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Fault tree analysis is a systems safety technique for determining the logicaf combinations of events which could
cause a specific hazard to occur. Digraph models are proposed which describe sequential relationships be-
tween events. A computer program which automatically constructs fault trees from digraph models is illustrated

for an air-drying process.

Introduction

Fault tree analysis has been used in the aerospace, elec-
tronics, nuclear, and chemical industries to aid in (1) the
discovery and control of failures before they occur; (2) the
analysis of accidents, and (3) the planning of maintenance
activities (Fussell, 1974; Powers, 1974). In the use of the fault
tree method many safety analysts have expressed concern over
the ability of the method to handle sequentially dependent
events.

Esary recently illustrated the problem of applying fault tree
analysis to sequential systems (Esary and Ziehms, 1975). In
his analysis he considered a phased-mission in which the
status and function of the components within a system depend
on the phase (time sequence) of the mission. Esary presented
a fault tree for the phased mission which was composed of
sub-trees, one for each phase in the mission. He also presented
an excellent discussion of the difficulties involved in calcu-
lating the probability of system success given the sequential
interdependence of events. In this paper we present a strategy
for partially automating the synthesis of fault trees when se-
quential interdependencies are considered. The key to the
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Figure 1. Flow diagram for part of a nitrification process. When low
pump speed is sensed at the pump, valve 1 is closed.
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Figure 2, A cause-and-etfect model for a control valve.

method is the development of cause and effect models which
explicitly consider the possible sequential interactions be-
tween events. These models are used in an algorithm which
automatically generates fault trees.

Digraph Models

In a previous paper (Lapp, 1977), we have developed the
concept of a digraph model for the description of both the
normal and failed behavior of components in interconnected
systems. The models will be briefly reviewed here and ex-
tended to sequential situations.
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Figure 3. Cause-and-effect model for a four-way valve.
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Figure 4. A partial cause-and-elfect model for the output variable
temperature in stream 4 ((I'4) in Figure 1. -
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1
GATE NUMBER 15
OR

1
CONTROLLER
REVERSED ACTION

PRIMAL EVENT 4

HIGH HITRIC ACID
TEMPERATURE FROM
THE HEAT EXCHANGER

(T3
I
GATE NUMBER 1
oR
1
t
1
1
DECREASE 1M
COOLING WATER
FLOWRATE
L
GATE NUMBER 5
OR
1
1 1 1 1
! 1 t 1
PUMP SHUTDOWN WITH 1 CONTROL LOOP NORMAL
FAILURE OF NITRIC 1 CAUSES QR PASSES DISTURBANCES PASS
ACID SHUTDOWN ! DISTURBANCES THROUGH CONTROL
SYSTEM Ple (-18) DECREASING M8 LOOP DECREASING MB
1 PRIMAL EVENT 18 t 1
GATE NUMBER 1) GATE NUMBER 7 GATE NUMBER 8
AND EOR AND
1 i} L
1 1 1 1 1
1 1 1 1 i
! LOW AIR PRESSURE 1 1 COWTROL LOOF
i ON THE COOLING 1 t ENHANCES OR PASSES
1 WATER CORTROL ! DISTURBANCES DISTURBARCES
PUMP SHUTDOWN VALVE {P7 {-1)) VALVE 5 REVERSED AFEECTING MB DECREASING M8
PRIMAL EVENT 7 3 PRIMAL EVENT § ! i
GATE NUMBER 1@ GATE WUMBER 16 GATE NUMBER E]
OR OR OR
L 1 [
! 1 1 1 1 1
1 1 ! ! 1 ! !
NORMAL i ! ! PUMP SHUTDOWN WITH 1 CONTROL LOOP
DISTURBANCES PASS COMPLETE LOSS OF ! 1 FAILURE OF NITRIC TEMPERATURE CAUSES OR PAS3ES
THROUGH CONTROL INSTRUMENT AIR CONTROLLER I ACID SHUTDGHN CONTROL LOOP DISTURBANCES
LOOP DECREASING P7 (+18) REVERSED ACTION P18 (-1} SYSTEM INACTIVATED. DECREASING M8
1 PRIMAL EVENT 3 PRIMAL EVENT 4 PRIMAL EVENT 17 I 1 |
GATE NUMBER 11 TRANSFER OUT TO TRANSFER OUT TO TRANSFER OUT TO
AND 13 ON PAGE 1 12 ON PAGE 1 7 ON PAGE 1
1
t
! NORMAL
1 DISTURBANCES PASS _______
LO® AIR PRESSURE THROUGH CONTROL ettt
(com('kc‘nr.sn) LOOP INCREASING T3
* 1
PRIMAL EVENT S GATE NUMBER 2
AND
1
t '
' 1
NORMAL CONTROL LOOP
DISTURBANCES (+1 ENHANCES OR PASSES
OR -1) AFFECTING DISTURBANCES
T3 . INCREASING T3
GATE NUMBER 3 GATE NUH]BER ‘4
OR OR
! I
1 ! 1 1
1 1 L 1 1‘
1 1 1 1 1
! 1 1 TEMPERATURE DECREASE IN
! 1 I CONTROL LOOP COOLING WATER
Pl (+1) T (+1} FIRE AT 2 (+1) INACTIVATED FLOWRATE
PRIMAL EVENT 11 PRIMAL EVENT 12 PRIMAL EVENT 13

1
TRANSPER OUT TO
5 ON PAGE 1

i
TRANSFER OUT TO
12 ON PAGE 1




Table I. Operating Procedure for Fixed-Bed Drier System

Time Value position
since (steam connections) Bed status
Time beginning
period of cycle, h 3W 4WI 4WII Bed I Bed II
1 1} 11-12 18-19 20—-21 Regeneration In service
2 AND AND
22—23 24— 25
2 3 11-18 18-19 20~21 Cooling In service
AND AND
22-23 2425
3 4} 11-12 18- 23 20-25 In service Regeneration
5 AND AND
2219 24-21
4 [¢] 11-18 18-23 20—~ 25 In service Cooling
AND AND
22-19 24— 21

Return to Time Period 1

In developing logic models for physical systems, it is nec-
essary to capture the cause-and-effect nature of interactions
which occur between the variables which describe the system

Table II. Sequential Dryer Process Events

Title
event
number Probability Text
1 2.00 x 10-? 4-Way valve leaks across
2 5.00 x 1078 Fire at Bed I
3 1.20 x 10°* No alumina in Bed I, or
channeling
4 7.15x 10 4-Way valve II motor
failure
5 3.30 x 10! Time = 1
6 1.67 x 10! Time = 2
7 4,72 x 10-¢ 4-Way valve II timer
changes at wrong time
8 5.00 x 10-® Fire at Bed II
9 1.20x 10 No alumina in Bed II, or
channeling
10 1.67 x 107" Time = 4
11 4,72 x 10°¢ 4-Way valve II timer fails
12 8.63 x 10~° 4-Way valve II control line
29 cut
13 3.30 x 10! Time = 3
14 5.00x 10-* Inlet air flow up
15 5.00x 10 Proportionating valve pres-
sure up (P10)
16 7.156x 10 4-Way valve I motor failure
17 7.99 X 10°¢ Heater leaks steam into air
18 5,00 x 10 Inlet air water concentra-
tion up
19 7.15x 10 3-Way valve motor failure
20 4,72 x 10-* 4-Way valve I timer changes
at wrong time
21 4,72 x 10-° 4-Way valve I timer fails
22 8.63 x 10-° 4-Way valve I control line
28 cut
23 1.00 x 10-% Water separator trap
clogged
24 2,10 x 107? Valve 6 closed
25 500x 10 External fire at separator
26 4,72 % 10°¢ 3-Way valve timer changes
at wrong time
27 4,72 x 10* 3-Way valve timer fails
28 8.63 x 10-° 3-Way valve control line
27 cut
29 5.00 x 10 Cooling water tlow down
30 5.00 x 10 Cooling water temperature
up
31 2,99 x 10~ Cooler fouled
32 5.00x 10°® External fire at cooler
33 2.10 x 10~ Valve 4 closed
36 5.00 x 10™* Inlel Air pressure up

(i.e., temperatures, pressures, flow rates, concentrations, op-
erator action, voltages, valve positions, etc.) and events which
occur within the system (i.e., valve failure, fire, explosion,
operator error, weather changes, etc.). For example, consider
the flow sheet given in Figure 1. The system is composed of
valves, pumps, heat exchangers, etc. In order to determine how
failures or deviations in input variables propagate through the
system, it is possible to construct digraphs whose nodes rep-
resent events or variables and whose edges represent the re-
lationships between the nodes. Figure 2 illustrates a cause and
effect model for valve 5 in this system, Note that the edges
may be event dependent. That is, a relationship between two
variables may be dependent on the value of other variables
or events in the system. For example, the gain between the
pressure on the valve actuator P7 and the mass flow rate
leaving the valve M8 is normally +1. An increase in pressure
opens the valve and allows a higher flow rate. However, if the
pressure on the actuator is very high (P7 = 4+10) the gain is
0. The valve is wide open and further increases in pressure P7
do not give an increase in the flow rate M8.

If the edges in a digraph are made dependent on other
events in the system, it is possible to capture in one digraph
the sequential behavior of the complete system. Consider the
four-way valve shown in Figure 3. When the valve is in position
1 (valve position = VP = +10) the flow is from stream 1 to
stream 3 and from stream 2 to stream 4. In position 2 (valve
position = VP = —10) the flow is from stream 2 to stream 3
and from stream 1 to stream 4. A digraph for this valve is given
in Figure 3 where VP is the valve position. If, from another
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Figure 6. Flow diagram of a utility air drying process, After King
(1970).
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Figure 7. Input-output models for the equipment in the utility air drying process.
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Figure 8. Part of the digraph for the utility air drying process.

part of the system, the position of the four-way valve is com-
manded to a particular sequence of positions, these sequences
will be conditionals which modify the relationships between
F1, F2, F3, and F4. For example, the event F'3 (+1) equals (FI
(+1) AND VP (+10)) OR (F2 (+1) AND VP (-10)). If VP
(+10) is dependent on other events they may be expanded into

+1 4WII VP -10

the appropriate Boolean expression and substituted for VP
(+10).

Digraph models of this type are able to describe both
combinational and sequential logic relationships. They are
much more compact than truth tables, decision tables, or finite
state madels. In addition, the Boolean logic is computed from
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POSITIOR AT TIME =
1 OR 2

[
GATE NUMBER 57

AND

4 WAY YALVE T
TIHE = 1 HOTOR FAILURE
PRIMAL EVENT

PRIMAL EVENT 5

W WAY VALVE I 4 WAY YALVE T
TIMER FAILURE AT TIMER FAILURE AT
TIME = 1 TIME = 2
|
TRANSFER TO GATE
$9 ON PAGE 3

|
TRANSFER TO GATE
58 OK PAGE 3

t
4 RAY VALVE 1 ¥ KAY VALVE ]
WRONG POSITION - WRONG POSITION -
LINE 28 CUT AT LINE 28 CUT AT

TIME = 1 TIME = 2

|
TRANSFER TU GATE
B1 OK PAGE “

|
TRANSFER TO GATE
60 ON PAGE u
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4 WAY YALVE IT IS
IN THE FXSITICY
STREAM 20 T2 25,
A¥D 24 T2 21
|
-GATE RUMBER 5
SR

TIME = 2
PRIMAL EVENT 6

THCORRECT SIGKNAL
T0 4 HAY VALVE II
DURING TIHE = 2

GATE NUMBER 9
AND

t
u WAY VALVE II
TIHER FAILURE AT

4 WAY VALVE II
TIMER CHANGES AT

WRONG TIME TIME = 1
PRIMAL EVENT 7 !
GATE NUMBER 20
AND
|
i |
i i
| 4.,720E-06
3.300E-01
1 4 WAY VALVE II
TINE = 1 TIMER FAILS
PRIMAL EVENT 5 PRIMAL EVENT 11

|
4 WAY VALVE II
YRONG POSITION -
LINE 29 CUT AT
TIME = 2

i
TRANSPER TO GATE
22 0N PAGE a

TIME = 2
PRIMAL EVENT 6

HIGH FLOW FROM 3
WAY VALVE TO BED I
TNROUGH u WAY
VALVE T

|
GATE NUHBER 14
AND

3 WAY VALVE IS IH

THE POSITION

STREAM 1Y TO 17

LHEATER BYPASSED)
|

TRANSFER TO GATE
17 0N PAGE 3

HIGH WATER CONC.
FROH PROP. VALVE
TO BED I THROUGH 4
WAY VALYE I

TRANSFER TO GATE
18 ON PAGE 4

HIGH FLOW FROH THE
3 WAY VALVE -
HEATER JUKCTION
(STREAM 18]

1

GATE HUMBER 88
JR

HIGH FLOW FROH THE
3 WAY WITH HEATER
BYPASSED

|
GATE NUMBER 91
AND

3 WAY IS IN THE
POSITION STREAM 11
TO 12 [FLO¥W
THNOYGH HEATER}

|

HIGH FLOW TO THE 3
WAY WITH HEATER
BYPASSSED

|
TRANSFER TO GATE TRANSFER TO GATE
106 ON PAGE 4 47 ON PAGE 4

HIGH WATER
CONCENTRATIOR IN
AIR TO ALUMIKA BED
I

|
GATE NUMBER 18

Yy WAY VALVE I IS
IN THE POSITIOH
STREAM 22 TO 23,
A¥D 18 TO 19

1

TRANSFER TO GATE
49 OH PAGE 1

HIGH FLOW FROM THE
3 WAY VALYE WITH
FLOW THROUGH
HEATER

1
GATE NUMBER 39

HIGH PLOW FROM THE
HEATER

I
TRANSFER TO GATE
vy ON PAGE 4
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4 WAY VALYE II
COMMARDED T2 WHONG
POSITION AT TIME =
1 OR 2

!
GATE NUMBER 19
224

|
3 4 HAY VALVE II
4 HAY VALVE II HRORG POSITIOH -
TIMER FAILURE AT LINE 29 CUT AT
TIME = 2 TIHE = 3

; |
GATE NUMBER 21 TRANSFER TO GATE
AND 23 ON PAGE 3

4,720E-06

i
4 WAY VALYR II
TIMER FAILS
PRIMAL EVEHT 11

4 WAY VALVE I
¥RORG POSITIOR -
LIRE 28 CUT AT

u WAY VALYE I IS
IN THE POSITIOR
STREAM 22 TO 23,

AND 18 70 19 TIME = 4
i t
TRANSPER FROH GATE----- GATE RUMBER 54
49 ON PAGE 1 ARD

!
| 8.630E-05
| |
1.6708-01 4 WAY VALVE I
1 CORTROL LINE 28
TIME = 4 cuT
PRIMAL EVERT 10 PRIMAL EVERT 22

HIGH HATER CORC.
FROM 3 WAY VALVE
TO BED I THROUGHE U4
WAY VALVE I

!

GATE NUMBER 17
AN

HIGH WATER CONC.
FROH 3 WAY VALVE -
HEATER JUNCTION
[(STREAM 18]

i

GATE RUMBER u3
IR

HEATER LEAKS STEAM
[N¥TO AIR WITN 3

¥AY DIRECTING FLOW
THROUGH THE HEATER

HIGH WATER CONC.
FROH THE 3 WAY
VALVE WITH THE
HEATER BYPASSED

| (
TRANSFER TO GATE GATE NUMBER uh
uS ON PAGE y AND

3 WAY IS IN THE
POSITION STREAM 11
TO 12 (FLOW
THROUGH HEATER)

7.990E-0%
i

HEATER LEAKS STEAM

INTO ALR

PRIMAL EVENT 17 i

TSANSFER TO GATE
s LN PAGE 4

Figure 9 continues
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Ind.

HIGH CONCENTRATION

OF WATER IN FEED

TO ALUMINA BEL IT
i

TRARSFEK FROM GATE--

28 OF PAGE 1

4 WAY VALVE 1 IS
I¥ THE POSITION
STREAH 22 TO 23,
AND 18 TO 19

1
TRANSFER TO GATE
Y9 ON PAGE ]

HIGH WATER CONC,
1K FEED TO % WAY ]
CONRECTING 27 TQ
23, AND 1B TO 1y

i
~~~GATE NUMRER 30

AND

W WAY YALYE 11
CHEMYARDED TO WROKG
PaSITION AT TIHE
Vooh ok

|
TKANSFER FROM GATE--

19 OK PAGE 2

HIGH WATER CONC. !

5.000E-04
i

IRLET AIR WATER
CONCENTRATION UP
PRIMAL EVENT 18

U WAY VALVE ]I
KEOKG POSITION -
LINE 25 CUT AT
TIME = &

|
---GATE NUMARFK 0

AKD

|
8.630F-0%

|
4 HAY VALYE II
CONTROL LIRE 29
cuT
PRIMAL EVENT 12

4w WAY VALYE 11
COMMANDED TO VROKG
POSITION AT TIRF =
Y OF 7
i
TRANSFER FROM GATK----
19 0N PAGE :

|

|

i
1,670E-01

!

TIME = 2
PRIMAL EVERT [

1.000E-05%

WATER SEPARATOR
TRAP CLOGGED

VALVE & CLOSED
PRIMAL EVENT 2u

FROM PROP. VALYVE 3.300E-0)
TO BED II THROUGH
4 WAY VALVE I TIME = 1
t PRIMAL EVENT 5
GATE NUMBER  ue
ok
{
|
|
HIGH WATER COKC.
IN PROPORTIONATING
VALVE INLET
[STREAM 7)
|
GATE NUMBER  bu
or
l
| 1
| t
5.000E-08

HIGH TEMPERATURE

EXTERNAL FIRE AT "IN COOLER OUTLET

HIGH PRESSURE IN

COOLER OUTLET

STREAM (STREAM 3]
!

TRANSFER TO GATE
86 ON PAGE 5

HIGH WATER
CONCENTRATION 1¥
COOLER OUTLET
STREAH [STREAM 3]

TRANSFER TO GATE
87 0N PAGE 6

PRIMAL EVENT 23
|
|
2.000E-03
4 HAY VALVE LEAKS
ACROSS
PRIMAL EVENT 1

4 WAY VALVE II IS
IR TBE POSITION
STREAM 20 10 21,
AND 2u TO 25

|

TRANSFER TO GATE
11 OR PAGE 1

HIGH PHESSURE FPROM
BED I WITH 4 WAY
IT CONNECTING BED
1 T0 THE COOLER
|
GATE NUMBER 89
ARD

BIGH PRESSURE IN
QUTLET STREAM FPRON
ALUMINA BED I

[
GATE NUMBER 99

SEPARATOR STREAM [STREAM 3]
PRIMAL EVENT 25 |
GATE WUMBER 85
43
y
1 ¢
| |
5.000E-04

COOLING WATER
TEMPERATURE UP
PRIMAL EVENT 30

COOLING WATER FLOW
DoW N
PRIMAL EVENT 29

BIGH FLOW FROM 3
WAY VALVE TO BED I
TBROUGH 4 WAY
VALVE I

|
TRANSPER TO GATE
14 OF PAGE 2

1
HIGH PRESSUHE FROM
3 WAY VALVE TO BED
I THROUGH 4 WAY
VALVE I -

|
GATE RUMBER 107
AND

2,9905-03

{
COOLER POULED
PRIMAL EVENT 3t

Y WAY VALVE I IS
IR THE POSITIOR
STREAM 22 T0 23,
ARD 18 T0 18

[
TRARSFER TO GATE
49 OF PAGE 1

t
BIGH PRESSURE IN
THE BEATER OUTLET
[STREAM 16]

TRANSFER TO GATE
115 OR PAGE u

3.300E-01
|
TINE = 23
PRIMAL EVERT 13

RIGR FLOW FROM THE
3 WAY VALVE -
REATER JUNCTIOR
{STREAM 18]

!
GATE NUMBER 114

EXTERNAL FIRE AT
COOLER
PRIMAL EVERT 32

|
3 WAY VALVE IS IK
THE POSITIOR
STREAM 11 TO 17
[BEATER BYPASSED)

GATE WUMBER 17

|
INCORRECT TIMER
SIGNAL TO THE 3
¥AY VALVE AT TIME
= 3

t
GATE NUMBEER 718
ARD

|
4,720£-06
!
3 WAY VALVE TIMER
CHANGES AT WRONG
TIME
PRIMAL EVENT 2?6

3 WAY VALVE TIMER
FAILURE AT TIME =
1

i
GATE NUMBER 79

AND
t
{ {
| I
! 4,7208-06
3.300E-01
t 3 HAY VALVE TIMER
TIME = 1 FAILS
PRIHAL EVENT 5 PRIMAL EVENT 27

!

t

[
3.3005-01

|

TIME = 3
PRIMAL EVENT 13

1
3 WAY VALVE TIMER
FAILURE AT TIME =
3

|
GATE NUMBER 80
AKD

3 WAY VALVE TIMER
FAILS
PRIMAL EVENT 27
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o WAY VALVE 1T o WAY VALVE I IS
WRONG POSITION - COMYANDED TO WRONG u WAY VALVE I

LINE 295 CUT AT FOSITION AT TIME = TIMER FAILURE AT
TINE = 3 L SR 2 TIME = 1 '
i I
-3ATE NUMBER 23 TRANSFER FROM GATE----- GATE RUMBER 58
AND 57 ON PAGE 2 AND
i |
I
i i
8.630E-05 1
1 |
u RAY VALVE IT 3,300E-01
CONTROL LINE 23 | u HAY VALVE I
cuT TINE = 1 TIMER PAILS
PRIMAL EVENT 12 PRIMAL EVENT S PRIHAL EVENT 21
1
|
i
1

VALVE 4 CLOSED
PRIMAL EVENT 33

HIGH PRESSURE IN
QUTLET FROM THE 3
WAY VALVE WITH
HEATER BYPASSED
|
GATE HUMBER 116
AND

4 WAY VALYE I IS
COMMANDED TO WRONG
POSITION AT TIME =
1 OR 2

i
TZANSFER FPROM GATE
57 ON PAGE 2

1.670E-01
TIME = 2
PRIHAL EVENT 6

u WAY VALVE I
TIMER FAILURE AT
TIME = 2

!
---GATE NUMBER 53
AN

4 HAY VALVE T
TIMER PAILS
PRIMAL EVENT 21

3 HAY VALVE
CONTROL LINE [LIKE
27) CUT AT TIME =
1

|
GATE NUMBER 81

AND
i
! (
8.630E-05 !
{ !
3.366E-01 3 WAY VALVE 3,300E6~01
CONTROL LINE 27 i
TIME = ) ouT TIME = 3
PRIMAL EVENT 5 PRIMAL EVENT 28 FRIMAL EVENT 13

‘QUENTIAL DKYER PROCESS

3 WAY VALVE
CONTROL LINE LLINE
273 CUT AT TINE =
3

1
GATE NUMBER B2
AND

!
3,630E-05
I
3 HAY VALVE
TONTROL LINE 27
YT
PRIMAL EVERT 28
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3 WAY VALVE IS IH¥

THE POSITION

STREAM 11 TO 17

(HEATER BYPASSED}
I

TRANSFER TO GATE
77 0K PAGE 3

5,000E-04
f

{NLET AIR PRESSURE
e
FRIMAL EVENT 36

]
HIGH PRESSURE IN
FEED TO THE 3 WAY
VALYE WITH HEATER
BYPASSED

|
GATE NUMBER 122
AND

HIGH PRESSURE 1IN

FEED TO THE 3 WAY

VALYE (STREAH 11]
{

GATE WUMBER 137
R

HIGH PRESSURE IN
PROPORTIONATING
VALVE INLET
LITREAM 7]

i

"RANSFER TO GATE
123 ON PAGE 5

Figure 9 continues




u WAY VALVE 1 15
COMMANDED TO WRONS
POSITION AT TIME
1 OR 2

|

TRANSFER FROM GATE--

57 ON FPAGF z

1

{

i
3,300E-01

|

TIME = 1
PRIHAL EVERT 5

HIGH WATER CONC.
FROM 3 WAY VALVE -
HEATER JUNCTION
[STREAM 18]

{
TRANSFER FROM GATE
43 ON PAGE 2

v WAY VALVE !
WNOKG POSITION -
LINE 28 CUT AT
TIME = 1

|
---GATE NUMBEFR 60

8.630E-05
|
u KHAY VALVE 1
CONTROL LINE 28
cuT
PRIMAL EVENT 22

HIGH WATER CONC.

FROM THE 3 WAY

VALYE WITH THE

HEATER BYFASSED
|

---GATE RUMBER ns

AND

|
3 WAY VALVE IS5 IN
THE POSITION
STREAM 11 TO 17
{HEATER BYPASSED)
|
TRANSFER TO GATE
77 ON PAGE 3

HIGH WATER
CONCENTRATION FROM
THE 3 WAY OUTLET
[STREAM 17]
|
GATE NUMBER 63
AND

INLET AIR WATER
CORCENTRATION UP
PRIMAL EVENT 18

4 WAY YALVE LEAKS
ACROSS
PRINAL EVENT 1

u WAY VALVE II IS
IN THE POSITION
STREAM 20 TO 25,
AKD 24 TO 21

{
TRANSFER TO GATE
5 ON PAGE 2

HIGH FLOW TO 4 WAY
1 WHICH CONNECTS
STREAM 18 TO 23,
AND 22 TO 19

i
TRANSFER 70 GATE

|
3 WAY VALVE IS IN
THE POSITION
STREAM 11 TO 117
[HEATER BYPASSED)

TRANSFER TO GATE
77 ON PAGE k)

HIGH PRESSURE FROM
BED II WITKN 4 WAY
II CONNECTING BED
II TO TNE COOLER

[

GATE NUMBER kL
AN

HIGH PRESSURE IN
OUTLET STREAH FROM
ALUMINA BED II

|
GATE NUMBER 75
OR

HIGH PRESSURE FROM
3 WAY VALYE TO BED
II THROUGH u WAY
VALVE I

|
TRANSFER TO GATE
83 ON PAGE 5

u WAY VALVE 1 15
COMMANUVED TO WEONG
POSITION AT TIME =
1 0k 7
|
TRANSFER FROM GATE
7 ON PAGE :

1.670E-01
TIME = 2
PRIMAL EVERT 6

y WAY VALYE ]

WRONG PAOSITION -
LINE 28 CUT AT
TIME = 7

|
----- GATFE NUMBER &1

N

v WAY VALVE T
CONTROL LINE 2%
cur

PRIHAL EVENT 22

HIGH WATER
CONCENTRATION IN
AIR TO ALUMINA BED
I

1
TRANSFER FROM GATE
16 ON PAGE 2

JGH FICH¥ FROM THE
I WAY WITH HEATERN
RYPASSFI

i
TRANSFFR FROM GATE
Ay N FPAGE 7

5.,000E-04

I
INLET AIR FLOY UP
PRIMAL EVEKT 14

HIGH WATER CONC.
FROM PROP. VALVE

HisH FLow T0 THE 3
KAY WITH MEATER
BYPA N
t
~~~~~ GATH KHMUFL  10f

AN
|

i
3 WAY VALVE IS 1K
THE POSITION
STREAM Y1 TO 17
LHEATER BYPASSED]

t
TRANSFER TO GATE
77 ON PAGE K

TIME = 4
PRIMAL EVENT 50

TO0 BED I THROUGH M

VAY YALVE T

{
-~-GATE NUMBER 18

AND

i
U WAY VALVE I IS
IN THE POSITION
STREAM 22 TO 19,
AND 18 TO 23

|
TRANSFER TO GATE
Ly ON PAGE 2

i
1.000E-05

WATER SEPARATOR
TRAP CLOGGED

PRIMAL EVENT 23

|
5.000E-04

I
COOLING WATER FLOW

Dowy

PRIMAL EVEHT 29

|
NIGN TEMPERATURE
IN COOLER OUTLET
STREAM [STREAM 3)

GATE KUMBER 73
OR

COOLING WATER
TEMPERATURE UP
PRIMAL EVENT a0

HIGH WATER CONC.
IN PROPORTIONATING
VALVE INLET
[STREAM 7}
|
GATE NUMBER 72
OR

| 5.000E-08
2.100E-03 [
| EXTERNAL FIRE AT
VALVE 6 CLOSED SEPARATOR
PRIMAL EVENT 24 PRIMAL EVEKT 25

2.990F-03 1
| EXTERNAL FIRE AT
COOLER FOULED COOLER
PRIMAL EVENT 31 PRIMAL EVENT 32

540

Ind. Eng. Chem., Process Des. Dev., Vol. 16, No. 4, 1977




3 WAY IS IY THE
POSITIGN STREAM 11
I5 12 (FLOW
THROYGH HEATER)

4 THROIYUGH
TER

t
----GATE NUMBER u?
oR

3 WAY VALVE MOTOR
FAILURE AT TIME =
iy

|

SATE NUMYBER ug

1
VALVE

3 HAY
COMMANDED TO YRONG
POSITION AT TIME =

2 OR 4
t
GATE NUMBER 66
oR

HIGH FLOW FEZY THE
3 WAY VALYE WITH
PLOX THROUGH

YI1GH FLOY¥ FROM THE

YEATER HEATER
' i
TRANSFER FRCM GATE----- GATE NUMBER 65
13 ON PAGE 2 AN

5.0008-04

1
INLET AIR FLOW UP
PRIMAL EVENT 14

3 WAY IS IN THE
POSITION STREAM 11
70 12 (FLOW
THROUGR HEATER)
|
TRANSFER TO GATE
47 ON PAGE L]

7.150E-04

t
INCORRECT TIMER 3 WAY VALVE WRONG

i
3 WAY VALVE MOTOR SIGHAL TO 3 HAY POSITION - LINE 27
FAILURE VALVE AT TIME = 4 CyT AT TIME = 2
PRIMAL EVENT 19 t
GATE NUMBER 67 TRANSFER TO GATE
ND 70 0¥ PAGE 4
1
b i |
i 4 ,720E-06 i
| ! i
1.6708-01 3 WAY VALVE TIMER 1.670E-01
CHANGES AT WRONG
TIME = 4 TINE TIME = 2
PRIMAL EVENRT 10 PRIMAL EVERT 26 PRIMAL EVENT 3

HIGH FLOW FRCM THE
3 WAY VALVE -
HEATER JUNCTION

USTREAM 18}

HIGR PRESSURE IN
THE NEATER OUTLET
(STREAM 16]

i !
TRANSFER FROM GATE----- GATE NUMBER 115
114 OF PAGE 3 AND

3 WAY IS IN THE
POSITION STREAM i1
TO 12 (FLOW
THROUGH HEATER)

{

TRANSFER TO GATE
47 0N PAGE 4

i HIGH WATER
HIGN PRESSURE IN CONCERTRATION
COOLER OUTLET COOLER OUTLET
STREAM (STREAM 3} STREAY L[STREAY 3]
|
TRANSFER TO GATE
111 ON PAGE 7T

|
HIGH PRESSURE IN
THE FEED TO THE
HEATER LSTREAM 12)

Iy

GATE RUMBER
AND

|
TRANSFER TO GATE 136

110 O¥ PAGE 6

i 3 WAY IS IN THE 1
POSITION STREAM 11 HIGN PRESSURE IN
l ro 12 [(FLOV FEED TO THE 3 HAY
VALVE w CLOSED THROUGH HEATER) VALVE (STREAM 111
PRIMAL EVENT 33 ! |
TRANSFER TO GATE

TRANSFER TU GATE
4 137 ON PAGE 3

47 ON PAGE

3 WAY VALVE TIMER
FATLURE AT TIME =
2

|
GATE NUMBER 68
AND

4,720E-06
|
3 WAY VALVE TIMER
FAILS
PRIMAL EVENT 27

|
HIGH PRESSURE IN
HEATER OUTLET
[STREAM 16]
‘|
GATE NUMBER 121
[

7.990E-05
HEATER LEAKS STEAM
INTO AIR
PRIMAL EVEHT 17

'
1 KAY VALVE WRONG
POSITION - LIKE 27
cUT AT TIME = M
|
TRANSFER TO GATE
71 ON PAGE 5

3 WAY TIMER
FAILURE AT TIME =
n

|
GATE NUMBER 69
AXD

TIME = &
PRIMAL EVENT 10
3 WAY VALVE

COMMANDED TO WROKNG
POSITION AT TIME =
2 OR M

i
TRANSFER FROM GATE
66 ON PAGE 4

|

|

|
1.670E-01

i

TIME = 2
PRIMAL EVENT 3

{
3 WAY VALVE TINER
FAILS
PRIHAL EVENT 27

3 HAY VALVE WRORG
POSITION - LINE 27
CUT AT TIME = 2

----- GATE NUMBER 70
ARD

|
8.630E-05
i
3 WAY VALVE
CONTROL LIKE 27

cyT
PRIMAL EVENT 28

TraL

DRYER PRUCESS
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HLOGUE-
|
EXTERNAL FIKL £7
SEPAKATUE
FRIMAL EVENLT in

PECSITEE I
ST G
[roessv oy
1

FRoM GA
Fat i

VAT

THANIETE
121 o

y
)
}

TE-

FHEZSURE IN

~--~GATFE KUMEFR 173
‘

TEMFERATURD

HIGH
N THE CC
QUTLET (87

o

REAM

GATE NUMELE 130

29

5.0004-04

i
COOLING WHATEE
TEMPERATURE UF
PRIMAL EVENT 30

HIGH WATER CON

IN PROPORTIONATING
VALVE INLET
[STREAM 7)

|
TRANSFER FROM GATE
64 ON PAGE 3

S.000E~CE
2,9908-03 t
EXTERNAL FIRE AT
COOLER FOULED COOLEER
PRIMAL EVEKT 31 PRIMAL EVERT

HIGH PRESSURE IR
COOLER OUSLET
STREAM LSTREAY 3]

----- GATE NUMBER 86
(43

3z

2.1006E-03
|
VALVE 4 CLOSED
PRIMAL EVENT 33

4 WAY VALYE I1 IS
IN THE POSITION
STREAM 20 TO 21,
AND 24 TO 25

1
TRANSFER TO GATE
11 0¥ PAGE 1

i
2.000F-03 5.0008-0u
i t
W WAY VALVE LEAKS CONLING WATER FLOW
ACROSE oK
PRIMAL EVENT 1 PRIMAL EVENT
i {
t !
5.0005-08 5.000E-04
|

COOLING WATER FLOW
Dowy

PRIMAL EVERT 29 PRIMAL EVENT

i
COOLING HATER
TEMPERATURE UP

a0

COQLER FOULED
PRIMAL EVERNT 31
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5,000E-0CF |
! ?2.100E-03
EXTERNAL FIRE AT
COOLER
PRIMAL EVENT 32

|
VALVE & CLOSED
PRIMAL EVENT

33

HIGH FLOW FROM BED
I WITH 4 WAY II
CONNECTING BED I
TO THE COOLER
t
TRANSFER TO GATE
92 OF PAGE 5

BIGH PRESSURE IV
FEED TO THE 3 WAY
VALVE WITH HEATER
BYPASSED

!
HUMBER 96
ARD

GATE

HIGH PRESSURE IN
FEED TO THE 3
VALVE {STREAY 11

GATE NUMBEE 9

HIGH PRESSURE IX
H FPROPORTIONATING
INLET AIK PRESSURE VALVE INLET
Uvr {STREAM
PRIMAL EVENT 36

5.00CE-Ch

WAY

]

7

3 WAY VALYE IS I¥

THE POSITIOX

STREAM 11 TO 17

(HEATER BYPASSED)
I

TRANSFER TO GATE
77 ON PAGE 3

3 WAY IS IR THE
POSITION STREAM 11
70 12 LFLGX
THROUGH HEATER]

TRANSFER i‘o GATE
87 OK FAGE [




H
HIGN FLO¥ FROM BED
I KITH & WAY IT
TONNECRING BED I
70 THE COOLER

GATE YUMBER 92
AFD

HIGH FLOW FROM 3
WAY VALVE TO BED I
THROUGH 4 WAY
VALVE I
1
TRANSFER T0 GATE
14 ON PAGE 2

HIGH PRESSUHE FROM
BED I WITH 4 WAY
II CONNECTING BED
I TO THE COOLER

{
TRANSFER TO GATE
89 0K PAGE 3

COOLING WATER FLOW
DOYN
PRIMAL EVENT 29

HIGH PRESSURE IN
OQUTLET STREAM FROM
ALUMINA BED II

i
TRANSFER FROM GATE
75 0N PAGE 4

HIGH PRESSURE FROM
THE 3 WAY VALVE -
HEATER JUNCTIOR
[STREAH 18]

|
GATE NUMBER 84

'
5.0005-04
|

COOLING UATER
TEMPERATURE WP
PRIMAL EVENT 30

HIGH PRESSURE FROM
3 WAY 7ALVE TO BED
II THROUGH 4 WAY
VALVE T

1
---GATE NUMBER 83

AND

u HAY VALYE I IS
I4¥ THE POSITIOR
STREAM 22 TO 13,
AND 18 TO 23
!
TRANSFER TO GATE
41 0N PAGE 2

HIGH PRESSURE IX
OUTLET FROM THE 3
WAY VALVE WITH
HEATER BYPASSED
|
GATE RUMBER 95
AND

3 WAY VALYE IS IN
THE POSITION
STREAM 11 TO 17
[HEATER BYPASSED]

|
TRANSFER TO GATE
71 CN PAGE 3

HI5H PRESSURE IN

THE FYED TO THE

HEATER LSTHEAM 12]
|

GFATE NUMBER 105

AN

HIGH FRESSURE IR
FEED TO DHE 3 RAY
VALVE [STREAM 11}

|
TEAVSFER TO GATE
10N PAGE S

HIGH PRESSURE IN
THE HEATER OUTLET
(STREAM 16]

!

GATE NUMBER 104
or

1
i
7.990E-05

HEATER LEAKS STEAM
INTO AIR
PRIMAL EVENT 17

HIGH PRESSURE IHW
THE HEATER OUTLET
{STREAM 151

\

GATE YUMBER 103

AND

i
3 WAY IS IX THE
POSITION STREAM 11
70 12 (FLIW
THROUGH HEATER])

I

TRANSFER TO GATE
47 92¥ PAGE 4

3 HAT VALVE WRONG
POSITION ~ LINE 27
JUT AT TIME = M

)
----- GATE NUMBER 71
AND

3 WAY VALYE
CONTROL LINE 27
TIME = 4 cur

FRIMAL EVENT 10 PRIMAL EVENT 28

HIGH PRESSURE IN
THE COOLER OUTLET
(STREAY 3]

I

GATE NUMBER 139
oR

{
| 5.000£-08 1

| EXTERNAL FIRE AT |
COOLER FOULED COOLER VALVE 4 CLOSED
PRIMAL EVERT 31 PRIMAL EVENT 32 PRIMAL EVENT 32

Ind. Eng. Chem., Process Des. Dev., Vol. 16, No. 4, 1977 543




TEANGFESL FLow G475 pavs

baony iz
. | I
! ' i i 1 1
RIS LY S T HIGH FLoW FEOM EDY S O00E - i 5,000E-0t |
I T THE Coalt) PRIV { 2.100£-03
COLING WATER FLOW THEOUGH v W AY . COOLTNG WATE? ! EXTERNAL FIRE 47 |
Dis' vaLvy 0l TEMPERATIED 1T COOLER FOULET COGLER VALVE 4 CLOSEDN
PRIMAL EVENT v 1 PRIMAL EVEX ki PRINAL EVEKT 31 PRIMAL EVEKNT 3z PRIMAL EVENT 33
GATE NUMIEF ERs
! 1 | |
1 | | |
u KAY VALVE 1T I ! HIGH FLOW FROM BED 5.000E~04
I THE POSITION { II WITH 4 WAY IT |
STREAM 20 TO 21, HIGH FLON T CONRECTING BED II COOLING WATER FLOW
AND 24 TO 2L ALUMINA BE! I 70 THE COOLEE DOW R
i i . ) PRIMAL EVERT 29
THANSFER TO GATE TKAUSFER TO GATE GATE NUHBER 1CZ
11 ON PAGE 1 13 0N PAGE a AND
t
I |
| |
4 KAY VALVE II IS HIGH FLOR TO 4 WAY
IN THE POSITIOK I WHICH CORNECTS
STREAM 20 TO 25, STREAM 18 T0 23,
AND 24 TO 2% AND 22 TO 19
t |
TRANSFER TO GATE TRANSFER TO GATE
5 ON PAGE 2 26 ON PAGE 1
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Figure 9 continues
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Figure 9 continues
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Figure 9. The fault tree for the event water concentration too high from the utility air dryer process.

the structure of the digraph. It is not necessary for the analyst
to preordain the logic (AND, OR, etc.) of the interactions
between variables.

With this type of model all foreseeable interactions may be
described. What remains is to interconnect the digraph model
for each piece of equipinent in the system to obtain a model
for the complete system. Figure 4 shows a partial digraph for
the heat exchanger system shown in Figure 1. From the di-
graph model, fault trees may be directly deduced. The algo-
rithm for this deduction has been described previously (Lapp,
1977). Briefly, the procedure involves starting at the node in
the digraph which denotes the top event. The negative feed-
forward and feedback loops through a node determine how
it should be logically related to its inputs. The algorithm has
over 30 different logical expansions of a node. The input nodes
are logically expanded in a similar manner until the complete
fault tree is obtained. The consistency of intermediate events
and variables is maintained during the generation of the fault
tree.

After generation of the fault tree, the tree is listed, “drawn”
on a line printer, and put in minimal cut-set form. The mini-
mal cut-sets of a Boolean equation are the sets of events which
are sufficient to cause the top event and do not contain any
other sufficient sets of events. The fault tree for the event
temperature in stream 4 (T4) too high is given in Figure 5.

The following example illustrates the application of this
strategy to a sequential process for drying air.
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Example: Fixed Bed Alumina Air Dryers. Figure 6 il-
lustrates a process for drying air. Ambient air which contains
water vapor enters in stream 9, The air passes through a bed
of alumina (Bed I) where the water vapor is adsorbed. The
dried air passes out of the process in stream 25. This process
has been used by Professor C. J. King of the Department of
Chemical Engineering, University of California, Berkeley,
Calif,, as a case study in process design.

In order to maintain a continuous supply of dry air, two
beds of alumina are employed. When one bed is removing
water from the inlet air, the other bed is being regenerated.
Regeneration involves passing hot air through a bed which has
been loaded to capacity with water. The hot air strips the
water from the alumina. The hot air leaving the regenerating
bed is passed through a condenser where water is removed.
The air is reheated and passed through the operating dryer.
The regenerated bed is then cooled with inlet air and switched
back into service. The same procedure is followed for the other
bed. Table I gives the sequence of operations for a complete
cycle.

If the outlet air from the process contains too much water
a number of pieces of valuable equipment downstream may
be destroyed. What could cause the water concentration in
stream 25 to be too high? One way to answer this question is
to construct a fault tree for the event concentration of water
too high in stream 25 (C (+1) Stream 25).

Input-output models for several of the pieces of equipment




Table I1I, Minimal Cut Sets

PROBLER ITC: SELLENTIAL LFYLix PHCCESS

L@ MINIVAL CUT SETS GENERATED.

TGP EVehT PHCLABILITY= 2.0001E-03

MINIMAL CUT SET %O. 1 ITS PROBAEILITY: 2.00E-03
EVENT 1( 2.00E-03) 4 WAY VALVE LEAKS ACROSS

MINIMAL CUT SET MO, 3 ITS PHOBABILITY: 1.43E-08
EVENT 2( 1,20E-04) MO ALUMINA IN EED I, OH CHANNELING
EVENT ¥( 7.15E-04) U %WAY VALVE II MOTOR FAILURE
EVENT 6( 1.67E-01) TIME = 2

MINIMAL CUT SET MO. 5 ITS PROBABILITY: 3.42E-09
EVENT 3( 1.20E-04) KO ALUMINA IN BED I, OR CHANNELIKG
EVENT 5( 3.30£-01) TIME = 1
EVENT 12( 8.63E-05) 4 WAY VALVE II CONTROL LINE 29 CUT

MINIMAL CUT SET KO. 1 ITS PROBABILITY: 1.73E-09
EVERT 9( 1.20L-04) MO ALUMINA IN BED II, OR CHANNELING
EVENT 10( 1.67E-01) TINE = 4
EVENT 12( 8,63E-05) 4 ¥AY VALVE II COKTROL LINE 29 CUT

MINIMAL CUT SET hoO. 9 ITS PROBARILITY: 5.04E=10
EVEKRT 4( 7.15E-04) 4 WAY VALVE II “OTOR FAILURE
EVENT 5{ 3.30E-01) TIME = 1
EVERT 16( 7.15E~-04) 4 WAY VALVE I MOTOR FAILURE
EVERT 31( 2.99E-03) COOLER FOULED

MINIMAL CUT SET HC. " ITS PROBARILITY: 3.54E-10
EVENT 4( 7.15E-04) L4 WAY VALVE II MOTOR FAILURE
EVERT 5( 3.30E-01) TIME = 1
EVENT 16( 7.156-04) 4 WAY VALVE I MOTOK FAILUKE
EVENT 33( 2.)0£-03) VALVE 4 CLOSED

MINIMAL CUT SET KO. 13 ITS PROBABILITY: t.87E=10
EVENT 3( 1.20E-04) NO ALUMINA IN BED I, OR CHANNELING
EVENT S( 3,30E-01) TIME = 1
EVENT T( 4.,72E-06) 4WAY VALVE II TIMEH CHANGES AT WRONG

TIHE

MINIMAL CUT SET NO. 15 ITS PROBABILITY: 1.87E-10

EVENT 7( 4,72K-06) 4WAY VALVE II TIWER CKANGES AT WROMNG
TINE

EVENT 9( 1.20r-04) NO ALUNIKA IN BED IX, OR CHAKNELING
EVEHT 13( 2.30£-01) TIME = 3

MINIMAL CUT SET NO. 17 ITS PROFABILITY: 9. 46E-11
EVENT 9( 1.20E-04) NO ALUMINA IN BEL II, OR CHANNELING
EVENT 10( 1.67b-01) TILL = 4
EVENT 11( 4.72E-06) 4 WAY VALVE II TIMER FAILS

MININAL CUT SET hoO. 19 ITS PROEABILITY: 9. 46E-11
EVERT 3( 1.20E-0L4) KO ALUMINA IN BED I, OR CHANNELING
EVENT 6( 1.67E-01) TIME = 2
EVENT . 7( 4.72E-06) 4wAY VALVE II TIMER CHANGES AT WRONG

TIME

in the system are given in Figure 7. Note the time dependent
nature of the three-way valve, four-way valves, and the timer.
The input-output models were interconnected to give a di-
graph model for the dryer system. The complete digraph for
this system contained 67 nodes and 439 edges. A reduced
version of the digraph is shown in Figure 8. Only the main
concentration and flow interactions are shown,

The fault tree generation algorithm required 30 s of IBM
360/67 time to generate the fault tree for this system. The tree
contains 143 gates and is shown in Figure 9. This tree is dif-
ferent from the usual faulit tree in that common events such
as time periods are considered.

Probability data were gathered and estimated for the events
included in the tree. Table II presents the data. Over 100
cut-sets were computed for the tree. The first twenty are
presented in Table I11.

An analysis of the cut-sets for this system indicates the
importance of leaking of the four-way valve. The results of this
fault tree analysis in conjunction with economic consider-
ations of the dryer operation and other possible design or
maintenance corrections can be used to decide an appropriate
action.

MINIMAL CUT SET NO. 2 ITS PROBABILITY: 2.83€-08
EVENT 3( 1.20E-0Y4) NO ALUMINA IN BED I, OR CHANMNELING
EVENT 4( 7.15E-04) 4 WAY YALVE II MOTOR FAILURE

EVENT 5( 3.30E-01) TIME = I

MINIMAL CUT SET MO, u ITS PROBABILITY: 1.43€E-08
EVENT 4¢ 7.15E-04) 4 WAY VALVE II HMOTOR FAILURE
EVENT 9( 1.20E-04) HO ALUMINA IN BED II, OR CHANNELING
EVENT 10( 1.67E-01) TIME = 4

MINIMAL CUT SET HNO. 6 ITS PROBABILITY: 3.42E-09
EVENT 9( 1,20E-04) KO ALUMINA IN BED II, OR CHANMNELING
EVENT 12( 8.63E~05) 4 WAY VALVE II CONMTROL LINE 29 CUT
EVENT 13( 3.30E~-01) TIME = 3

MINIMAL CUT SET HO. 8 ITS PROBAEILITY: t.73E~09
EVENT 3( 1.20E-04) NO ALUMINA IN BED I, OR CHANNELING
EVENT 6( 1.67E-01) TIME = 2
EVENT 12( B.63E-05) 4 WAY VALVE II CONTROL LINE 29 CUT

MINIMAL CUT SET NO. 10 ITS PROBABILITY:  3.54E-10
EVENT 4( 7.15E-04) 4 WAY VALVE II MOTOR FAILURE
EVENT 5( 3.30E-01) TIME = 1
EVENT 16( 7.15E-04) 4 WAY VALVE I MOTOR FAILURE
EVENT 24( 2.10£-03) YALVE 6 CLOSED

MINIMAL CUT SET NO. 12 ITS PROBABILITY: 1.87E-10
EVENT 3( 1.,20E-04) HO ALUMINA IN BED I, OR CHANNELING
EVENT 5( 3.30E~01) TIME = 1
EVENT $11( 4,72E-06) 4 WAY VALVE II TIMER FAILS

MINIMAL CUT SET NO. 14 ITS PROBABILITY: 1.876-10
EVENT 9( 1.20E~-O0H4) NO ALUMINA IN EED II, OR CHANNELING
EVENT 11( 4.72E~06) 4 WAY VALVE XI TIMER FAILS
EVERT 13( 3.30E-01) TIHE = 3

MINIMAL CUT SET NO, 16 ITS PHROBABILITY: 9.U46E-11
EVENT T( 4.72E-06) 4HAY VALVE II TIMER CHANGES AT %RONG

TIN

EVENT 9( 1.20E-04) NO ALUMINA IN EED II, OR CHANMELING
EVENT 10( 1.67E-01) TIME = 4

MINIMAL CUT SET NO. 18 ITS PROBABILITY: 9. UBE-1Y
EVENT 3( 1.20E-0U4) Lo ALUMIKA IN EED I, OR CHANHELING
EVENT 6( 1.67E-01) TIME = 2
EVENT 19( 8.72E-06) 4 WAY VALVE II TIMEH FAILS

MINIMAL CUT SET HNO. 20 ITS PROBABILITY: 8. UUE-11
EVENT 4( 7.15E-04) 4 WAY VALVE II MOTOR ¢AILUKE
EVERT 5( 3.30E-01) TINE = 1
EVENT 16( 7,15E-04) 4 WAY VALVE I MOTOR FAILURE
EVENT 30( 5.00E-04) COOLING WATER TEMPERATURE UP

Conclusions

With digraph models that contain edges that depend on
other variables and events, it is possible to include common
sequential behavior in a system digraph. This allows the
generation of a fault tree that contains events (like the se-
quence of valve operations) that ate normally true. The
analysis of the minimal cut-sets that result from this fault tree
allows the analyst to focus attention on the important parts
of the system.
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