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ABSTRACT

The present work in the U.S. nuclear industry
directed towards improvrng response during
emergency condit ions consists of improve_
ment  in  emergency  procedures ,  pos t -
accident instrumentat ion, alarm presentat ion,
and the development of operator aids. This
paper contains work in progress f  or the
formulat ion of a possible basis for such an
effort .  The basis consists of using a funct ion-
al  relat ionship chart  for PWR safety as a con-
ceptua l  mode l  fo r  the  p lan t .  The func t iona l
relat ionship chart  ident i f ies elements impor-
tant to safety start ing from the abstract con-
cepts of f ission product barr ier maintenance
and proceeding to equipment detai ls.  The rn-
teract ions have been structured by using a
mult i level f low model of  the plant which for-
mulates the purpose, funct ion and support ing
systems in terms of mass and energy trans-
port  and storage processes, and their  func-
t ional interrelat ionship by cr i t ical ,  control lable
variables. The methodology for developing a
set of cr i t ical  safety f  unct ion restorat ion
procedures is also presented to demonstrate
appl icat ion of these concepts.

INTRODUCTION

As a consequence of the accident at TMl.
there is present ly a considerable effort  in the
U.S.  nuc lear  indus t ry  d i rec ted  towards
improving response during emergency condi-
t ions in nuclear power plants.  This work con-
sists of improvement in alarm presentat ion,
e m e r g e n c y  p r o c e d u r e s ,  p o s t - a c c i d e n t
instrumentat ion, and the development of
operator aids. West inghouse has recognized
the importance of establ ishing the fundamen-
tal  basis for al l  such efforts and for coor-
d ina t ing  deve lopment  f rom such a  bas is .  Th is
paper descr ibes work in progress for the
formula t ion  o f  th is  bas is  and the  app l ica t ion
of these concepts to emergency procedures
and alarm pr ior i t izat ion. The results of the
present effort  wi l l  eventual ly be used in
determining the funct ional specif icat ions for
an Advanced Controt Room (ACR). (See
Abbreviat ions List)

I t  has been ident i f ied[1 ]  t f ,at  there were three
main def ic iencies in the control  room at TMI:
(1) There was a lack of adequate post-
accident instrumentat ion and, therefore. the



capabi l i ty to diagnose plant state; (2) t f re
emergency procedures were designed for re-
sponses to single events and did not address
the occurrence of mult ip le fai lures indicated
by plant symptoms; and (3) the alarm
system did not sui tably alert  the operators to
the changes in plant state, but rather was a
source of confusion. This paper descr ibes
the present ongoing effort  at  addressing the
above def ic iencies and integrat ing control
room funct ional design aspects. The effort  is
composed o f  app l i ca t ions  o f  new des ign
methods  wh ich  a t tempt  a t  des ign ing  the  con-
trol  room on the funct ional aspects of the
ent i re  p lan t  ra ther  than on  s ing le  events  o r  on
the  requ i rements  o f  each ind iv idua l  sys tem

designer.  The new methods include the use
of plant safety funct ions and funct ional f low
models of processes to depict  systems inter-
act ions during accident condit ions. There is
present ly an effort  to improve the control
room for plant operabi l i ty and avai labi l i ty
also; however.  these results are not present-

ed  in  th is  paper .

C R I T I C A L  S A F E T Y  F U N C T I O N S  A N D
PLANT OPERATIONS DURING EMERGEN-
CY CONDITIONS

This work was ini t iated in Phase l l  of  the Elec-
tr ic Power Research Inst i tute Disturbance
Ana lys is  and Surve i l lance pro jec t . [2 ,3 ]  dur ing
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Figure 1. Cri t ical  Safety Requirements and Funct ions Chart



which a funct ional relat ionship chart  for
PWR safety was formulated as a conceptual
model of  a nuclear power plant.  The funct ion-
al  relat ionship chart  ident i f ied the pr imary ob-
ject ive in the design of a nuclear power plant
from a publ ic health and safety viewpoint,
which is to prevent radioactive releases to
the environment.  Mult ip le f ission product bar-
r iers are designed to achieve this object ive,
and are kept intact by maintaining cr i t ical
parameters within l imits.  Systems and subsy-
stems are provided to perf  orm f  unct ions
which maintain these cr i t ical  parameters
within l imits and are composed of var ious in-
dividual components. Thus, the plant can be
envisioned as a mult i level pyramid start ing
with the object ive of prevent ing radioact ive
release and broadening cont inual ly unt i l  the
individual component level is reached. Figure
1 is the top sect ion of the aforementioned
funct ional relat ionship chart  and shows the
cr i t ical  parameters (safety funct ions) in the
plant that have to be control led within l imits
to maintain the integri ty of the barr iers which
prevent the release of radioact ive mater ial  to
the environment.  Also shown are the control
requirements and avai lable plant systems.

The set of  cr i t ical  safety parameters shown
in Figure t  has been used as the basis for
construct ing a set of  plant safety status trees
that would guide an operator to perform ap-
propriate control  act ions to maintain plant
cr i t ical  parameters within l imits.  For example,
Figure 2 shows the plant safety status tree
for the cr i t ical  parameter,  reactor coolant
system (RCS) pressure. The endpoints FP-1
and FP-2 in Figure 2 indicate that a response
to high or low RCS pressure is required. The
curve tagged 1 on the RCS Pressure vs T"o16
graph is the l imit  on RCS pressure for over-
pressurizat ion and vessel integri ty concerns.
The curve tagged 4 indicates the condit ions

at which the reactor coolant wi l l  change
phase. Further.  the endpoints are marked ac-
cording to the priority of reponse required
and are indicated by the amount of shaded
area within the annulus. A set of  plant safety
status trees for al l  the cr i t ical  safety parame-
ters ident i f ied in Figure 1 then forms the
basis for a network of control  act ions for
plant safety.  A set of  cr i t ical  safety funct ion
restorat ion guidel ines is present ly being de-
veloped to specify the control  act ions for the
various combinat ions of cr i t ical  safety func-
t ion status. This work is being done for ut i l i -
t ies to meet NRC requirements that were
issued as a result  of  the accident at TMl.
Present ly,  West inghouse is cont inuing this
effort  by construct ing a funct ional model of
the ent ire plant,  and therefore attempting to
integrate the developed guidel ines with the
various funct ional aspects in an ACR design
- part icular ly the alarm system.
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Figure 2. Plant Safety Status Tree for the
Cri t ical  Parameter (RCS) Pressure
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FLOW MODELS

The development of a funct ional relat ionship
shsft l2,3] for al l  p lant systems used during
emergency condit ions was an attempt at rep-
resent ing therr f  unct ions and interrelat ion-
ships for plant control .  However,  i t  has been
real ized that the chart  shown in Figure 1 is
not the most sui table f  orm f  or such a
d e p i c t i o n .  1 ; n 6 [ 4 ' 5 . 6 J  h a s  p r o p o s e d  a
method for descr ibing process plants in
terms of the topology of the pattern of pure
energy and mater ial  (mass and energy) trans-
port  and storage. The technique is cal led
" f low mode l ing . "  The bas ic  assumpt ion  is
that mass and energy processes can be de-
scr ibed by  two f  undamenta l  t ypes  o f
phenomena: transport  and storage of mate-
r ia l  and energy .  F igure  3  shows the  f i ve  sym-
bols (nodes) used in f low model ing and the
fo l low ing  are  some def in i t ions  taken f rom
1;n6. [41

Storage Processes include simple
accumula t ion  phenomena.  i .e . ,  p i le -
up  o f  mater ia l  o r  energy  in  a
vo lume,  and in  add i t ion  may a lso
i n c l u d e  c h a n g e s  o f  m a t e r i a l
compos i t ion  and changes o f  phase.
Transpor t  Processes  inc lude the
t rans fer  o f  mater ia l  and energy  be-
tween two loca t ions  in  space by
convec t ion .  conduct ion  and d i f fu -
s ion  phenomena.
A Bar r ie r  i s  a  permanent  phys ica l
boundary  tha t  on ly  f  unc t ions  to
prevent the transport  of  mater ial  or
energy  across  the  boundary .
A  Cond i t ion ing  Subsys tem e i ther
cont ro ls  the  main  process  (e  g  ,
Reactor  Coo lan t  Pressure  Cont ro l
Sys tem) ,  o r  es tab l i shes  and main-
ta ins  p roper  func t ion  o f  the  main
sys tem (e .9 . ,  component  coo l ing) .

A Condit ioning Variable is the
physical  var iable in the main pro-

cess that is control led or main-
t a i n e d  b y  a  c o n d i t i o n i n g
subsystem.
Processing Subsystems funct ion
as sources or sinks of mater ial  or
energy in relat ion to the main
system.
An Aggregate is a col lect ion of in-
terrelated transport  and storage
processes. Aggregates are used
for represent ing plant subsystems
for which the internal structure is
ignored.
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Figure  3 .  Symbols  Used in  F low Mode l ing



A graphical  descr ipt ion of the plant can be
made through the use of the symbols shown
in Figure 3 and def ined above. This graphical
descr ipt ion is termed a "f low structure" and
describes the plant in terms of i ts fundamen-
tal  processes and their  relat ionships as op-
posed to a descr ipt ion of interconnect ions of
processing components which are shown in
piping and instrumentat ion diagrams (p&lD).
The descript ion of a plant in terms of i ts f low
structure al lows a decomposit ion of the plant
into i ts systems and subsystems. This
decomposit ion forms a hierarchy as shown
in Figure 4 and depicts the funct ional rela-
t ionships between plant processes.

FLOW MODEL DESCRIPTION OF A PWR
DURING ACCIDENT CONDITIONS

Figure 5 i l lustrates the basic plant control
problem that has to be addressed for acci-
dent si tuat ions in a PWR or any f ission power
producing faci l i ty.  There are two integral  as-
pects in the problem due to the nature of the
f ission process and i ts byproducts: t ransfer

SUPPORT
PROCESS

of f ission product decay heat,  and prevent ion
of the release of f ission products to the
environment.  These then become a complex
systems engineering problem for nuclear
power plants which have numerous systems
and release paths that have to be control led
and monitored. l t  is necessary to determine
why. when, and how various systems are
used in the plant,  and the consequence of
fai lures of var ious systems and barr iers.  Only
then can an information system ( including
alarms) be effect ively designed to aid an
operator in this complex task.

We attempt here to formal ly modelthis prob-
lem and then deduce the requirements for an
information system for a control  room.
Figure 6 shows, in an aggregate manner
using f low model terminology, the goal
dur ing  emergency  p lan t  (West inghouse
SNUPPS) operat ions, i .e. .  the prevent ion of
r a d i o a c t i v e  m a t e r i a l  r e l e a s e  t o  t h e
env i ronment .  Inc luded in  th is  goa l  i s  the  re -
qurrement for cont inuous decay heat removal

P A E V E N T  R A D I A T I O N  R T L E A S E S
T O  T H E  E N V I F O N M E N T

M A I N T A I N  C O R E  H E A T  H E M O V A L
T O  T A E  E N V I  B O N M E N T

Figure 5. Block Diagram for Plant Control
During Accident Condit ions

CONTAOL PROCESSES
FOR COR€ HEAT REMOVAL

ANO RADIATION CONIAINMENl

IS  PLANT STABL€7
r . e .  C O a E  H E A T  R F M O V A !

+  N O  R A D I A T I O N  F E L E A S E S

USE ALTERNATE PROCESS€S IN
CURR€NI  HEAT R€MOVAL PATH

ON AN ALTERNATE H€AT
REMOVAL PAIH

Figure 4. Decomposit ion of Plant processes



to prevent a core melt .  Figure 6 shows the
barr iers in a PWR that defend against radi-
oact ive release to the publ ic.  i .e. ,  fuel  rod
mater ial ,  fuel  rod cladding. reactor coolant
system boundary, and containment.

The fuel rod mater ial  must be prevented
from melt ing to maintain f ission products
wi th in  the  c rys ta l l ine  la t t i ce  in  the  so l id  fue l .
As  ind ica ted  in  F igure  6 ,  th is  f i r s t  bar r ie r  i s
maintained by control l ing the neutron f lux in
the core to keep the reactor subcri t ical
dur ing  acc ident  cond i t io r rs .  The second bar -
r ie r  i s  the  fue l  rod  c ladd ing .  The fue l  c ladd ing
may fai l  because of high internal pressure
caused by molten fuel  or a departure from
nuc lea te  bo i l ing  in  the  coo lan t .  As  shown in
F igure  6 ,  the  in tegr i t y  o f  the  fue l  c ladd ing  is
maintained by control l ing neutron f lux, and
pressure, temperature and inventory of the
Reactor  Coo lan t  Sys tem (RCS) .  The neut ron
f lux is control led by the Reactor Tr ip and
Emergency  Bora t ion  Sys tems,  and the
pressure, temperature and inventory of the
RCS are  cont ro l led  bv  the  core  and RCS heat
removal systems. The third barr ier is the RCS
boundary  Th is  boundary  ( reac tor  vesse l ,  p r i -

mary  p ip ing ,  e tc . )  may fa i l  due  to  overpres-
sure  cond i t ions  or  by  exceed ing  N i l  Duc t i l i t y

Figure 6. Flow Model of  Radioact ive Maler ial
Transporl  During Accident Condi-
t ions in a PWR

Transit ion l imits.  NDT l imits are avoided by
control l ing RCS pressure and temperature.
The f inal  barr ier is the containment.  The in-
tegr i ty of the containment bui lding is main-
tained by control l ing containment hydrogen
concentrat ion, pressure. and temperature.
The radioact iv i ty in the containment must
also be control led to avoid high radiat ion
leakage rates and to minimize release i f  this
last barr ier is breached. These cr i t ical  var ia-
bles are control led by the Containment Spray
and Hydrogen Control  Systems.

Also shown in Figure 6 are the barr iers
(components and piping) of the Secondary
Coo lan t  Sys tem (SCS) .  and the  aux i l ia ry  sys-
tems to the RCS and SCS. The transport
nodes indicate the existence of paths that

res  u  l t  f  rom th  e  u  se  o f  va  r io  us  p lan t
processes. A correlat ion between transport
nodes  in  F igure  6  and those in  f low mode ls

of plant processes used for decay heat
removal and other barr ier maintenance func-
t ions  (e .9 . ,  Conta inment  Spray  Sys tem)  w i l l
ident i fy the detai led release paths and impl i-

cat ions of isolat ing process paths due to the
f  a i lu re  o f  var ious  bar r ie rs .  The mode l  in

Figure 6 only addresses f ission products in

the core and contaminated coolants as
sources  o f  rad ioac t ive  mater ia l .  S imi la , -
models can be made to address radioact ive
release from radioact ive wastes and spent
f  uel  storage tanks which are independent

orob lems.

F igure  6  shows the  cond i t ion ing  var iab les
(cr i t ical  safety parameters) tnat have to be
main ta ined and cont ro l led  w i th in  l im i ts  to

meet  the  overa l l  ob jec t i ve .  A  d is t inc t ion  can

be made here between variables that have to

be cont ro l led  w i th in  l im i ts ,  e .9 . ,  con ta inment
pressure  and hyrogen concent ra t ion ,  versus

var iab les  tha t  have to  be  cont inuous ly  con-

t ro l led  to  ma in ta in  a  spec i f i c  func t ion .  For

- a
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Figure 7. Heat Removal States During Accident Condit ions in a PWR



example, the core heat removal funct ion dic-
tates cont inuous control  of  RCS pressure,

temperature, and inventory. The processes
(systems) condit ioning the f i rst  type of var ia-
bles are ini t iated only i f  the var iable exceeds
a calculated setpoint,  whereas processes

suppor t ing  heat  remova l  a re  in  cont inuous
ooera t ion .  l t  shou ld  be  no ted  tha t  the  cond i -
t ion ing  var iab les  on  the  var ious  nodes in
Figure 6 are ident ical  to the cr i t ical  safety
parameters  shown in  F igure  1 .  The mater ia l
f low mode l  in  F iqure  6 ,  however ,  d iagramat i -
cal ly f  urther descr ibes the matter of the
prob lem.  The de ta i l s  o f  the  prob lem may
then be  descr ibed in  fu r ther  de ta i l  f rom th is
top  leve l  mode l .

Figure 7 shows, as energy f low models, the
f ive dist inct core decay heat removal paths
(s ta tes)  ava i lab le  dur ing  acc ident  cond i t ions
in  West inghouse PWR Standard  Nuc lear
Power  P lan ts  (SNUPPS) .  These f i ve  heat
removal states (HRS) or paths can be def ined
as  d is t i r rc t l y  u r r ique pa ths .  v ia  var ious  coo lan t
sys lems,  th rough wh ich  decay  heat  may be
t r a n s p o r t e d  f r o m  t h e  c o r e  t o  t h e
env i ronment .  They  inc lude on ly  the  s tab le
plant states. For example. a steam l ine break
into containment requires steam generator
iso la t ron  and is  no t  cons idered a  s tab le  p lan t

heat removal state. Also. the cold shutdown
heat removal state, to which the plant is
transferred after the plant is stabi l ized fol low-
ing a reactor tr ip,  is rrot  included.

Corcoran[7 j  has  ident i f ied  the  need fo r  p lan t

s ta te  ident i f i ca t ion  and has  suggested  a  tabu-
la r  verba l  f  o rmat  f  o r  i i s t ing  p lan t  s ta tes .
Ana lys ts ,  par t i cu la r ly  in  p robab i l i s t i c  r i sk
assessment ,  con t inua l l y  cons ider  decay  heat
energy  f low paths  as  par t  o f  the i r  mode l ing
effort .  However,  there has not been a dia-
grammatic model ing formal ism for descr ibing
plant state in terms of the fundamental  mass

and energy f lows unt i l  the method proposed

by LinO.[4] Such a formal ism is part icular ly

useful  for ACR f unct ional design work
(procedures, alarms and instrumentat ion)
since i t  provides a mechanism to formulate
and describe the basis for specify ing the
need for equipment and analyt ical  models.
Fur ther .  the  f low mode l  fo rmal ism a l lows one
to model and understand the interrelat ionship
between systems (processes) in var ious
anomalous  cond i t ions .

The heat removal states in Figure 7 rnay be
v iewed as  the  goa l  s ta tes  the  p lan t  shou ld  be
trarrsferred to for var ious plant anomalies.
Figure B shows the correlat ion between plant

anomaly ( ies )  and heat  remova l  s ta tes .  Th is
correlat ion is determined from plant protec-

t ion  sys tems des ign  bases .  The p lan t  shou ld
be t rans fer red  to  HRS- l  fo r  a l l  anomal ies  tha t
d ic ta te  a  reac tor  t r ip  and wh ich  are  no t  in  the
main  dec is ion  f low char t  shown in  F igure  8 .
As  shown in  F igure  7 ,  the  decay  heat  in
FIRS-l  is t ransferred from the core to the
reactor coolant and then to the secondary
coolant at the steam generators. The energy
is then transf erred to the tert iary coolant
(c i rcu la t ing  water )  a t  the  condensers ,  and
then to the environment at the natural  draft
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Figure 8. Main Decision Flow Chart for Deter-
mining Heat Removal Goal State
During Accident Condit ions in a
PWR



cool ing towers. Also shown in Figure 7 are
the var iables that must be sui tably condi-
t ioned by var ious processes to maintain core
heat removal in this state. The quest ion of
condenser  ava i lab i l i t y  in  F igure  B inc ludes
passive (breaks) or act ive fai lures that pre-

vent energy transport  v ia the condensers and
cool ing towers using tert iary coolant.  Such
f  a i lu res  d ic ta te  tha t  the  p lan t  opera t iona l
mode be  t rans fer red  to  HRS- I l  as  shown in
Figure 7 where energy is transported from
the secondary  coo lan t  d i rec t l y  to  the  env i ron-
ment  v ia  the  s team genera tor  re l ie f  va lves .
HRS- l l  i s  a lso  the  des i red  goa l  s ta te  when the
SCS boundary  rs  no t  in tac t ,  e .9 . ,  s teaml ine  or
feed l ine  break ,  o r  s tuck  open condenser
s team dumo va lves .  The main  s team iso la t ion
va lves  to  the  condenser  a re  c losed fo r  such
anomai les .

HRS- l l l  and  lV  are  the  resu l t  o f  the  RCS boun-
dary  no t  be ing  in tac t ,  i .e  ,  a  loss  o f  coo lan t
accident result ing frorn a break. stuck open
valve, etc.  Stearn generator (SG) tubes are
not  inc luded as  par t  o f  the  RCS boundary
here. An SG tube rupture dictates isolat ion of
tha t  par t i cu la r  SG.  The heat  remova l  s ta te
(pa th)  o r  the  coo lan t  sys tems suppor t ing
energy  t ranspor t  a re  the  same ur i less  a l l  four
SGs are  unava i lab le .  SG ava i lab i l i t y  i s  de f ined
as  the  ava i lab i l i t y  o f  feedwater  to  one SG
which  is  in tac t  (SG tubes ,  feed l ine ,  and
s tearn l ine  up  to  the  MSIV and a tmospnenc;
s teanr  dump va lves) .  The top  legs  in  HRS- l l l
and  lV  shown in  F igure  7  a re  de termined by
srmi la r  cons idera t ions  as  fo r  HRS- l  and l l .  The
bot tom legs  fo r  HRS- l l l  and  lV  are  ident ica l ;
that is,  they are a result  of  reactor coolant
sp i l lage  in to  conta inment .  Note  tha t  energy  in
the containment is t ransported to the envi-
ronment by the Component Cool ing and Es-
sent ial  Service Water systems only during
the emergency core cool ing recirculat ion
phase. HRS-V in Figure 7 is the ul t imate heat

removal state which results from the una-
va i lab i l i t y  o f  a l l  SGs or  a  la rge  break  in  the

RCS boundary  lead ing  to  inadequate  reac tor
coo lan t  c i rcu la t ion  fo r  heat  t ranspor t  to  the

secondary  coo lan t .

The f low char t  in  F igure  B ident i f ies  in  a  com-
p le te  manner  the  bas ic  d iagnos is  tha t  must
be  done fo r  p lan t  con t ro l  dur ing  emergency
cond i t ions .  P lan t  d iagnos is  may be  accom-
p l i shed in  a  number  o f  ways  and degrees  o f
re l iab i l i t y .  Prov ided adequate  ins t rumenta t ion
is  ava i lab le ,  the  opera tor  may syrxp tomat ica l -
l y  d iagnose p lan t  s ta te  us ing  h is  own menta l
pa t te rn  recogn i t ion  capab i l i t y .  However ,  th is
method is  ques t ionab le  fo r  mu l l ip le  fa i lu res
for  wh ich  the  opera tor  has  no t  had a  pr io r

recogn i t ion  A l te rna t ive ly ,  the  opera tor  may
be g iven subf low char ts  fo r  each ques t ion  in
F igure  B to  gu ide  h im in  de termin ing  p lan t

status. There is present ly a considerable
amount  o f  work  be ing  conducted  on  au-
tomated diagnost ic methods for plant state
ident i f i ca t ion ;  these may be  ca tegor ized [81
a s  s y m p t o m a t i c  s e a r c h e s  ( p a t t e r n

recogn i t ion [911,  6 r .  topograph i6  5s3y6hs5[5 ,61
r " rs ing  mass  and energy  ba lances .  The impor -
t a n c e  o f  p l a r r t  s u r v e i i l a n c e
ins t runren ta l ;6 r - ' [1  01  (e  g  ,  f  o r  Rx  and SG
leve ls )  and s igna l  p rocess ing  techn iques
( e  g . ,  n o i s e  a n a l y s i s [ 1 1  , 1 2 ) 1  m u s t  b e  e m p h a -
s ized as  berng prerequ is i tes  to  p roper

d iagnos is .  We sha l l  no t  a t te rnp t  here  to  so lve
the  impor tan t  and complex  prob lem posed in
F igure  I  bu t  ra ther  cont inue to  descr ibe  the
method f  or sho' .v ing the interrelat ic lnshrps
between processes, and the control  act ions
necessary for t ransfer to a goal state once a
d iagnos is  has  been made.

Figure 9 shows process f low models for in-
ventory control  in HRS-I and l l  (Figure 9A),
and HRS-l l l ,  lV and V ( inject ion phase shown
in Figure 98 and recirculat ion phase in Figure



9C). Figure 9D shows the f low structure for
component cool ing water (CCW) circulat ion
which supports the pumps used in the pro-
cesses shown in Figures 9A, B. and C, and
also supports energy transport  f rom the con-
tainment sump to the essent ial  service water
(F igure  7 ,  HRS- l l l ,  lV  and V) .  The t ranspor t
nodes from the containment sump to the
RCS in Figure 9C are also ident i f ied in the
radioact ive mater ial  t ransport  f low model
shown in Figure 6 between the containment
and the  aux i l ia ry  sys tems s ince  a  b reak  in  the
ECCS in  the  aux i l ia ry  bu i ld ing  wou ld  re lease
radiat ion via the vents. These f low models
are shown as examples of process f low
structure and how support ing processes
and/or components are ident i f ied. Also i l -

lustrated is how the interelat ionship between
a support ing process (CCW) and the var ious
processes i t  supports is determined and
shown. There are numerous such complex
f unct ional interrelat ionships in a nuclear
power plant and these are ident i f ied in a ful l
set of  f low models. Such a set has been
completed for SNUPPS and includes the pro-
cesses that condit ion nodes in Figure 6 (e.9.,

CSS), and al l  the vi tal  support  systems
(component cool ing, compressed gas and
electr ic power systems) in a nuclear power
plant.  This complete f low model set forms
the  bas is  fo r  a  p lan t  d iagnos t ic  and a la rm
system, and may also be a useful  systems in-
formation format for developing faul t  and
event trees in a r isk assessment study.
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STATE ACTION NETWORKS

We have so far discussed a method for de-
scr ibing plant processes and their  interrela-
t ionships in var ious plant states. 1; t16[4] 6sg

also proposed a method, for descr ibing plant

state transi t ions, which is closely related to
f low models and conceptual ly simi lar to the
precedence network theory developed for
pro jec t  management . [13 ]  In  th is  method.  a
pr ior dist inct ion is not made between au-
tomatic and manual control  act ions since
there is no formal di f ference between operat-
ing procedures and the specif icat ion of con-
trol  act ion sequences for automatic systems.
ln a State Act ion Network (SAN). one shows
the decomposit ion of control  tasks required
for a def ined plant state transi t ion. The basic
postulate is that a task decomposit ion into

sequent ial  and concurrent act ion sets results
from the topology of mater ial  and energy
f low as described in f low models. The SAN
formal ism provides a structured method for
plant control  design. or for descr ibing plant

control  tasks before any judgements ( task

analyses) can be made regarding their

adequacy.

F igure  1OA shows the  bas ic  symbol  used in  a
SAN. A process (system or subsystem) or
component is taken from an ini t ia l  state S1
to S2 by a set of  control  act ions. State

changes can be indicated at var ious levels of
de ta i l ,  e .9 . ,  change in  p lan t  HRS,  in i t ia t ion  o f
a process support ing heat removal,  or in i t ia-
t ion of a component in a support ing process.

Therefore, tasks can be decomposed into
subtasks and such a decomposit ion is made
simi lar to the decomposit ion of f low structure
in f low models.

There are basical ly two categories of control
in process plants.  One category includes con-

trol  act ions for f low structural  changes in the
plant.  For example. t ransi t ion from normal
operat ing condit ions to HRS-IV requires the

ac t iva t ion  and deac t iva t ion  o f  var ious
processes. Figure 1OB shows the format for

represent ing the decomposit ion into subtasks
for the above type of control .  The second
category of control  is the type where further
decomposit ion is not possible due to the task

being a funct ional "whole," e.9..  a valve is

rnodulated t i l l  a tank reaches a desired
setpoint.  The symbol for such control  act ions
is  shown in  F igure  1OC,  and F igure  1OD

shows how the act ions are combined in a

control  sequence. Figure 1OD also shows
that two systems (or components) are re-
quired to be in a part icular state before a con-
trol  act ion can be executed on one of them.
F igure  1OE shows the  symbol  fo r  a  cond i t ion-
al  (c) task which is executed depending on
the output of some logic other than what

tr iggered the SAN i t  is included in.  Final ly,
Figure 1OF shows the symbol for represent-
ing al ternate state act ions to accomplish the

same control  funct ion.

o-ra----/-) L/---Yn
\-./ ? \_-/ f\____fi\_-/ ? \_./

Figure 10. Symbols Used in State Act ion
Networks
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APPLICATION OF STATE ACTION NET-
W O R K S  F O R  R E S P O N S E  D U R I N G
EMERGENCY CONDITIONS IN A PWR

Figure 1 1 shows the main tasks, as a SAN,
for plant t ransi t ions to HRS-l  through V from
normal operat ions above 15 percent of ful l
power. Essent ial ly,  Figure 1 1 ident i f ies the
tasks necessary to sui tably condit ion the
heat removal paths ident i f ied in Figure 7,
namely the control  of  processes that condi-
t ion the var iables ident i f ied in Figure 7. Figure
12 is  an  example  o f  a  decompos i t ion  o f  a
task ident i f ied in Figure 1 1 to detai ted
subtasks .  The tasks  requ i red  to  change the
f low s t ruc tu re  shown in  F igure  gB to  tha t  in
F igure  9C are  ident i f ied  in  Frgure  12 .  The sub-
tasks for the components are determined
f rom the  ident i f i ca t ion  o f  the  var ious  compo-
nents needed to condit ion the var iables in
F igures  98  and 9C The re la t ionsh ip  be tween
SANs and f low mode ls  i s  due to  the  na ture  o f
control  act ions required for mass and energy
processes. However,  not al l  tasks are related
to  heat  remova l .  Conta inment  i so la t ion  is
related to the second aspect of the problem
(rad ia t ion  re lease)  tha t  was  d iscussed ear l ie r
w i th  re fe rences  to  F igures  5  and 6 .  A  com-
p le te  se t  o f  cond i t iona l  con t ro l  tasks  fo r  var r -
ous  combina t ions  o f  fa i lu res  o f  bar r ie rs  have
not  been ident i f ied  in  F igure  1  1  and wou ld
affect the use of var ious processes. Altei-na-
t i ves  fo r  con t ro l  ac t ions  fo r  t rans i t ion  to  a
HRS have a lso  no t  been shown in  F ioure  1  1 .

The SAN in  F igure  1  1  fo r  t rans i t ion  in to  the
f ive heat removal states is an attempt at for-
mulat ing a response network to respond to
pass ive  and ac t ive  mul t ip le  fa i lu res .  As
shown ear l ie r  in  F igure  5 ,  emergency  re -
sponse can be considered to consist  of  a
transi t ion to a heat removal state, fol lowed
by a  poss ib le  degradat ion  o f  heat  remova l
state, and reponses required to isolate radi-

oactive release paths being formed as a
result  of  the fai lure of var ious barr iers.  The
SAN formal ism based on heat removal states
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Figure  11 .  S ta te  Ac t ion  Network  f  o r  Trans i t ion
lo  Heat  Remova l  Goa lSta tes  Dur -
ing Accident Condit ions in a PWR
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al lows the inclusion of mult ip le fai lures into
the network in a logical ly structured manner
due to the mass and energy topographic
basis.
The logic in Figure 8 tr iggers the condit ional
state act ion for t ransi t ion to a heat removal
state. Figure 8 shows in an aggregate form
the categories of possible fai lures in a PWR

and al l  fai lures fal l  into one of the categories.
For  example ,  the  ques t ion  "Condenser
avai lable?" includes al l  act ive and passive
fai lures in the tert iary coolant port ion of the
plant heat removal path. lsolat ion of pro-
cesses due to radiat ion release concerns may
also result  in the unavai labi l i ty of  the tert iary
coolant system.
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Lind[4] has also proposed that the control
heurist ics or bases for the specif icat ion of
state act ions should be formulated. The
heurist ics consist  of  reasons for the prece-
dence in  s ta te  ac t ions ,  p re fe rence o f
al ternat ives, and pr ior i t izat ion of concurrent ly
r e q u i r e d  s t a t e  a c t i o n  s e q u e n c e s .  F o r
example, one heurist ic would be "reactor

coo lan t  must  a lways  ex is t . "  These heur is t i cs
wi l l  be the design bases for SANs, and also
the knowledge data base for operators ex-
ecut rng  and mon i to r ing  the  cont ro l  ac t ions .
The de ta i led  subtasks  fo r  the  tasks  ident i f ied
in  F igure  1  1  and the  cont ro l  heur is t i cs  a re
present ly being developed and formulated.

The development of SANs from f low models
fo r  HRSs and rad ia t ion  re lease pa ths  is  on ly
the  f i rs t  phase o f  the  deve lopment  o f  an
emergency response network. The second
phase o f  the  deve lopment  w i l l  cons is t  o f
schedu l ing  o f  the  tasks  and de termin ing
whether  the  s ta te  ac t ion  seeuence can be  ao-
equately executed. Time constants f  rom

plant dynamic analysis wi l l  be necessary for
such an evaluat ion. Control  act ions can then
be designated as being manual or automatic
us ing  such schedu lar  in fo rmat ion .  l t  shou ld
be noted that the above design method for
developing an emergency response scheme
can also be used for a formal task analysis of
exist ing normal or emergency response net-
works (procedures).  To date. this method is
the only formal ism that fundamental ly de-
scr ibes process plant operat ions and there-
fore al lows a proper and complete determina-
t ion of the plant var iables that have to be
monitored to ver i fy the execut ion of control
ac t rons .

INFORMATIONAL REOUIREMENTS FOR
PLANT CONTROL

The inf  ormational requirements for plant
s ta te  indent i f  i ca t ion  and cont ro l  dur ing
emergency condit ions may now be ident i f ied
from the formulat ion presented above. The

TABLE I
HIERARCHY OF INFORMATION FOR PLANT CONTROL

Leve l ldent i f  i ca t ion

ldent i f i ca t ion  o f  the  s ta tus  o f  bar r ie rs  and rad ia t ion  re leases  to  the  env i ronmnent
(see F igure  6)

ano
ldent i f i ca t ion  o f  the  p lan t  heat  remova lgoa ls ta te  (see F igures  7  and 8) .

lden t i f  i ca t ion  o f  the  capab i l i t y  o f  the  processes  cond i t ion ing
f low mode ls  represent ing  the  f  i r s t  leve l .  Inc ludes  mon i to r ing
var iab les  and overa l l  p rocess  per fo rmance (main ly  mass  and

the  nodes in  the
of  the  cond i t ion ing
energy f lows).

i l l l den t i f i ca t ion  o f  the  s ta tus  o f  the  nodes
t ioned to support  the above processes.
components  o r  suppor t ing  processes .

and the var iables that have to be condi-
The variables may be condit ioned by

The lowest level ident i f ies the status of individual components.



alarm system wi l l  be an integral  part  of  the re-
quired information and wi l l  consist  of  an-
nunciators that wi l l  a lert  the operat ing crew
to changes in plant state based on the above
formulat ion. The requirements for post-
accident instrumentat ion may then be derived
in a formal manner from such informational
requirements.

Table I  l ists the information required for plant
cont ro l  dur ing  acc ident  cond i t ions  and
shows how f low rnodels al low a hierarchical
representat ion of the information. The hierar-
chy of information for the second and lower
levels is based on the decomposit ion (as

shown in Figure 4) of plant f low structure
and ident i f icat ion of support ing subprocesses
and/or components. See Goodstein[14] for a
complete discussion on an informational hier-
archy based on a system's decomposit ion as
i l lustrated in Figure 4 and discussed in this
paper.

Table l l  l ists and categorizes the alert  condi-
t ions that should be addressed by an alarm
system for plant control ;  such a categoriza-
t ion is consistent with the proposed overal l
information system phi losophy. Category 1

is for power product ion and has not been
dealt  with in this paper.  Category 2 includes
plant anomalies shown in Figure I  and al l
other anomalies that dictate a reactor tr ip
and transi t ion to HRS-I.  Category 3 includes
anomalies in control  act ions during transi t ion
to an HRS. and Category 4 includes recovera-
ble anomalies at steady-state operat ion at an
HRS. Category 5 includes anomalous condi-
t ions that dictate a degradat ion of HRS and
are determined by the logic in Figure 8.

The various categories require di f ferent de-
grees and types of alert .  For example, an alert
for Category 3 may be a bl inking message on
a cathode ray tube (CRT) display which the
operator monitors to ver i f  y his control
act ions. whereas anomalies in Category 4
and def ini tely Category 5 require a much
more drast ic alert  mechanism. The alarm
categor ies  inc lude in  them anomal ies  such as
loss of barr iers and potent ial  release of radi-
oact ive mater ial  to the environment.  An an-
nunciator system based on Figure 6 could be
used to alert  the operator to execute pres-
cr ibed condit ional control  act ions for fai lures
of var ious barr iers,  or to determine a sui table

TABLE I I
CATEGORIZATION OF ALARMS

Recoverable anomalies during power product ion.
a. Anomalies related to a state act ion
b. Anomalies not related to a state act ion

2 . Anomalies dictat ing a reactor tr ip

Recoverable anomalies related to state act ions for t ransi t ion to a heat removal state
(HRS)

4. Recoverable anomalies during steady HRS operat ion.

Anomalies dictat ing a degradat ion of HRS.5 .



control action where one has not been
prescribed. The urgency of a response would
depend on the severity of or potential for
release and this can be encoded in the an-
nunciator system as var ious degrees of alert .

Final ly,  Figure 13 shows a possible annuncia-
tor to indicate the status of core heat
removal.  Such an annunciator system could
be used for two purposes: to alert the opera-
tor and indicate the heat removal goal state
he must achieve and maintain, and to alert
and indicate the "health" of the condit ioning
variables and therefore processes support ing
the current heat removal goal state. The oper-
ator can then be directed to displays (based
on the informational hierarchy shown in

Table l) to investigate the status of the pro-
cesses conditioning the variables for heat
transport. lf the operator is unable to restore
the "health" of the process(es), he is dictated
by the annunciator to a degraded heat remov-
al state to maintain core heat removal and.
therefore, plant safety.

coNcLUStONS

A basis for response during emergency con-
di t ions in a PWR has been proposed using
two new model ing tools:  f low models and
state act ion networks. The aim of this funda-
mental  approach to such a complex problem
is to formulate a common basis for emergen-
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Figure 13. A Possible Annunciator System to Indicate the Status of Core Heat Removal (e.g.,  Loss of
Secondary Heal Sink Dictates Heat Removal State V)



cy procedures. alarm pr ior i t izat ion, post-
accident instrumentat ion. and advanced diag-
nost ic methods for an advanced control
room. The fundamental  nature of the formu-
lat ion al lows one to include responses to
mult iple fai lures in a logical ly structured
manner, and therefore extend the prescr ibed
capabi l i t ies of a control  room as much as
desired. However,  the complexi t ies and ut i l i ty
of the proposed approach wi l l  only be real-
ized once a representat ive appl icat ion has
been made.
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