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Fault tree analysis is a systems safety technique for determining the logical 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, 197 4; Powers, 197 4). 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-effect model for a l'Olllrol 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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Table I. Operating Procedure for Fixed-Bed Drier System 

Time Value position 
since (steam connections) 

Time beginnin[( 
period of cycle, h 3\V c!c\VI 

1 ~} 11~12 18~19 

AND 
22-> 23 

2 3 11->18 18->19 
AND 

22-> 23 

3 ~} 11~12 18-> 23 
AND 

22->19 

4 6 11->18 18-> 23 
AND 

22-> 19 

Return to Time Period 1 

In developing logic models for physical systems, it is nee-
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 lQ-3 4-Way valve leaks across 
2 5.00 X lQ-8 Fire at Bed I 
3 1.20 X 1o·• No alumina in Bed I, or 

channeling 
4 7.15 X 1Q-4 4-Way valve II motor 

failure 
5 3.30 X 1Q·I Time= 1 
6 1.67 X lQ-1 Time= 2 
7 4.72 X 1o·• 4-Way valve II timer 

changes at wrong time 
8 5.00 X 1o·• Fire at Bed II 
9 1.20 X lQ-4 No alumina in Bed II, or 

channeling 
10 1.67 X lQ-1 Time= 4 
11 4.72 X 1o·• 4-Way valve II timer fails 
12 8.63 X lQ-5 4-Way valve II control line 

29 cut 
13 3.30 X 1Q-1 Time= 3 
14 5.00 X 1Q-4 Inlet air flow up 
15 5.00 X 1o-• Proportionating valve pres· 

sure up (PlO) 
16 7.15 X lQ-4 4-Way valve I motor failure 
17 7.99 X lQ-5 Heater leaks steam into air 
18 5.00 X 1Q-4 Inlet air water concentra· 

tion up 
19 7.15 X 1Q-4 3-Way valve motor failure 
20 4.72 X 1o-• 4-Way valve I timer changes 

at wrong time 
21 4.72 X lQ-6 4-Way valve I timer fails 
22 8.63 X lo-s 4-Way valve I control line 

28 cut 
23 1.00 X lQ-5 Water separator trap 

clogged 
24 2.10 X lQ-3 Valve 6 closed 
25 5.00 X 1o-• External fire at separator 
26 4.72 X 1o-• 3-Way valve timer changes 

at wrong time 
27 4.72 X 1o-• 3-Way valve timer fails 
28 8.63 X 10-s 3-Way valve control line 

27 cut 
29 5.00 X 10'4 Cooling water flow down 
30 5.00 X lQ-4 Cooling water temperature 

up 
31 2.99 X 10'3 Cooler fouled 
32 5.00 X 10'8 External fire at cooler 
33 2.10 X 1Q·' Valve 4 closed 
36 5.00 X 1o-• Inlet Air pressure up 

Bed status 

4\VII Bed I Bed II 

20~21 Regeneration In service 
AND 
24~25 

20-> 21 Cooling In service 
AND 

24-+25 

20-+ 25 In service Regeneration 
AND 

24-+ 21 

20-> 25 In service Cooling 
AND 

24-> 21 

(i.e., temperatures, pressures, t1ow 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 t1ow 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 there­
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 t1ow rate 
leaving the valve M8 is normally + 1. An increase in pressure 
opens the valve and allows a higher t1ow rate. However, if the 
pressure on the actuator is very high (P7 = + 10) the gain is 
0. The valve is wide open and further increases in pressure P7 
do not give an increase in the t1ow rate MS. 

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 t1ow is from stream 1 to 
stream 3 and from stream 2 to stream 4. In position 2 (valve 
position = VP = -10) the t1ow 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 

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 F3 ( + 1) equals (Fl 
(+1) AND VP (+10)) OR (F2 (+1) AND VP (-10)). If VP 
( + 10) is dependent on other events they may be expanded into 

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 models. In addition, the Boolean logic is computed from 
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1 '6708-01 

TIME: ~ 

PRIMAL 

I 
4 
BVE!IT 

I 
I 

4 WAY VALVE I IS 
Ill THE POSITION 
STREAM 22 TO 19, 
AND 18 TO 23 

I 
TRANSf'8R TO GATE 

4 1 ON PAGE 

10 

I 
I 

1. 200E-04 
I 

.'10 ALUMINA IN BED 
II, OR CHANNELING 
PRIMAL F:VEUT 9 

I 
I 
I 

4 WAY VALVE II 
TIHF:R FAILURE AT 
TINS ~ 4 

I 
GATE !lUMBER 35 

AND 
I 

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

4. 7 20E- 06 

I 
4 WAY VALVE II 
TIHSR FAILS 
PRIMAL EVENT 11 

UGH FLOW TO 4 WAY 
I WHICH CONNECTS 
STRF:AH 18 TO 23, 
AND 22 TO 19 

I 
.JATE NUMBER 26 

A.'ID 
I 

I 
I 

HIGH FLOW FROM THE 
3 WAY VALVE -
HBATER JUfiCTIOfl 
LSTREAM 18] 

I 
7'RANSFER TO GATE 

as ON PAGE: 2 

I 
I 

HIGH VATE:R 
.;O.VCF:UTRATIO.'I F'ROH 
:JE:D II IN DRYING 
SERVICE 

GA'i'E NUMBER 10 
OR 

I 

HIGH PLOf.l TO 
ADUHINA BED II 

I 
TRANSFER TO GATE 

25 ON PAGE: 

I 
8. bJOS-0:> 

I 
4 WAY VALVE II 
,;oNTROL LINE 29 
CUT 
PRIMAL EVE.'I'T 12 

9.ICH VATER 
·:O.'ICCNTRATION FROM 
!HD ll IN DRYING 
SE:RV ICE: 

I 
I 

4 WAY VALVE II IS 
IN THE POSITION 
STREAM 20 TO 25, 
AND 24 TO 21 

I 
TRANSF'f::R TO GATE: 

5 0!1 PAGE: 

I 
I 
I 

HIGH CONCENTRATION 
OF' IIAT8R Ill FEED 
TO ALUMINA BED II 

I 
TRANSFER TO GATE 

28 Ofl PAGE 

I 
I 

4 WAY VALVE [[ 

VRONG POSITION 
LINE 29 CUT AT 
THIE 

GATE NUNBSR 36 
AND 

I 
------------

3' 300£-01 
I 

TINE ~ 3 

PRIMAL £VENT 13 

HIGH CONCE:NTRATION 
OF WATER IN FEED 
TO AWHINA BED II 

I 
TRA,VSFER FROH GATE-----GATE tiU/.JBf:R 28 

10 ON PAGE 1 ·JR 

HIGH WATER CONC. 
1.'1 FSED TO 4 WAY I 
I,'ONUFJCTING 21 TO 
23, AND 18 TO 19 

T!?ANSFER TO GATE 
JO ON PAGE 3 

I 
I 

4 WAY VALVE I IS 
I.V THE POSITION 
STREAM 22 TO 19, 
A.VD 18 TO 23 

TRANSfER TO GATE 
41 0!1 PAGE 

I 

I 
I 

HIGH WATER CONC. 
I,'/ FE:ED TO 4 WAY I 
CONNECTING 18 TO 
23, AND 22 TO 19 

I 
GATE NUMBER 29 

I 
I 

HIGH J.IATE:R CONC. 
FROM 3 WAY VALVE: 
HEATER JUNCTIO.'l 
[STREAH 1 B) 

I 
TRANSf'F:R TO GATE 

4J ON PAGE 2 

~------------------------------------------------------- -------- ---- ------------------------------
I 
I 
I 

4 WAY VALVE I 
WRONG SIGNAL AT 
TIME = 4 

I 
GATE NUMBER 51 

AND 
I 

4.720E-06 
I 

4 WAY VALVE I 
TIHER CHANGES AT 
WRONG TIHE 
PRIMAL b'VE:NT 20 

1. 670t;'-01 
I 

I'IME = 4 
PRIMAL EVENT 10 

I 
I 
I 

'"' WAY VALVE I 
TIHb'R FAILURE: AT 
:ntE = 4 

JAi'8 NUMBER 52 
AND 

I 

,.. . 7 20t."-06 
I 

WAY VALVE I 
n.'4ER E'AILS 
?HlHAL EVENT 21 

I 
l. 3ouE-o 1 

.~ !."'t: = 3 
!-.1"UIAL E:'IE.'fT 13 

.. ·, '1!-...'ff I AL 1 ,' l: ., f ,,,Jct:S:J 

I 
I 

4 WAY VALVE I 
WRONG POSITION 
LitlE 28 CUT AT 
r rm: = J 

•JATE NUNBER 53 
A.'ID 

3. b 30£-0 5 
I 

~~ :lAY VALVE I 
'~'U!ITHOL Ll.'fE 'i.li 
c'IJT 
PHINAL EVt:.'IT 22 

I 
I 
I 

HIGH f.IATER 
CONCENTRATION PRON 
AWNI.'lA BED I 

I 
GATE: NUMBER 

AND 
I 

I 
I 

HIGH VATER 
CONCE:NTRAT ION FR0/1 
BED I IN DRYING 
SERVICE 

I 
TRANSFER TO GATE: 

4 ON PAGE 2 

I PAGP. ll 

Figure 9 continues 
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I 
I 

7.150F.-04 
I 

4 WAY VALVE 11 
MOTOR PAILUR!.. 
PRIMAL EVENT 

4 II AY VAl.VF. , • 
MOTOR FAILURE A.­
TIN£ 

I 
GATE: NUHB[f, 

ANn 
I 

3, 300E- u 1 
I 

T !HE :: 1 
PR I HAL EVENT 

7. 150E> 04 

I 
4 IIAY VALVE II 
HOT OR F AI LV RE 
PRIMAL EVENT 

I 
4 IIAY VALVE' Il 
HOTOR FAILURE A'I 
T !Ht: 

I 
GATE N/IHBEF 

AN~· 
I 

' 1.670£-Cl 
I 

TIME :: 2 
PRIMAL EVENT 

3. 300E- o 1 
I 

TIME = 1 
PRIMAL EVENT 

H ]r;/1 WATt"H 
COh'Cth'TNA'i'lDN ff>(}N 
Al.IJMJNA Rrn I 

I 
TRANSFER FfWU GATF 

'} ON PAUF 

I 
I 
I 

INCORRECT SlG/IAL 
TO 4 IIAY VAL11 E 11 
DURING TIME = 1 

I 
GATE NUMBER 

ANTI 
I 

I 
4, 720&-06 

I 
4 WAY VALVE II 
TIMER CHANGES AT 
WRONG T IH£ 
PRIMAL EVENT 

HIGH WATER 
HIGH WATER CONCENTRATION FROH 
CONCENTR'ATION FROM BED I IN DRYING 
ALUMINA BED I SERVICE 

I I 
TRANSFER FROM GATE-----GATE NUMBER 

2 ON PAGE 1 OR 
I 

---------------------------------------------------------------------------------------------------------------------------
I 
I 
I 

5, OOOb'-OC 

I 
FIRS AT Bb'D I 
PRIMAL b'VENT 

I 
I 
I 

HIGH FLOW TO 4 li,U 
VALVE I FROM FEED 
STREAM 22 

I 
TRANSFER TO GAT'£ 

40 ON PAGE 1 

3. 300£-01 
I 

TIHE = 1 
PRIMAL EVEII'T 

I PAGE 21 

1.2006-04 
I 

NO ALUMINA IN BED 
I, OR CHANNELING 
PRIMAL EVENT 

I 
I 
I 

4 IIAY VALVE I 
MOTOR FAILURE AT 
T IHE : 1 

I 
GATE NUMBER 4 2 

AND 
I 

7 .150E-04 
I 

4 IIAY VALVE I 
HOTOR FAILURE 
PRIMAL EVE!i'l " 

I 
I 

HIGH FLOW FROH 
PROP. VALVE TO BED 
I THROUGH 4 IIAY 
VALVE 1 

I 
GATE NUMBER 15 

AND 
I 

I 
I 
I 

4 IIAY VALVE I 
TIMER FAILURE AT 
TIME = 1 

I 
TRANSFER TO GATE 

58 ON PAGE: 3 

I 
I 

4 WAY VALVE' I IS 
IN THE POSITION 
STREAM 22 TO 19, 
AND lB TO 23 

I 
GATE NUMBER 41 

OR 
I 

I 
I 
I 

4 IIAY VALVE I 
TIMER FAILURE AT 
TIHE : 2 

I 
TRANSFER TO GATE 

59 ON PAGE 3 

SEQUENTIAL DRYER PROCE:SS 
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I 
I 
I 
I 

HIGH FLOII TO 
ALUMINA BED I 

I 
GATE NUMBER 13 

OR 
I 

I 
I 

4 WAY VALVE I IS 
IN THE POSITION 
STREAM 22 TO 23, 
AND lB TO 19 

I 
TRANSFER TO GATE 

49 ON PAGE 1 

I 
I 

4 IIAY VALVE I IS 
COMMANDED TO JIRONG 
POSITION AT TIHE : 
1 OR 2 

I 
GATE NUMBER 57 

OR 
I 

I 
I 

4 JIAY VALVE" I 
1/RONG POSITIO!i 
LINE 2B CUT AT 
T IHE = 1 

I 
TRANSFE:R TO GATE 

60 ON PAGE: 

I 
I 

4 WAY VALVE I 
WRONG POSIT I ON 
LINE 2B CUT AT 
TIHE = 2 

I 
TRANSFER TO GAT£ 

61 ON PAGE 



4 WAY VA.':H" II :S 
I.'i T.i'£ F.'SI?IC\' 
S'i'fiEMI '/0 ;".' 25, 
AND 24 T J 21 

I 
-GATE NU"fBER 

-'R 
I ----------------------------------------------------------------------------------

INCORRECT SIGNA~ 
TO 4 1/AY VALVE II 
DURING TIME = 2 

I 
GATE: NUMBER 

MID 
I 

4 II AY VAL'If: I I 
COHHANDED T'J WRONG 
POSITION AT TIME: = 
1 OR 2 

! 
GATE NUMBER 19 

(;F? 

I 
----------- -------------------------------------------------------

1. 670£-01 
I 

T nu: = 2 
PRIMA~ EVENT 

4.720E-06 
I 

4 WAY VA~VE' II 
TINER CHANG£5 AT 
WRONG Tl.'JE' 
PRIMA~ EVENT 

3. JOOE-0 1 
I 

T !ME = 1 
PRIMAL EVENT 

I 
I 
I 

4 WAY VALVE: II 
TIMER FAILURE AT 
T !ME = 1 

I 
GATE NUMBER 20 

AND 
I 

4. 720.5'-06 
I 

4 WAY VALVB II 
TIMER FAILS 
PRIMAL EVENT 11 

4 WAY VA~VE II 
IIRONG POSITION 
UNE 29 CUT AT 
T !ME = 2 

I 
TRANSFER TO GATE 

22 ON PAGE 

1.670E-01 
I 

TINE = 2 
PRIMAL EVENT 

----------------------------------------------------------------------------
I 
I 

HIGH WATE:R 
CONCENTRAT IO!l IN 
AIR TO ALUMINA Bf:D 
I 

I 
GATE NUMBER 16 

OR 
I 

4 WAY VALVE II 
TIH'£R FAILURE AT 
TIME = 2 

GATE: NUMBER 21 
AND 

4. 7 208-06 
i 

4 WAY VALVE II 
THIER FAILS 
PRIMAL EVE:NT 11 

4 YAY VA~VB II 
WRONG POSITION 
~IN8 29 CUT AT 
TIME = J 

I 
TRANSPE:R TO GATE 

23 ON PAGE 

4 WAY VALVE I IS 4 WAY VALVE I 
IN THE POSITION WRONG POSITION 
STREAM 22 TO 23, LINE 2B CUT AT 
AND 18 'i'O 19 TIME = 4 

I I 
TRANSFER FROM GATE-----GATE NUMBER 54 

49 ON PAGE AND 

1.6708-01 
I 

TINE = 4 
PRIMAL EVENT 10 

I 

a. 630e-os 
I 

4 IIAY VALVE I 
CONTROL LINE: 2B 
CUT 
PRIHAL 8VENT 22 

-------------------------------------------------------------------
I 
I 

HIGE/ FLOW FROM 3 
WAY VALVE TO BED I 
THROUGH 4 WAY 
VALVE I 

I 
GATE NUMBER 14 

AND 
I 

I 
I 

HIGH YATBR CONC. 
FROM PROP. VALVE 
TO BED I THROUGH 4 
IIAY VALV8 I 

I 
TRANSFER TO GATE 

18 ON PAGE 4 

~-------- ~---------- ----------------------------------
I 
I 

I 
I 

.) WAY VALVB IS IN 
THS POSITION 
STREMI 11 TO 17 
LH8ATb'R BYPASSSD] 

I 
TRANSH'R T(} 1./AT!' 

7 7 O.V PAGE J 

I 
I 
I 

HIGH FLOW FROM TI/'E 
3 WAY WITH HSATE:R 
BYPASSED 

I 
GATE NUMBER 91 

AND 
I 

HIGH FLOW TO THE 3 
J.IAY WITH HEATE:R 
BYPASSSED 

TRANSFER TO GAT£' 
JU6 VN PAVf.' 

I 
I 

HIGH FLOW FROM THE 
3 WAY VALVE -
HEATER JUNCTION 
[STREAM 18] 

I 
GATB NUMBER 88 

JR 
I 

I 
! 

) J.IAY IS IN THB 
POSITION STREAM 11 
TO 12 lFLOW 
THROUGH Ht:ATBR} 

I 
TRANSFER TO IJATE 

4 7 ON PAr; f.· 

4 WAY VALVE: I IS 
IN THE POSITION 
STREAM 22 TO 23, 
AND 18 TO 19 

I 
TRANSFBR TO GATE 

49 ON PAGE 1 

I 
I 

HIGH FLOW FROM THE 
3 WAY VALVE WITH 
FLOW THROUGH 
HEATER 

11ATE NUMBER JY 
AND 

1/IGH FLOW FROM THE 
Hf."ATb'R 

TRANSf8R TO GATi" 
tJ) ON !'Alit: 

"E:;'lE.'i riAL DHYEH PHOCJo:SS 

I 
I 

HIGH WATER COfiC. 
FROM 3 WAY VALVE 
TO BED I THROUGH ~ 
IIAY VALVE I 

I 
GATE NUHBBR 11 

AND 
I 

HIGH WATER CONC, 
FROH THE 3 WAY 
VALVC' IJITH TH6' 
HEATt.'R BY PASSED 

I 
TRANSFER TO GATE 

4 'J ON PAGt' 

7- ')9 06'- 0 ~ 
I 

HF.ATBR U'Aif.S STEAM 
J.'ITO AIR 
F'RIHH EVUir 17 

I 
I 

HIGH WATER CONC. 
FROH J WAY VALVE 
EIEATb"R JUNCTION 
[STREAM 19) 

I 
GATE NUHB£R 4 3 

QR 
I 

HE:ATER u.:AKS STEAM 
INTO AIR WITH 3 
WAY DIRECTING Fl.OY 
rHHOUGH THE HEATER 

I 
(JATE NUMBER 4 4 

.1.'10 
I 

I 
l WAY IS IN THE 
POSITION STRE:AM 11 
TO 17 lFWfJ 
T'HROUGH HF.ATEHJ 

i 
.-SA'fSfER TO GATE: 

-1 I r,,v f'Aii8 

I PA:Jt.' II 

Figure 9 continues 
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HIGH CO!ICf.NTRATIOh' 
OF WArn.,· Ifl Ff.E£! 
TO AWH!!IA ll£1! lJ 

I 
THANSFf.H Ff<OH GATF> 

?A ON PAGF. 1 

I 
I 

4 JIAY VALVE I IS 
IN THE POSITION 
STRE:AU 22 TO 23, 
AND 18 TO l<J 

I 
TRANSFER TO GATE 

49 ON PAGE 

5.000E~04 

I 
INLET AIR JIATE:R 
CONCE:NTRATION UP 
PRIMAL EVENT 16 

I 
I 

1.0008-05 
I 

WATER SEPARATOR 
TRAP CLOGGED 
PRIMAL EVENT 23 

2.000E~03 

I 
4 WAY VALVE LEAKS 
ACROSS 
PRIMAL EVENT 

I 
I 

4 WAY VALVE II IS 
IN THE POSITION 
STREAM 20 TO 21, 
AND 24 TO 25 

I 
TRANSFER TO GATE 

11 OR PAGE 1 

I 
HIGH FLOW FROH 3 
WAf VALVE TO BED I 
THROUGH 4 WAY 
VALVE I 

I 
TRANSFER TO GATE 

14 OR PAGE 2 

I 
I 

4 JIA! VALVE I IS 
IN THE POSITION 
STREAM 22 TO 23, 
AND 18 TO 19 

I 
TRANSFER TO GATE 

49 ON PAGE 1 

I 
I 
I 

HIGH PRESSURE IN 
THE BEATER OUTLET 
[STREAM 16] 

I 
TRANSFER TO GATE 

115 ON PAGE 4 

I 
I 
I 

3. 300E-01 
I 

TIME = 3 
PRIMAL EVENT 

I PAGi 31 

13 

HJ,;/1 I.'ATE:R C'(lh'C. 
JN n:t:r1 re 4 WAY r 
CONNF.CT I NG 2 7 T,J 
1;!' AN{J 1 fl T(J l Cj 

I 
-·GATE N/IMREN 30 

ANf, 
I 

2.1 OOE-03 
I 

VALVE & CLOSED 
PRIMAL E:VENT 14 

I 
I 

HIGH PRF:SSURE FROM 
BED I WITH ll WAY 
I I CONNE:CT ING BE:D 
I TO THE COOLER 

I 
GATE: NUMBER 89 

AND 
I 

I 
I 
I 

HIGH PRESSURE IN 
OUTLET STREAM PROM 
ALUMINA BED I 

I 
GATE NUMBER 99 

OR 
I 
I 

I 
I 

INCORRECT TIMER 
SIGNAL TO THE: 3 
WAY VALVE AT TIME 
~ 3 

I 
GATE NUMBER 78 

AND 
I 

I 
4. 720f:-06 

I 
3 WAY VALVE TIMER 
CHANGES AT WRONG 
TIME 
PRIMAL EVENT 26 

I 
I 

HIGH WATER CONC. 
FROH PROP, VALVE 
TO BED I I THROUGH 
11 IIAY VALVE I 

I 
GATE NUMBER 4E. 

OR 
I 

S.OOOE-08 
I 

EXTERNAL FIRE AT 
SEPARATOR 
PRIMAL E:VENT 25 

S,OOOE:~oq 

I 
COOLING WATER FLOW 
DOliN 
PRIMAL EVENT 29 

HIGH PRESSURE FROM 
3 WAY VALVE TO BE:D 
I THROUGH 4 WAY 
VALVE I 

GATE NUMBER 107 
AND 

I 

3. 300E-01 
I 

TIME: = 1 
PRIMAL EVENT 

4 I.'AY VALVE: 11 
('t,/1t!H'[•[[• TO IIFIONG 
l'O.';JTJON AT TIME ' 
1 (Jf,. 

I 

4 WAY VAll'[ 11 
WRONG r(ISlilO!l' 
LIN£ i'~ CUT AT 
T I HE: 

Tf..'Ah'SFEH FROM GATr-~~--GATE h'UHflFf.: 
19 ON PAll£ A~'[ 

3, JOOE-0 1 
I 

T !HE ~ 1 
PRIHAL EVENT 

I 
I 

HIGH WATER CONC, 
I !I PRO PORT ION AT I NG 
VALVE !fiLET 
[STREAM 7) 

I 
GATE NUMBER b4 

OR 
I 

I 
I 
I 

HIGH TEMPERATURE 
IN COOLER OUTLET 
STRE:AH [STREAM 3) 

I 
GATE NUMBER BS 

OR 
I 

S. OOOE-04 
I 

COOLING IIATER 
TEMPERATURE UP 
PRIMAL EVENT 30 

I 
I 
I 

3 1/AY VALVE TIMER 
FAILURE AT TIME = 
1 

I 
GATE NUMBER 79 

AND 
I 

4.720E-06 
I 

3 WAY VALVE TIMER 
FAILS 
PRIMAL EVENT 27 

I 

8, OJOl>O!.. 
I 

4 WAY VALVE II 
CONTROL LINE 29 
CUT 
PRIUAL EVENT 12 

I 
I 
I 

HIGH PRE:SSURE IN 
COOLER OUTLET 
STREAM [STREAM 3) 

I 
TRANSFER TO GATE 

B6 ON PAGE 5 

2,990E-03 
I 

COOLER FOULED 
PRIMAL EVENT 31 

I 
I 

HIGH FLOW FROH THE 
3 WAY VALVE: -
HEATER JUNCTION 
[STREAM 18) 

I 
GATE NUMBER 114 

OR 
I 

I 
I 
I 

3.3008-01 
I 

TIME: =- 3 
PRIMAL EVE:NT 13 

SEQUENTIAL DRYER PROCESS 
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ll WAY V.Hvr. II 
COHMANPFP TO IIRC'ft'G 
POSITIO~' AT TUn 
1 Of.: ;• 

TRANSFf.R Ffi(IM GA7'.1 • 

19 ON PAC~ 

I 
I 
I 

1,070E~01 

I 
T lHf: ~ 2 
PRIMAl. EVENT 

I 
I 

HIGH WATER 
CO!ICENTRATION IN 
COOLER OUTLET 
STREAM (STREAM 3) 

I 
TRANSFER TO GATE 

97 ON PAGE 6 

5. OOOE-08 
I 

EXTERNAL FIRE: AT 
COOLER 
PRIMAL EVENT 32 

I 
I 

3 JIAY VALVE IS Ilt' 
THE POSITION 
STREAM 11 TO 17 
[BEATER BYPASSED) 

I 
GATE NUMBER 7 7 

OR 
I 

I 
I 
I 

3 WAY VALVE TIMER 
FAILURE AT TIHE = 
3 

I 
GATE NUMBER 80 

Ah'D 
I 

1+. 7 20E-06 
I 

3 WAY VALVE TIHE:R 
FAILS 
PRIMAL EVENT 27 



" WAY VALH' II 
',fRO.'iG POSI'JION 
LINE: " cu-: AT 
rnu; J 

i 
-•JATE NUHBE:R 

A.'I:J 

----------

8, 6 JOC-05 
I 

' WAY VAl.VE II 
CONTROL LINE 29 
CUT 
PRIMAL EVE: NT 

2.100£-03 
I 

VALVS 4 CLOSE:D 

" 

12 

PRIMAL SVENT 33 

" WAY '/ ALVE I IS 
(':.'1.'1A,'iDED TO 1/RO.'IG ' WAY '/Al.V& I 

F'JSITION AT Tl.'f£ 1 IN.ER FAIWRE AT 

: OR ' 
T !HE I 

I 
"UfA,'ISFE:R FROH GATE-----GATE NUMBER sa 

57 ON PAGE ' AND 
I 

----------------
I 
I 
I 4. 7 20£-06 

3, JOOE-01 I 
I ' WAY VALVE I 

rnu: ~ I THIER FAILS 

PRIMAL 8VENT PRIMAL EVENT 21 

------------------------------------------------------
I 
I 

HIGH PRESSURE IN 
OUTLET FROM THE 3 
IIAY VALVE WITH 
HEATER BYPASSED 

I 
GATe NUMBBR 116 

AND 

' iiAY VALV8 I IS 
CC.'1.ttA.'iDED TO rJRONG ' WAY VAC.Vf: I 

PQSITION AT rnu: T IH&R FAILURE AT 

I OR ' T !HE ' 
T.'t?A.'ISFER PROM GATE---- -GATE NUMBER " 17 ON PAGE: AND 

I 
-----------------------

4, 720S-06 

1. 6708-01 I 
I ' WAY VALVE I 

r nu: ~ 2 T !HER PAILS 

PRIMAL EVENT PRIMAL EVENT 21 

I ------------------------------------------------------------------------------------------------------------------------I 
I 

HIGH PRESSURE IN 
FEED TO THE 3 JJA.Y 
VALVE WITH HEATER 
BYPASSED 

I 
GATE NUMBER 122 

AND 
I 

----------------------------------------------------------------------------
I I 

I 
I 
I 
I 

3. 3 GLE- 01 

TI."fE = 1 
PRINAL E'IE:.'JT 

I 
I 

3 IIAY VALVe 
CONTROL LINE [LINE 
27) CUT AT TIME = 
I 

I 
GATE NUMBBR 81 

AND 
I 

I 
8, 6 JOE- 05 

I 
1 II AY VALVt: 
,:ONTROL LINE 27 
1;rJr 
PHINAL E:Vf:NT 28 

J, JOOt."- 01 

I 
7'U/t:" J 
PRIMA!. EVENT IJ 

I 
3 IIAY VALVE 
CONTROL LINE [LINE 
27) CUT AT rna: = 
J 

I 
GATE NUMBE:R 82 

AND 
I 

I 
B, 6308-05 

I 
3 WAY VALVE: 
:aNTROL LINE 27 
r:uT 
PRIMAL EVt:NT 28 

3 WAY VALVE IS IN 
THE POSIT ION 
STREAM 11 TO 17 
[//SATER BYPASSSD] 

I 
TRANSFf:R TO GATe 

77 ON PAGe 3 

'i, OOOE-04 

INLET AIR PRESSURE 
liP 
PRINAL E:VENT J6 

HIGH PRESSURE IN 
FEED TO THE 3 IIAY 
VA!.VE [STREAM 11) 

I 
GATE NUMBER 137 

OR 
I 

I 
riiGH PRESSURE IN 
PROPORTIONATING 
VAI,Vf: INLET 
L:;TREMI 7] 

I 

rRANSf'fR TO GATE 
\23 ON PAGE 5 

~ ~---- ~ ~---- ~---- ~ ~------ ~- ~------------------------------ --
;,I.'QUENT!AL DHYER PROCE:SS 

! PAGE Jl 
-- - -- ---- - -- - -- ----- -- -- -- --- -- ------ ---- - ---- - ~- ~------ --------- -- --

Figure 9 continues 
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ll WAY VAL~'f. I IS 
C(JH.4AN{if[: TO 1/fi'(llo',J 

POSIT!Oh' AT TJMF ' 
1 OR ? 

I 
Tf..'ANSFER FfWN GATE­

S 7 ON r'A..;F 

3' 300E- 0 l 
I 

T !ME: l 
PRIMAL EV£1-.'T 

ll WAY VAl.Vf 1 
W/.'O!iG ro:>ITION 
Llt.'F 7R rUT AT 
rnn: 1 

I 
-GATf.' Nl/HBF.'fi 

ANI 
I 

a. G Jof- o ~ 
I 

4 IIAY VALVE 1 
CONTROL LINE L!1 

CUT 

{,Q 

PRIMAL E.'VE:NT ?2 

HIGH WATER CONC. HIGH WATER CONC. 
FROM 3 WAY VALVE FROM THE 3 WAY 
HEATER JUNCTION VALVE WITH THE 
[STREAM 18] HEATER BYPASSED 

I I 
TRANSFER FROM GATE-----GATE NUMBER 45 

43 ON PAGE AND 

I 
I 

3 WAY VALVE IS IN 
THE POSITION 
STREAM 11 TO 17 
[HBATER BYPASSED] 

I 
TRANSFER TO GATE 

77 ON PAGE 3 

S,OOOE-04 
I 

INLET AIR WATER 
CONCENTRATION UP 
PRIMAL EVENT 18 

I 

HIGIJ WATER 
CONCENTRATION FROM 
TilE 3 WAY OUTLET 
[STREAM 17] 

I 
GATE NUMBER 63 

AND 
I 

, I 
I 

3 WAY VALVE IS IN 
THE POSITION 
STREAM 11 TO 17 
(HEATER BYPASSED] 

I 
TRANSFER TO GATE 

77 ON PAGE 

ll 1/AY YAI.rt: I IS 
('OH."!Ah'CICD TO l,'f''J"'r; 
PO.'>ITION AT TUff ~ 

1 OR I 
I 

TRANSFER FRO."! GAif­
q fJN f'AGf 

1. t 1 or.- o 1 
I 

T JNf; ~ I 
PRIMAL EVE:NT 

4 lr' A 1 VA{.~' E 1 
1/fWNt; 1',1S!Tl0N 
Llh'E ~~ rur AT 
run 

-GATF NIINFIER b l 
A\'; 

B,&JOf.-0', 

I 
4 II AY VALVE I 
CONTROL LINE ~~ 
CUT 
PRI!IAL EVENT 12 

HIGH WATER 
CONCENTRATION IN 
AIR TO ALUMINA BED 
I 

HIGH Fl (;,' FAO'f THt. 
J IIAY >U .-11 IIF.ATfA 
llYf'ASSF: 

TRANSFFF: Ffi'Mf fiATr­
ql (INn.;~ 

s. 000£'-{\4 
I 

INLET AIR FLOII UP 
PRINAL EVENT 14 

IJIGH WATER COliC. 
FROM PROP. VALVE 
TO BED I THROUGH 4 
WAY VALVE I 

I I 
TRANSFER FROM GATE-----GATE: NUMBER 1 B 

1& ON PAGE AND 
I 

II j' ;11 Fl 1:h-' j(l T ,1/f_ l 

J.l A Y './ j' i l! II~ AT fA' 
fl r ,. A.~,--;·, t : 

I 
) WAY VAl.Vf. IS I!, 
THF. POSITION 
STREAM ll TO 17 
lHEATER 8YPASS[[Jj 

I 
TRANSFE:R TO GATE 

77 ON PAGE 

I, &70E-O l 

I 
T I HE ~ 4 

PRINAL EVENT 10 

-------------------------------------------------------------------
I 
I 

4 WAY VALVE.' I IS 
IN THE POSITION 
STREAM 22 TO 19, 
AND 18 TO 23 

I 
TRANSFER TO GATE 

41 ON PAGE 2 

I 
I 

HIGH VATER CONC. 
IN PROPORTIONATING 
VALVE INLET 
[STREAM 7] 

I 
GATE NUMBER 7 2 

OR 
I 

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

1.000E-05 
I 

WATER SEPARATOR 
TRAP CLOGGED 
PRIMAL EVENT 2 3 

I 
I 
I 

HIGH TEMPERATURE 
IN COOLER OUTLET 
STREAM [STRE:AM 3] 

I 
GATE NUMBER 7 3 

' OR 
I 

:?.lOOE- 03 
I 

VALVE 6 CLOSED 
PRIMAL EVENT 24 

5. OOOf:-08 
I 

EXTERNAL FIRE AT 
SE:PARATOR 
PRIMAL EVENT 25 

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

2. OOOE-03 

I 
4 WAY VALVE LEAKS 
ACROSS 
PRIMAL EVENT 

I 
I 

4 YAY VALVE II IS 
IN THE POSITION 
STREAN 20 TO 25, 
AND 24 TO 21 

I 
TRANSFER TO GATE 

5 ON PAGE 2 

I 
I 

HIGH PLOY TO 4 WAY 
I WHICH CONNECTS 
STREAM 18 TO 23, 
AND 22 TO 19 

i 

I 
I 

HIGH PRESSURE FROM 
BED II WITH 4 WAY 
II CONNECTING BED 
II TO THE COOLER 

I 
GATE NUMBER 74 

AND 
I 

I 
I 
I 

IJIGH PRESSURE IN 
OUTLET STREAM FROM 
ALUMINA BED II 

I 
GATE NUMBER 7 5 

OR 
I 

I 
I 

HIGH PRESSURE FROM 
3 WAY VALVE TO BED 
II THROUGH 4 WAY 
VALVE I 

I 
TRANSFER TO GATE 

S,OOOE-Oil 
I 

COOLING WATER FLOW 
DOWN 
PRIHAL EVENT 29 

5. OOOE-04 
I 

COOLING WATER 
TEMPERATURE UP 
PRIMAL EVENT 30 

2. 990E-03 
I 

COOLER FOULED 
PRIMAL E:VE!IT 31 

5. OOOE-OB 
I 

EXTERNAL FIRE AT 
COOLER 
PRIMAL EVENT 32 

TRANSFE:R ':D GATE 
2& ON PAG~ 83 ON PAGE 5 ----------------------------------------------------------------------------------------------------------------------------- ----· --

SEQUENTIAL DRYER PROCESS 
I PAGE ": ------------------------------------------------------------------------------------------------------------------------------------
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J './AY f'A.::;tE' NOTOR 
FAILURE A7 TIHE' :: 

JA7't.' ,'I:J.l!BER 4 8 
..; •;v 

7. 150E-04 
i 

J WAY VALVE MOTOR 
FAILURE 
PRIMAL £'lENT 19 

1.67DE-01 
I 

Tnu: = 4 

PRIMAL EVENT 10 

4 FL:J'J FHO'I ;,:;E 
~ 'I '/ A L ~· F: './ l ':'.II 
t1 THRJ'Jr;!l 
J'ER 

3 i/.4'1 IS I.V -:'If£ 
P!JSITJ.'J.'I STREA.I.f 11 
-:J 12 ~FLOW 
-:''-IRO:.Jr;,fi HEATt:R] 

I 
;_q'ISFE:R FPC.lf :;,.L""E-----r;ATE '1/JHBE:R 47 

-) ""! O.V PA'JE 2 'JR 

I 
I 

3 II AY (' ALV& 
COHHA.YD&D TO WRONG 
POSITION AT TIN& :: 
2 OR 4 

GATE NUMBER 66 
OR 

I 

'i!'JH FLOW FP.':I.f THE' 
1 IIAY VALi'E ii!TH 
PLOil THRO:J'Jli 
HEATER 

HIGH FLOil FRON nfE; 
Hf:ATER 

-:'HA,VSFER F.r?C.t! GATE:-----GATE: NUMBER 65 
13 O.Y PA'iE A.'ID 

s. ooos- 04 
I 

I.'ILE:T AIR FLOII UP 
PRIMAL EVE:.YT 14 

I 
I 

J WAY IS !N THE; 
POSITION STREAM 11 
TO 12 [FLOII 
THROUGH HEATER] 

I 
TRANSFER TO GATE 

47 ON PAGE' 

-----------------------------------------------------------------------------------------
I 
I 

I 
I.'lCORRECT TIHSR 
SIGNAL TO 3 WAY 
VALVE AT T IHE 

I 
r;ATE: UUHBER 67 

A,'JD 
I 

I 
4. 7 20£'-06 

I 
3 IIAY VALVE TIHE'R 
CHANGES AT WRD:'lG 
rnu: 
PRIMAL EVENT 26 

HIGH FLOII FRO.'.f ?HE 

I 
I 
I 

J WAY VALVE IJRO!IG 
POSITION - LINE 27 
CUT AT TVfE :: 2 

I 
TRANSFER TO GATE 

70 ON PAGE: 

1. 670E:-O 1 
I 

rna: = 2 
PRIMAL EVENT 

J WAY VALVE - HIGH PRESSURE IN 
HEATER JUNCTION THE H&ATER OUTL&T 
LSTREAH 18) lSTREAH 16] 

I I 
TRANSFER FROH '1ATE-----GATE NUNBE:R 115 

114 ON PAGE J AND 
I 

I 
I 
I 

3 IIAY VALVE TINER 
FAILURE AT TIME = 

GATE NUMBER 68 
AND 

I 

4. 7 20&-06 

I 
J WAY VALVE' TIMER 
FA! LS 
PRJ.I..fAL EVENT 27 

3 WAY VALVE WRONG 
POSITIOU - LINE 27 
CUT AT TINE = 4 

I 
TRANSFER TO GATE 

71 ON PAGE 5 

1. 670E-O 1 
I 

TIME :: 4 

PRIMAL EVENT 10 

J 1/AY VALVE' 
COHMAND&D TO WRONG 
POSIT ION AT TIME :: 
2 OR 4 

I 
3 WAY TINER 
FAILURE AT TIME 

I 
GATE NUMBER 69 

AND 
I 

4. 720E-06 

I 
3 WAY VALVE TIHSR 
E'AI LS 
PRIMAL EVENT 27 

3 flAY VALVE WRONG 
POSITION - LINE 27 
CUT AT TINE = 2 

I I 
TRANSFER FROM GATE-----GATE NUMBER 10 

66 ON PAGE AND 
I 

~----- -------------------- ~- --------------- ---------- --------------
I 
I 

3 IIAY IS I,'l THE 
POSIT IO.Y STREAM 11 
TO 12 [FLOfl 
THROUGH HEATE'R) 

I 
TRANSF&R TO GATE 

47 ON PAGE 

I 
I 
I 

HIGH PRESSURE IN 
COOLER OUTLET 
STREAM [STREAM 3) 

I 
TRANSFER 'fO GATE 

110 ON PAGE 6 

2. lODE- OJ 
I 

VALVE 4 CLOSED 
PRIMAL EVt:fiT 33 

I 
I 

HIGH WATER 
CONCENTRAT!O.Y !.'1 
COOLER OUTLET 
STR&AN [STRE'AH 3] 

I 
TRAIISFER TO GA;"E 

111 ON PAGE 7 

~ flAY IS IN 'i'.l!E: 
POSIT!Oll STREA,I.f 11 
i'O 12 [FLOII 
THROUGH HEATE:R J 

I 
l'RAiiSf'&R TO GAlE 

47 ON PAGE 

I 
I 
I 

HIGH PRESSURE IN 
THE' FEED TO THE' 
HEATER lSTREAH 12) 

I 
GATE NUMBER 136 

AND 
I 

I 
I 
I 

HIGH PRESSURE.' IN 
FEED TO THE J flAY 
VALV8 lSTREA.ll 11) 

I 
TRMISFE:R TO GATE 

137 ON PAGE J 

I 
I 
I 

HIGH PRESSURE IN 
HEATER OUTLET 
[STREAM 16] 

I 
GATE HUMBER 121 

OR 
I 

7.990&-05 
I 

HEATER LE:AKS STE:AH 
I.VTO AIR 
PRIMAL EVENT 17 

~·.v;t .4L UHYEH PlHJCt:SS 

1. 6708-01 
I 

T I HE' = 2 
PRIMAL EVENT 

8. 630E-05 
I 

3 1/Af VALVE 
CONTROL LINE 21 
CUT 
PRIMAL S~ENT 28 

I f'A:JE 

Figure 9 continues 
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,()(j(Jf,-

F.XTEINIA[, F1 [,[ /.­
DU'AHA'l 
l'FUNAL El'l.IIT 

7. 

4 IIAY VALVE U:AJ::; 
ACRO:.O': 
PfllHAL CVF:N7 

5. OOOE- 04 

I 
COOLING WATER FLOW 
DOW!, 
PRIMAL EVE!,"J 79 

5, 000£- {r4 
I 

COOL! NG WATER 
[J(JI,'.', 

PHHIAf, E;V E!.'T 

5. OOOE-04 

I 
COOLING WATER 
Tt:'HPERAT'JRE liP 

Fl.rW 

,,, 

PRll.fAL n'E.',"I' 30 

5. OOOf,- (J'• 

COOf,J NG 
TENPF.fiATURE /IF 
PRIMAl. f.VENT 30 

1/lGH WATER CONC. 
IN PROPORTIONATING 
VALVE INLET 
[STREA.l! 7 J 

I 

H[(;H TFI1FFFrA':'Ilii 
1 N Tllf r.c 
01/Tl ( S':HA'! 

L. 9':l()[- C• J 

coou:R FOU LE[.' 
PRIMAL EVF:!."J 

/ilGH PRESSURE IN 
COOLER OU':L[': 

J1 

STREAM lSTREM! 3] 

TRANSFER FROM GATE-----GATE NUMBER 
64 O!J PAGE o.r: 

2.990£'-03 
I 

COOLER FOULEr 
PRIMAL EVENT 31 

5,000£'-0E 

EXTERNAL FIRE AT 
COOLEF: 
PRIMAL EVENT 32 

5, OOC£-Ct. 

INLET Alii PRESSURE 
U? 
PRII.fAL EVE.\'-:' 36 

SEQUE!OT I AL DFrYEli PliOCES[ 
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;:!;• !.r< -·!r 

... 
;· ..:: ;·r ! ,..., •: :•· 

I 
;\) 

TfrA\'' .;•~ t>P ''-' r;/,Tl"· 
~ 1 "I t • \' f' /, , ' 

5. 0 OOE- C..~ 

I 
EXTF:RNAL FIRE 
COO I.E!, 
PRIMA£, E;VE!O'J 

2 .100E-03 
I 

VALVE' 4 CLOSED 

AC 

37 

PRIMAL EVE:!.''::' 33 

HIGH PRESSURE: IN 
FEED TO THE: 3 WAY 
VALVE [STREA.'-! 11] 

GATE: NU!-!!E:F 97 
c.=. 

HIGH PRE:SSURE I!,' 
PROPORT IO!.' A: !!o'G 
VALVE B'LE-; 
[STREA.'-! 7 = 

TRANSFER -:'0 GATE: 
9 S ON P!.JE. 

1-: ; ,, J f r "'' Fr r 1 .~· 
i . f: ,- •;t.; Ill'; 
\' I .' , ' r ! ~ ! ; 

2. 1 00£'-03 

VAf,Vt:' 4 
PRIMAL 

I 
CLOSt:'D 

EVENT 

I 
I 

33 

4 1/AY VALVE II IS 
IN THE POSITION 
STREAM 20 TO 21, 
AND 24 TO 2~ 

I 
TRANSFER TO GATE: 

11 ON PAGE 

I 
I 

HIGH FLOW FROM BE:D 
I JIITH 4 WAY II 
CONNECTING BE;D I 
TO THE COOLER 

I 
TRANSFE:R TO GATE; 

92 ON PAGE 5 

I 
I 

HIGH PRESSURE: IN 
FEF:D TO TliE 3 YAY 
VALVE WITH HEATER 
BYPASSED 

I 
GATE NUMBER 96 

Af,'D 
I 

I 
I 

3 YAY VALVE; IS IN 
THE: POSITIOr'• 
STREA.'-! 11 TO 17 
(HEATER BYPASSED] 

I 
TRANSFER TO GATS 

77 ON PAGE 3 

I 
I 

3 IIAY IS IN THS 
POSITION STREAM 11 
TO 12 lFLC•.' 
THROUGH HEATER] 

TRANSFER TO GATE 
47 O!i PAGE 



h'IGH P.r?C:SSURE IN 
THE COGl,ER OUTl,ET 
LSTREAH 3) 

I 
GATE NUHBER 139 

OR 
I 

3 ';//,'!(A[(~ 
r;O.'..f.'.fA.\'D2D -:''J i.'R'J.'IG 
?OSJT;::.V AT TJ.I!E = 
2 0.1? 4 

3 '.lAY YALVE' WRONG 
?OSITIG'I - Lir£ 71 
:;')-; A<' -:' INE = 4 

TRA.'iSFER FRO.II GATE-----r;ATE .'/Uf.IBER 71 
6& OY PAGE 

1. 610E-O 1 
I 

TINE = 4 
PRI.'-JA£, E:VENT 10 

L630t.'-05 
I 

3 II AY VALVE' 
t;O.VTRO[. LUIS 21 
CUT 
PRIMA[. f:VSNT 29 

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

!iiGH FLOil FROM BSD 
I lt'IT!J 4 WAY II 
·70.\',VF:C?J.V(] 8'£0 I 
TO THE COOLER 

CATE .VU.\fBER 92 
.~.~, D 

I 

I 
I 

BIGH FLOW FROM 3 
WAY VALVG" TO Bt:D I 
THROUGH 4 WAY 
VALV'£ I 

TRANSE'F:R .. a GATE 
14 ON PAGE 

I 
I 

HIGH PRESSURE FROM 
BED I /liTH 4 IIAY 
II CO.VNECTING BED 
I JO THE' COOLER 

I 
TRANSFE'R TO GATE: 

89 ON PAGE: 

I 
I 

HIGH PRESSURE IN 
OUT[.ET FROH THE 3 
WAY VALVE WITH 
HE'ATE'R BYPASSED 

I 
GATE NUHBGR 95 

AllD 
I 

I 
I 

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

I 
TRANSFER TO GATE 

77 ON PAGE 3 

I 
I 
I 

HIJH PHE:SSURE IN 
THE F~'ED TO THE 
HEATER LSTREAH 12) 

I 
';ATE ,'IU."!BER 105 

A ·.·v 
I 

.'/IGH FRESSVRE IN 
ru:v ro ;'HE 3 WAY 
'IALVE lSTREAN 11 J 

I 
TSA.'ISFER TO GATE 

J 7 PA.JE 

I 
I 

5, OOOE-04 

I 
COOLI.'IG WATER FLOW 
DOWN 
PRIMAL EVS.VT 19 

5. 0005'-04 

COOLING WATER 
TEMPERATURE UP 
PRUfAL EVENT 30 

HIGH PRESSURE FROH 
HIGH PRESSURE IN 3 J.IAY 'IALVS TO BED 
VUTL£T STREA.\1 FRON II THROUGH If IIAY 
AWHINA BED II VALVE I 

I I 
TRANSF£R FROH GATE-----GATE .'IU.t!BER 83 

7S O.V PAGE' A.'ID 

I 
I 

HIGH PRESSURE FROH 
THE 3 WAY VALVE 
Hf."ATER JUNCTION 
[STREAM 18) 

I 
GATE NUHBE'R 84 

OR 
I 

I 
I 
I 

HIGH PRESSURE I.V 
THE: HEATER OUT[.ET 
lSTREMI 16) 

I 
GATE NUMBER 104 

7. 990t;'-05 

HEATER &EA!(S ST£AN 
I .'ITO AIR 
PRI.'..fAL t:H'NT 17 

4 WAY VALVO I IS 
IN THE POSITION 
STREAH 22 TO 19, 
AND 18 TO 2 3 

I 
TRANSFER TO GATE 

41 ON PAGE 

I 
I 
I 

,lfiGH PRESSURE Ill 
THE HEAT£R OUTLET 
(STREAM 16) 

GATG" ,'IU,I./BER 103 
A.'ID 

I 

i 
3 WAY IS I.V THE 
POSITION STREAH 11 
To 12 u:.aw 
THROUGH HEATF:R) 

I 
TRANSFER TO GATE 

4 7 '),'{ PAGE 4 

2. 990E'- 03 
I 

C00L£R FOULED 
PRINA~ C:VENT 31 

I 
I 

s. OOOE-08 
I 

EXTERNAL FIRE AT 
COOLER 
PRI.t!AL EVENT 32 

2, lOOC- 03 
I 

VALVE 4 C[.OSED 
PRIHAL E:VENT 33 

·:·vnAL &HYt.H f'ROCt.:;S 

Figure 9 continues 
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(1!0/./ h'G 1.' AT f./.' !'I(!,' 

l'Hl tfA /, f\' E:,·; 

I 
4 IIAY VUVE II 1: 
It/ Til!: POSJT](JI, 
STHl.AN 70 TO I l, 
Afl(! /4 TO 1''. 

I 
TltANSFF:h TO GATE 

11 0/1 PACL 1 

1/]1;/1 f/,(1;./ f'f,'()~~ [<,'I 

1 Til Till.' (,(111/ I J 

TI//,O!It;l/ 4 ;.· / '. 

VAJ,\'i ,, 

GATE N/JI!t·' ,r· 
;,·.· 

HIGH FUJII Tr' 
AL/11-HNA 8£!· I 

I 

TRANSFER TO GAT!. 
13 ON Pt.:;~ 

1 /1 j,' ;,I}, r·. 
I! I\/,~ ; ,'t I 

I ~ ; 

.~I I I 

T 1- A .'i.r f' .1: .~ /-" .' 

f'l f!\' I! 

r.or!l.J f/,; 1.' ~ :- .r' 
Tl."NI'f,.HAT!if f :' f 
t'lii If A!. f\' f •, :""' 

HIGH WATER CONe, 
IN PROPORTIONATING 
VALVE INLET 
lSTREAN 7) 

I 

J.',l, J.",:;".'' 

"','/,\ •, .'\ 
,''l 

; ~~ T J ~· 

,tj'1fJf.-

('OOU.h FOUl[' 
PRJNAi. FVJ-"1:.-

I 
I 

4 WAY VAL\1 £ II IS 
IN THE: POS!TIO/,' 
STREAM 70 TO 2~. 

AND 24 TO 21 
I 

TRANSFE:R TO GAT£ 
5 ON PAGE 

HIGH PRf:SSUR£ I!l 
COOLER OUTLE': 
STREAM [STREMI 3) 

I 
TRANSFER FRON GATE-----GATE NUMBER 11( 

72 ON PAGE. OR 
I 

5' 000/':-llh 

I 
EXTERNAL FIRE.: C 

COOLFN 
PRIMAL £VENT 32 

HIGH FLOII FRON BED 
II JIITH 4 JIAY II 
CONN£CTING BED I I 
TO THE: COOL£!: 

I 
GAT F. NUMBER 1 C :' 

AND 
I 

I 
I 

HIGH FLO/J TO 4 II AY 
I WHICH CONNECTS 
STREAM lB TO 23, 
AND 22 TO 19 

I 
TRANSFER TO GATE 

26 ON PAGE 

I 
I 
I 

2. 100£ 03 
I 

VALVE: 4 CLOSEfi 
PRIMAL EV£'NT 3~ 

5.000l:'-04 

I 
COOLING WAT£R FLOI.' 
DOliN 
PRIMAL EV£!/T 29 

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

I 
5, OOOE- 04 

I 
COOLING WATER FWil 
DOilN 
PRHIAL £VENT 29 

&I 

5. ooor.- 04 
I 2. 990E-03 

COOLING WATER I 
TE:!!PERAT/IF.E UP COOLE:R FOUL£[. 
PRIMAL E't' E.','':' 30 PRINAD EVENT 31 

5, OOOE-OE 
I 

£XTERNAL FIRE AC 
COOLE: F. 
PRIMAL £VEN'i' 32 

2.100£-03 
I 

VALVE 4 CLOSED 
PRIMAL EVE:NT 33 

I 
I 

HIGH FLOW FROM BED 
II WITH 4 WAY II 
CONNECTING BED II 
TO THE COOLE!i 

I 
TRANSFER TO GATE: 

102 ON PAGE 

------------ ------------------------------- -------------------------------------------------------------------
SFQIIE'NTIAL DRYER PROCE:SS ! PAUl: ---------------- -------------------------------------------------------------------------------------- -----------------------------

5. VOOE:-04 
I 

COOLING WATER 
DOI/l. 
PRIMAL EVENT 

HIGH WATER CONC. HIGH WATER 
CONCEh'TRATION n.· 
COOL£R OUTLE': 

IN PROPORTIO!IATIUG 
VALVE INLET 
lSTREA.~1 7J STREAM tSTREA.l! 3) 

I 
GATE-----GATE NUMBER 111 

Oh' 

I 
TRAfiSFER FROM 

7 2 ON PArJ[ 
I 

-----------------------------------------------~-----------------------------------------------------------------------

5, OOCE- 04 
2. 9908-CJ 

FLO!.' COOL I h'G II ATE:H 
TEHPERATUF..E UP COOLER FOULED , PRIMAL EVJ:.',"i 30 PRlHAL EVEN': 31 

5. OOOE-Ot 
I 

EXTERNAL FIR£ 
COOLE.". 
PRIHAL EVEA"i 

AC 

32 

2.100£-03 
I 

VALVE 4 CLO::JI::· 
PRIHAL EVEh'': 33 

HIGH FLOW FROH BEfl 
II JIITH 4 JIAY II 
CONNECTING BED II 
TO THE COOLER 

I 
TRANSFER TO GATE 

102 ON PAGE 

------------------------------------------------------------------------------------------------------------------------------------
SE:;.L·ENTlAL DRYER PROCES~ I PAGE 71 

------------------------------------------------------------------------------------------------------------------------------------
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~:;,If r•r.c:s~.~.~. r.t~!f 

5'!: D : ;.•!; H " ~·A! 

• : ~· \ \ .r:': ;':,Vi; .':1£:: 
: n -:~·£ r: ;a:.,::rr 

-:'StlVSF~R T'J •..JA7'£ 
OV PAl[ 

,, 
"'' :- c ~· ~ "f : t j 

;H PHESSUR£ IV 
JP'JR1'l0.'1AT l 'I'; 
.'.If. n' LET 
-:'.~.":A '1 7 } 

:•,·.~.-;. T· "!;A:-~----;~;~: .~' 11'-!EER '1~ 

~ : ; :J F:;:!: 3 _,_,. .~ £ I.V 
:~£ ·-·' LES !'j~LET 

l .~ ;" .'i ;:' A.l/ :J J 

' ":'I';H TENPERAT'JHE 
: V THE COOLER 
;'JTLE:T (STRE:M-1 J J 

I 
;"R.MISF£R TO GATE 

138 ON PAGE 

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

.J. \:000£-04 

;oou.va /.lATER 
:'ENPERATVRF: UP 
PRI.\/AL EVENT 

I 
I 

]Q 

HIGH PRESSURE FRDN 
BED II IIITH 4 1/AY 
II CONNECTING BED 
I I TO THE COOLER 

I 
TRANSFER TO GATE 

74 ON PAGE 

5, OOOt.'-08 

2. '3 %[- 0 3 I 
SXTSRNAL FIRE: AT 

COOL£R FOI/LED C:JOLE:R 

PHU!AL £VE.VT " PRINAL E:VENT J2 

2. lODE- 03 
I 

;t ALVC' " CLOSED 
PR !HAL E:VENT J3 

---------------------------- --~- -~- ~- -~---- ----- -------------------- ~---- -------------- -~---- --------------------------------------
SEQUENTIAL DRYER PROCESS 

I !'AGE 61 

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

HI·1H PRF.SSUHt.' FRO.Y 
0.':0 II WIT/I 4 :.tAl 
II r;o,'l.'n'CTING b}..'D 
I l TO Tilt: CUOLb'R 

I 
T'RANsn:R TO iJA'i'E 

7'• I),'J f'A1]t.' 

!r.li!-,' II 

Figure 9 continues 
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TiT f,f · 

GATE 
Nlff·!l'f:! 

ll 

l< 

l6 

20 

2l 

" 

27 

JO 

31 

J4 

J5 

36 

39 

42 

47 

49 

50 

51 

52 

53 

54 

56 

57 

58 

61 

Af.'L! 

A.'.'.' 

Ob 

Of 

A.'o'! 

A!r'!! 

ANr' 

OH 

OH 

Af/f! 

OR 

Afr'fl 

A!/[! 

Oh 

AND 

AND 

01. 

AN[1 

ANL' 

A! in 

AND 

OR 

Afr'f; 

AND 

OR 

A!IO 

AND 

OH 

AND 

AND 

AND 

AND 

AND 

AND 

AND 

OR 

AND 

OR 

AND 

AND 

OR 

OR 

AND 

AND 

AUU 

AND 

AND 

AND 

OR 

OH 

AND 

AND 

ANU 

AN: 

AN& 

OP. 

F'Hf!/IAfliU7')' 
nrvrt.n!'.' 

nt; 1 ,: 

1'/11,'_'/,'.,- .. 

!ft;•t I.'AT,'' r.n,··~F'OtfA:-1'''• !.V Ol!'iLET Alh [STRf"A.t! 7:.] 

!I I ,H liAT! i- COh'CENTHA-: Ir,•; FhUN AL/JMI lo'A E ~: 

CONCFN"I'HAJ!(,,', f'IION AUIHHA £ 1 ' 

CONCENTHATIC!t.' FROH BCD I IN DRYJ.\"G SER\' IC!. 

4 WAr VALI'l: II J:7 IN TilE F'U:7JTJON ST!i'EAN 7(• TO 75, AND :t4 TO 71 

4 I.'AY ~'Al,\1 !." 11 !!OTUh' f'AlL'Il\[ AT T/Hl 

4 IIAY VALVE II HOTOR FAILURE AT TINt: 

IfiCORR!.TT SIGNA! Tn 4 IIAY VALVl: II DURING TJ.lU 

INCORRECT SIGNAL TO 4 1/AY VALVE II DORING TIHE 

1/IGH 1/AT!.'fr CONCENTHATION FROH Bt:D II IN DRYING SERVICf 

4 IIAY VALVE II IS IN THE POSITION STREAM 70 'i'O 71, AND :?4 TO 2 5 

4 IIAY VALV[ II MOTOR FAILURE AT TIMF ::: 4 

HIGH FLOII TO ALUMINA BH I 

lfiGH FLOII FRON 3 WAY VALVE TO BED I THROUGH 4 WAY VALVC 1 

HJGI! FLOW FROM PROP. VALVE TO BED I THROUGH 4 WAY VALVE I 

HIGH IIAT£R CONCENTRATION IN AIR TO ALUMINA BED I 

HIGH WATER CONC, FROM 3 1/AY VAL\1 £ TO Bt.'D I THROUGH 4 WAY VALVE I 

HIGH WATER CONC, FROM PROP. ~'ALVE TO BED I THROUGH 4 WAY VALVE I 

4 flAY VALVE II COMMMIDED TJ WRONG POSITION AT TIME l OR :t 

4 IIAY VALVE II TINER FAIWRE AT TIME 

4 WAY VALVt.' II TIMCR FAILURE AT TIN£ 

4 WAY VAl,VE II WRONG POSITION LIN£ 29 CUT AT TIME 

4 WAY VALVE II WRONG POSITIDr.' LINE 29 CUT AT TIME 

HIGH FLOW TO ALUMINA BED II 

HIGH FLO!/ TO 4 WAY 1 1/HICH CON.H:CTS STREAM 18 TO 23, AND 22 TO 19 

HIGH FLOW TO 4 WAY 1 WHICH CONNEC?S STREAM 22 TO 23, AND 18 TO 19 

HIGH CONCENTRATION OF IIATER IN FE£[) TO ALUMINA bED II 

HIGH IIAT£R CONC, IN FEED TO 4 WAY I CONNECTING 18 TO 23, AND :t2 TO 19 

HIGH IIAT£R CO!lC, IN FEED TO 4 1/Al' I CONNI:.'CTING 22 TO 23, AND 18 TO 19 

4 WAY VALVE II COMMANDED TO WRONG POSITIOlo" 

4 WAY VALVE 11 WRONG SIGNAL AT TIME 

4 WAY VALVE II WRONG SIGNAL AT TIUE 

4 WAY VALVE II TIMER FAILURE AT TIME 

4 WAY VALVE II TIMER FAILURE AT TIME 

4 WAY VALVE' II W HONG POSIT ION LINt: 29 CUT AT TIME 

4 WAY VALVE II WRONG POSITION LINE 29 CUT AT TIM£ 

HIGH FLOW FROM THE 3 IIAY VALVE' WITH FLOW THROUGE BEATER 

HIGH FLO'r.' TO 4 WAY VALVl: I FROM FEED STREAM 22 

4 WAY VALVt: I IS IN THE POSITIOJi STREAM 22 TO 19, AND 18 TO 23 

4 WAY VALVE 1 MOTOR FAILURE' AT TIME = 1 

HIGH WATER GONG. FROM 3 WAY VALVE HEATER JUNCTION [STREAM 18) 

HEATER LEAKS STEAM INTO AIR WITE 3 WAY DIRECTING FLOW THROUGH THE HEATER 

HIGH WATER COliC. FROM THE 3 WAY VALVE WITH THE BEATER BYPASSED 

HIGH WATER COliC. FROM PROP. VALl'[ TO BED II THROUGH 4 flAY VALVE I 

3 llAY IS IN THE POSITION STREAM 11 TO 12 [FLO~' 

3 WAY VALVE J.IOTOR FAILURE AT TIP.F 

4 WAY VALI'E I IS IN THE POSITIO!i STREAM 22 TO 23, 

4 WAY VALVE I WRONG SIGNAL !.1 TIME = 3 

4 WAY VALVE I WRONG SIGNAL A~ TIME 

4 WAY VALVE I TIMER FAILURE A7 TIME 

4 WAY VALVE I WRONG POSITIO.'i LINE 28 CUT A7" 

4 WAY ~'ALV&' 1 WRONG POSITIQ.•, LINE 28 CUT A7 

HIGH FLOIJRATE IN PROPORI'IOh'ATI.\"::1 VALVE INLET 

THROUGH HEATER] 

AND 18 TO 19 

TIHE 

TIME 

[STREAM 7) 

4 WAY VALVE I IS COMMANDf:D TO WRONG POSITION AT TIME 1 OR :t 

4 WAY VALVE I TIMER FAILURE AT TIME 

4 WAY VALVE 1 TIMER FAILURE A7" TIME.' 

4 WAY VALVE I WRONG POSITIC.\ LINE 28 CUT AT TIME 

4 WAY VALVE 1 IJROh'G POSITIC'; LINE 28 CUT AT TINE 

HIGH IIA':'E!i CONCENTRATION FROM THE 3 IIAY OV':LET [STREAM 17] 

HIGH WATER CO!OC, n> PROPOR"i'IOh-,G'I,\'G VALVE INLE': [STREAM 7] 

HIGH FLO:./ FRO.I.J THE HEAT£.~ 
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,'iUHBER 

67 
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BO 
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B3 

84 

as 

86 
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99 
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116 

121 

122 

123 
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139 

GATE 
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OR 
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OR 

OR 

AND 

OR 

OR 

AND 

AND 

AND 

AND 

MID 

AND 

OR 

OR 

OR 

OR 

OR 

MID 

AND 

AND 

AND 

AND 

AND 

OR 

OR 

OR 

OR 

AND 

AND 

OR 

AND 

AND 

AND 

OR 

OR 

OR 

AND 

AND 

OR 

AND 

OR 

AfiD 

OR 

OR 

OR 

PROBABILITY 
<JE:VELOPE:D 

0.'1 PAGE 

CAfE' TABLE nF' CfJ!ITF:.'lTS 

SE'QUt:NTIAL DRYE:R PROCESS 

TEXT 

3 WAY VALVE COUNANDED TO ',/RO.'IG POSI7ION AT TIME: = 2 OR 4 

INCORRECT TI.tlE:R SIGNAL TO 3 WAY VALVE AT TINE = 4 

3 WAY VALVE TINER F'AILURE AT TI.liE: 

3 WAY TINER FAILURE AT TillS 

3 WAY VALVE WRONG POSITION LI.'IE 27 CUT AT TINE 

3 WAY VALVE WRONG POSITION LINE 27 CUT AT TINE 

HIGH 1/ATER CONC, IN PROPORTIONATING VALVE INLET [STRSAM 1] 

HIGH TEMPERATURE IN COOLER OUTLET STRSAN [STREAM 3) 

HIGH PRESSURE F'ROH BED II WITH 4 WAY II CONNECTING BED II TO THE COOLE:R 

HIGH PRE:SSUR'f: Ill OUTLET STREAM FRON ALUMINA BED II 

3 IIAY VALVE: IS IN THE POSITION STREAM 11 TO 17 [HEATER BYPASSED] 

INCORRECT TIMER SIGNAL TO THE 3 WAY VALVE AT TINE ::: 3 

3 1/AY VALVE TINER fAILURE AT TINE 

3 WAY VALVE TINER FAILURE AT TIME 

3 WA'i VALVE CONTROL LINE [LINE 27] CUT AT TIUE: 

3 WAY VALV8 CONTROL LINE [LINE 27) CUT AT TIMS 

HIGH PRESSURE FROM 3 JJA'i VALVE TO BED II THROUGH 4 WAY VALVE I 

HIGH PRESSURE FROM THE 3 WAY VALVE - HEATER JUNCTION [STREAM 18) 

HIGH TSMPSRATURE: ltl COOLER OUTLET STREAM [STREAM 3) 

HIGH PRESSURE IN COOLER ~"(JUT LET STRSAM [STREAN J] 

HIGH IIATER CONCENTRATION IN COOLE:R OUTLET STREAM [STREAM 3] 

HIGH FLOW FROM THE 3 WAY VALVE - HEATER JUNCTION [STREAM 18) 

HIGH PRESSURE FROH BED I WITH 4 WAY II COllflE:CTING 88D I TO THE COOLER 

HIGH PLOW FROM THE 3 WAY WITH HEATER BYPASSSD 

HIGH FLOJI PROM BSD I II ITH 4 II AY II 

HIGH PLOW FROM BED I TO THE COOLER 

CON.'I8CTING BED I TO THE COOLER 

THROUGH 4 WAY VALVE II 

HIGH PRESSURE IN OUTL&T FROM THE 3 WAY VALVE WITH HEATER BYPASSED 

HIGH PRESSURE IN FEED TO THE 3 WAY VALVE JIITH HEATER BYPASSED 

HIGH PRSSSURE IN FEED TO THE 3 WAY VALVE [STREAM 11) 

HIGH PRESSURE IN PROPORTIONATING VALVE INLET [STRSAH 7] 

HIGH PRE:SSURE IN OUTLST STREAM PROM ALUMINA BED I 

HIGH PRESSURe IN THE COOLER OUTLET [STRE:AH 3] 

HIGIJ FLOW FROM BED II 1/ITH 4 IIAY II CO.'i!IECTING BED II TO THE COOLER 

HIGH PRESSURE IN THE HEATER OUTLET [STREAM 16) 

HIGH PRESSURE IN THE HEATER 01/TLET [STREAM 16) 

HIGI/ PRESSURE IN THB FEED TO TJIE HEAT'&R [STREAM 12] 

HIGH FLOW TO THE 3 YAY WITH HEATER BYPASSSE:D 

HIGH PRESSURE FROM 3 WAY VALVE TO BED I THROUGH 4 WAY 

HIGH PRESSURE IN COOLER OUTLET STRE:AM [STREAM 3] 

HIGH WATER CONCENTRATION IN COOLSR OUTLET 

HlGI/ FLOW FROM THE 3 WAY VALVS - HEATER JUNCTION 

HIGH PRESSURE IN THS HEATER OUTLET (STRE:AM 16) 

HIGH PRESSURE IN OUTLST FROH THE 3 WAY VALVE WITH 

HIGH PRESSURE: IN HE:ATER OUTLET LSTREAH 16) 

VALVE I 

STREAM [STREAM 3} 

[STREAM 18] 

!/EATER BYPASSED 

HIGH PRESSURE: IN FEED TO THE J WAY VALVE WITH HE:A'fER BYPASSED 

HIGH PRESSURF: IN PROPORTIO!IATI.'IG VALVE INLET LSTREAH 7] 

HIGH PRESSURE !.'I TIIS FF:ED TO THt; HEATER lSTREAN 12) 

HIG!I PRESSURE l.'l N,'ED TO TH£' J WAY VA~I£' L!:TRt.'AH llJ 

HIGH TE:NPERATURE [.'1 T!IF: COOLER uUTLf.'T L.'JTREAM JJ 

HEH PRt:SSUHE: IN ?,11£ r;nO~ER ) 1JTU:T l3-:'Rf.'MI 3j 

Figure 9 continues 
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! ;· l' ~ ~ T 4 t,, .' ' l • •, ; r •, 

71 T I' 

n·n 
h'IIH{<I ,\ I'ROI!Ahl L l :-r 

[lfVl.f. 1 '.1 l · 

(i/1 ['/,',,1 

4 WA)' VAJ,\'E /,[A~'S A.·r, 

~, (r 0 UF- L • Fllir AT b[.r 

1./001. NO ALIIHJNA 1.\ ELt' 1, OR ,'H/..,\'.~·~·LJ,',; 

7 , 1 '> 0 F o ~ 4 h'Al' VAL\'£ 11 !10~,"H FAJL' 1 .~.r 

T 1 .~!f. 

l. f, 7Uf G J TJ,lff 

4.77(Jf>l•f ' WAY VAI.V£ II TINF.'i: CHAt.'Cil.'S AT 1/RONG TIM! 

5, OOOf:'-Ofl FJ!..!: AT BED II 

1. 700E- U4 /10 ALIIMJNA I /1 BED II, oo CHAHNELJ!t,'J 

lC· 1.670£-0l T IMF ' 
11 4. 7 20£'- (Jf, ' WAY VALV£ II THIER FAILS 

17 B. 6 30[- 0':. 4 WAY VALVE II CONTROL LINE 79 CUT 

13 3. 300E- 01 T !HE :::: 3 

5. OOOE- 04 INLET AIR FLOI.' UP 

" 7.150t>04 4 IIAY VALVE' I MOTOR FA! L!IRE: 

17 7. 990£- 0':. HEAT'f:R LEAKS STE:AI·f INTO AIS 

1 & 5. OOOE:'-04 INLET AIR IIATE:R CONCE:N'I'RATION UP 

19 7. 150E-04 3 WAY VALVE HOTOR FAILUR[ 

20 4. 7 20E- oc 4 WAY VALVE: I T!MfR CHANGES AT WRONG T I!-![ 

21 4 '7 20[· 06 4 WAY VALVE I TINER FAILS 

22 a. o 30£- os 4 WAY VALVi' I CONTROL £I.VE 28 CUT 

23 1.000£-05 VATER SEPARATOR TRAP CLOGG[f, 

24 2. 1 OOE-03 VALV[ ' CLOSE[' 

2 5 5, OOOE- OB EXTERNAL FIRE AT SEPARATOF. 

3 WAY VALVE TIHER CHANGES AT llRONG TINE 

4, 7 20C- OF, 3 WA~ VALVE TIHE:R FAILS 

2B a, 6 30E- os 3 WAY VALVE CONTROL LINE 27 CUT 

29 5. OOOE- 04 COOLING WATER FLOW 001.'.\ 

30 5, 000£- G4 COOLING WATER TEMPERATURE UP 

31 2. 990E-03 COOLER FOULED 

J2 5. OOOE- OB EXTERNAL FIRE AT COOLrR 

33 VALVE l.! CLOSED 

" 5.000E-04 INLET AIR PRESSURE: UP 

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 equipment 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). 

lnput-<>utput models fo,r several of the pieces of equipment 



Table III. :'\!inimal Cut Sets 

MINIMAL CUT SET :;o. ITS PROBHILIH: 2.00£-03 
EVONT 1( 2.00E-OJ) WAY VALVE LEAKS ACROSS 

MINIMAL CUT SET hO. ITS PROBABILITY: 1,4JE-08 
EVENT 3( 1,20E-04) t:U ALUil!NA Ill BED I, OH CHAIINELIIIG 
EVENT 4( 7. 15£-04) 4 ~AY VALVE II MOTOR FAILURE 
EVENT 6( 1.6H-01) TH!c = 2 

HINIHAL CUT Shi ~0. 5 ITS PROBABILITY: 3.42E-09 
eVONT 3( 1.20£-04) 110 ALUtiiH Ill BeU I, OR CHANNELHG 
EVENT 5( J,JOE-01) TIME • 1 
EVENT 12( 8.63£-05) 4 \!AY VALVE II COIITROL LINE 29 CUT 

IHIIIHAL CUT SET 1;0, ITS PROoABILITY: 1.73E-09 
EVEin 9( 1.20L-04) 1'0 lrLUI1IriA u; BED II, OR CHAIIIIELING 
EVENT 10( 1.67£-01) TH;£ = 4 
EVENT 12( 8.63£-05) 4 WAY VALVE II CO~TROL LINE 29 CUT 

IHIIHIAL 
l'Vl'NT 
EVI>NT 
EVENT 
EVENT 

HINHIAL 
EVENT 
EVEI!T 
EVE~' T 
EVENT 

IHNIHAL 
EV EI.'T 
EVEilT 
EVE liT 

CUT SeT lrO. 
4( 7.15E-04) 
5( 3.30E-D1) 

16( 7.15e-04) 
31( 2.99E-03) 

ITS PROBAPILITY: 5.04tc-10 
WAY VALVE II MOTOR FAILURE 

THIE = 1 
4 WAY VALVE I MOTOR FAILURE 
COOLER FOULED 

CUT SET NO. 11 ITS PROBABILITY: 3.54E-10 
4( 7.15e-04) 4 WAY VALVE II MOTOR FAILURE 
5( 3.30o-01) TIM~ • 1 

1b( 7. 158-04) 4 hAY VALVE I MOTON FAILUh~ 
33( 2.108-03) VALVE 4 CLUSI>O 

CUT S e 'J' r, 0 • 1 3 ITS P R 0 B A b I L I 'fY : 1 • 8 7 E- 1 0 
3( 1.20£-04) ~0 ALUMINA IN EED I, OR CHANN8L!IIG 
5( 3.30E-01) TI>:E = 1 
7( 4.72£-06) 4hAY VALVo II TIMeR CHA~GES AT hRONG 

TillE 

IHNIMAL CUT SE.T 110. 15 ITS PROBABILITY: 1.87E-10 
EVE~T 7( 4.72•-06) 4hAY VALVE II TI~ER ChANGES AT hROUG 

EVEIIT 
~HilT 

TihE 
9( 1.20£-04) NO ALU~IhA IN BED II, OR CHA~NELIIlG 

13( 3.30£-01) TIME • 3 

lllNlf\AL CUT SeT 110. 17 ITS PROcABILITY: 9.46E-11 
EVENT 9( 1.20e-04) NO ALUMINA IN BED II, OR CHANNELING 
EVEIH 10 ( 1. 670-01) TH.c = 4 
EVEIIT 11( 4 .72<:-06) 4 \lAY VALVE II THIER FAILS 

IHNIIIAL CUT SET 1,0, 19 ITS PROEABILITY: 9.46C-11 
EVEIIT 3( 1.20E-04) ~0 ALUIIIIiA H BED I, OR CiiAiliiELING 
£VENT 6( 1.G7E-01) I'H!E = 2 
EVENT. 7( 4.72E-06) 4hAY VALVE II TIMER CHANGES AT WRONG 

TI~1E 

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 fault 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 III. 

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. ITS PROBABILITY: 2.83E-08 
EVENT 3 ( 1. 20E-O 4) 110 ALUHIIIA IN BED I, OR ChAIHIELING 
EVEIIT 4( 7.15E-04) 4 WAY VALVE II HOTOR FAILURE 
EVENT 5( 3.30E-01) TIME • 1 

HINIHAL CUT SET NO. 4 ITS PROBABILITY: 1.43E-08 
EVENT 4( 7.15E-04) 4 ~AY VALVE II 1\0TOR FAILURE 
EVENT 9( 1.20£-04) NO ALUMINA Ill BED II, OR CHAIIIIELING 
EVENT 10( 1.67E-01) TIHE • 4 

HIIIIHAL CUT SET NO. ITS PROBABILITY: 3.42E-09 
EVENT 9( 1.20E-04) NO ALUHIIIA Ill BED II, OR CHANIIELING 
EVENT 12( 8.63E-05) 4 WAY VALVE II CONTROL LINE. 29 CUT 
EVENT 13( 3.30E-01) TIME = 3 

MINIMAL CUT SET 110. ITS PROBABILITY: 1.73e-09 
EVE:IIT 3( 1.20E-04) NO ALUMINA Ill BED I, OR CHANNELING 
EVENT 6( 1.67E-01) TIME= 2 
EVENT 12( 8.63E-05) 4 hAY VALVE II COIITROL LitlE 29 CUT 

MINIMAL 
EVENT 
EVEHT 
EVEIIT 
EVE liT 

CUT SET NO. 10 ITS PROBABILITY:-- 3.54E-10 
4( 7.15E-04) 4 WAY VALVE II MOTOR FAILURE 
5( 3.30E-01) TIHE = 1 

16( 7.15E-04) 4 WAY VALVE 1 MOTOR FAILURE 
24( 2.10E-03) VALVE 6 CLOSED 

IIIIIIHAL CUT SET 110, 12 ITS PROBABILITY: 1.87E-10 
EVEilT 3( 1.20E-04) 110 ALUfllNA IN BED I, OR CHHI<oLING 
EVENT 5( 3,30£-01) TIME • 1 
EVENT 11( 4.72E-06) 4 WAY VALVe II TIMhR FAILS 

HIIIIMAL CUT St:T NO. 14 ITS PROBABILITY: 1.87£-10 
EVENT 9( 1.20E-04) NO ALUHIIIA Ill EED II, OR CHANIIeLING 
EVEIIT 11( 4,72E-06) 4 WAY VALVE II Tli1ER FAILS 
EVENT 13( 3.30E-01) TIME • 3 

MINIMAL CUT SET NO. 16 ITS PRObABILITY: 9.46E-11 
EVENT 7( 4.72E-06) 4WAY VALVE II TIMER CHANGES AT WRONG 

EVEIIT 
EVENT 

T I~!E 
9( 1.20£-04) NO ALUHINA B EED II, OR CHANIIELIIIG 

10( 1.67E-01) TIME • 4 

MINIMAL CUT SET 110. 18 ITS PROBABILITY: 9.46E-11 
EVENT 3( 1.20E-04) 110 ALUHHIA IN HD I, OR CHAIIIIELING 
EVENT 6( 1.67E-01) THIE = 2 
EVENT 11( 4.72£-06) 4 hAY VALVE II TU'rER FAILS 

IHNIMAL 
eVENT 
EVE~T 

EVENT 
EVENT 

CUT SET 110. 20 ITS PROBABILITY: 8.44E-11 
4( 7.15E-04) 4 WAY VALVE II MOTOR ~AlLURe 

5( 3.30£-01) TIME • 1 
16( 7.15E-04) 4 ~AY VALVE I HOTOR FAILURE 
30( 5.00E-04) COOLING ~ATER 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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