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Abstract— An operation aiding expert system is developed for preventing an unexpected shutdown caused by operation
errars or misjudgements in boiler plants. Based on symbolic model about the plant structure and the behavior characteristics,
the change of process states is simulated. And the method for solving context-dependent problem is suggested. With gen-
eralized knowledges for the recognition of operational sitnations and hazardous conditions, a strategy is suggested for an-
ticipating accidents caused by operation errors or misjudgements in advance. By the results of the application of this system

to the real plant, it is shown that the methodology suggested in this study is useful.
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Fig. 1. Boiler plant.
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Fig. 2. Overview of the system.
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Fig. 3. Graphical representation of the purge process.

Table 1. Property variables of arcs and nodes

Meaning Property variables
Temperature temp

Pressure press

Flow rate flow

Phase phase
Components comp

Open, on/close, off apval
Functional rules funcop

Input and output arcs arc

Functional utility

Working state

Range of operational conditions
Constraints before operation

func-utility
working?
op-constraint
pre-constraint

(2) 2ol 218} path(AHF-3oll4] 3HR-E 28 FAe] 38 F e
74 2 )¢} open/close®]H-1= pathAll| ‘;‘:XH?S}‘T 2= arce} node2] 74/
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CLASS OF SECTION

ARCS AND NODES N STEAM TURBINE SECTION
ARCS AND NODES IN SAH STEAM SECTION

1 - ¥
CLASS OF ARC CLASS OF NODE
SYSTEM INPUT ARC VALVE NODES
SYSTEM QUTPUT ARC SEPARATING NODES
UNIT NODES
ALWAYS OPEN NODES

TRANSPORT NODES
MIXING NODES

CLASS OF FUNCTIONAL UTILITY

ALL PRE-CONDITIONS
ALL SWITCHS

Fig. 4. Functional classification of node and arc.
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Fig. 5. Network representation of operational situations.
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(Steam-turbine-start-up-frame
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(warming-up-frame)
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(FDF on)))))
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frame-&

(IF (And (air-line-up-complete after t)
(pre-purge-ready-complete after t)
(FDF-normal-start-complete after t)
(pre-purge-complete id nil))
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Fig. 6. Network representation of hazardous conditions.
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(TF (And (steam-turbine-start after t)
(steam-turbine-start before nil)
(steam-turbine-inlet-drain id nil)
(warming-up before nil}))

THEN (occur-turbine-damage))
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OPERATION CURRENT STATES OF E10
fomp =>L1
(E10ON) pross = 1

flow =>0
phase=>GAS
comp=>AIR

apval=>T
PROCESS-STATE-SIMULATOR funcop=>{IF ((FUNC-UTILS (E5 ON) ...
@ CHECK WORKING STATE OF "”"NPU:E’:”' OUTPUT S31)
FUNCTIONAL UTILITY func-utlty=
working7=>NIL
WORKING STATE OF E5 = T pre-constraint=>(E 10-DAMPER,
COOLING-WATER10,
@ CHECK WORKING STATE LUBRICANT)
OF NODE
WORKING STATE OF E10 => T SIMULATED STATES OF E10
temp =>L1
@ CHECK STATE OF PATH press =3

FDF-START-PATH = OPEN fow =13

SAH-START-PATH => CLOSE phase=>GAS
comp=>AIR
@ SELECT RULE o EPVE=T

funcop=>(IF ((FUNC-UTILS (E5 ON} ...

RULE => (IF {(FUNC-UTILS (E5 ON) arc=>(INPUT $30, OUTPUT $31)

func-utllity=>£5
P=>T
® EXECUTE FORWARD CHAINING working
pre-constraint=>{E10-DAMPER,
SIMULATE THE CHANGE OF STATES COOLING-WATER10,
LUBRICANT)

I

Fig. 7. procedure for changing process states.

Table 2. Functional utility of nodes

No. Node Functional utility
1 Steam turbine(eS) Steam-turbine-start-path,
warming-up-path
2 FDF(e10) Steam turbine(eS)
3 SAH(el1) SAH-start-path
4 AH(el2) AH-start-switch
5 EP(el5) EP-start-switch
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<IF (8-& H£&A1717] 913} Func-utility §2] =H5AHe)
(Node2] 2Hg-2rel)
(3} Arc A List)

THEN (Node®] Atel] List) (33 Arc 4}el} List)

AR (3Z3 Arc W2 7))>

IF-PARTo| A4 = el HEshal, aof f-55= o] A
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(put 'e11 "funcop '(
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(setf *start-frame* ‘(steam-turbine-start-up-rame
fdf-start-up-frame
0] sah-start-up-frame
ep-start-up-frame operation

n (e5 on) (e10 on)

(put 'steam-turbine-start-up-frame 'start-frame
‘(Steam-Turbine-Start-Up

{pre-check (i)} @

(Rel-State ({steam-turbinedrain-trame)
— (steam-turbine-trap-frame)

Q {warming-up-frame)
(steam-turbine-start-frame)))
(message-state {{warming-up-frame)
n

®

( ge ((eS.on)
(21% 0n)))))

{put ‘steam-turbine-drain-frame 'slot-frame
'(steam-turbine-drain-frame
rel-state

@ (steam-turbine-outlet-drain-frame)))

{put ‘'steam-turbine-iniet-drain-frame "slot-frame
'(steam-;urbine—lnlet-dlaln-lrame
{rel-state ((gieamaturbine-Iniet.drain.path)
(steam-turbine-inlet-drain-inlet-path)
{steam-turbine-inlet-drain-outlet-path)))

@

eve

(put 'steam-turbine-iniet-drain-inlet-path 'path '(s1 e1 82 v2 85 €2 87}))
(put ‘'steam-turbine-inlet-drain-outiet-path 'path '(v3 £8))

{put 'steam-turbine-inlet-drain-path 'path '(s1 e1 82 v2 85 a2 87 v3 88))
{put ‘'steam-turbine-start-path 'path®(  «+ )}

(put ‘warming-up-path ‘path‘( ... )

oo

Fig. 8. Procedure for recognizing functional situations.

(If ((func-utils ((sah-start t)})
(working? (1))
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R
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)
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(3) 1579} 25hAlel| 4] Q1A Bede} dababel i3l HBE of
Lalo] Abskel Az7bA wisldel S ol AlsbA] ®uh(Fig. 9). 2F -

3o A17kd wEtelE slebstr] sl 7z ARske] £ 4x(Before,
After, 1d)2] =3+ ge|2 ZTHE & glMEE ol4ale] Wsale
gl A gk} (Table 3).
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SIMULATED STATES
STATES OF NOOES, ARCS, FUNC-UTLS
tomp =>L1 * v
press =>{3
flow =>13 RECOGNITION OF OPERATIONAL SITUATIONS
comp==AIR NETWORX FOR OPERATIONAL SITUATIONS
apval=>T {IF (ANO
Amcop>{IF ((FUNC-UTILS (ES ON) ... (AIR-LINE-UP-COMPLETE AFTER 1)
arcx>(INPUT 330, OUTPUT S31) (PRE-PURGE-READY-COMPLETE AFTER T)
hno-utiity=>E5 (FOF-NORMAL-START-COMPLETE AFTER T)
worldng?=>T (PRE-PURGE-COMPLETE ID NIL))
pre-constraint=>(E 10-DAMPER, THEN (PRE-PURGE-COMPLETE AFTER T)}
COOLING-WATER10,
LUBRICANT)
/
START-UP-FRAME OPERATIONAL SITUATIONS
® mﬁm (jﬂmmfws PRE-PURGE-COMPLETE*> NIL
(REL-STAE (.)} PRE-PURGE-AIR-READY=> NiL
(MESSAGE\;I'ATE AIRLINE-UP COMPLETE=> T
()
(MESSAGE ((ES ON) (E10 ON}))) IGNITER1-FIRE-OK=>NR
MAN-FUEL -ON.1-FIRE-OK=>NIL
PATH OF STEAM-TURBINE-START IS =
(S1E182V285..) ...
FUNCTIONAL SITUATIONS :
WARMING-UP-PATH-ON RECOGNTION OF TIME-VARIANT
BEFORE=>NIL OPERATIONAL SITUATIONS
AFTER=>T
D=>T BEFORE=>NIL | OCCURRED
AFTER=>T AFTER DCCUR
FOF-START-PATH-ON D= - OPERATION
BEFORE=>NIL - —
AFTER=NIL
ID=>NIL

Fig. 9. Procedure for recognizing operational situations.

Table 3. Property variables for time-variant situations

Combinations of variables Meaning Time-variant variables
before nil Occurred occur
after t after operation
id
before t Disappeared disappear
after nil after operation
id t
before Occured once once
after
id t
before t In progress ing
after t
id t
before Not occurred never
after yet
id nil
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Table 5. An example of structure representation in boiler plant

SIMULATED STATES HAZARD.LIB
_(CURRENT STATES) | OPERATIONAL RANGE OF E101S
termp =>L1 LO<TEMP<LS
o ":L'f NETWORK FOR HAZRADOUS CONDITIONS
re=>GAS
?:;w,) AR (IF (AND
——T (STAEM-TURBINE-START AFTER T)

(STEAM-TURBINE-START BEFORE NIL)
STEAM-TURBINE-INLET-DRAIN 1D NIL)
(WARMING-UP BEFORE NIL))

THEN (oocm -TURBINE-DAMAGE))

funcop=>(IF ((FUNC-UTILS (E5 ON} ...
src=>(INPUT 830, OUTPUT S31)
func-utity =>€5

worldng?=>T

pre-constraint=>(E 10- DAMPER,
COQUING-WATER1O[ ™ —— —
UBRICANT)

L u I Y \

OPERATIONAL SITUATIONS SAFETY-EVALUATOR

PRE-PURGE-COMPLETE=> NIL
PRE-PURGE-AIR-READY=> NIL
AIR-LINE-UP-COMPLETE=> T
IGNITER1-FIRE-OK=>NIL
MAIN-FUEL-OIL1-FIRE-OK=>NIL

CHECK CONSTRAINTS OF UNIT
CHECK OPERATIONAL RANGE
CHECK HAZARDOUS CONDITIONS
RESULY

SAFE DECISION

Fig. 10. Procedure for safety-evaluator.

Table 4. Compornent of the boiler piant

Classification Component

Boiler main Steam drum(Including riser/down comer)
Primary/Secondary superheater

Fumace, burner

Deaerator, deaerator pump

Feed water pump/line

Fuel oil line

Feed water

Fuel supply
Fuel gas line
Atomizing steam line

Air supply FDF

Steam air preheater

Air preheater

Economizer

Electrostatic precipitator

Stack

Air supply line

HP header

MP header

Turbine

Steam distribution line

Steam distribution

SRR TR A

3 Fig. 6ell 4 2813k sjgdel 24 7He
*3 %712] TF-THEN Rule-

- pattern matching A7 8 3heh(Fig. 10).

4. Ant

]

Sgae B Asdel e slalst] slstel A s
2o} 150 ton/hr ~E R & atog S84 H7LS i3 Ay f
_—B—_H g}_o]zg_» P o)o—lL}_

4-1. Aol

oAby ale] el e Table 49) 3o} 715 A9l ¥H e £ F
b ke malabd. 323709 arcst 247702] node® A
Rl Arco} nodets thAl 715 B3 Elel] ale} 33 s}a(Table
S). Al gae] gl hed A A A VB AT
A ssict.

A ) e Ahaab el Al el ola) uralahs SldAkest

Variable Component

s40 v16 sd41 v17 s42 vI8 s43 ell sd44 el6
s47 v20 s48 v21 s49 s4S v19 sd6

ell) el7 eS8

ah-start-switch ep-start-switch sparker-switchl
sparker-switch2 -

sl ¢l s2 v2 s5 €2 sl e3 sli v6 s1l v7
s14 ed 515 vB s16 v9 517 5 sl& 6 519
vi0 s20

*sah-steam-section*

*transport-node-list*
*switch-list*

warming-up-path

Table 6. Change of operational situations

Operational situation Initial Final
Pre-purge-complete nil t
Pre-purge-air-ready nil t
Pre-purge-ready-complete nil t
FDF-normal-start-complete nil t
AH-normal-start-complete nil t
Sah-normal-start-complete t t
Normal-air-supply nil t
Igniter 1 -fire-ok nil t
Main-fuel-oil1-fire-ok nil t
Main-fuel-oii1-fire-normal-ok nil t
t

Scavengel-complete-ok nil

o7z} 2) 72 sequence S "LEJ}—r ST
& e 2 EojA] A2 A7 n FHAARE T2 -
FHUh 2 el gl 9 2
quence?} B dele] FHFE S-HA4 Z=r}(Table 6). ‘?‘_"a]x:]
ol A EAlEE A gl ofe] PhR S %"ﬂ*i olzfj o] 73l chiz}ed
sl8dg Hrisled omd, F AR Q) Al g3 A

<*3 FDF¥] 7|54 Atzdg HE4 i] | @an 7153 29>

An® g FEATI™, 2ake] RS A2y 22} ela
7} ¥4~ *operation-list* &£ F=0] 2] 11, E‘ilﬂ*‘*lﬂ-d steam-turbine-start-
path(s] %} path}S- opend}r] $1a)4] #llvd patholl H Q& rejjolnt &
s gsugp] 2|5} Wi g 72k s} Abeflolc}

th8(V7 OPEN)Z2F2 7 steam-turbine-start-path-&- 0pen6}°ﬁ1

steam turbine(ES}% 2E A7) 512} kel Steam turbineo]| YHEE
steam turbine} o353F | (shaft)2. o3 4 =e] gly= FDFELO7} 2
v} 28d] FDEEINY 7154 dlekz el WZ4(COOLING-
WATERIOY} 7HE5I»] b8 Alell 2 FDFE 7] %A% 7] uf ¥-o FDF
£ 7)%- 471 Absk(steam-turbine-start-path 2] open)S 4l 2] 7| +=
s (V7 OPENYE 38-5]7] gfverh. ofwf A ag2 “ilﬁl 7]
FA AT g HESHA H3ehs messaged
Abef s BEA 1) 87 %le] o}4| FDR(E10))
A7)0 vh4) V78 opendpbd FDFS) 71%-31 a2k
Aol e ek

>~

39} ghe makezsol ik A eRE Hohal 2 A )2
oMYA o) HABE Yol 2 AR T T
atg A8 4 o 4 Agleh

clisp> (BOILER-HAZARD)
(*operation-list* is (---(V7 OPEN)COOLING-WATERI0) ON)(V7
OPEN)(V4 OPEN)(V7 CLOSE)(SPARKER-SWITCH1 ON)(V13
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OPEN)))

(&operation& is (V7 OPEN))

((V7 OPEN) satisfies the pre-constraint)

(We finished the state-change by the operation (V7 OPEN))

(***** message-list is a ((ES ON) (E10 ON)) ****¥**).. Steam-tur-
bine-start-path2] Open .2 ~¥lejojulx} FDF9] 7158 A =3,

((E5 ON) satisfies the safety-constraints)
(***** message-list is a ((E10 ON)) ***xx*x)

(&operation& is (E10 ON))

((E10 ON) can not satisfy the pre-constraint (OIL10 COOLING-
WATER10 E10-DAMPER))

((COOLING-WATER10 Working? nil));; FDF2] 7|54 Atz &
o4 Wrtt

(We can not operate (V7 OPEN));; 7FE5 o] §1A] $4&. wheba] (V7
OPEN)Z2H-E 27]

(Return to the state before operation (V7 OPEN));; (V7 OPEN)3}~]
ol o] Ate g X417

==> UNSAFE

(&operation& is (COOLING-WATER10 ON));; FDF] ¥z}4 Pump
£ 7.

((COOLING-WATER10 ON) satisfies the pre-constraint)

(We finished the state-change by the operation (COOLING-WATER
10 ON))

==> SAFE

(&operation& is (V7 OPEN));; Steam-turbine-start-path-S Open 4| 7]
= 22k ohA] A

((V7 OPEN) satisfies the pre-constraint)

(We finished the state-change by the operation (V7 OPENY))

(***** message-list is a ((E5 ON) (E10 ON)) *****+*)

((E10 ON) satisfies the pre-constraint (OIL10 COOLING-WATER10
E10-DAMPER))

(We can operate (V7 OPEN)) ;; FDF2] 7]%3 AlekzA-8 utE3)
==> SAFE ;; (V7 OPEN) (ES ON) (E10 ON) %}

25128 MI34M M6E 1996 123

g -

X
oh

(***** SAFE OPERATION-PROCEDURE is (- -(COOLING-WA-
TER10 ON)(V7 OPEN)(V4 OPEN)(V7 CLOSE)(SPARKER-
SWITCHI ONXV15 OPEN)))

54 8

Helel ElE FAd] vise st egbho g ols) sl
+ shutdown-& Wr2| gl 32|08 HE7) Al 268 Auts)r] $)
A, efA-g A7 Aol tHEl symbolic modeling& A A)3}eic}. o
2l ol ¥ FAIAe s A W A}3le) =4 ¢) (context-
dependent) A5 | Ashe RS Ak, 434S 7] ¢
T AT Aol el Bag A0S duskag
o A28 e ARl A gsle] A AFE o) -89 HYL %
Zaeich.

#& Al

2 ATE GRIeA R A Sl TAlE Q) SArle] X))
5 ATAE] ] Uyl Tu] U@ o] FojH o], oo FHAbE
SIS

HOEH

1. Calandranis, J. and Stephanopoulos, G.: Chem. Eng. Progress, 1,
60(1990).

2. King, H,, Roger, L., James, S. and Hollingsworth, L.: IEEE Trans.
on Energy Conversion, 6, 356(1991).

3. Alatigi, .M. and Meziou, A M.: Comput. Chem. Engng., 16,
51(1992).

4. Follett, H.D. and Larva, W.J.: ASCE J. of Energy Engng., 114,
69(1988).

5. Tomita, S., Hwang, K.S. and O'shima, E.: J. Chem. Eng. Japan,
22, 364(1989).

6. Fusillo, R. H. and Powers, G.J.: AIChE J., 34, 558(1988).

7. Rich, S.H. and Venkatasubramanian, V.: Comput. Chem. Engng.,
12, 27(1988).



