes the major features of the four displays in Sections E. 1 to 

E. 4. 

E. 1 The Unaccepted Alarm Message DisRlay 

The unaccepted alarm message list is represented in tabular form, 

using six tables, each containing seventeen alarm messages. For each 

alarm the indication name, deviation state, alarm status (set or 

cleared) and diagnosed status is displayed. 

The top line of every page is reserved for unaccepted alarm 

messages, which are displayed for a period of about two seconds if 

other outstanding messages exist. Only the indication name, deviation 

state and alarm status is displayed in this area. On the second line 

the current time and page number are shown. 

The middle twenty lines of each screen is allocated for the alarm 

message table, which leaves the bottom two lines as a user entry and 

message window. To minimise the input key strokes, extensive use has 

been made of the function keys available on the VT241 terminal. By 

depressing the HELP key a summary of the available commands and their 

function keys is shown. 0 
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E. 2 The Accepted Alarm Message Display 

This display is identical to the unaccepted alarm message screen 

except that only three pages are required to accommodate the 50 

potential messages. 

E. 3 The Facia Panel Mimic Screen 

The alarm status of each indication can be reviewed at a glance 

using a mimic of the traditional facia panel displays. Up to twenty 

mimic alarm facias can be configured on each display screen. 

Under normal conditions the text describing the alarm is written 

in white characters on a black background. However, when an alarm is 

active, the background colour of the relevant box changes to flashing 

red until the alarm is accepted. If the alarm is still active on 

acceptance, the background remains constant red until the alarm 

clears. 

As with the alarm message screens, the top two lines are reserved 

for new unaccepted alarm messages and the current time. The bottom two 

lines are allocated for user entry and displaying messages. A help 

screen is also associated with this display. 

E. 4 The Alarm Diagnosis Display 

A typical alarm diagnosis display is pictured in Figure EA. Like 

the other three screens, the main diagnosis display is split into a 

number of separate windows, four in total. The top two and bottom two 

lines are again reserved for unaccepted alarms, the current time, user 

input and the display of KBS messages. The middle twenty lines are 

further divided into two windows of eight and twelve lines. 

The larger of the two windows, in the lower half of the screen, 

is permanently designated to displaying the explanations of the most 

recently diagnosed alarm. These are listed in descending order of 
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likelihood from the top of the window. To the right of the first line 

of each explanation, the likelihood of the cutset is printed next to a 

small bar graph of the likelihood. The graphical representation of the 
likelihood is intended to enable the user to assess the relative 
importance of each explanation with greater ease. 

To prevent the user focusing too much attention on one very 
likely fault, or ignoring the less probable explanations outright, all 
the likelihoods are displayed as numbers between 99.9% and 0.1%. 

Similarly, the likelihoods are portrayed graphically between 1% and 
99%. 

Given that the alarm explanations can involve multiple device 

failures and expected boundary conditions, it is generally not 

possible to display more than three or four explanations at any one 

time. A paging facility is therefore provided to enable the user to 

examine all the cutsets. This is achieved by depressing the terminals 

page forward and page back keys. 

The upper window is more dynamic and allows the user to examine 

additional information which will help to confirm or reject the 

proposed alarm explanations. When an alarm is first diagnosed, the 

window is used to display a brief explanation of the reasons why or 

why not the current alarm is being diagnosed in conjunction with other 

alarm(s). 

0 
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Fijzure E. 1 The Alarm Diagnosis Graphic 

325 



Appendix F 

THE FUNCTIONALITY OF THE RULEBASE COMPILER 

This appendix describes the functionality of the rulebase 

compiler used to pre-process the natural language fault propagation 

rules. 

F. 1 FarsinR The Rulebase 

The principal function of the rule parser is to check 

exhaustively every rule for syntactic correctness. Since the three 

rule types have the same basic structure the same procedure is used to 

validate them all. 

The parsing of the rules is driven by a PROLOG fail loop. The top 

level predicates are listed below: 

% failure driven loop to check the syntax of the rules 

rule_parser 

X: Y, 

check_x_syntax(X), 

check_y_syntax(Y), 

fail. 

% end of the loop 

rule_parser. 

326 



The first 'rule_parser' clause contains the actual loop, the second 

clause enables the predicate to succeed when all the rules have been 

examined. 

The failure loop works as follows. Firstly the uninstantiated 
rule template IX: Y' causes the PROLOG interpreter to search its 

database for either a causal, subsystem or indication rule. If a rule 
is found, then the variables X and Y become instantiated to the rule 
head and body. For example, if the first rule in the PROLOG database 

is: 

rule 1.1 : if 

device pump_l fails stopped 

then 

pressure pl => very-low. 

then X is instantiated to 'rule 1.1' and Y to 'if device pump-l fails 

stopped then pressure pI = > very 
-low'. 

The X and Y rule parts are now checked for syntactic correctness 

using the two predicates 'check_x_syntax' and 'check_y_syntax' . These 

clauses are discussed later. Finally, the 'fail' function forces the 

PROLOG predicate to fail. This causes the interpreter to backtrack and 

try and re-satisfy the previous clauses. The two syntax checking 

clauses cannot be re-satisfied so the PROLOG interpreter searches the 

rulebase for another predicate which matches the 'X: Y' template. If 

another is found, then the process continues, otherwise the second 

Prule_parser' clause terminates the execution of the loop. Using this 

mechanism, every rule in the rulebase source code is sequentially 

accessed and examined. 

The 'check_x_syntax' clause simply warns the user if the rule 

head is not of the form 'rule V. Checking the rule body is a little 

more complex. Firstly the rule body is divided into an 'if' part and a 

'then' part. If this is not possible, the user is again notified of 

the syntax error. 

f 
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The rule 'then' part is analysed first. If a causal rule is being 

considered, the principle process variable deviation is first 

separated from any boundary condition states. The source code to the 

compiler is then searched for the predicates which define the 

attributes of the process variables in the 'then' part, namely the 

'exhibits_states' and 'is_indicated_by' clauses discussed in Appendix 

D. Similarly, if an indication rule is being processed, the 

'indication_index' and the 'has_units' predicates are sought. If these 

are not found, the user is informed of the omissions. In the case of 

the subsystem rules no additional checks are performed. 

The structure of the rule 'if' part, in terms of the 'and' and 

for' operators, is checked automatically by the PROLOG interpreter 

when the clauses are loaded into the database. The rule parser ensures 

that the individual rule fragments have the correct syntax and that 

any associated data is also specified in the source code. In addition 

to these functions, the first stage of the rulebase compilation is 

performed. 

The causal and subsystem rules are structured so that if the rule 

'then' part is known, the prerequisite conditions or antecedents can 

be determined. The knowledge has been structured in this form 

principally because the inference mechanism attempts to diagnose the 

causes of given variable deviations. Predicting the consequences of a 

particular fault is therefore difficult since it would involve 

searching every rule's 'if' part for a match. As described in Chapter 

4, this type of information is useful for both detecting common mode 

faults and in deciding which alarm diagnoses should be combined. 

To overcome this limitation of the knowledge representation, the 

potential consequences of basic faults, variable deviations and 

subsystem failures are identified as each rule fragment is parsed, 

When a basic fault is encountered, the parser checks that the 

appropriate failure rate and maintenance or repair time has been 

specified. If the basic fault has not been present in any previously 

parsed rule, then the basic fault definition clause is modified. This 

involves retracting the predicate and storing it back into the PROLOG 

database with an extra argument. The new fifth argument contains the 
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current rules 'then, part in a list structure. When the basic fault is 
detected in another parsed rule, that rules 'then' part is also added 
to the list. 

Process variable deviations are treated in exactly the same way. 
The parser first checks the source code for the associated 
'exhibits_states' and 'is 

- 
indicated_by' predicates and warns the user 

if they are not present. The potential consequences of the process 
variable deviation, i. e. the rules 'then' part, are stored in a list 

structure within the 'common_param ' predicate. For example, if the 
low flow of stream fl into a tank causes the upstream pressure pl to 
become high and the tank level 11 to become low, then the resulting 
'common_parami predicate will take the form: 

common_param(flow fl => low, [level 11 => low, 

pressure pl => high]). 

The same information is also specified separately within the two 

'grab_info' predicates as follows: 

grab_ info(level 11 => low, flow fl, X). 

grab_ info(pressure pl => low, flow fl, X). 

These clauses are used at a later stage to identify what process 

variable information is required from the FORTRAN database when 

either the level low or high pressure alarms occur. 

Finally, when a subsystem failure is encountered the rule which 
defines the subsystem failure mode is searched for and the user is 

informed if it cannot be detected. The consequences of a subsystem 

failure are asserted into the 'sub_system-info' clause in exactly the 

same format as the 'common_param' clause. 

p 
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F. 2 Compiling The Rulebase Information 

As discussed in Appendix C, when an alarm is detected, the KBS 

control program attempts to capture the information required for its 

diagnosis from the process variable database. The rule parser task 

crudely ascertains what information is required for each alarm from 

the causal and subsystem rules. This is then temporarily stored within 

'grab_info' predicates. 

The first task of the rulebase compiler involves gathering into 

lists the 'grab_info' data which pertains to the individual process 

variable deviations. The indication names within the lists are then 

converted into their corresponding numerical indices within the 

process variable database. Finally, the results are stored within the 

compiled rulebase in the form: 

param-required(1,2, [l: n, 2: n, 5: n, 3: n]). 

The first argument is the index of the alarmable indication 

within the process variable database and the second argument is the 

deviation index. The symbol 'n' is bound to the indices of the 

required indications in the list, to signify that the latest scan data 

should be requested. 

The second step of the rulebase compilation simply involves 

gathering together the causal rules which describe the same process 

variable deviation into a single list. Firstly, a long list is made of 

all the possible deviation states of every process variable defined 

within the rulebase source code. Each of the potential faults is then 

passed to the old inference mechanism which searches the PROLOG 

database for matching causal rules. When a match is found, the textual 

format of the rules is modified and the result is appended to a list 

of other possible causes. The modified rule format is described in 

more detail in Chapter 4. 

After all the matching causal rules have been identified for the 

particular process variable deviation, the resulting 'super' rule is 

asserted into the PROLOG database in the form shown overleaf: , 
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causes(Index, Var => State, Result, No, 
_, _). 

The first argument is a unique index for the process variable 

deviation and the second describes the fault in a textual format. The 

'Result' argument is a list of all the modified causal rules described 

previously and the fourth argument is the number of elements in that 

list. The last two arguments are undefined, but become instantiated at 

a later stage of the compilation. 

Once the causal rules have been pre-processed, the subsystem and 

indication rules are treated in a similar fashion. Although there 

should only be a single rule which defines each failure mode of a 

subsystem or indication, both the rule structures usually contain 

'and' and 'or' logic. The compiler therefore accesses each rule, 

converts the basic rule framework into a list structure and then re- 

asserts the modified information back into the PROLOG database. For 

example, consider the indication rule shown below: 

rule 24: 

if 

device fs_2 does_not_fail high 

and 

flow f2 reads high 

or 
device fs-2 fails high 

then 

indication reac-acid_fl reads high. 

This information is processed into the form: 

indic-causes(Index, indication reac-acid_fl reads high, 

[[device fs-2 does-not-fail high, flow fl reads high], 

[device fs-2 fails high]]). 
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and similarly the subsystem rule: 

rule 17: 

if 

device cv-1 fails high 

or 
device cnt_l fails high 

or 
device ls-1 fails low 

and 

signal lsl fails low 

then 

control_loop cll fails high. 

is converted into the form: 

sub_causes(Index, control-loop cll fails low, 

[[device cy-1 fails high @ 

[device cnt 
-1 

fails high @ 

[device ls-1 fails low @ 

signal ls-1 => low @ 

The first argument specifies the unique rule index and the second 

argument, the original rule 'then' part. The third argument contains 

the rules antecedents and in the case of the subsystem rule, the last 

argument is instantiated at a later stage of the rulebase compilation. 

As described in Section F. 1, when the rules are parsed, the 

consequences of each antecedent are temporarily stored within the 

PROLOG database. Once the causal, subsystem and indication rules have 

been processed and assigned a unique index, the consequence 

information is then retrieved and stored within the new rule 

structures. 

The basic fault descriptions are processed first. For each basic 

event the rule 'then' parts, potentially caused by the fault, are 

converted into a more compact format. If the basic fault causes a 

process variable deviation, this information is converted into the 
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form 'par : XI. The 'par' atom specifies the type of consequence and X 

is instantiated to the index of the rule which lists all the causes of 
the process variable deviation. Similarly if thp basic fault causes a 

subsystem or indication failure, this is converted into the form 'sub 

:V or 'ind : V. As before the index which is bound to the 'sub' or 
'ind' atoms corresponds to the appropriate subsystem or indication 

rules. The new resulting list of consequences is then checked to 

remove duplicated elements. 

The consequences of each subsystem failure and process variable 
deviation are processed in exactly the same way as the basic fault 

consequences. The compact list of consequences is then substituted as 

the fifth argument of the 'causes' predicate or the fourth argument of 

the 'sub_causes' predicate, where appropriate. 

The fourth phase of the rulebase compilation involves identifying 

the common cause faults which affect more than one process variable 
deviation. The causes of each process variable deviation are 
individually examined to determine how many other variable deviations 

are caused by the same fault. When the fault being scrutinised causes 

a subsystem failure, the effects of the subsystem failure are 

propagated until variable deviations are reached. 

If a process variable deviation is caused by another process 

variable deviation, then this causal link is also noted. The results 

are then stored in a list and any duplicated elements removed. The 

format of the information is similar to the consequence data except 

that two different mnemonics are used. A list element of the form 'cc 

: X' specifies that the process variable deviation with index X can be 

caused by some of the same faults that cause the current variable 

deviation. Similarly the list element 'in :X' states that the 

deviation of index X is a cause of the current variable deviation. 

The list which describes the common cause relationships between 

process variable deviations is asserted as the sixth argument of the 

relevant 'causes' predicate. Examples of the inputs and outputs of the 

rulebase compiler are included in Appendices I, J and K. 
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Appendix C 

THE FAULTFINDER UNIT MODELS 
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MODEL NUMBER NAME 
6 DUMMY HEAD 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 1 
NO. OF EVENT STATEMENTS: 3 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

UNIT THAT ACTS AS A SOURCE FOR MATERIALS. 

3) PROPAGATION EQUATIONS 

Q10UT=F(GlOUT) 

EVENT STATEMENTS 

F OTH-CAUS: QlOUT LO, QlOUT HI, Q10UT NONE, Q10UT SOME, QlOUT REV 
F OTH-CAUS: PlOUT NONE, PlOUT SOME, PlOUT NOR, PlOUT REV 
F OTH-CAUS: PlOUT LO, PlOUT HI, TlOUT LO, TlOUT HI, X10UT LO, XlOUT HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
7 DUMMY TAIL 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 1 
NO. OF EVENT STATEMENTS: 3 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: I 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

UNIT THAT ACTS AS A SINK FOR MATERIALS. 

PROPAGATION EQUATIONS 

GlIN-F(QlIN) 

4) EVENT STATEMENTS 

F OTH-CAUS: GlIN LO, GlIN HI, GlIN NONE, GlIN SOME, GlIN REV 
F OTH-CAUS: RlIN NONE, RlIN SOME, RlIN NOP, RlIN REV 
F OTH-CAUS: RlIN LO, RlIN HI, UlIN LO, UlIN HI, YlIN LO, YIIN HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

p 
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MODEL NUMBER NAME 
8 SET POINT UNIT 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 4 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

DUMMY UNIT REPRESENTING THE INPUT OF A SETPOINT VALUE 
TO A CONTROLLER OR TRIP SWITCH 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F SET-P-LO: WlOUT LO, W20UT LO, W30UT LO, W40UT LO 
F SET-P-LO: W50UT LO, W60UT LO, W70UT LO, W80UT LO, W90UT LO 
F SET-P-HI: WlOUT HI, W20UT HI, W30UT HI, W40UT HI 
F SET-P-HI: W50UT HI, W60UT HI, W70UT HI, W80UT HI, W90UT HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
10 FLOW SENSOR (PIPE) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 9 
NO. OF EVENT STATEMENTS: 6 
NO. OF DECISION TABLES: 1 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PIPE MOUNTED SENSOR: PNEUMATIC: DIRECT ACTING 
INFINITELY SHORT PIPE. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GlIN, G20UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 
S3SIG=F(GlIN) 

EVENT STATEMENTS 

F SEN-F-LO: S3SIG LO, S3SIG NONE 
F SEN-F-HI: S3SIG HI, S3SIG SOME 
F SEN-STK: S3SIG NCHA 
F SIG-CB: S3SIG NONE 
F SIG-PB: S3SIG LO 
V S4UTL NONE: S3SIG NONE 

DECISION TABLES 

V GlIN SOME V Q20UT SOME T S3SIG SOME 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 

. 13 PIPE 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 8 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

SIMPLE PIPE UNIT ALLOWING DEVIATIONS TO PROPAGATE THROUGH 
AND INITIATING THE SIX MAIN BASIC FAULTS. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT-F(GlIN, G20UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

EVENT STATEMENTS 

F PART-BLK: GlIN LO, Q2OUT LO, P2OUT LO, RlIN LO 
F COMP-BLK: GIIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P20UT NONE, P2OUT NOR 
F LK-LP-EN: GlIN HI, GlIN SOME, Q20UT LO, Q20UT N0NE, Q20UT REV, RlIN HI 
F IY, -LP-EN: RlIN SOME, RlIN NOP, P2OUT LO, P2OUT NONE, P2OUT REV 
F LK-HP-EN: GlIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q2OUT SOME, RlIN LO 
F 1Y, -HP-EN: RlIN NONE, RlIN REV, P20UT HI, P2OUT S0ME, P20UT NOR 
F EXT-HEATMOUT HI, UlIN HI 
F EXT-COLDMOUT LO, UlIN LO 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
14 VESSEL PORT SPLITTER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 0 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

UNIT TO PROVIDE ADDITIONAL VESSEL PORTS ON TANKS ETC. 
A PERFECT UNIT 

PROPAGATION EQUATIONS 

L2VES=F(LIVES) 
P2VES=F(PlVES) 
T2VES=F(TlVES) 
XMSýF(XlVES) 
L3VES=F(LlVES) 
P3VES=F(PlVES) 
T3VES=F(TlVES) 
X3VES=F(XlVES) 

EVENT STATEMENTS 

N/A 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
16 DIVIDER (2 OUTPUTS) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 12 
NO. OF EVENT STATEMENTS: 15 
NO. OF DECISION TABLES: 12 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A UNIT TO SPLIT A STREAM INTO 2 OUTPUT STREAMS. 
PORTS 20 ARE THE OUTPUT STREAM PORTS. 
NO PIPE TYPE FAULTS. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT, Q30UT) 
RlIN=F(R20UT, R30UT) 
UlIN=F(U20UT, U30UT) 
YlIN=F(Y20UT, Y30UT) 
Q20UT=F(G20UT, GlIN/G30UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN, -R30UT) 
Q30UT=F(G30UT, GIIN/Q20UT) 
T30UT=F(TlIN) 
X30UT=F(XlIN) 
P30UT=F(PlIN, -R20UT) 

EVENT STATEMENTS 

V Q30UT HI: Q2OUT REV, Q20UT NONE 
V Q20UT HI: Q3OUT REV, Q30UT NONE 
V Q30UT REV: Q20UT HI, Q2OUT SOME, A(DUMMY), GlIN NONE, GlIN REV 
V Q20UT REV: Q30UT HI, Q3OUT SOME, A(DUMMY), GlIN NONE, G11N REV 
V Q30UT NONE: Q20UT HI, A(DUMMY) 
V Q20UT NONE: Q3OUT HI, A(DUMMY) 
I A(DUMMY): GlIN LO 
V R30UT HI: P20UT NONE, P20UT REV 
V R20UT HI: P3OUT NONE, P30UT REV 
V R30UT REV: P20UT HI, P2OUT SOME, P20UT NOR, B(DUMMY), RlIN NONE 
V R20UT REV: P30UT HI, P3OUT SOME, P3OUT NOR, B(DUMMY), RlIN NONE 
V R20UT NONE: B(DUMMY), P30UT HI 
V R30UT NONE: B(DUMMY), P20UT HI 
I B(DUMMY): RlIN LO 
V R20UT NOP AND R30UT NOP: RlIN NOP 

DECISION TABLES 

V Q20UT NONE V Q30UT NONE T GlIN NONE 

V R20UT NONE V R30UT NONE T RlIN NONE 

V PlIN NOR V R30UT NONE T P20UT NOR 

V PlIN NOR V R20UT NONE T P30UT NOR 

V U30UT LO V Q30UT REV T T20UT LO 

V U30UT HI V Q30UT REV T T20UT HI 

V Y30UT LO V Q30UT REV T X20UT LO 
f 
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V Y30UT HI 
V U20UT LO 
V U20UT HI 
V Y20UT LO 
V Y20UT HI 

V Q301JT REV T X20UT HI 
V Q20UT REV T T30UT LO 
V Q20UT REV T T30UT HI 
V Q20UT REV T X30UT LO 
V Q20UT REV T X30UT HI 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

p 
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MODEL NUMBER NAME 
17 HEADER (2 INPUTS) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 12 
NO. OF EVENT STATEMENTS: 20 
NO. OF DECISION TABLES: 6 
NO. OF FAILURE MODES: 1 

2) ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

HEADER COMBINING TWO INPUT STREAMS TO GIVE ONE OUTPUT STREAM. 
PORTS 1 AND 3 ARE THE INLETS, PORT 2 IS THE OUTLET. 
THERE IS NO SPARE INLET CAPACITY. THERE ARE NO PIPE TYPE FAULTS. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT, -G3IN) 
RIIN=F(R20UT, -P3IN) 
UlIN=F(U20UT, T3IN) 
YlIN=F(Y20UT, X3IN) 
Q20UT=F(GIIN, G2OUT, G3IN) 
T20UT=F(TlIN, T3IN) 
X20UT=F(XlIN, X3IN) 
P20UT=F(PlIN, P3IN) 
G31N=F(Q3IN, Q20UT, -GIIN) 
R31N=F(R20UT, -PlIN) 
U31N=F(U20UT, TlIN) 
Y31N=F(Y20UT, XlIN) 

EVENT STATEMENTS 

V G31N HI: GIIN NONE 
V G31N SOME: GlIN REV 
V G31N NONE: GlIN HI, A(DUMMY) 
V G31N REV: GlIN SOME, GlIN HIIA(DUMMY), Q20UT NONE 
V GlIN HI: G3IN NONE 
V GIIN SOME: G3IN REV 
V GlIN NONE: G3IN HI, A(DUMMY) 
V GlIN REV: G31N SOMEIG3IN HI, A(DUMMY), Q20UT NONE 
V Q20UT REV: GlIN REV, G31N REV 
I A(DUMMY): Q20UT LO 
V P31N HI: RlIN NONE 
V KIN HI: R3IN NONE 
V P31N SOME: RlIN REV 
V KIN SOME: R3IN REV 
V P31N NONE: B(DUMMY), RlIN HI 
V PlIN NONE: B(DUMMY), R3IN HI 
V P31N REV: RlIN HI, RlIN SOME, RlIN NOP, B(DUMMY), P2OUT NONE 

V PlIN REV: R31N SOME, R3IN HI, R3IN NOP, B(DUMMY), P20UT NONE 

I B(DUMMY): P20UT LO 
V PlIN NOR AND P31N NOR: P20UT NOR 

DECISION TABLES 

V GlIN NONE V G31N NONE T Q20UT NONE 

V PlIN NONE V P31N NONE T P20UT NONE 0 
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V R20UT NONE V P31N NOR T KIN NONE 
V R20UT NONE V PlIN NOR T R31N NONE 
V R20UT NOP V P31N NONE T RlIN NOP 
V R20UT NOP V PlIN NONE T R31N NOP 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
32 SIGNAL SPLITTER (2 OUTPUTS) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 2 
NO. OF EVENT STATEMENTS: 0 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

UNIT TO SPLIT SIGNAL INTO TWO OUTPUTS. 
NO FAULTS EXIST IN THE UNIT. 

PROPAGATION EQUATIONS 

S2SIG=F(SlSIG) 
S3SIG=F(SlSIG) 

4) EVENT STATEMENTS 

N/A 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
70 INSTRUMENT AIR SUPPLY (IAR) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A UTILITY TO SUPPLY INSTRUMENT AIR FOR TRIP AND CONTROL LOOPS. 
THERE ARE NO INPUTS, ONLY OUTPUTS FROM THIS MODEL. 
DUMMY TAILS ARE NOT REQUIRED ON UNCONNECTED PORTS. 
LOSS OF UTILITY IS THE ONLY POSSIBLE FAULT. 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F IAR-LOSS: SlUTL NONE, S2UTL NONE, S3UTL NONE, S4UTL NONE, S5UTL NONE 
F IAR-LOSS: S6UTL NONE, S7UTL NONE, S8UTL NONE, S9UTL NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

p 
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MODEL NUMBER NAME 
71 ELECTRICAL POWER SUPPLY 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A UTILITY TO SUPPLY ELECTRICAL POWER. 
THERE ARE NO INPUTS, ONLY OUTPUTS FROM THIS MODEL. 
DUMMY TAILS ARE NOT REQUIRED ON UNCONNECTED PORTS. 
LOSS OF UTILITY IS THE ONLY POSSIBLE FAULT. 

PROPAGATION EQUATIONS 

N/A 

4) EVENT STATEMENTS 

F POW-LOSS: SlUTL NONE, S2UTL NONE, S3UTL NONE, S4UTL NONE, S5UTL NONE 
F POW-LOSS: S6UTL NONE, S7UTL NONE, S8UTL NONE, S9UTL NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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1) 

NO. 
NO. 
NO. 
NO. 
NO. 

2) ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

OPEN VESSEL, ONE INLET, TWO OUTLETS AND A VESSEL PORT. 
REVERSE FLOW INTO OR OUT OF TANK IS NOT CONSIDERED. 

PROPAGATION EQUATIONS 

GIIN=F(QlIN) 
Q20UT=F(G20UT, L4VES) 
T20UT=F(T4VES) 
X20UT=F(X4VES) 
P20UT=F(L4VES) 
Q30UT=F(G30UT, L4VES) 
T30UT=F(T4VES) 
X30UT=F(X4VES) 
P30UT=F(L4VES) 
L4VES=F(GlIN, -Q20UT) 
T4VES=F(TlIN) 
X4VES=F(XIIN) 

4) EVENT STATEMENTS 

V Q30UT SOME: L4VES LO, L4VES NONE 
F LK-LP-EN: L4VES LO, L4VES NONE 
V Q20UT HI: L4VES NONE 
S NORMAL: GlIN SOME, Q20UT SOME 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 

MODEL NUMBER NAME 
75 VESSEL (1 INLET, 2 OUTLETS, OPEN) 

OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
OF PROPAGATION EQUATIONS: 12 
OF EVENT STATEMENTS: 4 
OF DECISION TABLES: 0 
OF FAILURE MODES: 1 
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MODEL NUMBER NAME 
101 CENTRIFUGAL PUMP (RUNNING, WITH ONE UTILITY) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 5 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 11 
NO. OF DECISION TABLES: 4 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

MOTOR DRIVEN: CONSTANT SPEED: POWER SUPPLY UTILITY (PORT 3). A(DUMMY) 
IS A GROUPING OF FAULTS WITH THE SAME EFFECTS AS PARTIAL BLOCKAGE. 
LOSS OF UTILITY (S3UTL NONE) IS THE ONLY UTILITY FAULT THAT MAY OCCUR 
AND HAS THE SAME EFFECT AS SHUTDOWN, GROUPED UNDER B(DUMMY). THE PUMP 
MUST NOT BE RUNNING, BEFORE REVERSE FLOW CAN PASS THROUGH THE UNIT. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GIIN, G20UT) 
T20UT-F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

EVENT STATEMENTS 

F PART-BLK: GlIN LO, Q2OUT LO, RlIN LO, P20UT LO 
F SHUTDOWN: B(DUMMY) 
V S3UTL NONE: B(DUMMY) 
I B(DUMMY): GlIN NONE, Q20UT NONE, RlIN NONE, P20UT NONE 
F LK-LP-EN: GlIN HI, GlIN SOME, Q20UT LO, Q2OUT NONE, Q20UT REV 
F LK-LP-EN: RlIN HI, RlIN SOME, P20UT LO, P2OUT NONE, P20UT REV 
F LK-HP-EN: GlIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q20UT SOME 
F LK-HP-EN: RlIN LO, RIIN NONE, RlIN REV, P20UT HI, P20UT SOME 
F COMP-BLK: GIIN NONE, Q20UT NONE, RlIN NONE, P2OUT NONE 
S NORMAL: RlIN NOP, P2OUT NOR 
V Q20UT NONE: P20UT HI 

5) DECISION TABLES 

I B(DUMKY) V GlIN REV T Q20UT REV 
I B(DUMMY) V Q20UT REV T GlIN REV 
I B(DUMMY) V PlIN REV T P20UT REV 
I B(DUMMY) V R20UT REV T RlIN REV 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: RUNNING AND NO REVERSE FLOW POSSIBLE 

NO MULTI-COMPONENT FEATURES 

f 
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MODEL NUMBER NAME 
103 HAND VALVE (CLOSED) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 7 
NO. OF PROPAGATION EQUATIONS: 4 
NO. OF EVENT STATEMENTS: 6 
NO. OF DECISION TABLES: 16 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A VALVE CLOSED DURING NORMAL OPERATION. A(DUMMY REPRESENTS THE VALVE 
BEING OPEN. THE DEVIATIONS 'LO' AND 'HI' DO NOT HAVE THE OBVIOUS 
MEANINGS IN THIS UNIT. SINCE NO FLOW, PRESSURE AND RELIEF ARE THE 
NORMS. THE ONLY SENSIBLE DEFINITION FOR 'LO' IS 'REV', AND FOR 'HI' IS 
'SOME' 

. 
THEREFORE, NO FUNCTIONAL EQUATIONS FOR G, Q, R OR P ARE GIVEN 

(THESE WOULD GIVE 'HI' AS CAUSE OF 'HI' ETC. ). EVENT STATEMENTS AND 
DECISION TABLES ARE USED INSTEAD. 

PROPAGATION EQUATIONS 

UlIN=F(U20UT) 
YlIN=F(Y20UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 

EVENT STATEMENTS 

0 HV-D-OP: A(DUMMY) 
S NORMAL: GlIN NONE, Q20UT NONE, RlIN 
V QlIN SOME: GlIN SOME, GlIN HI 
V QlIN REV: GlIN REV, GlIN LO 
V G20UT SOME: Q20UT SOME, Q20UT HI 
V G20UT REV: Q20UT REV, Q20UT LO 

NONE, RlIN NOP, P2OUT NONE, P2OUT NOR 

DECISION TABLES 

I A(DUMMY) V TIIN LO T T20UT LO 
I A(DUMMY) V THN HI T T20UT HI 
I A(DUMMY) V XlIN LO T X20UT LO 
I A(DUMMY) V XIIN HI T X20UT HI 
I A(DUMMY) V R20UT SOME T RlIN SOME, RlIN HI 
I A(DUMMY) V PlIN SOME T P20UT SOME, P20UT HI 
I A(DUMMY) V R20UT REV T R20UT REV, RlIN LO 
I A(DUMMY) V PlIN REV T P20UT REV, P20UT LO 
I A(DUMMY) V U20UT LO T UlIN LO 
I A(DUMMY) V U20UT HI T UlIN HI 
I A(DUMMY) V Y20UT LO T YlIN LO 
I A(DUMMY) V Y20UT HI T YlIN HI 
I A(DUMMY) v GlIN SOME T Q20UT SOME, Q20UT HI 

I A(DUMMY) V Q20UT SOME T GIIN SOME, GlIN HI 

I A(DUMMY) V GlIN REV T Q20UT REV, Q20UT LO 

I A(DUMMY) V Q20UT REV T GlIN REV, GlIN LO 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: CLOSED - NO FLOW THROUGH UNIT. 
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NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
104 CONTROL VALVE (AIR TO OPEN) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 23 
NO. OF DECISION TABLES: 8 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

AUTOMATIC CONTROL VALVE: GLOBE VALVE: GAS OR LIQUID: 
PNEUMATIC: AIR TO OPEN: SUBSONIC FLOW. 
PORT 3, SIGNAL FROM CONTROLLER, PORT 4, UTILITY PORT 
VALVE CLOSES ON UTILITY FAILURE. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GlIN, G20UT) 
T20UT=F(TIIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

EVENT STATEMENTS 

V S3SIG LO: GlIN LO, RlIN LO, Q2OUT LO, P2OUT LO 
V S3SIG HI: GlIN HI, RlIN HI, Q2OUT HI, P2OUT HI 
V S3SIG NONE: GlIN NONE, RlIN NONE, Q20UT NONE, P2OUT NONE 
F PART-BLK: GlIN LO, Q2OUT LO, P2OUT LO, RlIN LO 
F LK-LP-EN: GlIN HI, GlIN SOME, Q20UT LO, Q2OUT NONE, Q20UT REV, RlIN HI 
F LK-LP-EN: RlIN SOME, RlIN NOP, P2OUT LO, P2OUT NONE, P20UT REV 
F LK-HP-EN: GlIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q2OUT SOME, RlIN LO 
F LK-HP-EN: RlIN NONE, RlIN REV, P20UT HI, P20UT SOME, P2OUT NOR 
F COMP-BLK: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT 
F EXT-HEATMOUT HI, UlIN HI 
F EXT-COLDMOUT LO, UlIN LO 
V S3SIG NONE: CL-F-NA 
F CV-F-SH: CL-F-NA 
V S3SIG HI: CL-F-HA 
V S3SIG LO: CL-F-LA 
F CV-F-HA: CL-F-HA 
F CV-F-LA: CL-F-LA 
I CL-F-HA: GlIN HI, Q2OUT HI, P2OUT HI, RlIN HI 
I CL-F-LA: GlIN LO, Q2OUT LO, P2OUT LO, RlIN LO 
v S3SIG NCHA: CL-STK 
F CV-STK: CL-STK 
I CL-F-NA: GlIN NONE, Q20UT NONE, RlIN. NONE, RlIN NOP, P20UT NONE, P2OUT 
V S4UTL NONE: CL-F-NA 

DECISION TABLES 

I CL-STK V GlIN HI T Q20UT HI 
I CL-STK V GlIN LO T Q20UT LO 0 

NOR 

NOR 

352 



I CL-STK V Q20UT HI T GlIN HI 
I CL-STK V Q20UT LO T GlIN LO 
V GlIN SOME V S3SIG SOME T Q20UT SOME 
V Q20UT SOME V S3SIG SOME T GlIN SOME 
V R20UT SOME V S3SIG SOME T RlIN SOME 
V PlIN SOME V S3SIG SOME T P20UT SOME 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
105 PNEUMATIC CONTROLLER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 2 
NO. OF EVENT STATEMENTS: 10 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THIS IS A REVERSE ACTING CONTROLLER (PI) 

PROPAGATION EQUATIONS 

S2SIG=F(W3IN) 
S4SIG-F(W3IN) 

EVENT STATEMENTS 

F CNT-F-LO: S2SIG LO, S4SIG LO 
F CNT-F-VL: S2SIG NONE, S4SIG NONE 
V SlSIG NONE: S2SIG HI, S4SIG HI 
V SlSIG HI: S2SIG NONE, S4SIG NONE 
F CNT-F-HI: S2SIG HI, S4SIG HI 
F CNT-F-NM: S2SIG NCHA, S4SIG NCHA 
0 CNT-MAN: S2SIG NCHA, S4SIG NCHA 
V SlSIG NCHA: S2SIG NCHA, S4SIG NCHA 
V S5UTL NONE: S2SIG NONE, S4SIG NONE 
S NORMAL: S2SIG SOME, S4SIG NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
109 HAND VALVE (OPEN) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 7 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

ISOLATING VALVE NORMALLY OPEN, SUBSONIC FLOW 

3) PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(G20UT, GlIN) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

4) EVENT STATEMENTS 

F PART-BLK: GlIN LO, Q2OUT LO, RlIN LO, P2OUT LO 
F 1Y, -LP-EN: GlIN HI, GlIN SOME, Q20UT LO, Q2OUT NONE, Q20UT REV 
F LK-LP-EN: RlIN HI, RlIN SOME, RlIN NOP, P2OUT LO, P2OUT NONE, P20UT REV 
F LK-HP-EN: GIIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q2OUT SOME 
F LK-HP-EN: RlIN LO, RlIN NONE, RlIN REV, P20UT HI, P2OUT SOME, P2OUT NOR 
F COMP-BLK: GlIN NONE, Q20UT NONE, RIIN NONE, RlIN NOP, P2OUT NONE, P2OUT NOR 
0 HV-D-SH: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT NOR 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: OPEN 

NO MULTI-COMPONENT FEATURES 

t 
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MODEL NUMBER NAME 
110 FLOW SENSOR (ORIFACE PLATE) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 7 
NO. OF DECISION TABLES: 1 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

ORIFACE PLATE: HIGH LOW OR NONE 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(ClIN, G20UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PIIN) 

4) EVENT STATEMENTS 

V GlIN LO: S3SIG LO, S4SIG LO 
V GlIN HI: S3SIG HIS4SIG HI 
V GlIN NONE: S3SIG NONE, S4SIG NONE 
F SEN-F-LO: S3SIG LO, S4SIG LO 
F SEN-F-VL: S3SIG NONE, S4SIG NONE 
F SEN-F-HI: S3SIG HI, S3SIG SOME, S4SIG HI, S4SIG SOME 
F SEN-F-NM: S3SIG NCHA, S4SIG NCHA 

DECISION TABLES 

V GlIN SOME V Q20UT SOME T S3SIG SOME T S4SIG SOME 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
ill VESSEL LEVEL, PRESSURE AND TEMP. INDICATOR. 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 3 
NO. OF EVENT STATEMENTS: 6 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

VESSEL MOUNTED SENSOR TAKING THE 'VES' DEVIATIONS AND 
CHANGING THEM TO AN OUTPUT SIGNAL AT THE FOLLOWING PORTS, 
S2 FOR LEVEL, S3 FOR PRESSURE AND S4 FOR TEMPERATURE. 
S5 IS FOR THE UTILITY. DUMMY TAILS DO NOT HAVE TO BE USED. 

3) PROPAGATION EQUATIONS 

S2SIG=F(LlVES) 
S3SIG=F(PlVES) 
S4SIG=F(TlVES) 

EVENT STATEMENTS 

F SEN-F-LO: S2SIG LO, S3SIG LO, S4SIG LO 
F SEN-F-VL: S2SIG NONE, S3SIG NONE, S4SIG NONE 
F SEN-F-HI: S2SIG HI, S3SIG HI, S4SIG HI, S2SIG SOME, S3SIG SOME, S4SIG SOME 
F SEN-F-NM: S2SIG NCHA, S3SIG NCHA, S4SIG NCHA 
V S5UTL NONE: S2SIG NONE, S3SIG NONE, S4SIG NONE 
S NORMAL: S2SIG SOME, S3SIG SOME, S4SIG SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME SlGNAL PRESENT 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
113 PIPE WITH LO TEMP FAILURES 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 6 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

SPECIAL PIPE MODEL FOR REACTOR CHARGING SYSTEM, 
LO TEMP CAUSED BY POW-LOSS OR HEATFAIL. 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GlIN, G20UT) 
T20UT=F(TlIN, T3IN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

EVENT STATEMENTS 

F PART-BLK: GlIN LO, Q2OUT LO, P20UT LO RlIN LO 
F LK-LP-EN: GlIN HI, GIIN SOME, Q20UT LO, Q2OUT NONE, Q20UT REV, RlIN HI 
F LK-LP-EN: RlIN SOME, RlIN NOP, P2OUT LO, P2OUT NONE, P20UT REV 
F LK-HP-EN: GlIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q2OUT SOME, RlIN LO 
F LK-HP-EN: RlIN NONE, RlIN REV, P20UT HI, P2OUT SOME, P2OUT NOR 
F COMP-BIY,: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P20UT NONE, P2OUT NOR 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
115 PRESSURE SENSOR (PIPE) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 9 
NO. OF EVENT STATEMENTS: 5 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: I 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PIPE MOUNTED SENSOR, ELECTRICAL, DIRECT ACTING 
INFINITELY SHORT PIPE 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GlIN, G20UT) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 
S3SIG=F(P20UT) 

EVENT STATEMENTS 

F SEN-F-LO: S3SIG LO 
F SEN-F-VL: S3SIG NONE 
F SEN-F-HI: S3SIG HI, S3SIG SOME 
F SEN-F-NM: S3SIG NCHA 
V S4UTL NONE: S3SIG NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME OUTPUT SIGNAL EXISTS 

NO MULTI-COMPONENT FEATURES 

0 
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1) 

NO. 
NO. 
NO. 
NO. 
NO. 

2) 

MODEL NUMBER NAME 
184 STORAGE TANK 

OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
OF PROPAGATION EQUATIONS: 8 
OF EVENT STATEMENTS: 9 
OF DECISION TABLES: 0 
OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

OPEN STORAGE TANK WITH TWO OUTLETS AND A VESSEL PORT. 

PROPAGATION EQUATIONS 

Q10UT=F(GlOUT) 
T10UT=F(T3VES) 
X10UT=F(X3VES) 
PlOUT=F(L3VES) 
Q20UT=F(G201JT, L3VES) 
T20UT=F(T3VES) 
X20UT=F(X3VES) 
P20UT=F(L3VES) 

EVENT STATEMENTS 

V Q20UT SOME: L3VES LO, L3VES NONE 
F LK-LP-EN: L3VES LO, L3VES NONE 
F OVR-FILL: L3VES HI 
F EXT-HEAT: T3VES HI 
F EXT-COLD: T3VES LO 
F OTH-CAUS: X3VES LO, X3VES HI 
V DVES NONE: QlOUT LO, QlOUT NONE 
V UVES HI: QlOUT HI 
S NORMAL: QlOUT SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORRAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
185 REACTOR 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 0 
NO. OF PROPAGATION EQUATIONS: 5 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

N/A 

3) PROPAGATION EQUATIONS 

GlIN=F(-P3VES, QlIN) 
RlIN=F(-P3VES) 
L3VES=F(GlIN) 
T3VES=F(TlIN) 
X3VES=F(XlIN) 

EVENT STATEMENTS 

F OTH-CAUS: HVES HI, P3VES NONE, P3VES LO 
S NORMAL: GlIN SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
200 FLOW TRANSDUCER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 1 
NO. OF EVENT STATEMENTS: 7 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

FLOW TRANSDUCER TAKING A SIGNAL FROM THE ORIFICE PLATE 
AND CONVERTING IT INTO AN ELECTRICAL SIGNAL 

PROPAGATION EQUATIONS 

S2SIG=F(SlSIC) 

4) EVENT STATEMENTS 

F TND-F-LO: S2SIG LO 
F TND-F-VL: S2SIG NONE 
F TND-F-HI: S2SIG HI 
F TND-F-NM: S2SIG NCHA 
V SISIG NCHA: S2SIG NCRA 
V S3UTL NONE: S2SIC NONE 
S NORMAL: S2SIG SOME 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME OUTPUT SIGNAL IS PRESENT 

NO 14ULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
201 SPECIAL LEVEL AND PRESSURE SENSOR. 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 5 
NO. OF PROPAGATION EQUATIONS: 3 
NO. OF EVENT STATEMENTS: 8 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

VESSEL MOUNTED SENSOR TAKING THE 'VES' DEVIATIONS AND 
CHANGING THEM TO AN OUTPUT SIGNAL AT THE FOLLOWING PORTS, 
S2 FOR LEVEL, S3 FOR PRESSURE AND S4 FOR TEMPERATURE. 
S5 IS FOR THE UTILITY. DUMMY TAILS DO NOT HAVE TO BE USED. 
AN OPEN MANUAL ISOLATION VALVE HAS BEEN INCLUDED IN THE MODEL 

PROPAGATION EQUATIONS 

S2SIG=F(LlVES) 
S3SIG=F(PIVES) 
S4SIG=F(T5IN) 

4) EVENT STATEMENTS 

F SEN-F-LO: S2SIG LO, S3SIG LO, S4SIG LO 
F SEN-F-VL: S2SIG NONE, S3SIG NONE, S4SIG NONE 
F SEN-F-HI: S2SIG HI, S3SIG HI, S4SIG HI, S2SIG SOME, S3SIG SOME, S4SIG SOME 
F SEN-F-NM: S2SIG NCHA, S3SIG NCHA 
F COMP-BlY,: S2SIG NCHA, S3SIG NCHA 
V S6UTL NONE: S2SIG NONE, S3SIG NONE, S4SIG NONE 
0 HV-D-SH: S2SIG NCHA, S3SIG NCHA 
S NORMAL: S2SIG SOME, S3SIG SOME, S4SIG SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME SIGNAL PRESENT 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
202 MANUAL CONTROL VALVE 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 8 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

MANUAL CONTROL VALVE NORMALLY OPEN AT 60%, SUBSONIC FLOW 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(G20UT, GlIN) 
T20UT=F(TlIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

EVENT STATEMENTS 

F PART-BLK: GIIN LO, Q2OUT LO, RlIN LO, P2OUT LO 
F LK-LP-EN: GlIN HI, GlIN SOME, Q20UT LO, Q2OUT NONE, Q20UT REV 
F LK-LP-EN: RlIN HI, RlIN SOME, RlIN NOP, P20UT LO, P2OUT NONE, P20UT REV 
F LK-HP-EN: GlIN LO, GlIN NONE, GlIN REV, Q20UT HI, Q2OUT SOME 
F LK-HP-EN: RlIN LO, RlIN NONE, RlIN REV, P20UT HI, P2OUT SOME, P2OUT NOR 
F COMP-BLK: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT NOR 
0 HV-D-SH: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT NOR 
0 HV-D-OP: GIIN HI, Q2OUT HI, RlIN HI, P2OUT HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: OPEN 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
205 PIPE TRACER (ELECTRICAL) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 2 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THERMAL TRACER FOR PIPES AND VALVES ETC 
PORT 1 IS UTILITY INPUT 
PORTS 2-9 ARE TEMPERATURE OUTPUTS 

PROPAGATION EQUATIONS 

N/A 

4) EVENT STATEMENTS 

F HEATFAIL: A(DUMMY) 
V SlUTL NONE: A(DUMMY) 

DECISION TABLES 

F EXT-COLD I A(DUMMY) T T20UT LO, T30UT LO, T40UT LO, T50UT LO 
F EXT-COLD I A(DUMMY) T T60UT LO, T70UT LO, T80UT LO, T90UT LO 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
300 BVD2 El COLUMN SECTION 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 17 
NO. OF EVENT STATEMENTS: 19 
NO. OF DECISION TABLES: 1 
NO. OF FAILURE MODES: 1 

2) ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THE OVERHEADS CONDENSER CONDENSES ALL THE INCOMING VAPOUR NORMALLY 
THE COLUMN PRESSURE IS RELATED TO THE OVHD PRESSURE VIA THE RELIEF 
THE PACKING PRESSURE DROP DOES NOT CHANGE WITH VAPOUR FLOWRATE 

3) PROPAGATION EQUATIONS 

P5VES=F(-R20UT) 
P6VES=F(-R20UT) 
P7VES=F(-R20UT) 
XA5VES=F(G4IN/Q20UT) 
XA6VES=F(G4IN/Q20UT) 
XA7VES=F(G4IN/Q20UT) 
T5VES=F(-XA5VES) 
T6VES=F(-XA6VES) 
T7VES=F(-XA7VES) 
Q20UT=F(G2OUT, GlIN) 
GlIN=F(QlIN, Q20UT) 
G41N=F(Q4IN) 
Q30UT=F(G4IN) 
T20UT=F(T5VES) 
T30UT=F(T7VES) 
XA20UT=F(XA5VES) 
RlIN=F(-P7VES) 

EVENT STATEMENTS 

V GlIN NONE: P5VES LO, P6VES LO, P7VES LO 
V P5VES LO: T5VES LO 
V P6VES LO: T6VES LO 
V NVES LO: T7VES LO 
V THN HI: T7VES HI 
V VVES HI: T6VES HI 
V T6VES HI: T5VES HI 
V TWES HIMOUT HI 
V XC5VES HI: P5VES HI 
V XC6VES HI: P6VES HI 
V XC7VES HI: P7VES HI 

F 1Y, -HP-EN: XC5VES HI, XC6VES HI, XC7VES 

V MIN HI: XC5VES HI, XC6VES HI, XC7VES 

V XD5VES HI: T5VES LO 

V XD6VES HI: T6VES LO 

V XD7VES HI: T7VES LO 

V XD41N HI: XD3OUT HI, XD5VES HI, XD6VES 

S NORMAL: GlIN SOME, G4IN SOME 

V G20UT SOME AND S NORMAL: Q20UT SOME 

HI 
HI 

HI, XD7VES HI 

0 
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V G30UT SOME AND S NORMAL: Q30UT SOME 

DECISION TABLES 

V G41N NONE V Q20UT SOME T XA6VES LO 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

0 
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MODEL NUMBER NAME 
301 DISTILLATION COLUMN REBOILER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 17 
NO. OF EVENT STATEMENTS: 19 
NO. OF DECISION TABLES: 1 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PORT 6 IS AN INTERNAL VESSEL PORT WHICH IS USED TO MODEL THE 
VAPORISATION RATE OF THE BOTTOMS LIQUID 

PROPAGAT10N EQUATIONS 

P4VES=F(-R20UT) 
T4VES=F(P4VES) 
T5VES=F(P4VES) 
Q6VES=F(G3IN, -P4VES) 
G31N=F(Q3IN) 
Q20UT=F(G20UT, Q6VES) 
T20UT=F(T4VES) 

EVENT STATEMENTS 

F HEAT-FL: Q6VES NONE 
V P4VES HI: Q6VES NONE 
V Q6VES NONE: P4VES LO, T4VES LO, T5VES LO 
F LK-HP-EN: P4VES HI, X2COUT HI 
V MIN HI: T4VES LO, T5VES LO, Q2OUT HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

368 



MODEL NUMBER NAME 
302 COLUMN CONDENSER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 11 
NO. OF EVENT STATEMENTS: 11 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THE CONDENSER CONDENSES ALL THE INCOMING VAPOUR NORMALLY 
THE LIQUID IN THE CONDENSER IS NOT SIGNIFICANTLY SUBCOOLED 
THE LIQUID COMPOSITION IS ONLY A FUNCTION OF THE INLET COMP. 

PROPAGATION EQUATIONS 

RlIN=F(-P6VES) 
P30UT=F(P6VES) 
ClIN=F(QlIN) 
Q20UT-F(GlIN) 
Q30UT=F(G30UT) 
G41N-F(Q4IN, Q50UT) 
Q50UT=F(G4IN, G50UT) 
T50UT=F(T4IN, GIIN) 
XA6VES=F(XAlIN) 
T6VES-F(TlIN) 
Q7VES-F(G4IN, T4IN) 

EVENT STATEMENTS 

V Q30UT SOME: P6VES LO 
V Q30UT REV: P6VES HI 
V Q7VES LO: P6VES HI, Q2OUT LO 
V Q7VES NONE: P6VES HI, Q2OUT NONE 
F FO'ULING: Q7VES LO 
V GlIN NONE: P6VES LO, T6VES LO 
V MIN HI: XC6VES HI 
V XC6VES HI: P6VES HI 
V XD6VES HI: XD2OUT HI 
F LK-HP-EN: XC6VES HI 
F INT-LEAK: XD6VES HI, G4IN HI, Q5OUT LO 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 
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MODEL NUMBER NAME 
303 PIPE (WITH VESSEL TAPPING POINT) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 7 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

SIMPLE PIPE UNIT ALLOWING DEVIATIONS TO PROPAGATE THROUGH 
AND INITIATING THE SIX MAIN BASIC FAULTS. 
THE PIPE IS ASSUMED TO BE TOO WIDE TO BLOCK 

PROPAGAT10N EQUATIONS 

ClIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
Q20UT=F(GlIN, G20UT) 
P20UT=F(PlIN) 
T20UT=F(T3VES) 
XC20UT=F(XClIN) 
T3VES=F(TlIN) 

4) EVENT STATEMENTS 

F LK-HP-EN: XC20UT HI, YClIN HI 
V YC20UT HI: YCIIN HI 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 
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MODEL NUMBER NAME 
305 CONTROLLER ELECTRONIC (BVD2) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 1 
NO. OF EVENT STATEMENTS: 9 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PORT 1, INPUT SIGNAL FROM SENSOR 
PORT 2, OUTPUT SIGNAL TO VALVE 
PORT 3, SET POINT, PORT 4, UTILITY 
ELECTRONIC; REVERSE ACTING 

PROPAGATION EQUATIONS 

S2SIG=F(-SlSIG, W3IN) 

EVENT STATEMENTS 

F CNT-F-LO: S2SIG LO 
F CNT-F-VL: S2SIG NONE 
F CNT-F-HI: S2SIG HI 
F CNT-F-NM: S2SIG NCHA 
0 CNT-MAN: S2SIG NCHA 
V SlSIG HI: S2SIG NONE 
V SlSIG NCHA: S2SIG NCHA 
V S4UTL NONE: S2SIG NONE 
S NORMAL: S2SIG SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME OUTPUT SIGNAL IS PRESENT 

NO MULTI-COMPONENT FEATURES 

k 

f 
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MODEL NUMBER NAME 
306 POWER REGULATOR (BVD2) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 15 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PORT 3, SIGNAL FROM CONTROLLER, PORT 4, UTILITY PORT 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

V S3SIG LO: Q2OUT LO 
V S3SIG HI: Q2OUT HI 
V S3SIG NONE: Q20UT NONE 
V S3SIG NONE: CL-F-NA 
F REG-F-VL: CL-F-NA 
V S3SIG HI: CL-F-HA 
V S3SIG LO: CL-F-LA 
F REG-F-HI: CL-F-HA 
F REG-F-LO: CL-F-LA 
1 CL-F-HA: Q20UT HI 
1 CL-F-LA: Q20UT LO 
V S3SIG NCHA: CL-STK 
F REG-F-NM: CL-STK 
1 CL-F-NA: Q20UT NONE 
V SlUTL NONE: Q20UT NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
310 BURSTING DISC (BVD2) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 1 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THIS DISC PROPAGATES A HIGH AIR CONCENTRATION BACK IF IT RUPTURES 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F DISC-BUR: QlOUT SOME, GlOUT SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

0 
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1) 

NO. 
NO. 
NO. 
NO. 
NO. 

2) ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

VESSEL MOUNTED SENSOR TAKING THE 'VES' DEVIATIONS AND 
CHANGING THEM TO AN OUTPUT SIGNAL AT THE FOLLOWING PORTS, 
S2 FOR LEVEL, S3 FOR PRESSURE AND S4 FOR TEMPERATURE. 
NO UTILITY. DUMMY TAILS DO NOT HAVE TO BE USED. 

PROPAGATION EQUATIONS 

S2SIG=F(LlVES) 
S3SIG=F(PlVES) 
S4SIG=F(TlVES) 

EVENT STATEMENTS 

F SEN-F-LO: S2SIG LO, S3SIG LO, S4SIG LO 
F SEN-F-VL: S2SIG NONE, S3SIG NONE, S4SIG NONE 
F SEN-F-HI: S2SIG HI, S3SIG HI, S4SIG HI, S2SIG SOME, S3SIG SOME, S4SIG SOME 
F SEN-F-NM: S2SIG NCHA, S3SIG NCHA, S4SIG NCHA 
F POW-LOSS: S2SIG NONE, S3SIG NONE, S4SIG NONE 
S NORMAL: S2SIG SOME, S3SIG SOME, S4SIG SOME 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: SOME SIGNAL PRESENT 

NO MULTI-COMPONENT FEATURES 

p 

MODEL NUMBER NAME 
311 LEVEL, PRESS. AND TEMP. INDICATOR FOR VESSEL. 

OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
OF PROPAGATION EQUATIONS: 3 
OF EVENT STATEMENTS: 6 
OF DECISION TABLES: 0 
OF FAILURE MODES: 1 
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MODEL NUMBER NAME 
312 VACUUM UNIT (BVD2) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 1 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THIS UNIT PROVIDES A VACUUM FOR THE DISTILLATION COLUMN 

3) PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F VAC-LOSS: RlIN NONE, GlIN NONE 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

p 
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MODEL NUMBER NAME 
314 ELECTRO/PNEUMATIC CONVERTER 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 1 
NO. OF EVENT STATEMENTS: 6 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PORT 1, INPUT SIGNAL FROM CONTROLLER/SWITCH 
PORT 2, OUTPUT SIGNAL TO VALVE 
PORT 3, UTILITY 

3) PROPAGATION EQUATIONS 

S2SIG=F(SlSIG) 

EVENT STATEMENTS 

F CNV-F-LO: S2SIG LO 
F CNV-F-VL: S2SIG NONE 
F CNV-F-HI: S2SIG HI 
F CNV-F-NM: S2SIG NCHA 
V SlSIG NCHA'S2SIG NCRA 
V S3UTL NONE: S2SIG NONES2SIG NCHA 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 

0 
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MODEL NUMBER NAME 
315 VACUUM BOTTLE 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 2 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THIS UNIT PROPAGATES PRESSURE AND AIR LEAKAGE DISTURBANCE 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT) 
RlIN=F(R20UT) 
UlIN=F(U20UT) 
YlIN=F(Y20UT) 
Q20UT=F(GlIN, G20UT) 
T20UT=F(TIIN) 
X20UT=F(XlIN) 
P20UT=F(PlIN) 

4) EVENT STATEMENTS 

F LK-HP-EN: GlIN REV, GlIN NONE 
0 HV-D-OP: GlIN REV, GlIN NONE 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

p 
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MODEL NUMBER NAME 
316 N2 SUPPLY 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 2 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 1 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A MODEL WHICH ALLOWS SOME FLOW OF NITROGEN WHEN THE FAILURE 
NIT-V-OP IS TRUE 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F NIT-V-OP: QlOUT SOME, GlOUT SOME 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

0 
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MODEL NUMBER NAME 
317 MOTOR CONTROL VALVE NO UTILITY 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 3 
NO. OF PROPAGATION EQUATIONS: 8 
NO. OF EVENT STATEMENTS: 5 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

2) ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

REMOTE CONTROL VALVE: GLOBE VALVE: GAS OR LIQUID: 
ELECTRICALLY OPERATED SUBSONIC FLOW. 
PORT 3, CONTROL SIGNAL FREEZES ON NO INPUT 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, Q20UT, S3SIG) 
RIIN-F(R20UT, S3SIG) 
UlIN=F(U20UT) 
YClIN=F(YC20UT) 
Q20UT=F(GlIN, G20UT, S3SIG) 
T20UT=F(TlIN) 
XC20UT=F(XClIN) 
P20UT=F(PlIN, S3SIG) 

EVENT STATEMENTS 

F PART-BLK: GlIN LO, Q20UT L0, P20UT LO, RlIN LO 
F LK-HP-EN: XC20UT HI, YClIN HI 
F COMP-BLK: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT NOR 
F MV-F-CL: GlIN NONE, Q20UT NONE, RlIN NONE, RlIN NOP, P2OUT NONE, P20UT NOR 
F XV-F-OP: GlIN HI, RlIN HI, P20UT HI 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

0 
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MODEL NUMBER NAME 
318 COLLECTION VESSEL 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 5 
NO. OF PROPAGATION EQUATIONS: 7 
NO. OF EVENT STATEMENTS: 7 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

THIS VESSEL SIMPLY STORES THE LIQUID DISTILLATE PRODUCT 
PORT 1 IS THE PROCESS INLET 
PORT 2 IS THE DRAINAGE PORT 
PORT 3 IS THE VAPOUR VENT PORT 
PORT 4 IS THE VESSEL PORT 

PROPAGATION EQUATIONS 

GlIN=F(QlIN, -P4VES) 
T20UT=F(T4VES) 
X20UT=F(X4VES) 
P20UT-F(L4VES, P4VES) 
Q20UT-F(G20UT, IAVES) 
T4VES=F(TlIN) 
X4VES=F(XlIN) 

4) EVENT STATEMENTS 

F NO-EMPTY: L4VES HI 
F LK-HP-EN: P4VES HI 
F EXT-HEAT: T4VES HI 
F EXT-COLD: T4VES LO 
V Q20UT REV: P4VES HI 
V P4VES HI: Q3OUT SOME 
V R30UT HI: P4VES LO 

5) DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

MODEL IS MULTI-COMPONENT 

f 
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MODEL NUMBER NAME 
319 TRIP SWITCH 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 4 
NO. OF PROPAGATION EQUATIONS: 0 
NO. OF EVENT STATEMENTS: 7 
NO. OF DECISION TABLES: 0 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

PORT 1, INPUT SIGNAL FROM SENSOR 
PORT 2, OUTPUT SIGNAL TO VALVE 
PORT 3, SET POINT, PORT 4, UTILITY 
ELECTRONIC; ACTING ON A HIGH PRESSURE 

PROPAGATION EQUATIONS 

N/A 

EVENT STATEMENTS 

F TSW-STK: S2SIG NCHA 
F TSW-F-ON: S2SIG HI 
V SlSIG HI: S2SIG HI, S2SIG SHAC 
V SlSIG NCHA: S2SIG NCHA 
V S4UTL NONE: S2SIG NCHA 
V W31N HI: S2SIG NCRA 
V W31N LO: S2SIG HI 

DECISION TABLES 

N/A 

SUPPLEMENTARY INFORMATION 

NORMAL STATE: N/A 

NO MULTI-COMPONENT FEATURES 
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MODEL NUMBER NAME 
320 TRIP VALVE (CLOSED, AIR TO OPEN) 

NO. OF ENG. ASSUMPTIONS/DESCRIPTIONS: 1 
NO. OF PROPAGATION EQUATIONS: 4 
NO. OF EVENT STATEMENTS: 11 
NO. OF DECISION TABLES: 16 
NO. OF FAILURE MODES: 1 

ENGINEERING ASSUMPTIONS AND DESCRIPTIONS 

A TRIP VALVE, REQUIRING AN AIR SUPPLY TO OPEN THE VALVE. 

PROPAGATION EQUATIONS 

UlIN=F(U20UT) 
YlIN=F(Y20UT) 
T20UT=F(TlIN) 
X20UTýF(MN) 

4) EVENT STATEMENTS 

V QlIN SOME: GlIN SOME, GlIN HI 
V QlIN REV: GlIN REV, GlIN LO 
V G20UT SOME: Q20UT SOME, Q20UT HI 
V G20UT REV: Q20UT REV, Q20UT LO 
I C(DUMMY) AND V S3SIG SHAC: TL-FN-F 
F SIG-CB: C(DUMMY) 
V S3SIG NCHA: C(DUMMY) 
F TV-FT-OP: C(DUMMY) 
V S3SIG HI: TL-OR-F 
F TV-F-OP: TL-OR-F 
I TL-FN-F: GIIN NONE, Q20UT NONE, P20UT NONE, P20UT 

5) DECISION TABLES 

I TL-OR-F V TlIN LO T T20UT LO 
I TL-OR-F V TlIN HI T T20UT HI 
I TL-OR-F V XlIN LO T X20UT LO 
I TL-OR-F V XlIN HI T X20UT HI 
I TL-OR-F V R20UT SOME T KIN SOME, RlIN HI 
I TL-OR-F V PlIN SOME T P20UT SOME, P20UT HI 
I TL-OR-F V R20UT REV T R20UT REV, RlIN LO 
I TL-OR-F V PlIN REV T P20UT REV, P20UT LO 
I TL-OR-F V U20UT LO T UlIN LO 
I TL-OR-F V U20UT HI T UHN HI 
I TL-OR-F V Y20UT LO T YlIN LO 
I TL-OR-F V Y20UT HI T YlIN HI 
I TL-OR-F V GlIN SOME T Q20UT SOME, Q20UT HI 
I TL-OR-F V Q20UT SOME T GlIN SOME, GlIN HI 
I TL-OR-F V GlIN REV T Q20UT REV, Q20UT LO 
I TL-OR-F V Q20UT REV T GlIN REV, GlIN LO 

NOR, RlIN NONE, RlIN NOP 
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SUPPLEMENTARY INFORMATION 

NORMAL STATE: CLOSED - NO FLOW THROUGH UNIT. 

NO MULTI-COMPONENT FEATURES 

TL-OR-F 
TL-FN-F 
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Appendix H 

THE TYPICAL OUTPUT FROM THE PLOT PROGRAM 
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Figure H. 1 Fault Tree For A Low Output Signal from Transducer Transl 
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Table H. 1 The Failure Mode Mnemonics For Figure H. 1 

Mnemonic Failure Mode Description 

CL-F-LA Control loop fails low aperture 
CL-STK Control loop stuck 

CNT-F-LO Controller fails low 

CNT-MAN Controller in manual mode 
CNT-F-NM Controller fails normal/stuck 
COMP-BLK Complete blockage 

CV-F-LA Control valve fails low aperture 
CV-STK Control valve fails stuck 

EXT-COLD External low temperature (from environment) 
HEATFAIL Electrical pipe tracer fails 

HV-D-SH Hand valve directed shut 

HV-D-OP Hand valve directed open 

LK-LP-EN Leak to a low pressure environment 

PART-BLK Partial blockage 

POW-LOSS Power low (utility supply) 

SEN-F-LO Sensor device fails low 

SEN-F-NM Sensor fails normal/stuck 

SET-P-LO Set point is low 

TND-F-LO Transducer fails low 
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Appendix I 

THE UNCOMPILED RULEBASE FOR THE REACTOR CHARGING SYSTEM 
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% Final rulebase for the reactor charging system 
% 16-JUL-88 

/* ------------------------- 
/* rules for pressure alarms 
/* ------------------------- 

high pressure 

rule 1.1 : if 
level 11 => high 
then 
pressure pl -> high. 

rule 1.2 : if 
device pipe_5 fails large_blockage 
then 
pressure pl => high. 

rule 1.3 : if 
pipeline_section fails large_blockage 
then 
pressure pl => high. 

rule 1.4 : if 
control_loop cll fails very_low 
then 
pressure pl => high. 

rule 1.5 : if 
signal set_pt => low 
and 
control-loop cll working 
then 
pressure pl => high. 

rule 1.6 : if 
flow f2 => very-low 
and 
control-loop cl-1 working 
then 
pressure pl => high. 

low pressure 

rule 2.1 : if 
level 11 => very-low 
then 
pressure pl => low. 

rule 2.2 : if 
device valve_2 fails closed 
then 
pressure pl => low. 

4 
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rule 2.3 : if 
device valve_3 fails closed 
then 
pressure pl => low. 

rule 2.4 : if 
tank 

- 
section fails partial-blockage 

then 
pressure pl -> low. 

rule 2.5 : if 
tank 

- 
section fails leakage 

then 
pressure pI -> low. 

rule 2.6 : if 
pump_section fails partial-blockage 
then 
pressure pl => low. 

rule 2.7 : if 
pump_section fails leakage 
then 
pressure pl => low. 

rule 2.8 : if 
device pipe_3 fails leakage 
then 
pressure pl => low. 

rule 2.9 : if 
device pipe_4 fails leakage 
and 
level 11 => low 
then 
pressure pl => low. 

rule 2.10 : if 
device cv_l fails leakage 
and 
level 11 -> low 
then 
pressure pl => low. 

rule 2.11 : if 
device pipe_5 fails leakage 

and 
level 11 -> low 
then 
pressure pl. => low- 

4 
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very low pressure 

rule 3.1 : if 
device pump_l fails stopped 
then 
pressure pl => very_low. 

rule 3.2 : if 
level 11 => very-low 
then 
pressure pl => very_low. 

rule 3.3 : if 
tank 

- 
section fails leakage 

then 
pressure pl => very_low. 

rule 3.4 : if 
pump_section fails leakage 
then 
pressure pl => very_low. 

rule 3.5 : if 
device valve_4 fails closed 
then 
pressure pl => very_low. 

rule 3.6 : if 
device valve_4 fails large_blockage 
then 
pressure pl => very_low. 

/* ------------------------ 
/* Rules for flow fl alarms 
/* ------------------------ 

high flow fl 

rule 4.1 : if 
device pipe_5 fails leakage 
then 
flow fl => high. 

rule 4.2 : if 
signal set-pt => high 
and 
control-loop cll working 
then 
flow fl -> high. 

rule 4.3 : if 
control-loop cll fails high 
then 
flow fl => high. 

d 
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rule 4.4 : if 
flow f2 => high 
and 
control-loop cll working 
then 
flow fl => high. 

rule 4.5 : if 
device valve_7 fails leakage 
and 
control-loop clI working 
then 
flow fl => high 

rule 4.6 : if 
device tank_2 fails leakage 
and 
control-loop cll working 
then 
flow fl => high 

rule 4.7 : if 
device valve_6 fails leakage 
and 
control-loop cll working 
then 
flow fl => high 

rule 4.8 : if 
device pipe_6 fails leakage 
and 
control-loop cll working 
then 
flow fl => high 

low f low f1 

rule 5.1 : if 
level 11 => very-low 
then 
flow fl => low. 

rule 5.2 : if 
flow f2 => low 
and 
control-loop c1l working 
then 
flow fl => low. 

rule 5.3 : if 
signal set_pt => low 

and 
control-loop cll working 
then 
flow fl => low. 
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rule 5.4 : if 
control-loop cll fails low 
then 
flow fl => low. 

rule 5.5 : if 
tank 

- 
section fails large_blockage 

then 
flow fl => low. 

rule 5.6 : if 
pump_section fails large_blockage 
then 
flow fl => low. 

rule 5.7 : if 
pipeline_section fails large_blockage 
then 
flow fl -> low. 

rule 5.8 : if 
device pipe_5 fails large_blockage 
then 
flow fl => low. 

rule 5.9 : if 
tank 

- 
section fails leakage 

then 
flow fl => low. 

rule 5.10 : if 
pump_section fails leakage 
then 
flow f1 => low. 

rule 5.11 : if 
pipeline_section fails leakage 
then 
flow fl => low. 

rule 5.12 : if 
device upstream-tracer fails off 
then 
flow fl => low 
and 
temperature tl is-in_state low. 

very low flow 

rule 6.1 : if 
level 11 => very_low 
then 
flow fl => very_low. 
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rule 6.2 
f low 
and 
cont 
then 
f low 

: if 
f2 => very_low 

rol-loop cll working 

fl -> very_low. 

rule 6.3 : if 
signal set-pt => low 
and 
control 

- 
loop cll working 

then 
flow fl => very_low. 

rule 6.4 : if 
control-loop cll fails very_low 
then 
flow fl => very_low. 

rule 6.5 : if 
tank 

- 
section fails large_blockage 

then 
flow fl => very_low. 

rule 6.6 : if 
pump_section fails large_blockage 
then 
flow fl => very_low. 

rule 6.7 : if 
pipeline_section fails large_blockage 
then 
flow fl => very_low. 

rule 6.8 : if 
device pipe_5 fails large_blockage 
then 
flow fl => very_low. 

rule 6.9 : if 
tank 

- 
section fails leakage 

then 
flow fl -> very_low. 

rule 6.10 : if 
pump_section fails leakage 
then 
flow fl => very_low. 

rule 6.11 : if 
pipeline_section fails leakage 
then 
flow fl -> very_low. 
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rule 6.12 : if 
device upstream-tracer fails off 
then 
flow fl => very_low 
and 
temperature tl is-in_state low. 

rule 6.13 : if 
device pump_l fails stopped 
then 
flow fl -> very_low. 

rule 6.14 : if 
upstream-valves fails closed 
then 
flow fl -> very_low. 

/* ------------------------- 
/* Rules for level 12 alarms 
/* ------------------------- 

level 12 high 

rule 7.1 : if 
pressure p2 => high 
and 
control-loop ell fails normal 
then 
level 12 ý> high. 

rule 7.2 : if 
pressure p2 -> very-high 
and 
control-loop cll fails normal 
then 
level 12 => high. 

rule 7.3 : if 
reactor_feed_section fails part ial-b lockage 
and 
control-loop cll fails normal 
then 
level 12 => high. 

rule 7.4 : if 
device valve_6 fails closed 
and 
control-loop cll fails normal 
then 
level 12 -> high. 

rule 7.5 : if 
device valve_8 fails closed 

and 
control_loop cll fails normal 
then 
level 12 -> high. i 
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rule 7.6 : if 
device downstream-tracer fails off 
and 
control-loop cll fails normal 
then 
level 12 => high 
and 
temperature t2 is-in_state low. 

%. low level 12 

rule 8.1 : if 
pressure p2 => low 
and 
control-loop cll fails normal 
then 
level 12 => low. 

rule 8.2 : if 
device valve_6 fails opened 
and 
control-loop cll fails normal 
then 
level 12 -> low. 

rule 8.3 : if 
flow fl => low 
then 
level 12 => low. 

rule 8.4 : if 
flow fl -> very_low 
then 
level 12 => low. 

rule 8.5 : if 
device valvej fails opened 
then 
level 12 => low. 

rule 8.6 : if 
device valve_6 fails leakage 
then 
level 12 => low. 

rule 8.7 : if 
device pipe_6 fails leakage 
then 
level 12 -> low. 

rule 8.8 : if 
flow f2 => high 
then 
level 12 => high. 

I 
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rule 8.9 : if 
device tank_2 fails leakage 
then 
level 12 => low. 

rule 8.10 : if 
device pipe_5 fails leakage 
then 
level 12 -> low. 

very low level 12 

rule 9.1 : if 
flow f2 => very_low 
then 
level 12 => very-low. 

rule 9.2 : if 
flow fl => very_low 
then 
level 12 => very-low. 

rule 9.3 : if 
device valvej fails opened 
then 
level 12 => very-low. 

rule 9.4 : if 
device valve_6 fails leakage 
then 
level 12 => very-low. 

rule 9.5 : if 
flow f2 => high 
then 
level 12 => very-low. 

rule 9.6 : if 
device tank_2 fails leakage 
then 
level 12 => very-low. 

rule 9.7 : if 
device pipe_5 fails leakage 
then 
level 12 => very-low. 
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/* ---------------------------- 

/* The causes of flow f2 alarms 
/* ---------------------------- 

high flow f2 

rule 10.1 : if 
pressure p2 => low 
then 
flow f2 => high. 

rule 10.2 : if 
pressure p2 => very_low 
then 
flow f2 => high. 

rule 10.3 : if 
device valve_6 fails opened 
then 
flow f2 => high. 

rule 10.4 : if 
level 12 => high 
then 
flow f2 => high. 

rule 10.5 : if 
device pipe_7 fails leakage 
then 
flow f2 => high. 

rule 10.6 : if 
device valve_8 fails leakage 
then 
flow f2 => high. 

low flow f2 

rule 11.1 : if 
level 12 => low 
then 
flow f2 => low. 

rule 11.2 : if 
pressure p2 => high 
then 
flow f2 => low. 

rule 11.3 : if 
reactor_feed_section fails partial-blockage 
then 
flow f2 => low. 

4 
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rule 11.4 : if 
device pipe_6 fails leakage 
then 
flow f2 => low. 

rule 11.5 : if 
device downstream-tracer fails off 
then 
flow f2 -> low 
and 
temperature t2 is-in_state low. 

rule 11.6 : if 
device valve_6 fails leakage 
then 
flow f2 => low. 

very low f2 

rule 12.1 : if 
device valve_6 fails closed 
then 
flow f2 -> very-low. 

rule 12.2 : if 
device valve_8 fails closed 
then 
flow f2 => very-low. 

rule 12.3 : if 
reactor_feed_section fails large_blockage 
then 
flow f2 => very-low. 

rule 12.4 : if 
level 12 => very-low 
then 
flow f2 -> very_low. 

rule 12.5 : if 
pressure p2 => very_high 
then 
flow f2 => very-low. 

rule 12.6 : if 
device valve_6 fails leakage 
then 
flow f2 => very_low. 

rule 12.7 : if 
device pipe_6 fails leakage 
then 
flow f2 -> very_low. 
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rule 12.8 : if 
device downstream-tracer fails off 
then 
flow f2 => very_low 
and 
temperature t2 is-in_state low. 

/* -------------------------------------------------------- 
/* rules describing the behaviour of the various subsystems 
/* -------------------------------------------------------- 

% pipeline section 

rule 20.1 : if 
device pipe_3 fails partial-blockage 
or 
device pipe_4 fails partial-blockage 
or 
device cv-1 fails partial-blockage 
then 
pipeline_section fails partial_blockage. 

rule 20.2 : if 
device pipe_3 fails large_blockage 
or 
device pipe_4 fails large_blockage 
or 
device cv_l fails large_blockage 
then 
pipeline_section fails large_blockage. 

rule 20.3 : if 
device pipe_3 fails leakage 
or 
device pipe_4 fails leakage 
or 
device cv_l fails leakage 
then 
pipeline_section fails leakage. 

tank section 

rule 21.1 : if 
device valve_2 fails partial-blockage 
or 
device valve_3 fails partial-blockage 
or 
device pipe_2 fails partial-blockage 
then 
tank_section fails partial_blockage. 
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rule 21.2 : if 
device valve_2 fails large_blockage 
or 
device valve_3 fails large_blockage 
or 
device pipe_2 fails large_blockage 
then 
tank_section fails large_blockage. 

rule 21.3 : if 
device valve_2 fails leakage 
or 
device valve_3 fails leakage 
or 
device pipe_2 fails leakage 
then 
tank_section fails leakage. 

the pump section 

rule 22.1 : if 
device valve_4 fails partial-blockage 
or 
device pump_1 fails partial-blockage 
then 
pump_section fails partial-blockage. 

rule 22.2 : if 
device valve_4 fails large_blockage 
or 
device pump_l fails large_blockage 
then 
pump_section fails large_blockage. 

rule 22.3 : if 
device valve_4 fails leakage 
or 
device pump_1 fails leakage 
then 
pump_section fails leakage. 
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the reactor feed section 

rule 23.1 : if 
device valve_6 fails partial-blockage 
or 
device valve_8 fails partial-blockage 
or 
device pipe_6 fails partial-blockage 
or 
device pipe_7 fails partial-blockage 
then 
reactor_feed_section fails partial-blockage. 

rule 23.2 : if 
device valve_6 fails large_blockage 
or 
device valve_8 fails large_blockage 
or 
device pipe_6 fails large_blockage 
or 
device pipe_7 fails large-blockage 
then 
reactor_feed_section fails large_blockage. 

rule 23.3 : if 
device valve_6 fails leakage 
or 
device valve_8 fails leakage 
or 
device pipe_6 fails leakage 
or 
device pipe_7 fails leakage 
then 
reactor_feed_section fails leakage, 

rule to group together the upstream valve closures 

rule 24.1 : if 
device valve_2 fails closed 
or 
device valve_3 fails closed 
or 
device valve_4 fails closed 
then 
upstream-valves fails closed. 
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/* -------------------------------- 
/* rules about control loop failure 
/* -------------------------------- 

rule 30.1 : if 
device cv-1 fails low 
or 
device cnt-1 fails low 
and 
signal s2 is-in-state low 

then 

%note that because of the integrating 
%action of the controller, the sensor 
%is not counted as causing a low fault 

control_loop cll fails low. 

rule 30.2 Af 
device cv-1 fails high 
or 
device cnt_l fails high 
and 
signal s2 is in_state high 
or 
device ls-2 fails low 
and 
signal sl is-in_state low 
or 
device ls_2 fails very_low 
and 
signal sl is-in_state very_low 

then 
control_loop cll fails high. 

rule 30.3 : if 
device cv_1 fails normal 
or 
device cnt-1 fails normal 
and 
signal s2 is-in_state normal 
or 
device ls-2 fails normal 
and 
signal sl is-in_state normal 
or 
device valve_9 fails closed 
and 
signal sl is-in_state normal 
or 
device valve_9 fails large_blockage 

and 
signal sl is_in_state normal 

then 
control-loop cll fails normal. 

i 
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rule 30.4 Af 
device cv_I fails very_low 
or 
device cnt_l fails very_low 
and 
signal s2 is-in_state very_low 
or 
device ls-2 fails high 
and 
signal sl is-in_state high 
or 
device power_supply fails off 
or 
device air_supply fails off 

then 
control_loop cll fails very_low. 

/* ----------------------------- 

/* rules about indication faults 
/* ----------------------------- 

level 12 

rule 40.1 : if 
level 12 reads high 
or 
device ls-2 fails high 

then 
indication buf-tnk_lev reads high. 

rule 40.2 : if 
level 12 reads low 
or 
device ls-2 fails low 

then 
indication buf-tnk_lev reads low. 

rule 40.3 : if 
level 12 reads normal 
or 
device ls_2 fails normal 
or 
device valve_9 fails closed 
or 
device valve_9 fails large_blockage 

then 
indication buf_tnk_lev reads normal. 

rule 40.4 : if 
level 12 reads very-low 
or 
device ls_2 fails very_low 
or 
device power_supply fails off 

then 
indication buf_tnk_lev reads very-low. 4 
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the signal ls-2 

rule 41.1 : if 
signal sl reads high 

then 
indication cntl_input reads high. 

rule 41.2 : if 
signal sl reads low 

then 
indication cntl_input reads low. 

rule 41.3 : if 
signal sl reads very_low 

then 
indication cntl_input reads , very_low. 

rule 41.4 Af 
signal sl reads normal 

then 
indication cntl_input reads normal. 

flow fl 

rule 42.1 : if 
device fs 

-1 
does 

- 
not 

- 
fail high and 

device trans 
-1 

does 
- 

not-fail high and 
flow fl reads high 
or 
device fs 

-1 
fails high and 

device trans_1 does-not-fail high 
or 
device trans_1 fails high 

then 
indication buf_acd_fl_l reads high. 

rule 42.2 : if 
device fs 

-1 
does 

- 
not 

- 
fail high and 

device trans 
-2 

does 
- 

not-fail high and 
flow fl reads high 
or 
device fs 

-1 
fails high and 

device trans_2 does-not-fail high 
or 
device trans_2 fails high 

then 
indication buf_acd_fl_2 reads high. 

4 
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rule 42.3 : if 
device fs 1 does not fail low and 
device trans 

-1 
does 

- 
not-fail low and 

flow fl reads low 
or 
device fs 1 fails low and 
device trans_l does_not_fail low 
or 
device trans-I fails low 

then 
indication buf-acd_fl_l reads low. 

rule 42.4 : if 
device fs 

-1 
does-not-fail low and 

device trans 2 does not faiý low and 
flow fl reads low 
or 
device fs 1 fails low and 
device trans-2 does-not-fail low 
or 
device trans-2 fails low 

then 
indication buf-acd_fl_2 reads low. 

rule 42.5 : if 
device fs 

-I 
does 

- 
not 

- 
fail very_low and 

device trans 
-1 

does 
- 

not 
- 

fail very_low and 
flow fl reads very-low 
or 
device fs 

-1 
fails very_low and 

device trans_1 does-not-fail very_low 
or 
device trans_1 fails very_low 
or 
device power_supply fails off 

then 
indication buf_acd_fl_l reads very_low. 

rule 42.6 : if 
device fs 

-1 
does 

- 
not 

- 
fail very_low and 

device trans 
-2 

does 
- 

not 
- 

fail very_low and 
flow fl reads very_low 
or 
device fs 1 fails very_low and 
device trans-2 does-not-fail very_low 
or 
device trans_2 fails very_low 
or 
device power_supply fails off 

then 
indication buf_acd_fl_2 reads very_low. 

S 
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rule 42.7 : if 
device fs 1 does not fail normal and 
device trans 

-1 
does 

- 
not_fail normal and 

flow fl reads normal 
or 
device fs I fails normal and 
device trans-1 does-not-fail normal 
or 
device trans-1 fails normal 

then 
indication buf-acd_fl_l reads normal. 

rule 42.8 : if 
device fs 1 does not fail normal and 
device trans 

-2 
does 

- 
not-faiý normal and 

flow fl reads normal 
or 
device fs 1 fails normal and 
device trans_2 does_not_fail normal 
or 
device trans-2 fails normal 

then 
indication buf-acd_fl_2 reads normal. 

flow f2 

rule 43.1 : if 
flow f2 reads high 
or 
device fs-2 fails high 
or 
device trans_3 fails high 

then 
indication reac-acd_fl reads high. 

rule 43.2 Af 
flow f2 reads low 
or 
device fs-2 fails low 
or 
device trans-3 fails low 

then 
indication reac-acd_fl reads low. 

rule 43.3 : if 
flow f2 reads very_low 
or 
device fs-2 fails very_low 
or 
device trans-3 fails low 

or 
device power_supply fails off 

then 
indication reac_acd_fl reads very_low. 
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rule 43.4 : if 
flow f2 reads normal 
or 
device fs_2 fails normal 
or 
device trans-3 fails normal 

then 
indication reac_acd_fl reads normal. 

pressure pl 

rule 44.1 : if 
pressure pl reads high 
or 
device ps_1 fails high 

then 
indication pump_pl_pres reads high. 

rule 44.2 : if 
pressure pl, reads low 
or 
device ps_1 fails low 

then 
indication pump_pl-pres reads low. 

rule 44.3 : if 
pressure pl reads very_low 
or 
device ps_l fails very_low 
or 
device power_supply fails off 

then 
indication pump_pl_pres reads very_low. 

rule 44.4 : if 
pressure pl reads normal 
or 
device ps_1 fails normal 

then 
indication pump_pl_pres reads normal. 

pressure p2 

rule 45.1 : if 
pressure p2 reads high 
or 
device ps_2 fails high 

then 
indication reac_rl_pres reads high. 

rule 45.2 : if 
pressure p2 reads low 

or 
device ps_2 fails low 

then 
indication reac_rl_pres reads low. 
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rule 45.3 : if 
pressure p2 reads very_low 
or 
device ps_2 fails very_low 
or 
device power_supply fails off 

then 
indication reac_rl_pres reads very_low. 

rule 45.4 : if 
pressure p2 reads normal 
or 
device ps_2 fails normal 

then 
indication reac_rl_pres rea4s normal. 

rule 45.5 : if 
pressure p2 reads very_high 
or 
device ps_2 fails very_high 

then 
indication reac_rl_pres reads very_high. 

level 11 

rule 46.1 : if 
level 11 reads high 
or 
device ls-1 fails high 

then 
indication stg_tnk_lev reads high. 

rule 46.2 : if 
level 11 reads low 
or 
device ls-1 fails low 

then 
indication stg_tnk_lev reads low. 

rule 46.3 : if 
level 11 reads very-low 
or 
device ls_1 fails very_low 
or 
device power_supply fails off 

then 
indication stg_tnk_lev reads very-low. 

rule 46.4 : if 
level 11 reads normal 
or 
device ls-1 fails normal 

then 
indication stg_tnk_lev reads normal. 

4 
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temperature tl 

rule 47.1 : if 
temperature tl reads low 
or 
device ts-1 fails low 
or 
device power_supply fails off 
then 
indication inlet_temp reads low. 

rule 47.2 : if 
temperature tl reads normal 
or 
device ts-1 fails normal 
then 
indication inlet_temp reads normal. 

% temperature t2 

rule 48.1 : if 
temperature t2 reads low 
or 
device ts-2 fails low 
or 
device power_supply fails off 
then 
indication outlet_temp reads low. 

rule 48.2 : if 
temperature t2 reads normal 
or 
device ts-2 fails normal 
then 
indication outlet-temp, reads normal. 

-% signal s2 

rule 49.1 : if 
signal s2 reads high 

then 
indication cntl_output reads high. 

rule 49.2 : if 
signal s2 reads low 

then 
indication cntl_output reads low. 

rule 49.3 : if 
signal s2 reads very_low 

then 
indication cntl_output reads very-low. 

4 
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rule 49.4 : if 
signal s2 reads normal 

then 
indication cntl_output reads normal. 

signal set-pt 

rule 50.1 : if 
signal set-pt reads high 

then 
indication cntl_setpnt reads high. 

rule 50.2 : if 
signal set_pt reads low 

then 
indication cntl_setpnt reads low. 

rule 50.3 : if 
signal set-pt reads normal 

then 
indication entl_setpnt reads normal. 

P" ----------------------------------------- --- /* rules relating parameters and indications 
/* ----------------------------------------- 

pressure pl is 
- 

indicated_by [pump_pl_pres]. 
pressure p2 is 

- 
indicated_by [reac_rl_pres]. 

flow fl is 
- 

indicated 
- 

by [buf_acd_fl_l, buf_acd_fl_2]. 
flow f2 is 

- 
indicated_by [reac_acd_fl]. 

level 11 is indicated 
- 

by [stg_tnk 
- 

lev]. 
level 12 is indicated_by [buf-tnk_lev]. 
signal sl is 

- 
indicated_by [cntl_input]. 

signal s2 is 
- 

indicated_by [cntl_output]. 
signal set_pt is 

- 
indicated_by [cntl_setpnt]. 

temperature tl is 
- 

indicated 
- 

by [inlet_temp]. 
temperature t2 is-indicated_by [outlet_temp]. 

/* ----------------------------------------------------- 
/* index relating variable name to index in the database 
/* ----------------------------------------------------- 
indication 

- 
index(pump_pl_pres, 4). 

indication 
- 

index(reac_rl_pres, 6). 
indication 

- 
index(stg_tnk_lev, 7). 

indication index(buf tnk lev, l). 
indication index(cnti-in-put, l). 
indication 

- 
index(buf-acd_fl_1,2). 

indication index(buf-acd_fl_2,5). 
indication index(reac 

- 
acd fl, 3). 

indication index(cntl_output, 10). 
indication index(cntl_setpnt, ll). 
indication index(inlet_temp, 12). 
indication_index(outlet_temp, 13). 
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/* --------------------------------- 
/* description of the variable units 
/* --------------------------------- 

indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 

pump_pl_pres has 
- 

units 'barG' 
reac_rl_pres has 

- 
units IbarG' 

buf acd fl 1 has units 'lls'. 
buf_acd_fl_2 has-units '1/s'. 
reac 

- 
acd_fl has-units '1/s'. 

stg_tnk_lev has 
- 

units W. 
buf 

- 
tnk 

- 
lev has-units W. 

inlet_temp has_units 'Oct. 
outlet temp has units 'Oct. 

indication cntl_input has-units 
indication cntl_output has 

- 
units 

indication cntl_setpnt has-units 

/* ----------------------------- 
/* maximum error in the readings 
/* ----------------------------- 
maximum-error(flow flý0.03). 

/* ----------------------------------------------- 
/* the symbolic names of the fuzzy logic strengths 
/* ----------------------------------------------- 

pressure pl exhibits 
- 

states (very-low, low, normal, high, null, null]. 
pressure p2 exhibits 

- 
states (very_low, low, normal, high, very 

I 
high, null]. 

flow fl exhibits 
- 

states [very_low, low, normal, high, null, null]. 
flow f2 exhibits 

- 
states [very_low, low, normal, high, null, null]. 

level 11 exhibits 
- 

states [very_low, low, normal, high, null, null]. 
level 12 exhibits 

- 
states [very_low, low, normal, high, null, null]. 

temperature tl exhibits 
- 

states [low, normal, null, null, null, null]. 
temperature t2 exhibits-states [low, normal, null, null, null, null]. 
signal sl exhibits 

- 
states [very_low, low, normal, high, null, null]. 

signal s2 exhibits 
- 

states [very_low, low, normal, high, null, null]. 
signal set_pt exhibits-states [very_low, low, normal, high, null, null]. 

/* ---------------- 
/* Basic event data 
/* ---------------- 

basic 
- 

event(pipe_2 fails partial-blockage, 0.008, init, 48.0). 
basic 

- 
event(pipe_2 fails large_blockage, 0.0008, init, 48.0). 

basic-event(pipe_2 fails leakage, 0.0002, init, 48.0). 

basic 
- 

event(pipe_3 fails partial-blockage, 0.008, init, 48.0). 
basic 

- 
event(pipej fails large_b lockage, 0.0008, ini t, 48.0) . 

basic_event(pipe_3 fails leakage, 0.0002, init, 48.0). 

bas ic 
- 

event(pipe_4 fails partial_blockage, 0.008, init, 48.0). 
basic 

- 
event(pipe_4 fails large-blockage, 0.0008, init, 48.0). 

basic_event(pipe_4 fails leakage, 0.0002, init, 48.0). 

basic event(pipe_5 fails part ial_blockage, 0.008, ini t, 48.0) . 
basic_event(pipe_5 fails large_blockage, 0.0008, init, 48.0). 

415 



basic-event(pipe_5 fails leakage, 0.0002, init, 48.0). 

bas ic 
- 

event(pipe_6 fails partial-blockage, 0.008, init, 48.0). 
basic 

- 
event(pipe_6 fails large_blockage, 0.0008, init, 48.0). 

basic-event(pipe_6 fails leakage, 0.0002, init, 48.0). 

basic 
- 

event(pipe_7 fails part ial-blockage, 0.008, ini t, 48.0) 
. basic 

- 
event(pipe_7 fails large_blockage, 0.0008, init, 48.0). 

basic-event(pipe_7 fails leakage, 0.0002, init, 48.0). 

basic 
- 

event(valve_2 fails partial 
- 

blockage, 0.08, init, 4.0). 
basic 

- 
event(valve 

-2 
fails large 

- 
blockage, 0.008, init, 4.0). 

basic 
- 

event(valve_2 fails leakage, 0.02, init, 4.0). 
basic_event(valve_2 fails closed, 130.0, init, 0.5). 

basic event(valve_3 fails part ial_b lockage, 0.08, ini t, 4.0). 
basic event(valve 3 fails large 

- 
blockage, 0.008, init, 4.0). 

basic event(valve 3 fails leakage, 0.02, init, 4.0). 
basic-event(valve_3 fails closed, 130.0, init, 0.5). 

basic event(valve 4 fails partial 
- 

blockage, 0.08, init, 4.0). 
basic event(valve 4 fails large_blockage, 0.008, init, 4.0). 
basic event(valve 4 fails leakage, 0.02, init, 4.0). 
basic-event(valve_4 fails closed, 130.0, init, 0.5). 

basic event(valve 5 fails partial 
I 

blockage, 0.08, init, 4.0). 
basic event(valve 5 fails large_blockage, 0.008, init, 4.0). 
basic event(valve 5 fails leakage, 0.02, init, 4.0). 
basic-event(valve_5 fails closed, 130.0, init, O. 5). 

basic event(valve 6 fails 
basic event(valve 6 fails 
basic event(valve 6 fails 
basic event(valve 6 fails 
basic-event(valve_6 fails 

partial 
I 

blockage, 0.08, init, 4.0). 
large_blockage, 0.008, init, 4.0). 
leakage, 0.02, init, 4.0). 
closed, 130.0, init, 0.5). 
opened, 130.0, init, 0.5). 

basic event(valve 7 fails partial 
- 

blockage, 0.08, init, 4.0). 
basic event(valve 7 fails large 

- 
blockage, 0.008, init, 4.0). 

basic event(valve 
-7 

fails leakage, 0.02, init, 4.0). 
basic-event(valve_7 fails opened, 130.0, init, 0.5). 

bas ic event(valve 8 fails partial 
- 

blockage, 0.08, init, 4.0). 
basic event(valve 8 fails large_blockage, 0.008, init, 4.0). 
basic event(valve 8 fails leakage, 0.02, init, 4.0). 
basic-event(valve_8 fails closed, 130.0, init, 0.5). 

basic 
- 

event(valve -9 
fails large_blockage, 0.008, init, 4.0). 

basic-event(valve_9 fails closed, 130.0, init, O. 5). 

basic event(tank -1 
fails leakage, 3.0, init, 168.0). 

basic event(tank_2 fails leakage, 3.0, init, 168.0). 

basic 
- 

event(upstream - 
tracer fails off, 0.56, init, 75). 

basic-event(downstream_tracer fails off, 0.56, init, 75). 

basic 
- 

event(pump_l fails partial_blockage, 0.008, init, 20). 
basic_event(pump_l fails large_blockage, 0.008, init, 20). 
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basic 
- 

event(pump_l fails leakage, 0.008, init, 20). 
basic-event(pump_l fails stopped, 45.0, init, 10). 

/* ------------------- 
/* control loop faults 
/* ------------------- 

basic 
- 

event(cnt-1 fails low, 2.0, init, 1.34). 
basic 

- 
event(cnt_l fails normal, 1.0, enab, 1.34). 

basic 
- 

event(cnt 
-1 

fails high, 2.0, init, 1.34). 
basic-event(cnt-1 fails very_low, 1.0, init, 1.34). 

basic event(cv-1 fails 
basic event(cv 1 fails 
basic event(cv 1 fails 
basic event(cv 1 fails 
basic event(cv 1 fails 
basic event(cv 1 fails 
basic-event(cv_1 fails 

low, 0.001, init, 20). 
normal, 0.005, enab, 20). 
high, 0.001jýit, 20). 
very_low, 0.001, init, 20). 
leakage, 0.005, init, 20). 
partial-blockage, 0.01, init, 20). 
large blockage, 0.007, init, 20). 

bas ic 
- 

event (air_supply fails off, 120, init, 5). 
basic-event(power_supply fails off, 90, init, 3). 

/* sensor faults */ 
/* note: these devices can only fail in the same way as 

the fuzzy logic strength names 

basic event(Is-1 fails low, 0.3l, init, 1.31). 
basic event(ls 1 fails normal, 0.46, enab, 1.31). 
basic event(ls 1 fails high, 1.27, init, 1.31). 
basic-event(ls-1 fails very_low, 0.94, init, 1.31). 

basic event(ls 2 fails low, 0.3l, init, 1.31). 
basic event(Is 2 fails normal, 0.46, enab, 1.31). 
basic event(Is 2 fails high, 1.27, init, 1.31). 
basic-event(ls-2 fails very_low, 0.94, init, 1.31). 

basic event(fs 1 fails low, 0.7, init, 2.0). 
basic event(fs I fails normal, 0.7, enab, 2.0). 
basic event(fs 1 fails high, 0.7, init, 2.0). 
basic-event(fs-1 fails very_low, 0.7, init, 2.0). 

basic event(fs 
-2 

fails low, 0.7, init, 2.0). 
basic event(fs 2 fails normal, 0.7, enab, 2.0). 
basic event(fs 2 fails high, 0.7, init, 2.0). 
basic-event(fs_2 fails very_low, 0.7, init, 2.0). 

basic 
- 

event(trans -1 
fails very_low, 30.0, init, 2.0). 

basic 
- 

event(trans -1 
fails low, 30.0, init, 2.0). 

basic event(trans -1 
fails normal, 30.0, enab, 2.0). 

basic-event(trans_l fails high, 30.0, init, 2.0). 

basic 
- 

event(trans -2 
fails low, 30.0, init, 2.0). 

basic 
- 

event(trans -2 
fails very_low, 30.0, init, 2.0). 

basic 
- 

event(trans -2 
fails normal, 30.0, enab, 2.0). 

basic_event(trans_2 fails high, 30,0, init, 2.0). 
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basic event(trans 3 fails low, 30.0, init, 2.0). 
basic event(trans 3 fails very_low, 30.0, init, 2.0). 
basic event(trans 3 fails normal, 30.0, enab, 2.0). 
basic-event(trans-3 fails high, 30.0, init, 2.0). 

basic event(ps 
-1 

fails very_low, 0.75, init, 1.02). 
basic event(ps 

-1 
fails low, 0.15, init, 1.02). 

basic event(ps 
-1 

fails normal, 0.38, enab, 1.02). 
basic-event(ps-1 fails high, 1.06, init, 1.02). 

basic 
- 

event(ps-2 
basic 

- 
event(ps-2 

basic 
- 

event(ps_2 
basic 

- 
event(ps-2 

basic_event(ps-2 

fails very_low, 0.75, init, 1.02). 
fails low, 0.15, init, 1.02). 
fails normal, 0.38, enab, 1.02). 
fails high, 0.3l, init, 1.02). 
fails very_ýhigh, 0.75, init, 1.02). 

q 

basic event(ts 1 fails low, 0.90, init, 1.25). 
basic event(ts 1 fails normal, 0.16, enab, 1.25). 
basic event(ts 2 fails low, 0.90, init, 1.25). 
basic-event(ts-2 fails normal, 0.16, enab, 1.25). 

scan 
- 

interval(O. 00278). 
notice_time(control-loop cll fails normal, 0.5). 
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Appendix J 

THE UNCOMPILED RULEBASE FOR THE BATCH DISTILLATION COLUMN 
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Rulebase for the Batch distillation column 
20 September 1988 

/* ---------------- 
/* The causal rules 
/* ---------------- 

/* ------------------------------- 
/* Reboiler temperature deviations 
/* ------------------------------- 

low reboiler temperature 

rule 1.1 : if 
pressure p5 => low 
then 
temperature tl => low. 

rule 1.2 : if 
device condenser_cl fails water_leak 
then 
temperature tl => low 
and 
temperature t12 is-in_state very_low 
and 
temperature t13 is-in_state very_low 
and 
temperature t14 is-in_state very_low. 

rule 1.3 : if 
control-loop bupr_l fails very_low 
then 
temperature tl => low. 

rule 1.4 : if 
signal bupr_set_pt => very_low 
then 
temperature tl => low. 

a higb reboiler temperature 

rule 2.1 : if 
pressure p5 => high 
then 
temperature tI => high. 

rule 2.2 : if 
control_loop bupr_l fails high 
then 
temperature tl => high. 

rule 2.3 : if 
signal bupr_set_pt => high 

then 
temperature tl => high. 

I 
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/* -------------------------------------- 
/* reboiler vapour temperature deviations 
/* -------------------------------------- 

low deviations 

rule 3.1 : if 
control-loop bupr_l fails very_low 
then 
temperature t3 -> low. 

rule 3.2 : if 
signal bupr_set_pt fails very-low 
then 
temperature t3 => low. 

rule 3.3 : if 
device reboiler_hl fails air_leak 
then 
temperature t3 => low. 

rule 3.4 : if 
pressure p5 => high 
then 
temperature t3 => low. 

rule 3.5 : if 
pressure p5 => low 
then 
temperature t3 => low. 

rule 3.6 : if 
device power_supply fails off 
then 
temperature t3 => low. 

rule 3.7 : if 
device mains_power_switch fails switched-off 
then 
temperature t3 => low. 

rule 3.8 : if 
device condenser_cl fails water_leak 
then 
temperature tl => low 
and 
temperature t12 is-in_state very_low 
and 
temperature t13 is-in_state very_low 
and 
temperature t14 is_in_state very_low. 

f 
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a high temperature deviation 

rule 4.1 : if 
temperature tl -> high 
then 
temperature t3 => high. 

/* ---------------------------------------- /* the top of the column vapour temperature 
/* ---------------------------------------- 

high temp 

rule 5.1 : if 
temperature tl -> high 
then 
temperature t8 => high. 

rule 5.2 : if 
control-loop bupr_l fails low 
then 
temperature t8 => high. 

rule 5.3 : if 
signal bupr_set_pt => low 
then 
temperature t8 => high. 

rule 5.4 : if 
device 'valve 1/1' fails open 
and 
device 'valve 1/2' fails open 
then 
temperature t8 => high. 

a low temperature 

rule 6.1 : if 
pressure p5 => low 
then 
temperature t8 -> low. 

rule 6.2 : if 
pressure p5 => high 
then 
temperature t8 => low. 

rule 6.3 : if 
control- loop bupr_l fails high 

then 
temperature t8 => low. 

rule 6.4 : if 
signal bupr_set_pt => high 

then 
temperature t8 => low. 

i 
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rule 6.5 : if 
temperature t3 => low 
then 
temperature t8 => low. 

rule 6.6 : if 
column 

- 
section fails air_leak 

then 
temperature t8 => low. 

rule 6.7 : if 
device ancillary_pipework fails air_leak 
then 
temperature t8 => low. 

rule 6.8 : if 4 
device bursting-disc fails ruptured 
then 
temperature t8 => low. 

rule 6.9 : if 
ancillary_yalves fails opened 
then 
temperature t8 => low. 

rule 6.10 : if 
collection_vessel_section fails air-leak 
then 
temperature t8 => low. 

/* ---------------------------- 

/* The column wall temperatures 
/* ---------------------------- 

temperature t12 

high 

rule 7.1 : if 
temperature tl => high 
then 
temperature t12 => high. 

rule 7.2 : if 
control-loop bupr_l fails low 
then 
temperature t12 => high. 

rule 7.3 : if 
signal bupr_set_pt -> low 

then 
temperature t12 => high. 
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rule 7.4 : 
device 
and 
device 
then 
temper 

t12 low 

if 
$valve 1/1' fails open 

"valve 1/2' fails open 

ature t12 => high. 

rule 8.1 : if 
pressure p5 => low 
then 
temperature t12 => low. 

rule 8.2 : if 
control-loop bupr_l fails high 
then 
temperature t12 => low. 

rule S. 3: if 
signal bupr_set_pt => high 
then 
temperature t12 => low. 

rule 8.4 : if 
temperature tl => low 
then 
temperature t12 => low. 

rule 8.5 : if 
pressure p5 => high 
then 
temperature t12 => low. 

very low 

rule 9.1 : if 
device condenser_cl fails water_leak 
then 
temperature t12 => very-low. 

t13 high 

rule 10.1 : if 
temperature tl -> high 
then 
temperature t13 => high. 

rule 10.2 : if 
control_loop bupr_l fails low 

then 
temperature t13 => high. 

i 
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rule 10.3 : if 
signal bupr_set_pt => low 
then 
temperature t13 => high. 

rule 10.4 
device 
and 
device 
then 
temper 

if 
tvalve 1/1' fails open 

Ovalve 1/2' fails open 

ature t13 => high. 

temp t13 low 

rule 11.1 : if 
pressure p5 => low 
then 
temperature t13 => low. 

rule 11.2 : if 
control-loop bupr_1 fails high 
then 
temperature t13 -> low. 

rule 11.3 : if 
signal bupr_set_pt => high 
then 
temperature t13 => low. 

rule 11.4 : if 
temperature tl => low 
then 
temperature t13 => low. 

rule 11.5 : if 
pressure p5 => high 
then 
temperature t13 => low. 

temp t13 very-low 

rule 12.1 : if 
device condenser_cl fails water_leak 
then 
temperature t13 => very-low 
and 
temperature t12 is-in_state very_low. 

temp t14 high 

rule 13.1 : if 
temperature tl => high 
then 
temperature t14 => high. 
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rule 13.2 : if 
control - 

loop bupr_l fails low 
then 
temperature t14 => high. 

rule 13.3 : if 
signal bupr_set_pt => low 
then 
temperature t14 => high. 

rule 13.4 : if 
device 'valve 1/1' fails open 
and 
device 'valve 1/2' fails open 
then 
temperature t14 -> high. 

rule 13.5 : if 
pressure p5 => low 
then 
temperature t14 => high. 

temp t14 low 

rule 14.1 : if 
pressure p5 => low 
then 
temperature t14 => low. 

rule 14.2 : if 
control-loop bupr_l fails high 
then 
temperature t14 => low. 

rule 14.3 : if 
signal bupr_set_pt => high 
then 
temperature t14 -> low. 

rule 14.4 : if 
temperature tl => low 
then 
temperature t14 => low. 

rule 14.5 : if 
pressure p5 => high 
then 
temperature t14 => low. 

I 

% From experimental 
% observation 
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96 very low 

rule 15.1 : if 
device condenser_cl fails water_leak 
then 
temperature t14 => very-low 
and 
temperature t12 is-in_state very_low 
and 
temperature t12 is-in_state very_low. 

/* ---------------------------------- 

/* rules for the vacuum unit pressure 
/* ---------------------------------0-*/ 

% the causes of a high vacuum pressure 

rule 16.1 : if 
pressure p5 => high 
and 
control-loop pic5 working 
then 
pressure p4 => high. 

rule 16.2 : if 
device vacuum-unit fails off 
then 
pressure p4 => high. 

rule 16.3 : if 
device 'valve 4/8' fails opened 
then 
pressure p4 => high. 

rule 16.4 : if 
device 'valve 4/9' fails opened 
then 
pressure p4 => high. 

rule 16.5 : if 
device 'valve 6/5' fails closed 
then 
pressure p4 => high. 

rule 16.6 : if 
device vacuum-pipework fails air_leak 
then 
pressure p4 => high. 

0 
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/* ------------------------------------ 
/* deviations in the column pressure p5 
/* ------------------------------------ 
% pressure p5 very low 

rule 17.1 : if 
signal pic5_set_pt => very_low 
then 
pressure p5 => very_low. 

rule 17.2 : if 
device 'valve 5/3' fails opened 
then 
pressure p5 ý> very_1ow. 

rule 17.3 : if 
control-loop pic5 fails very_low 
then 
pressure p5 => very_low. 

-% pressure fails low 

rule 18.1 : if 
signal pic5_set_pt => low 
then 
pressure p5 => low. 

rule 18.2 : if 
control-loop pic5 fails low 
then 
pressure p5 => low. 

rule 18.3 : if 
device 'valve 5/3' fails passing 
then 
pressure p5 => low. 

rule 18.4 : if 
signal bupr_set_pt => very_low 
then 
pressure p5 => low 

and 
temperature tl is-in_state low. 

rule 18.5 : if 
control-loop bupr_l fails very_low 
then 
pressure p5 => low 

and 
temperature tl is-in_state low. 

rule 18.6 : if 
device condenser_cl fails water_leak 
then 
pressure p5 => low. 

I 
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rule 18.7 : if 
device power_supply fails off 
then 
pressure p5 -> low. 

rule 18.8 : if 
device mains_power-switch fails switched-off 
then 
pressure p5 => low. 

pressure p5 => higb 

rule 19.1 : if 
device bursting-disc fails ruptured 
then 
pressure p5 => high. 

rule 19.2 if 
column section fails air_leak 
then 
pressure p5 => high. 

rule 19.3 : if 
collection_vessel_section fails air_leak 
then 
pressure p5 => high. 

rule 19.4 : if 
device ancillary_pipework fails air_leak 
then 
pressure p5 => high. 

rule 19.5 : if 
ancillary-valves fails opened 
then 
pressure p5 => high. 

rule 19.6 : if 
pressure p4 => high 
then 
pressure p5 => high. 

rule 19.7 : if 
ancillary-valves fails passing 
and 
control-loop pic5 fails normal 
then 
pressure p5 => high. 

rule 19.8 : if 
column-valves fails passing 
and 
control_loop pic5 fails normal 
then 
pressure p5 => high. 

4 
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rule 19.9 : if 
collection_vessel_valves fails passing 
and 
control 

- 
loop pic5 fails normal 

then 
pressure p5 => high. 

rule 19.10 : if 
condenser_cl fails high_temperature 
and 
control-loop pic5 fails normal 
then 
pressure p5 => high. 

0 
/* ---------------------------------------- 

/* rules for the cooling water temperatures 
/* ---------------------------------------- 

inlet temperature 

rule 20.1 : if 
device cw-utility fails high_temperature 
then 
temperature t1O => high. 

outlet temperature 

rule 21.1 : if 
temperature tlO => high 
then 
temperature tll => high. 

rule 21.2 : if 
device cw-utility fails no-flow 
then 
temperature t1l => high. 

rule 21.3 : if 
device cw-supply-valve fails closed 
then 
temperature tll => high. 

rule 21.4 : if 
device cw_supply-valve fails blocked 

then 
temperature tll => high. 

0 
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/* -------------------------------------------------------- /* rules describing the behaviour of the various subsystems 
/* -------------------------------------------------------- 

the reboiler boilup rate control loop 

rule 30.1 : if 
device power_supply fails off 
or 
device reboiler_heater fails broken 
or 
device tyl fails very_low 
or 
device boilup_cont fails very-low 
or 
device ltl fails high 

4 

then 
control-loop bupr_l fails very_low. 

rule 30.2 : if 
device tyl fails high 
or 
device boilup_cont fails high 
or 
device ltl fails low 
then 
control-loop bupr_l fails high. 

rule 30.3 : if 
device tyl fails low 
or 
device boilup_cont fails low 

or 
device ltl fails high 
then 
control-loop bupr_l fails low. 

the various groups of process valves 

rule 31.1 : if 
device 'valve 3/3' fails passing 
or 
device 'valve 11/1' fails passing 
or 
device 'valve 5/1' fails passing 
or 
device Afvalve 4/10' fails passing 
or 
device 'valve 4/7' fails passing 
then 
ancillary_valves fails passing. 

i 
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rule 31.2 : if 
device 'valve 3/3' fails opened 
or 
device 'valve 11/1' fails opened 
or 
device 'valve 5/1' fails opened 
or 
device 'valve 4/10' fails opened 
or 
device 'valve 4/7' fails opened 
then 
ancillary_valves fails opened. 

rule 31.3 : if 
device 'valve 4/3' fails passing 
or 
device 'valve 6/1' fails opened 
or 
device 'valve 6/2' fails opened 
then 
column_valves fails passing. 

rule 31.4 : if 
device 'valve 3/1' fails passing 
or 
device 'valve 8/1' fails opened 
then 
collection_vessel-valves fails passing. 

rule 31.5 : if 
device condenser_cl fails air_leak 
or 
device reboiler_hl fails air_leak 
or 
device column_el fails air_leak 
or 
device 'valve 4/3' fails opened 
then 
column_section fails air_leak. 

rule 31.6 : if 
device vessel-rl fails air_leak 
or 
device 'valve 3/1' fails opened 
then 
collection_vessel_section fails air_leak. 

rule 31.7 : if 
device cw_supply_valve fails closed 
or 
device cw-supply_valve fails blocked 

or 
temperature tlO => high 

or 
device cw_utility fails no-flow 
then 
condenser_cl fails high_temperature. 
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the pressure controller 

rule 32.1 : if 
device sensor_pt5 fails high 
and 
signal pic5_input is_in_state high 
or 
device py5 fails very_1ow 
or 
device pic5_cont fails very_low 
and 
signal pic5_output is_in_state very_low 
or 
device 'valve 1/5' fails open 
or 
device 'valve 8/4' fails closed' 
and 
device pt5_tapping_pipe fails air_leak 
then 
control-loop pic5 fails very_low. 

rule 32.2 : if 
device py5 fails low 
or 
device pic5_cont fails low 
and 
signal pic5_output is_in_state low 

or 
device 'valve 1/5' fails passing 
then 
control-loop pic5 fails low. 

4 
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rule 32.3 : if 
device sensor_pt5 fails normal 
and 
signal pic5_input is_in_state normal 
or 
device pic5_cont fails normal 
and 
signal pic5_output is_in_state normal 
or 
device py5 fails normal 
or 
device air_supply fails off 
or 
device 'valve 1/5' fails closed 
or 
device 'valve 4/6' fails closed 
or 
device 'valve 4/5' fails closed 
or 
device 'valve 8/4' fails closed 
or 
device pic5_cont fails manual 
and 
signal pic5_mode is_in_state man 
then 
control-loop pic5 fails normal. 

/* ----------------------------- 
/* rules about indication faults 
/* ----------------------------- 

reboiler temperature tl 

rule 40.1 : if 
temperature tl reads high 
or 
device sensor_te_l_a fails high 
or 
device transmitter_tt_l fails high 
then 
indication til reads high. 

rule 40.2 : if 
temperature tl reads low 
or 
device sensor_te_l_a fails low 

or 
device transmitter_tt_l fails low 
then 
indication til reads low. 
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rule 40.3 : if 
temperature tl reads normal 
or 
device sensor_te_l_a fails normal 
or 
device transmitter_tt_l fails normal 
then 
indication til reads normal. 

the second indication of the reboiler temperature tl 

rule 40.4 : if 
temperature tl reads low 
or 
device sensor_te_4 fails low 
or 
device transmitter_tt_4 fails low 
then 
indication ti4 reads low. 

rule 40.5 : if 
temperature tl reads high 
or 
device sensor_te_4 fails high 
or 
device transmitter_tt_4 fails high 
then 
indication ti4 reads high. 

rule 40.6 : if 
temperature tl reads normal 
or 
device sensor_te_4 fails normal 
or 
device transmitter_tt_4 fails normal 
then 
indication ti4 reads normal. 

the reboiler vapour temperature 

rule 41.1 : if 
temperature t3 reads high 
or 
device sensor_te_3 fails high 
or 
device transmitter_tt_3 fails high 
then 
indication ti3 reads high. 

rule 41.2 : if 
temperature t3 reads low 

or 
device sensor_te_3 fails low 

or 
device transmitter_tt_3 fails low 

then 
indication ti3 reads low. 
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rule 41.3 : if 
temperature t3 reads normal 
or 
device sensor_te_3 fails normal 
or 
device transmitter_tt_3 fails normal 
then 
indication tO reads normal. 

the column top vapour temperature 

rule 42.1 : if 
temperature t8 reads high 
or 
device sensor_te_8 fails high 
or 
device transmitter_tt_8 fails high 
then 
indication ti8 reads high. 

rule 42.2 : if 
temperature t8 reads low 
or 
device sensor_te_8 fails low 
or 
device transmitter_tt_8 fails low 
then 
indication ti8 reads low. 

rule 42.3 : if 
temperature t8 reads normal 
or 
device sensor_te_8 fails normal 
or 
device transmitter_tt_8 fails normal 
then 
indication ti8 reads normal. 

column wall temperature t12 

rule 43.1 : if 
temperature t12 reads high 

or 
device sensor_te_12 fails high 

or 
device transmitter_tt_12 fails high 

then 
indication ti12 reads high. 

4 
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rule 43.2 : if 
temperature t12 reads low 
or 
device sensor_te_12 fails low 
or 
device transmitter_tt_12 fails low 
then 
indication ti12 reads low. 

rule 43.3 : if 
temperature t12 reads normal 
or 
device sensor_te_12 fails normal 
or 
device transmitter_tt_12 fails ijormal 
then 
indication ti12 reads normal. 

rule 43.4 : if 
temperature t12 reads very_low 
or 
device sensor_te_12 fails very_low 
or 
device transmitter_tt_12 fails very_1ow 
then 
indication ti12 reads very_low. 

column wall temperature t13 

rule 44.1 : if 
temperature t13 reads high 
or 
device sensor_te_13 fails high 
or 
device transmitter_tt_13 fails high 
then 
indication til3 reads high. 

rule 44.2 : if 
temperature t13 reads low 

or 
device sensor_te_13 fails low 

or 
device transmitter_tt_13 fails low 
then 
indication ti13 reads low. 

rule 44.3 : 'if 
temperature t13 reads very_low 
or 
device sensor_te_13 fails very-low 

or 
device transmitter_tt_13 fails very_low 
then 
indication ti13 reads very_low. 
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rule 44.4 : if 
temperature t13 reads normal 
or 
device sensor_te_13 fails normal 
or 
device transmitter_tt_13 fails normal 
then 
indication ti13 reads normal. 

column wall temperature t14 

rule 45.1 : if 
temperature t14 reads high 
or 
device sensor_te_14 fails high 
or 
device transmitter_tt_14 fails high 
then 
indication ti14 reads high. 

rule 45.2 : if 
temperature t14 reads low 
or 
device sensor_te_14 fails low 
or 
device transmitter_tt_14 fails low 
then 
indication ti14 reads low. 

rule 45.3 : if 
temperature t14 reads very_low 
or 
device sensor_te_14 fails very_low 
or 
device transmitter_tt_14 fails very_low 
then 
indication ti14 reads very_low. 

rule 45.4 : if 
temperature t14 reads normal 
or 
device sensor_te_14 fails normal 
or 
device transmitter_tt_14 fails normal 
then 
indication ti14 reads normal. 

the condenser inlet water temperature 

rule 46.1 : if 
temperature tlO reads very_high 

or 
device sensor_te_10 fails very-high 

or 
device transmitter_tt_10 fails very_high 
then 
indication tilO reads very_high. 
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rule 46.2 : if 
temperature tlO reads normal 
or 
device sensor_te_10 fails normal 
or 
device transmitter_tt_10 fails normal 
then 
indication tilO reads normal. 

the outlet temperature 

rule 47.1 : if 
temperature tll reads high 
or 
device sensor_te_ll fails high 
or 
device transmitter_tt_ll fails high 
then 
indication till reads high. 

rule 47.2 : if 
temperature tll reads normal 
or 
device sensor_te_ll fails normal 
or 
device transmitter_tt_ll fails normal 
then 
indication till reads normal. 

rule 47.3 : if 
temperature tll reads very_high 
or 
device sensor_te_ll fails very_high 
or 
device transmitter_tt_ll fails very_high 
then 
indication till reads very_high. 

-% the distillate tracing temperature 

rule 48.1 : if 
temperature t16 reads high 
or 
device sensor_te_16 fails high 

or 
device transmitter_tt_16 fails high 
then 
indication ti16 reads high. 
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rule 48.2 : if 
temperature t16 reads normal 
or 
device sensor_te_16 fails normal 
or 
device transmitter_tt_16 fails normal 
then 
indication ti16 reads normal. 

the Rl collection vessel weight 

rule 49.1 : if 
weight wrl reads high 
or 
device sensor_we_l fails high 
or 
device transmitter_wi_1 fails high 
then 
indication wril reads high. 

rule 49.2 : if 
weight wrl reads normal 
or 
device sensor_we_l fails normal 
or 
device transmitter_wi_1 fails normal 
then 
indication wril reads normal. 

the column pressure pi5 

rule 50.1 : if 
pressure p5 reads high 
or 
device sensor_pt5 fails high 
or 
device pt5_tapping_pipe fails air_leak 
and 
device 'valve 8/4' fails closed 
then 
indication pi5 reads high. 

rule 50.2 : if 
pressure p5 reads normal 
or 
device sensor_pt5 fails normal 
or 
device 'valve 8/4' fails closed 
then 
indication pi5 reads normal. 

rule 50.3 : if 
pressure p5 reads low 

or 
device sensor_pt5 fails low 

then 
indication pi5 reads low. 
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rule 50.4 : if 
pressure p5 reads very_low 
or 
device sensor_pt5 fails very_low 
then 
indication pi5 reads very_1ow. 

rule 50.5 : if 
signal pic5_input reads high 
then 
indication pic5_input reads high. 

rule 50.6 : if 
signal pic5_input reads normal 
then 
indication pic5_input reads norrLl. 

rule 50.7 : if 
signal pic5_input reads low 
then 
indication pic5_input reads low. 

rule 50.8 : if 
signal pic5_input reads very_low 
then 
indication pic5_input reads very_low. 

the column vacuum pressure p4 

rule 51.1 : if 
pressure p4 reads high 
or 
device sensor_pt4 fails high 
or 
device pt4_tapping_pipe fails air_leak 
and 
device 'valve 8/3' fails closed 
then 
indication pi4 reads high. 

rule 51.2 : if 
pressure p4 reads normal 
or 
device sensor_pt4 fails normal 
or 
device 'valve 8/3' fails closed 
then 
indication pi4 reads normal. 

the control output and set point signals 

rule 52.1 : if 
signal pic5_set_pt reads high 

then 
indication pic5_set_pt reads high. 

I 
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rule 52.2 : if 
signal pic5_set_pt reads normal 
then 
indication pic5_set_pt reads normal. 

rule 52.3 : if 
signal pic5_set_pt reads low 
then 
indication pic5_set_pt reads low. 

rule 52.4 : if 
signal pic5_set_pt reads very_low 
then 
indication pic5_set_pt reads very_low. 

pic5 output 
4 

rule 53.1 : if 
signal pic5_output reads normal 
then 
indication pic5_output reads normal. 

rule 53.2 : if 
signal pic5_output reads low 
then 
indication pic5_output reads low. 

rule 53.3 : if 
signal pic5_output reads very-low 
then 
indication pic5_output reads very_low. 

-% the reboiler boilup rate controller setpoint 

rule 54.1 : if 
signal bupr_set_pt reads high 
then 
indication bupr_set_pt reads high. 

rule 54.2 : if 
signal bupr_set_pt reads normal 
then 
indication bupr_set_pt reads normal. 

rule 54.3 : if 
signal bupr_set_pt reads low 
then 
indication bupr_set_pt reads low. 

rule 54.4 : if 
signal bupr_set_pt reads very-low 
then 
indication bupr_set_pt reads very_1ow. 
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/* ----------------------------------------- 
/* rules relating parameters and indications 
/* ----------------------------------------- 

temperature tl 
temperature t3 
temperature t8 
temperature tlo 
temperature tll 
temperature t12 
temperature U3 
temperature U4 
temperature U6 

is-indicated 
- 

by [til, ti4]. 
is-indicated 

- 
by (ti3]. 

is-indicated 
- 

by fti8]. 
is-indicated 

- 
by [tilo]. 

is-indicated 
- 

by [till]. 
is-indicated_by [til2]. 
is 

- 
indicated 

- 
by [til3]. 

is-indicated 
- 

by [til4]. 
is-indicated_by [til6]. 

weight wrl is-indicated_by [wril]. 
4 

pressure p5 is 
- 

indicated_by [pi5]. 
pressure p4 is-indicated_by [pi4]. 

signal pic5_set_pt is indicated_by [pic5_set_pt]. 
signal pic5_output is indicated_by (pic5_output]. 
signal pic5_input is indicated_by [pic_input]. 

signal bupr_set_pt is 
- 

indicated_by [bupr_set_pt]. 
signal pic5_mode is_indicated_by (pic5_mode]. 

/* ----------------------------------------------------- 

/* index relating variable name to index in the database 
/* ----------------------------------------------------- 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indicationý 
indication 
indication 
indication 

index(til, 3). 
index(ti4,5). 
index(ti8,7). 
index(ti3,6). 
index(tilO, 13). 
index(till, 12). 
index(til2,8). 
index(til3,9). 
index(til4,10). 
index(til6,11). 
index(wril, 14). 
index(pi5,18). 
index(pic5_mode, 19). 
index(pi4,20). 
index(pic5_set_pt, 16). 
index(pic5_input, 18). 
index(pic5_output, 17). 
index(bupr_set_pt, 21). 

/* 
--------------------------------- 

/* description of the variable units 
/* --------------------------------- 

indication tl'l 
indication ti4 
indication ti3 
indication ti8 

has units 'OC? 
has _ units 'oCf 
has _ units 'OCI 
has_ - units 'OC' 
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indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 

tilo has units oc 
till has units oc,. 
ti12 has units oc,. 

0 ti13 has units ,c 
0 ti14 has units ,c 
0 ti16 has units ,c 

pi4 has units 'mmHg'. 
pi5 has units 'mmHg'. 
wril has 

- 
units 'Kg'. 

pic5_set_pt has_units 'mmHg' 
pic5_output has 

- 
units 

pic5 
- 

mode has_units ''. 
pic5_input has 

- 
unit 'mmHg'. 

bupr_set-pt has-units '1/m'. 

/* ----------------------------- 
/* maximum error in the readings 
/* ----------------------------- 
maximum-error(temperature tl, 0.03). 

/* ----------------------------------------------- 
/* the symbolic names of the fuzzy logic strengths 
/* ----------------------------------------------- 

pressure p5 exhibits states [very-low, low, normal, high, null, null]. 
pressure p4 exhibits states [normal, high, null, null, null, null). 
temperature tl exhibits states [low, normal, high, null, null, null]. 
temperature 0 exhibits states [low, normal, high, null, null, null]. 
temperature t8 exhibits states [low, normal, high, null, null, null]. 
temperature tlo exhibits states [normal, very 

- 
high, null, null, null, null]. 

temperature tll exhibits states [normal, high, very_high, null, null, null]. 
temperature t12 exhibits states [very_low, low, normal, high, null, null]. 
temperature t13 exhibits states [very_low, low, normal, high, null, null]. 
temperature t14 exhibits states [very-low, low, normal, high, null, null]. 
temperature t16 exhibits states (normal, high, null, null, null, null]. 
weight wrl exhibits 

- 
states [normal, high, null, null, null, null]. 

signal pic5_set_pt exhibits 
- 

states [very_low, low, normal, high, null, null]. 
signal pic5_output exhibits 

- 
states [low, normal, null, null, null, null]. 

signal pic5_input exhibits 
- 

states [very_low, low, normal, high, null, null]. 
signal bupr_set_pt exhibits 

- 
states [very_low, low, normal, high, null, null]. 

signal pic5_mode exhibits_states [man, auto, null, null, null, null]. 

/* ---- 
/* misc 
/* ---- 

scan interval(O. 00833). 

notice_time(control_loop pic5 fails normal, 1.0). 

0 
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/* --------------------- 
/* The basic event data 
/* --------------------- 

basic 
basic 
basic 
basic 
basic 
basic 
basic 

event(condenser 
event(condenser 
event(reboiler 
event(column el 
event(ancillary 
event(vessel rl 
event(vessel-r2 

_cI 
fails water_leak, 0.3, init, 168.0). 

_cl 
fails air 

- 
leak, 0.9, init, 168.0). 

hl fails air 
- 

leak, 0.9, init, 168.0). 
fails air leak, 0.9, init, 168.0). 

_pipework 
fails air 

- 
leak, 0.7, init, 168.0). 

fails air leak, 0.9, init, 24.0). 
fails air_leak, 0.9, init, 24.0). 

basic 
- 

event(bursting_disc fails ruptured, 22.8, init, 10.0). 
basic 

- 
event(vacuum_unit fails off, lqO. O, init, 168.0). 

basic event(vacuum,. I - _pipework 
fails a*r_leak, 0.7, init, 168.0). 

basic 
- 

event(cw 
- 

utility fails high_temperature, 0.01, init, 10.0). 
basic 

- 
event(cw 

- 
utility fails no 

- 
flow, 175.0, init, 3.0). 

basic-event(cw_supply_yalve fails closed, 130.0, init, O. 5). 
basic-event(cw_supply_valve fails blocked, 0.08, init, 5.0). 

basic 
- 

event(pt5_tapping_pipe fails air 
- 

leak, 0.7, init, 5.0). 
basic-event(pt4_tapping-pipe fails air-leak, 0.7, init, 5.0). 

/* ------------------- /* control loop faults 
/* ------------------- 

basic event(power_supply fails off, 11.4, init, 2.0). 
basic event(reboiler I 

heater fails broken, 0.3, init, 1.1). 
basic event(air_supply fails off, 20.0, init, 4.0). 
basic-event(mains_power_switch fails switched_off, 20.0,0.5). 

bas ic event(tyl fails very_low, 60.0, init, 2.0). 
basic event(tyl fails high, 60.0, init, 2.0). 
basic-event(tyl fails low, 60.0, init, 2.0). 

basic 
- 

event(boilup 
- 

cont fails very_low, 250.0, init, 10.0). 
basic 

- 
event(boilup - 

cont fails high, 250.0, init, 10.0). 
basic-event(boilup-cont fails low, 250.0, init, 10.0). 

basic event(ltl fails high, 0.69, init, 2.0). 
basic-event(ltl fails low, 0.77, init, 2.0). 

basic event(py5 fails high, 60,0, init, 2.0). 
basic event(py5 fails low, 60.0, init, 2.0). 
basic event(py5 fails normal, 60.0, enab, 2, O). 
basic-event(py5 fails very-low, 60.0, init, 2.0). 

basic 
- 

event(pic5_cont fails high, 1.7l, init, 10.0). 

basic 
- 

event(pic5_cont fails low, 1.7l, init, 10.0). 

basic_event(pic5_cont fails normal, 1.7l, enab, 10.0). 
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basic 
- 

event(pic5 
- 

cont fails very_low, 1.7l, init, 10.0). 
basic-event(pic5_cont fails man, 65, init, 1.0). 

valve failure modes 

bas ic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
basic 
bas ic 
basic 
basic 

event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 
event('valve 

1/1' fails open, 280.0, init, 4.0). 
1/2' fails open, 280.0, init, 4.0). 
1/5' fails open, 30.0, init, 4.0). 
3/1' fails opened, 130.0, init, 0.5). 
3/2' fails opened, 130.0, init, 0.5). 
3/3' fails opened, 130.0, init, 0.5). 
4/8' fails opened, 130.0, init, 0.5). 
4/10' fails opened, 130.0, init, 0.5). 
4/7' fails opened, 130.0, init, 0.5). 
4/9' fails opened, 130.0, init, 0.5). 
4/3' fails opened, 130.0, init, 0.5). 
5/3' fails opened, 130.0, init, 0.5). 
5/1' fails opened, 130.0, init, 0.5). 
6/1' fails opened, 130.0, init, 0.5). 
6/2' fails opened, 130.0, init, 0.5). 
8/1' fails opened, 130.0, init, 0.5). 
8/2' fails opened, 130.0, init, 0.5). 
11/1' fails opened, 130.0, init, 0.5). 

basic event('valve 1/5' fails closed, 130.0, init, 0.5). 
basic event('valve 4/6' fails closed, 130.0, init, 0.5). 
basic event('valve 4/5' fails closed, 130.0, init, 0.5). 
basic event('valve 6/5' fails closed, 130.0, init, 0.5). 
basic event('valve 8/4' fails closed, 130.0, init, 0.5). 
basic-event('valve 8/3' fails closed, 130.0, init, 0.5). 

basic event('valve 4/3' fails passing, 0.3, init, 0.5). 
basic event('valve 1/5' fails passing, 0.3, init, 4.0). 
basic event('valve 3/1' fails passing, 0.3, init, 4.0). 
basic event('valve 3/2' fails passing, 0.3, init, 4.0). 
basic event('valve 5/1' fails passing, 0.3, init, 4.0). 
basic event('valve 5/3' fails passing, 0.3, init, 4.0). 
basic event('valve 3/3' fails passing, 0.3, init, 4.0). 
basic event('valve 11/1' fails passing, 0.3, init, 4.0). 
basic event('valve 4/10' fails passing, 0.3, init, 4.0). 
basic-event('valve 4/7' fails passing, 0.3, init, 4.0). 

failure modes of the sensing equipment 

basic event(sensor te 1a fails high, 1.42, init, 1.25). 
basic event(sensor te 1a fails low, 0.9, init, 1.25). 
basic_event(sensor_te_l_a fails normal, 0.16, enab, 1.25). 

basic 
- 

event(sensor - 
te 

-4 
fails high, 1.42, init, 1.25). 

basic 
- 

event(sensor - 
te 

-4 
fails low, 0.9, init, 1.25). 

basic_event(sensor_te_4 fails normal, 0.16, enab, 1.25). 

basic 
- 

event(sensor - 
te 3 fails high, 1.42, init, 1.25). 

basic 
- 

event(sensor - 
te 3 fails low, 0.9, init, 1.25). 

basic_event(sensor_te_3 fails normal, 0.16, enab, 1.25). 

basic_event(sensor_te_8 fails high, 1.42, init, 1.25). 
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basic 
- 

event(sensor 
- 

te 
-8 

fails low, 0.9, init, 1.25). 
basic-event(sensor_te_8 fails normal, 0.16, enab, 1.25). 

basic 
- 

event(sensor 
- 

te 
- 

10 fails very_ýhigh, 1.42, init, 1.25). 
basic-event(sensor_te_10 fails normal, 1.06, enab, 1.25). 

basic event (sensor_te_ll fails high, 0.58, init, 1.25). 
basic event(sensor 

- 
te 

- 
11 fails very_ýhigh, 1.42, init, 1.25). 

basic-event(sensor_te_ll fails normal, 1.06, enab, 1.25). 

basic event (sensor_te_12 fails high, 1.42, init, 1.25). 
basic event(sensor te 12 fails low, 0.06, init, 1.25). 
basic event(sensor te 12 fails normal, 0.16, enab, 1.25). 
basic-event(sensor_te_12 fails very_low, 0.84, init, 1.25). 

basic event(sensor te 13 fails high, 1.42, init, 1.25). 
basic event(sensor te 13 fails low, 0.06, init, 1.25). 
basic event(sensor te 13 fails normal, 0.16, enab, 1.25). 
basic-event(sensor_te_13 fails very_low, 0.84, init, 1.25). 

bas ic event(sensor te 14 fails high, 1.42, init, 1.25). 
basic event(sensor te 14 fails low, 0.06, init, 1.25). 
basic event(sensor te 14 fails normal, 0.16, enab, 1.25). 
basic-event(sensor_te_14 fails very_low, 0.84, init, 1.25). 

basic 
- 

event(sensor 
- 

te 
- 

16 fails high, 1.42, init, 1.25). 
basic-event(sensor_te_16 fails normal, 1.06, enab, 1.25). 

basic event(sensor we 1 fails low, 0.5, init, 3.0). 
basic event(sensor We 1 fails high, 0.5, init, 3.0). 
basic-event(sensor_we_l fails normal, 0.5, init, 3.0). 

basic 
- 

event(sensor_pt5 fails normal, 0.38, init, 1.02). 
basic 

- 
event(sensor_pt5 fails high, 1.06, init, 1.02). 

basic 
- 

event(sensor_pt5 fails low, 0.15, init, 1.02). 
basic-event(sensor_pt5 fails very-low, 0.75, init, 1.02). 

basic 
- 

event(sensor_pt4 fails normal, 0.38, init, 1.02). 
basic-event(sensor_pt4 fails high, 1.06, init, 1.02). 

% transmitter failure frequencies 

basic event(transmitter 
basic-event(transmitter 
basic-event(transmitter 

basic-event(transmitter 
basic_event(transmitter 
basic_event(transmitter 

basic_event(transmitter 
basic_event(transmitter 
basic event(transmitter 

tt 1 fails 
tt 1 fails 
t t-1 fails 

tt4f ails 
tt 4f ails 
t t-4 f ails 

tt 3 fails 
tt 3 fails 
tt-3 fails 

high, 30.0, init, 3.0). 
low, 30.0, init, 3.0). 
normal, 30.0, enab, 3.0). 

high, 30.0, init, 3.0). 
low, 30.0, init, 3.0). 
normal, 30.0, enab, 3.0). 

high, 30.0, init, 3.0). 
low, 30.0, init, 3.0). 
normal, 30.0, enab, 3.0). 

basic_event(transmitter_tt_8 fails high, 30.0, init, 3.0). 
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basic event(transmitter 
- 

tt 
-8 

fails low, 30.0, init, 3.0). 
basic-event(transmitter_tt_8 fails normal, 30.0, enab, 3.0). 

basic 
- 

event(transmitter 
- 

tt 
- 

10 fails very_ýhigh, 30.0, init, 3.0). 
bas ic-event (transmit ter_tt_10 fails normal, 30.0, enab, 3.0). 

basic 
- 

event(transmitter 
- 

tt 
- 

11 fails high, 30.0, init, 3.0). 
basic 

- 
event(transmitter 

- 
tt 

- 
11 fails veryýhigh, 30.0, init, 3.0). 

basic-event(transmitter_tt_ll fails normal, 30.0, enab, 3.0). 

basic 
- 

event(transmitter 
- 

tt 
- 

12 fails high, 30.0, init, 3.0). 
basic 

- 
event(transmitter 

- 
tt 

- 
12 fails low, 30.0, init, 3.0). 

basic event(transmitter tt 12 fails normal, 30.0, enab, 3.0). 
basic-event(transmitter_tt_12 fails very_low, 30.0, init, 3.0). 

basic event(transmitter tt 13 fails'high, 30.0, init, 3.0). 
basic event(transmitter tt 13 fails low, 30.0, init, 3.0). 
basic event(transmitter tt 13 fails normal, 30.0, enab, 3.0). 
basic-event(transmitter_tt_13 fails very-low, 30.0, init, 3.0). 

bas ic event(transmitter tt 14 fails high, 30.0, init, 3.0). 
basic event(transmitter tt 14 fails low, 30.0, init, 3.0). 
basic event(transmitter tt 14 fails normal, 30.0, enab, 3.0). 
basic-event(transmitter_tt_14 fails very_low, 30.0, init, 3.0). 

basic 
- 

event(transmitter - 
tt 

- 
16 fails high, 30.0, init, 3.0). 

basic_event(transmitter_tt_16 fails normal, 30.0, enab, 3.0). 

basic event(transmitter - 
wi 

-1 
fails high, 30.0, init, 3.0). 

basic-event(transmitter_wi_l fails normal, 30.0, enab, 3.0). 
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Appendix K 

THE COMPILED RULEBASE FOR THE REACTOR CHARGING SYSTEM 
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The file was created at 21: 6: 8 

On the 24-sep-1988 

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

/* The indications of the parameters 

pressure pl is indicated_by [pump_pl_pres]. 
pressure p2 is indicated by [reac_rl_pres]. 
flow fl is 

- 
indicated 

- 
by [buf_acd 

- 
fl 1, buf-acd_fl_2]. 

flow f2 is 
- 

indicated_by [reac_acd-fl]. 
level 11 is 

- 
indicated 

- 
by [stg_tnk_lev]. 

level 12 is 
- 

indicated_by [buf_tnk-lev]. 
signal sl is indicated_by [cntl_input]. 
signal s2 is indicated_by [cntl-output]. 
signal set-pt is 

- 
indicated_by [cntl_setpnt]. 

temperature tl is 
- 

indicated 
- 

by [inlet_temp]. 
temperature t2 is-indicated_by [outlet_temp] 

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

/* The indexes of the parameters in the database 

indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication index( 
indication_ index( 

pump-pl-pres, 4). 
reac_rl_pres, 6). 
stg_tnk_lev, 7). 
buf 

- 
tnk_lev, 1). 

cntl_input, 1). 
buf acd fl_lp 2). 
buf acd fl 21 5). 
reac acd fls 3). 
cntl-output, 1,0). 
cntl_setpnt, 11). 
inlet 

- 
temp, 12). 

outlet-temp, 13). 
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/* The definitions of the parameter units 

indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 
indication 

pump_pl_pres has 
- 

units 'barG'. 
reac_rl_pres has units 'barG'. 
buf acd fl 1 has units 'lls'. 
buf-acd_fl_2 has-units '1/s'. 
reac 

- 
acd 

- 
fl has-units 'lls'. 

stg tnk lev has 
- 

units W. 
buf tnk lev has units W. 
inlet_temp has 

- 
units Oct. 

outlet 
- 

temp has 
- 

units 'oc'. 
cntl_input has-units 
cntl_output has 

- 
units 

cntl_setpnt has-units 

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

/* The maximum error between multiple indications of the 
/* same parameter 

maximum-error( flow fl, 0.03). 

% ------------------------------------------------------------- 

/* The states exhibited by the various parameters 

pressure pl exhibits 
- 

states [very-low, low, normal, high, null, null]. 
pressure p2 exhibits-states [very_low, low, normal, high, very_high, 

null]. 
flow fl exhibits 

- 
states [very_low, low, normal, high, null, null1j. 

flow f2 exhibits 
- 

states [very_low, low, normal, high, null, null]. 
level 11 exhibits 

- 
states [very_low, low, normal, high, null, null]. 

level 12 exhibits 
- 

states [very_low, low, normal, high, null, null]. 
temperature tl exhibits 

- 
states [low, normal, null, null, null, null]. 

temperature t2 exhibits 
- 

states [low, normal, null, null, null, null]. 
signal sl exhibits - 

states [very_low, low, normal, high, null, null). 
signal s2 exhibits - 

states [very_low, low, normal, high, null, null]. 
signal set_pt exhibits-states [very_low, low, normal, high, null, 

null]. 
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/* The data which must be captured from the database 
/* when an alarm occurs 

param- required(4, 3, [4 : n, 10 n, 1 n, 7 n, 11 n, 3 n]). 
param- required(4, 2, [4 : n, 7 n]). 
param- required(4, 1, [4 : n, 7 n]). 
param- required(5, 3, (5 : n, 2 n, 10 n, 1 n, 11 n, 3 n]). 
param- required(2, 3, [5 : n, 2 n, 10 n, 1 n, 11 n, 3 n]). 
param- required(5, 2, [5 : n, 2 n, 10 n, 7 n, 3: n, 11 n, 

12 n] ). 
param- required(2, 2, [5 : n, 2 n, 10 n, 7 n, 3: n, 11 n, 

12 n] ). 
param- required(5, 1, [5 : n, 2 n, 10 n, 1 : n, 7: n, 3 n, 

11 n, 12 : rf] ). 
param- required(2, 1, [5 : n, 2: n, 10 n, 1 : n, 7: n, 3 n, 

11 n, 12 n]). 
param- required(l, 3, [10 n, 1 n, 6 n, 13 : n] ). 
param- required(l, 2, [10 n, 1 n, 6 n, 5 : n, 2: n]). 
param- required(l, 1, [1 : n, 6: n, 5 n, 2: nj). 
param- required(3, 3, [3 : n, 6: n, 1 nj) . 
param- required(3, 2, [3 : n, 1: n, 6 n, 13 : n]) . 
param- required(3, 1, [3 : n, 1: n, 6 n, 13 : n]) . 

% ------------------------------------------------------------- 

/* The proof test intervals for any control or trip 
/* loops 

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

/* The scan interval 
/* 

scan_interval( 0.00278 ). 

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

/* The average times taken for the operator to detect 
/* an enabling fault 

notice_time( control_loop cil fails normal, 0.5). 
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/* The parameters of the indications 

outlet_temp indicate s_parame ter temperature t2. 
inlet 

- 
temp, indicates-Parameter temperature t1. 

cntl 
- 

setpnt indicates_parameter signal set 
_pt. cntl 

- 
output indicates_parameter signal s2. 

cntl input indicates_parameter signal sl. 
buf3 nk-lev indicate s_parameter level 12. 
stg_ tnk 

- 
lev indicates_parameter level 11. 

reac, 
- 

acd fl indicates parameter flow f2. 
buf 

- 
acd 

- 
11 

- 
_ 2 indicates_parameter flow fl. 

buf_ acd_fl_ l indicates-parameter flow fl. 
reac rl_pre s indicates_parameter pressure p2. 
pump - 

_pl_pre 
s indicate s-parame ter prE; ssure pl. 

/* The compiled rules of the parameter deviations 

causes(l, pressure pl => very_low, 
[[[device pump_l fails stopped @ 

[pressure pl => very_low @ 
fl. 0 
-? -1 1 
[[level 11 => very_low @ 
(pressure pl => very-low @ 

tank section fails leakage @ 
_11, [pressure pl => very_low @ 

H 
pump_section fails leakage @ 

_2], [pressure pl -> very_low @ 
HI 

-9 
17 

[[device valve_4 fails closed @ 
[pressure pl -> very_low @ 

[[device valve_4 fails large_blockage @ 

[pressure pl -> very-low @ 

6, 
[in : 14, cc : 8, cc : 91,175.076,2.9441). 
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causes(2, pressure pl -> low, 
[[[level 11 => very_low @ 

[pressure pl => low @ J, 

[[device valve 2 fails closed @ 
[pressure pl => low @ 

[[device valve 3 fails closed @ 
[pressure pl -> low @ - 

tank section fails partial blockage 
_41, [pressure pl -> low @ 

tank 
- 

section fails leakage @_ 5], 
[pressure pl => low @ 
11, 

-It 

pump_section fails partial blockage 
_61, [pressure pl => low @ 

H 
pump_section fails leakage @ 

_7], [pressure pI => low @ 
11, 

-1 -1P [[device pipe_3 fails leakage @ 
[pressure pl => low @ 

[[device pipe_4 fails leakage @ level 11 => low 
[pressure pl => low @ 

[[device cv 
11 

fails leakage @ l evel 11 => low @ 
[pressure pl => low @ 

[[device pipe_5 fails leakage @ level 11 => low @ 
[pressure pl => low @ 

[in : 14, cc : 8, cc : 9, cc : 17, cc : 18, cc : 10, in 15], 

260.33,0.507212). 
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causes(3, pressure pi => high, 
[[[level 11 => high @ 

-1, [pressure pl => high @ 

[[device pipe_5 fails large 
- 

blockage @ 
(pressure pl -> high @ 

H 
pipeline 

- 
section fails large_blockage @ 

-91, [pressure pl => high @ 

[[control 
- 

loop cll fails very_low, @ 
[pressure pl -> high @ 

[[signal set_pt => low @ control_loop c1l working @ 
[pressure pl => high @ 
HI 

-) 
11 

[[flow f2 => very 
I 

low @ control_loop c1_1 working @ 
[pressure pl => high @ 

6, [_101, 
[in : 16, cc : 9, cc : 8, in : 33, in : 11], 2.2804,1.43786). 

4 
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causes(10, flow fl => high, 
[[[device pipe_5 fails leakage @ 

[flow fl -> high @ J, 

[[signal set-pt -> high @ 
_, 

contro l-loop ell wo rking @ 
[flow fl -> high @ 

[[control loop ell fails high @ 
[flow fl. - 

-> high @ 

[[flow f2 -> high @ 
_, 

control loop ell working @ 
[flow fl => high @ 

[[device valve_7 fails leakage @ control_loop ell working @ 
[flow fl -> high @ 
11, 

31 
11 

[[device tank 
12 

fails leakage @ control-loop ell working @ 
[flow fl => high @ 

[[device valve 
-6 

fails leakage @ control_loop ell working @ 
[flow fl => high @ J, 

[[device pipe_6 fails leakage @ control_loop ell working @ 
[flow fl => high @ 

8, [-111, 
[cc : 17, cc : 18, cc : 2, in : 18, in : 17, in : 34, in : 13], 
3.2512, 1.33708). 

causes(24, temperature tl => low, 
[110'[11111010). 

causes(25, temperature t2 -> low, 
[110'[11111010). 

causes(26, signal sl -> very_low, 
[1101[11111010)- 

causes(27, signal sl => low, 
[110'[111110,0). 

causes (28, signal sl => high, 

j)'O'j]'[]'O'O). 
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causes(29, signal s2 => very_low, 
1110,11'[11010). 

causes(30, signal s2 => low, 
[1101111111010). 

causes(3l, signal s2 -> high, 
[110'[11111010). 

causes(32, signal set_pt => very_low, 
[], 0, [], [], 130.0,0.5). 

f 

causes(7, pressure p2 => very-high, 
[110'[11111010). 

causes(17, level 12 -> very 
- 

low, 
[[[pressure p2 => very_low @ 

[level 12 => very_low @ 

[[flow fl => very_low @ 
[level 12 => very-low @ 
11, 

-9 -1 1 
[[device valve 

-7 
fails opened 

[level 12 => very_low @ 

[[device valve 
-6 

fails leakage 
[level 12 -> very-low @ J, 

[[flow f2 => high @ 
(level 12 => very-low @ 
11, 

-9 -1 0 
[[device tank 

-2 
fails leakage @ 

[level 12 => very-low @ 

[[device pipe_5 fails leakage @ 
[level 12 => very_low @ 

7, [par : 11, par : 10], 
fin : 4, in : 8, cc : 10, cc : 2], 133.041,4.27831). 

causes(6, pressure p2 -> high, 
[110'[11111010). 
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causes(18, level 12 => low, 
[[[pressure p2 => low @ 

_, 
control_loop cll fails normal @ 

[level 12 => low @ 

[[device valve 
-6 

fails opened @ control-loop cll fails normal 
[level 12 => low @ J, 
119 

-9 
19 

[[flow fl => low @ 
[level 12 => low @ 

[[flow fl => very_low @ 
[level 12 => low @ 

[[device valve 
-7 

fails opened @ IV 
[level 12 => low @ J, 
[IV 

-1 
11 

[[device valve 
-6 

fails leakage @ 
[level 12 => low @ 
11, 

-1 -IV [[device pipe_6 fails leakage @ 
[level 12 => low @ 

[[flow f2 => high @ IV 
[level 12 => low @ J, 
119 

-9 
17 

[[device tank 
12 

fails leakage @ IV 
[level 12 => low @ 

[[device pipe_5 fails leakage @ 
[level 12 => low @ J, 

10, [par : 12, par : 101, 
[in : 5, cc : 13, in : 9, in : 8, cc 10, cc 2, in 4], 
133.058.9 4.27782). 
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causes(19, level 12 -> high, 
[[[device downstream tracer fails off @ 
control 

I 
loop cll fails normal @ 

[level 12 => high @ 
_], [temperature t2 is-in_state low @ 

-1 
11 

[[pressure p2 => high @ control_loop clI fails normal 
[level 12 -> high @ 
H* 

-I -]I [[pressure p2 => very_ýhigh @ 
_, 

control-loop cll fails normal 
[level 12 ý> high @ 
[11 

reactor feed 
- 

section fails partiaf 
- 

blockage @ 
_14, control loop cll fails normal @ 

[level 12 => high @ 
[11 

-I -]I [[device valve 
16 

fails closed 
[level 12 => high @ 

[[device valve 
18 

fails closed 
[level 12 => high @ 
[11 

, control_loop cll fails normal 

, control_loop cll fails normal 

-1 -11, 6, [par : 13], 
(in : 6, in : 7, cc : 12, cc : 11], 0.034629,0.5). 

causes(4, pressure p2 => very_low, 
1110'[1111,010). 

causes(5, pressure p2 => low, 
[1101111111010). 
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causes(8, flow fl => very_low, 
[[[device upstream tracer fails off @ 

[flow fl => very 
I 

low @ J, 
[temperature tl is-in_state low @ J, 

-9 
11 

[[level 11 => very_low @ J, 
[flow fl => very_low @ 

[[flow f2 very_low @ control_loop cll working 
[flow fl very_low @ 

[[signal set_pt => low @ control_loop cll working 
[flow fl -> very_low @ 

[[control 
- 

loop cll fails very_low @ 
[flow fl. --> very_low @ 

tank section fails large 
- 

blockage @ 
_151, [flow fl. => very_low @ 

pump_section fails large_blockage @ 
_161, [flow fl => very_low @ J, 

pipeline section fails large_blockage @ 
_17], [flow fl, => very_low @ 

[[device pipe_5 fails large_blockage @ 
[flow fl -> very_low @ 

H 
tank section fails leakage @ 

_18], [flow fl => very_low @ 

H 
pump_section fails leakage @ 

_19], [flow fj => very_low @ 
[19 

pipeline - 
section fails leakage @ 

_20], [flow fj => very_low @ 
_19 

[[device pumP-l fails stopped @ 
[flow fj => very_low @ 

_1, 
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H 
upstream valves fails closed @ 

_21], [flow fl => very_low @ 

14, [par : 17, par : 18], 
[in : 14, in : 11, in : 33, cc : 3, cc : 2, cc : 1], 437.947,1.57805). 

causes(9, flow fl => low, 
[[[device upstream 

- 
tracer fails off @ 

[flow fl -> low @ 
_], [temperature tl is-in_state low @ 

[[level 11 => very_low @ 
[flow fl => low @ 

[[flow f2 => low @ control-loop cll working @ 
[flow fl => low @ 

[[signal set_pt => low @ 
-, 

control_loop cll working 
[flow fl => low @ 

[[control 
Z 

loop cll fails low @ 
[flow fl => low @ 

tank 
- 

section fails large_blockage @ 
_22], [flow fl => low @ 

11, 

-1 
19 

H 
pump_section fails large_blockage @ 

_231, [flow fl => low @ 
-1, 11, 

-1 
19 

I[ 

pipeline_section fails large_blockage @ 
_24], [flow fl => low @ 

[[device pipe_5 fails large_blockage @ 
[flow fl -> low @ 

tank 
- 

section fails leakage @ 
_25], [flow fl => low @ 
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I[ 

pump_section fails leakage @ 
_26], [flow fl -> low @ 

11, 
19 

pipeline 
- 

section fails leakage @ 
_27], (flow fl => low @ 

11, 

-0 
119 

12, [par : 18], 
[in : 14, in : 12, in : 33, cc : 3, cc 1, cc 2], 2.6768,17-1019). 

causes(33, signal set_pt => low, 
[], O, [], [1, l30.0,0.5). 

causes(ll, flow f2 => very - 
low, 

[[[device downstream 
- 

tracer fails off @ 
[flow f2 => very_low @-1, 
[temperature t2 is-in_state low @ 

-1 
11 

[[device valve 
-6 

fails closed @ 
[flow f2 => very_low @ 

[[device valve 8 fails closed @ 
[flow f2 => very_low @ 

reactor 
- 

feed 
- 

section fails large_blockage 
_28], [flow f2 => very_low @ 

[[level 12 => very_low @ J, 
[flow f2 => very_low @ 

[[pressure p2 => very_high @ 
[flow f2 => very_low @ 

[[device valve 
-6 

fails leakage @ 
[flow f2 => very_low @ 

[[device pipe_6 fails leakage @ 
[flow f2 => very_low @ 

8, [par : 8, par : 31, 

[cc : 19, in : 17, in : 7], 260.618,0.661161). 

I 
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causes(14, level 11 -> very_low, 
11101[11[11010). 

causes(12, flow f2 => low, 
[[[device downstream 

- 
tracer fails off 

[flow f2 => low @ 
-], [temperature t2 is-in_state low @ 

-1 
10 

[[level 12 -> low @ J, 
[flow f2 => low @ J, 
117 

-0 -1 1 
[[pressure p2 => high 
[flow f2 => low @ 

reactor 
- 

feed 
- 

section fails partial-blockage @ 
-29], [flow f2 => low @ 

1110 

-) -1 
$ 

[[device pipe_6 fails leakage 
[flow f2 => low @ 

[[device valve 
-6 

fails leakage 
[flow f2 => low @ 
11, 

-1 -11, 6, [par 
[ in : 18, 

9] , in : 6, cc : 19], 0.7562,57.5213). 
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causes(13, flow f2 => high, 
f[[pressure p2 => low @ 

[flow f2 => high @ 
fl, 

-1 
11 

[[pressure p2 => very_low @ 
[flow f2 => high @ 

[[device valve 
-6 

fails opened 
[flow f2 -> high @ 

_], [II 
-1 

11 

[[level 12 => high 
[flow f2 -> high @ 
[It 

-0 -1 1 
[[device pipe_7 fails leakage @ 
[flow f2 => high @ 

[[device valve 
-8 

fails leakage @ 
[flow f2 => high @ 

6, [par : 10], 
[in : 5, in : 4, cc 18, in : 19], 130.02,0.500612). 

causes(34, signal set_pt => high, 
[], 0, [], [], 130.0,0.5). 

causes(15, level 11 => low, 
11101flIfI1010). 

causes(16, level 11 => high, 
1110'[11111010). 

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

/* The sub-system rules 

sub_causes(38, tank_section fails partial_blockage, 
[[device valve 

-2 
fails partial 

- 
blockage @ 

[device valve_3 fails partial 
- 

blockage @ 
[device pipe_2 fails partial_blockage @ 
[par : 21, init ). 

f 
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sub_causes(41, pump_section fails partial 
- 

blockage, 
[[device valve 4 fails partial_b lockage @ 

[device pump 
-1 

fails partial-blockage @ 
[par : 2), init ). 

sub_causes(49, control 
I 

loop cll fails high, 
[[device cv 1 fails high @_1, 

[device cnt 
-1 

fails high @, signal s2 is 
- 

in 
- 

state high @ 
[device ls-2 fails low @_ signal sl is 

- 
in 

I 
state low @ 

_], [device ls-2 fails very_low @ signal sl is_in_state very_low 
[par : 10], init ). 

sub_causes(48, control-loop 
[[device cv 

-1 
fails low @ 

[device cnt-l fails low @ 
[par : 9], init ). 

cll fails low, 
11 # 

_, 
signal s2 is_in_state low 

sub_causes(51, control-loop cll fails very_low, 
[[device cv 

-I 
fails very_low @_J, 

[device cnt 
-1 

fails very_low @_, signal s2 is 
- 

in 
- 

state 
[device ls 

-2 
fails high @_, signal sl is_in_state high 

[device power_supply fails off @ 
[device air_supply fails @ 
[par : 8, par : 3], init ). 

sub_causes(39, tank_section fails large_blockage, 
[[device valve 

-2 
fails large_blockage @- 

[device valve 
-3 

fails large_blockage @- 
[device pipe 

-2 
fails large_blockage @ 

[par : 8, par : 9], init ). 

sub_causes(42, pump_section fails large_blockage, 
[[device valve 

14 
fails large_blockage @ 

[device pump 
-1 

fails large_blockage @ 
[par : 8, par : 9], init ). 

sub_causes(36, pipeline_section fails large_blockage, 
[[device pipe_3 fails large_blockage @ 

[device pipe_4 fails large_blockage @ 
[device cv 

-1 
fails large 

- 
blockage @ 

[par : 8, par : 9, par : 3], init ). 

sub_causes(40, tank_section fails leakage, 
[[device valve -2 

fails leakage @ 
[device valve -3 

fails leakage @ 
[device pipe -2 

fails leakage @ 
[par : 8, par : 9, par : 1, par 2], init 

very_low 
@ 

-1 

4 
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sub_causes(43, pump_section fails leakage, 
[[device valve 4 fails leakage @ 

(device pump 
-1 

fails leakage @ 
[par : 8, par : 9, par : 1, par 2], init 

sub_causes(37, pipeline_section fails leakage, 
[[device pipe_3 fails leakage @ 

[device pipe_4 fails leakage @ 
[device cv 1 fails leakage @ 
[par : 8, par : 9], init ). 

sub_causes(47, upstream 
- 

valves fails closed, 
[[device valve 2 fails closed @ 

[device valve 3 fails closed @ 
[device valve 4 fails closed @ 
[par : 8), init ). 

sub_causes(50, control-loop cll fails normal, 
[[device cv 1 fails normal @ 11 

[device cnt 
-1 

fails normal @ signal s2 is 
- 

in 
- 

state normal @ 
[device ls 

-2 
fails normal @ signal sl is_in_state normal @ 

[device valve 9 fails closed @, signal sl is-in_state normal 
[device valve 9 fails large 

- 
blockage @ 

signal sl is 
- 

in state normal @ 
[par : 18, par 19], enab ). 

sub_causes(46, reactor_feed_section fails leakage, 
[[device valve 6 fails leakage @ 

[device valve 8 fails leakage @ 
[device pipe_6 fails leakage @ 
[device pipe_7 fails leakage @ 
[par : 17, par : 181, init ). 

sub_causes(44, reactor_feed_section fails partial-blockage, 
[[device valve 6 fails partial 

- 
blockage @ 

[device valve 8 fails partial_blockage @ 
[device pipe_6 fails partial 

- 
blockage @ 

[device pipe_7 fails partial - 
blockage @ 

[par : 12, par : 19], init ). 

sub_causes(45, reactor_feed_section fails large_blockage, 
[[device valve -6 

fails large_blockage @ 
[device valve -8 

fails large_blockage @ 
[device pipe -6 

fails large 
- 

blockage @ 
[device pipe 17 

fails large_blockage @ 
[par : 11], init ). 
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sub causes(35, pipeline section fails part ial-blockage, 
[[device pipe_3 fails partial - 

blockage @ 
[device pipe_4 fails partial I 

blockage @ 
[device cv 

-1 
fails partial_blockage @ 

_30, 
init )- 

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

/* The indication rules 

ind_causes(95, indication cntl-setpnt reads normal, 
[[signal set_pt reads normal @_ ]]' ). 

ind_causes(94, indication cntl-setpnt reads low, 
[[signal set_pt reads low @_ )] ). 

ind_causes(93, indication cntl-setpnt reads high, 
[[signal set_pt reads high @_ ]] ). 

ind_causes(92, indication cntl-output reads normal, 
[[signal s2 reads normal @_ ]] ). 

ind_causes(91, indication cntl-output reads very_low, 
[[signal s2 reads very-low @_ ]] ). 

ind_causes(90, indication cntl-output reads low, 
[[signal s2 reads low @_ ]] ). 

ind_causes(89, indication cntl-output reads high, 
[[signal s2 reads high @_ ]] ). 

ind_causes(88, indication outlet_temp reads normal, 
[[temperature t2 reads normal @ 

[device ts-2 fails normal @ 

ind_causes(87, indication outlet_temp reads low, 
[[temperature t2 reads low @ 

[device ts. 
-2 

fails low @_ 
[device power_supply fails off @ J] 

ind_causes(86, indication inlet temp reads normal, 
[[temperature tl reads normal 

[device ts_l fails normal @ 

4 
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ind_causes(85, indication inlet_temp reads low, 
[[temperature tl reads low @ 

[device ts 1 fails low @_ 
[device power_supply fails off @ 

ind_causes(84, indication stg_tnk 
- 

lev reads normal, 
[[level 11 reads normal @_], 

[device ls-1 fails normal @_ ]] ). 

ind_causes(83, indication stg_tnk 
- 

lev reads very_low, 
[[level 11 reads very_low @_], 

[device Is 
-I 

fails very_low @_], 
[device power_supply fails off @ 

ind_causes(82, indication stg_tnk_lev reads low, 
[[level 11 reads low @ 

[device ls_l fails low @ 

ind_causes(81, 
f[level 11 re 

[device ls-1 

ind_causes(80, 
[[pressure p2 

[device ps_2 

indication 
ads high @ 

fails high 

indication 
reads very 
fails very 

stg_tnk_lev reads high, 

@ 

reac_rl_pres reads very_high, 
high @ 
high @ 

ind_causes(79, indication reac-rl-pres reads normal, 
[[pressure p2 reads normal @ 

[device ps_2 fails normal @ 

ind_causes(78, indication reac_rl_pres reads very_low, 
[[pressure p2 reads very 

- 
low @ 

[device ps_2 fails very 
I 

low @ 
[device power_supply fails off @ 

ind_causes(77, indication reac-rl-pres reads low, 
[[pressure p2 reads low @ 

[device ps-2 fails low @ 

ind_causes(76, indication reac-rl-pres reads high, 
[[pressure p2 reads high @ 

[device ps-2 fails high @ 

ind_causes(75, indication pump_pl-pres reads normal, 
[[pressure pl reads normal @ 

[device ps_1 fails normal @ 
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ind_causes (74, indication pump_pl_pres reads very_low, 
[[pressure pl reads very-low @- 

[device ps_1 fails very_low @_ 
[device device power_supply fails off @ 

ind_causes(73, indication pump_pl_pres reads low, 
[[pressure pl reads low @ 

[device ps_1 fails low @ 

ind_causes(72, indication pump_pl_pres 
[[pressure pl reads high @ 

[device ps_1 fails high @ 

4 

ind_causes(71, indication reac acd fl 
[[flow f2 reads normal @ ], 

[device fs 
-2 

fails normal @ 
[device trans-3 fails normal @ 

ind_causes(70, indication reac 
- 

acd 
- 

fl 
[[flow f2 reads very_low @_1, 

[device fs 
-2 

fails very_low ýd 
[device trans 

-3 
fails low @_ 

[device power_supply fails off @ 

reads high, 

reads normal, 

reads very-low, 

ind_causes(69, indication reac acd 
- 

fl reads low, 
[[flow f2 reads low @ ], 

[device fs 
-2 

fails low @ 
[device trans-3 fails low @ 

ind_causes(68, indication reac 
- 

acd 
- 

fl reads high, 
[[flow f2 reads high @_], 

[device fs 
-2 

fails high @ 
[device trans-3 fails high @ 

ind causes(67, indication buf acd fl 2 reads normal, 
[[device fs 

-1 
does 

- 
not 

- 
fail n 

device trans 2 does not fail 
flow fl reads normal @ 11 
[device fs 

-1 
fails normal @ 

device trans 2 does not fail 
[device trans-2 fails normal 

ormal @ 
normal 

normal 
@- 11 
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ind_causes(66, indication buf_acd_fl_2 reads very_low, 
[[device fs 1 does not fail very_low @ 
device trans 2 does 

- 
not - 

fail very_low @ 
flow fi reads very - 

low @- 11 
[device fs 1 fails very_low @ 
device trans 

-2 
does 

I 
not 

- 
fail very_low @ 

[device trans 
-2 

fails very_low @ 
[device power_supply fails low @ 

ind_causes(65, indication buf 
I 

acd 
- 

fl 
-2 [[device fs 1 does not fail low @ 

device trans 2 does not fail low @ 
flow fl reads low @ ], 
[device fs I fails low @ device 
[device trans-2 fails low @_ ]] ). 

reads low, 

9 

trans_2 does_not_fail low 

ind_causes(64, indication buf 
- 

acd 
- 

fl 2 
[[device fs 

-1 
does 

- 
not 

- 
fail high @ 

device trans 
-2 

does 
- 

not-fail high @ 
flow fl reads high @_], 
[device fs 

-1 
fails high @ device 

[device trans-2 fails high @_ ]] ). 

reads high, 

trans-2 does-not-fail high 

ind_causes(63, indication buf_acd_fl_l reads normal, 
[[device fs 1 does not fail normal @_p 
device trans 1 does not fail normal @ 
flow fl. reads normal @ 11 
[device fs 

-1 
fails normal @ device trans-1 does-not-fail normal 

[device trans-1 fails normal @_ ]] ). 

ind_causes(62, indication buf_acd_fl_l reads very_low, 
[[device fs 

-I 
does 

- 
not 

- 
fail very_low @_, 

device trans 
-1 

does 
- 

not-fail very_low @ 
flow fl. reads very 

- 
low @-], 

[device fs 
-1 

fails very_low @ 
device trans 

-1 
does 

I 
not 

- 
fail very_low @ 

[device trans 
-1 

fails very_low @ 
[device power_supply fails off @ 

ind_causes(61, indication buf-acd-fl-1 
[[device fs 

-I 
does 

- 
not 

- 
fail low @ 

flow fl. reads low @ ], 
[device fs 

-1 
fails low @ device 

[device trans_1 fails low @ ]] ). 

reads low, 
device trans-1 does-not-fail low 

trans_l does_not_fail low 

i 
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ind_causes(60, indication buf 
- 

acd - 
fl 

[[device fs 1 does not 
- 

fail high @ 
device trans I does 

- 
not_fail high @ 

flow fl reads high @-1, 
[device fs I fails high @ device 
[device trans-1 fails high @_ 11 ). 

reads high, 

I 

trans-I does-not-fail high 

ind_causes(59, indication cntl_input reads normal, 
[[signal sl reads normal @_ ]] ). 

ind_causes(58, indication cntl_input , reads very_low, 
[[signal sl reads very_low @_ ]] ). 

ind_causes(57, indication cntl_input reads low, 
[[signal sl reads low @ ]) ). 

ind_causes(56, indication cntl_input reads high, 
[[signal sl reads high @_ ]] ). 

ind_causes(55, indication buf tnk 
- 

lev reads very-low, 
fflevel 12 reads very_low @ 

[device ls-2 fails very_low @ 

ind_causes(54, indication buf 
- 

tnk lev reads normal, 
[[level 12 reads normal @ 

[device ls 2 fails normal @ 
[device valve 

-9 
fails closed @ 

[device valve_9 fails large_blockage @ 

ind_causes(53, indication buf_tnk_lev reads low, 
[[level 12 reads low @_], 

fdevice ls-2 fails low @_ ]] ). 

ind_causes(52, indication buf_tnk_lev reads high, 
[[level 12 reads high @_], 
Idevice ls-2 fails high @_ )) ). 

i 
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bas ic event(ts 2 fails normal, 0.16, enab, 1.25, 
find 88], 

, 1). 
basic-event(ts 2 fails low, 0.9, init, 1.25, 
find : 871, 

, 1). 
basic_event(ts_l fails normal, 0.16, enab, 1.25, 
find : 86], 

, 1). 
basic_event(ts_l fails low, 0.9, init, 1.25, 
find : 85]s 

It 
1). 

basic-event(ls-1 fails normal, 0.46, enab, 1.31, 
find 84]s 

_1 
1). 

basic event(ls 
-1 

fails very_low, 0.94, init, 1.31, 
find 83]v 

I, 
1). 

basic-event(ls-1 fails low, 0.31, init, 1.31, 
find 82]1 

_9 
1). 

basic event(ls_l fails high, 1.27, init, 1.31, 
find 81], 

_, 
1). # 

basic event(ps_2 fails very_high, 0.75, init, 1.02, 
find 80], 

_I 
1). 

basic event(ps_2 fails normal, 0.38, enab, 1.02, 
find 79]s 1 1). 
basic event(ps_2 fails very_low, 0.75, init, 1.02, 
find 78], , 1). 
basic event(ps_2 fails low, 0.15, init, 1.02, 
find 77], 

_$ 
1). 

basic event(ps_2 fails high, 0.31, init, 1.02, 
find 76], 

-1 
1). 

basic event(ps_1 fails normal, 0.38, enab, 1.02, 
find 75], 

-, 
1). 

basic event(ps_1 fails very_low, 0.75, init, 1.02, 
find 74js 

-1 
1). 

basic event(ps_1 fails low, 0.15, init, 1.02, 
find 73]ý 

- J1 1). 
basic event(ps_1 fails high, 1.06, init, 1.02, 
find 72], 

-, 
1). 

basic event(trans-3 fails normal, 30.0, enab, 2.0, 
find 711,1 , 

1). 
basic event(fs-2 fails normal, 0.7, enab, 2.0, 
find 711, 

-, 
1). 

basic event(trans-3 fails low, 30.0, init, 2.0, 
find 70, ind : 69], 

_, 
1). 

basic event(fs-2 fails very_low, 0.7, init, 2.0, 
find 70], 

1s 
1). 

basic event(fs-2 fails low, 0.7, init, 2.0, 
find 691, 

-, 
1). 

basic event(trans_3 fails high, 30.0, init, 2.0, 
find 681,1 , 

1). 
basic event(fs_2 fails high, 0.7, init, 2.0, 
find 681, 

-, 
1). 

2.0, basic event(trans_2 fails normal, 30.0, enab, 
find 671, 

-, 
1). 

basic event(fs_1 fails normal, 0.7, enab, 2.0, 
find 67, ind : 63], 

_, 
1). 

basic event(trans_1 fails normal, 30.0, enab, 2.0, 
find 63], 

-, 
1). 

basic event(trans_2 fails very_low, 30.0, init, 2.0, 

find 66], 
1,1). 0 basic_event(fs-1 fails very_low, 0.7. init, 2.0, 
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[ind 66, ind : 62], 
_t 

1). 
basic event(trans 1 fails very_low, 30.0, init, 2.0, 
[ind 62], 

1 1). 
basic_event(trans 

-2 
fails low, 30.0, init, 2.0, 

[ind 651, 
-, 

1). 
basic event(fs_1 fails low, 0.7, init, 2.0, 
[ind 65, ind : 611, 

_, 
1). 

basic event(trans_l fails low, 30.0, init, 2.0, 
[ind 61]t 

-9 
1). 

basic event(trans-2 fails high, 30.0, init, 2.0, 
[ind 64], 

T, 
1). 

basic event(fs-1 fails high, 0.7, init, 2.0, 
[ind 64, ind : 60], 

_, 
1). 

basic event(trans-1 fails high, 30.0, init, 2.0, 
[ind 60], 

-, 
1). 

basic event(ls-2 fails very-low, 0.914, init, 1.31, 
[ind 55, sub : 49), 

_, 
1). 

basic event(valve_9 fails large_blockage, 0.008, init, 4.0, 
[ind 54, sub : 501, 

-, 
1). 

basic event(valve_9 fails closed, 130.0, init, 0.5, 
(ind 54, sub : 50], 

_, 
1). 

basic event(ls-2 fails normal, 0.46, enab, 1.31, 
[ind 54, sub : 50], 

_, 
1). 

basic event(ls-2 fails low, 0.31, init, 1.31, 
[ind 53, sub : 49], 

_, 
1). 

basic event(ls-2 fails high, 1.27, init, 1.31, 
[ind 52, sub : 51], 

_, 
1). 

basic event(cnt_l fails very_low, 1.0, init, 1.34, 
[sub 51], 

_, 
1). 

basic event(cv_l fails very_low, 0.001, init, 20, 
[sub 511, 

-, 
1). 

basic event(cnt_l fails normal, 1.0, enab, 1.34, 
[sub 50], 

-, 
1). 

basic event(cv_l fails normal, 0.005, enab, 20, 
[sub 501, 

-, 
1). 

basic event(cnt_l fails high, 2.0, init, 1.34, 
[sub 49], 

-, 
1). 

basic event(cv_l fails high, 0.001, init, 20, 
[sub 49], 

-, 
1). 

basic event(cnt_l fails low, 2.0, init, 1.34, 
[sub 481, 

-, 
1). 

basic event(cv_l fails low, 0.001, init, 20, 
[sub 48], 

-, 
1). 

init, 0.5, basic event(valve_4 fails closed, 130.0, 
[sub 47, par : 11, 

_, 
1). 

basic event(valve_3 fails closed, 130.0, init, 0.5, 

[sub 47, par : 2], 
_, 

1). 
basic event(valve_2 fails closed, 130.0, init, 0.5, 

[sub 47, par : 2], 
_, 

1). 
basic event(pipe_7 fails leakage, 0.0002, init, 48.0, 

[sub 46, par : 13), 
_, 

1). 
basic event(pipe_6 fails leakage, 0.0002, init, 48.0, 

[sub 46, par : 11, par : 121, 
-, 

1). 

basic event(valve_8 fails leakage, 0.02, init, 4.0, 

[sub 46, par : 13], 
_, 

1). 

basic event(valve_6 fails leakage, 0.02, init, 4.0, 

[sub 46, par : 11], 
_, 

1). 
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basic event(pipe_7 fails large_blockage, 0.0008, init, 48.0, 
[sub 45], 

_, 
1). 

basic event(pipe_6 fails large_blockage, 0.0008, init, 48.0, 
[sub 45], 

_, 
1). 

basic event(valve 
-8 

fails large 
- 

blockage, 0.008, init, 4.0, 
[sub 45], 

_, 
1) ' basic event(valve 6 fails large_blockage, 0.008, init, 4.0, 

[sub 45], 
_, 

1) 
basic 

- 
event(pipe_7 fails partial_blockage, 0.008, init, 48.0, 

[sub 44], 
_, 

1). 
basic-event(pipe_6 fails partial_blockage, 0.008, init, 48.0, 
[sub 44], 

_, 
1). 

basic event(valve 
-8 

fails partial_blockage, 0.08, init, 4.0, 
[sub 44), 

_, 
1) 

* basic event(valve 6 fails partial-bliockage, 0.08, init, 4.0, 
[sub 44], 

_, 
1) 

basic event(pump_1 fails leakage, 0.008, init, 20, 
[sub 43], 

_, 
1). 

basic event(valve 
-4 

fails leakage, 0.02, init, 4.0, 
[sub 43), 

-, 
1). 

basic-event(pump_1 fails large_blockage, 0.008, init, 20, 
[sub 42], 

_, 
1). 

basic event(valve 
14 

fails large_blockage, 0.008, init, 4.0, 
[sub 42, par : 1], 

1,1). basic-event(pump_l fails partial-blockage, 0.008, init, 20, 
[sub 41], 

_, 
1). 

basic event(valve 4 fails partial_blockage, 0.08, init, 4.0, 
[sub 41], 

_, 
1) 

basic-event(pipe_2 fails leakage, 0.0002, init, 48.0, 
[sub 401, 

_, 
1). 

basic event(valve 3 fails leakage, 0.02, init, 4.0, 
[sub 401, 

-, 
1). 

basic-event(valve_2 fails leakage, 0.02, init, 4.0, 
[sub : 401, 

-, 
1). 

basic-event(pipe_2 fails large_blockage, 0.0008, init, 48.0, 
(sub 391, 

-, 
1). 

basic event(valve_3 fails large_blockage, 0.008, init, 4.0, 
[sub 39], 

-, 
1). 

init, 4.0, basic event(valve_2 fails large_blockage, 0.008, 
[sub 391, 

-, 
1). 

init, 48.0, basic event(pipe_2 fails partial_blockage, 0.008, 
[sub 381, 

-, 
1). 

init, 4.0, basic event(valve_3 fails part ial_blockage, 0.08, 
[sub 38], 

-, 
1). 

init, 4.0, basic event(valve_2 fails partial_blockage, 0.08, 
[sub 381, 

-, 
1). 

init, 20, basic event(cv-1 fails leakage, 0.0059 
[sub 37, par : 2], 

_, 
1). 

basic event(pipe_4 fails leakage, 0.0002, init, 48.0, 
[sub 37, par : 2], 

_, 
1). 

basic event(pipe_3 fails leakage, 0.0002, init, 48.0, 
[sub 37, par : 2], 

_, 
1). 

basic event(cv_l fails large_blockage, 0.007, init, 20, 
[sub 36], 

_, 
1). 

basic event(pipe_4 fails large_blockage, 0.0008, init, 48.0, 
[sub 36], 

-, 
1). 

basic_event(pipe_3 fails large_blockage, 0.0008, init, 48.0', 
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[sub 36], 
_, 

1). 
basic event(cv 1 fails partial_blockage, 0.01, init, 20, 
[sub 35], 

-, 
1). 

basic event(pipe_4 fails partial_blockage, 0.008, init, 48.0, 
[sub 35], 

_, 
1). 

basic event(pipe_3 fails partial-blockage, 0.008, init, 48.0, 
[sub 35), 

, 1). 
basic event(downstream-tracer fails off, 0.56, init, 75, 
[par 11, par : 12, par : 19), 

_, 
1). 

basic-event(valve_7 fails leakage, 0.02, init, 4.0, 
[par 11, par : 12], 

_, 
1). 

basic event(valve_8 fails closed, 130.0, init, 0.5, 
[par 11, par : 19], 

_, 
1). 

basic event(valve_6 fails closed, 130.0, init, 0.5, 
[par 11, par : 19], 

_, 
1). 

basic event(valve_6 fails opened, 150.0, init, 0.5, 
[par 13, par : 18], 

_, 
1). 

basic event(pipe_5 fails leakage, 0.0002, init, 48.0, 
[par 17, par : 18, par : 10, par : 2], 

, 1). 
basic-event(tank_2 fails leakage, 3.0, init, 168.0, 
[par 17, par : 18], 

_, 
1). 

basic event(valve_7 fails opened, 130.0, init, 0.5, 
(par 17, par : 18], 

_, 
1). 

basic event(pump_l fails stopped, 45.0, init, 10, 
[par 8, par : 1], 

-, 
1). 

basic event(upstream tracer fails off, 0.56, init, 75, 
[par 8, par : 9], , 1). 
basic event(pipe_5 fails large_blockage, 0.0008, init, 48.0, 
[par 8, par : 9, par : 3], 

_, 
1). 
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