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ABSTRACT

The present work in the U.S. nuclear industry
directed towards improving response during
emergency conditions consists of improve-
ment in emergency procedures, post-
accident instrumentation, alarm presentation,
and the development of operator aids. This
paper contains work in progress for the
formulation of a possible basis for such an
effort. The basis consists of using a function-
al relationship chart for PWR safety as a con-
ceptual model for the plant. The functional
relationship chart identifies elements impor-
tant to safety starting from the abstract con-
cepts of fission product barrier maintenance
and proceeding to equipment details. The in-
teractions have been structured by using a
multilevel flow model of the plant which for-
mulates the purpose, function and supporting
systems in terms of mass and energy trans-
port and storage processes, and their func-
tional interrelationship by critical, controllable
variables. The methodology for developing a
set of critical safety function restoration
procedures is also presented to demonstrate
application of these concepts.

INTRODUCTION

As a consequence of the accident at TMI,
there is presently a considerable effort in the
U.S. nuclear industry directed towards
improving response during emergency condi-
tions in nuclear power plants. This work con-
sists of improvement in alarm presentation,
emergency procedures, post-accident
instrumentation, and the development of
operator aids. Westinghouse has recognized
the importance of establishing the fundamen-
tal basis for all such efforts and for coor-
dinating development from such a basis. This
paper describes work in progress for the
formulation of this basis and the application
of these concepts to emergency procedures
and alarm prioritization. The results of the
present effort will eventually be used in
determining the functional specifications for
an Advanced Control Room (ACR). (See
Abbreviations List)

It has been identified[1] that there were three
main deficiencies in the control room at TMI:
(1) There was a lack of adequate post-
accident instrumentation and, therefore, the




capability to diagnose plant state; (2) the
emergency procedures were designed for re-
sponses to single events and did not address
the occurrence of multiple failures indicated
by plant symptoms; and (3) the alarm
system did not suitably alert the operators to
the changes in plant state, but rather was a
source of confusion. This paper describes
the present ongoing effort at addressing the
above deficiencies and integrating control
room functional design aspects. The effort is
composed of applications of new design
methods which attempt at designing the con-
trol room on the functional aspects of the
entire plant rather than on single events or on
the requirements of each individual system

designer. The new methods include the use
of plant safety functions and functional flow
models of processes to depict systems inter-
actions during accident conditions. There is
presently an effort to improve the control
room for plant operability and availability
also; however, these results are not present-
ed in this paper.

CRITICAL SAFETY FUNCTIONS AND
PLANT OPERATIONS DURING EMERGEN-
CY CONDITIONS

This work was initiated in Phase Il of the Elec-
tric Power Research Institute Disturbance
Analysis and Surveillance project,[2r3] during
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Figure 1. Critical Safety Requirements and Functions Chart




which a functional relationship chart for
PWR safety was formulated as a conceptual
model of a nuclear power plant. The function-
al relationship chart identified the primary ob-
jective in the design of a nuclear power plant
from a public health and safety viewpoint,
which is to prevent radioactive releases to
the environment. Multiple fission product bar-
riers are designed to achieve this objective,
and are kept intact by maintaining critical
parameters within limits. Systems and subsy-
stems are provided to perform functions
which maintain these critical parameters
within limits and are composed of various in-
dividual components. Thus, the plant can be
envisioned as a multilevel pyramid starting
with the objective of preventing radioactive
release and broadening continually until the
individual component level is reached. Figure
1 is the top section of the aforementioned
functional relationship chart and shows the
critical parameters (safety functions) in the
plant that have to be controlled within limits
to maintain the integrity of the barriers which
prevent the release of radioactive material to
the environment. Also shown are the control
requirements and available plant systems.

The set of critical safety parameters shown
in Figure 1 has been used as the basis for
constructing a set of plant safety status trees
that would guide an operator to perform ap-
propriate control actions to maintain plant
critical parameters within limits. For example,
Figure 2 shows the plant safety status tree
for the critical 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¢g1g
graph is the limit on RCS pressure for over-
pressurization and vessel integrity concerns.
The curve tagged 4 indicates the conditions

at which the reactor coolant will 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 all the critical safety parame-
ters identified in Figure 1 then forms the
basis for a network of control actions for
plant safety. A set of critical safety function
restoration guidelines is presently being de-
veloped to specify the control actions for the
various combinations of critical safety func-
tion status. This work is being done for utili-
ties to meet NRC requirements that were
issued as a result of the accident at TMI.
Presently, Westinghouse is continuing this
effort by constructing a functional model of
the entire plant, and therefore attempting to
integrate the developed guidelines with the
various functional aspects in an ACR design
— particularly the alarm system.
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Figure 2. Plant Safety Status Tree for the
Critical Parameter (RCS) Pressure




FLOW MODELS

The development of a functional relationship
chart(2.3] for all plant systems used during
emergency conditions was an attempt at rep-
resenting their functions and interrelation-
ships for plant control. However, it has been
realized that the chart shown in Figure 1 is
not the most suitable form for such a
depiction. Lindl4.5.6] has proposed a
method for describing process plants in
terms of the topology of the pattern of pure
energy and material (mass and energy) trans-
port and storage. The technique is called
“flow modeling.” The basic assumption is
that mass and energy processes can be de-
scribed by two fundamental types of
phenomena: transport and storage of mate-
rial and energy. Figure 3 shows the five sym-
bols {nodes) used in flow modeling and the
following are some definitions taken from
Lind.[4]

B Storage Processes include simple
accumulation phenomena, i.e., pile-
up of material or energy in a
volume, and in addition may also
include changes of material
composition and changes of phase.

[ ] Transport Processes include the
transfer of material and energy be-
tween two locations in space by
convection, conduction and diffu-
sion phenomena.

B A Barrier is a permanent physical
boundary that only functions to
prevent the transport of material or
energy across the boundary.

®m A Conditioning Subsystem either
controls the main process (e.g,
Reactor Coolant Pressure Control
System), or establishes and main-
tains proper function of the main
system {e.g., component cooling).

® A Conditioning Variable is the
physical variable in the main pro-
cess that is controlled or main-
tained by a conditioning
subsystem.

B Processing Subsystems function
as sources or sinks of matenal or
energy in relation to the main
system.

B An Aggregate is a collection of in-
terrelated transport and storage
processes. Aggregates are used
for representing plant subsystems
for which the internal structure is
ignored.
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Figure 3. Symbols Used in Fiow Modeling




A graphical description of the plant can be
made through the use of the symbols shown
in Figure 3 and defined above. This graphical
description is termed a “flow structure” and
describes the plant in terms of its fundamen-
tal processes and their relationships as op-
posed to a description of interconnections of
processing components which are shown in
piping and instrumentation diagrams (P&ID).
The description of a plant in terms of its flow
structure allows a decomposition of the plant
into its systems and subsystems. This
decomposition forms a hierarchy as shown
in Figure 4 and depicts the functional rela-
tionships between plant processes.

FLOW MODEL DESCRIPTION OF A PWR
DURING ACCIDENT CONDITIONS

Figure 5 illustrates the basic plant control
problem that has to be addressed for acci-
dent situations in a PWR or any fission power
producing facility. There are two integral as-
pects in the problem due to the nature of the
fission process and its byproducts: transfer

MAIN PROCESS

SUPPORT
PROCESS

SUPPORT
PROCESS

Figure 4. Decomposition of Plant Processes

of fission product decay heat, and prevention
of the release of fission 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 controlled
and monitored. It is necessary to determine
why, when, and how various systems are
used in the plant, and the consequence of
failures of various systems and barriers. Only
then can an information system (including
alarms) be effectively designed to aid an
operator in this complex task.

We attempt here to formally model! this prob-
lem and then deduce the requirements for an
information system for a control room.
Figure 6 shows, in an aggregate manner
using flow model terminology, the goal
during emergency plant (Westinghouse
SNUPPS) operations, i.e, the prevention of
radioactive material release to the
environment. Included in this goal is the re-
quirement for continuous decay heat removal

soaL.

PREVENT RAOIATION RELEASES
TO THE ENVIRONMENT

MAINTAIN CORE HEAT REMOVAL
ANO TO THE ENVIRONMENT

[ YES

CONTROL PROCESSES
FOR CORE HEAT REMOVAL >
AND RAQIATION CONTAINMENT

IS PLANT STABLE?
i.e. CORE HEAT REMOVAL
+NO RADIATION RELEASES

USE ALTERNATE PROCESSES IN
CURRENT HEAT REMOVAL PATH
OR AN ALTERNATE HEAT
REMOVAL PATH

Figure 5. Block Diagram for Plant Control
During Accident Conditions




to prevent a core melt. Figure 6 shows the
barriers in a PWR that defend against radi-
oactive release to the public, i.e., fuel rod
material, fuel rod cladding, reactor coolant
system boundary, and containment.

The fuel rod material must be prevented
from melting to maintain fission products
within the crystalline lattice in the solid fuel.
As indicated in Figure 6, this first barrier is
maintained by controlling the neutron flux in
the core to keep the reactor subcritical
during accident conditions. The second bar-
rier is the fuel rod cladding. The fuel cladding
may fail because of high internal pressure
caused by molten fuel or a departure from
nucleate boiling in the coolant. As shown in
Figure 6, the integrity of the fuel cladding is
maintained by controlling neutron flux, and
pressure, temperature and inventory of the
Reactor Coolant System (RCS). The neutron
flux is controlled by the Reactor Trip and
Emergency Boration Systems, and the
pressure, temperature and inventory of the
RCS are controlled by the core and RCS heat
removal systems. The third barrier is the RCS
boundary. This boundary (reactor vessel, pri-
mary piping, etc.) may fail due to overpres-
sure conditions or by exceeding Nil Ductility

STEAM
SYSTEM
BUILDING

TEMPERATUR

FUEL ///

LATTICE
CLADDING

FISSION

a \
NEUTRON FLUX  \

PRESSURE
TEMPERATURE
WATER
INVENTORY

AUXILIARY
SYSTEMS
EG EVES

Figure 6. Flow Model ot Radioactive Material
Transport During Accident Condi-
tions in a PWR

Transition limits. NDT limits are avoided by
controlling RCS pressure and temperature.
The final barrier is the containment. The in-
tegrity of the containment building is main-
tained by controlling containment hydrogen
concentration, pressure, and temperature.
The radioactivity in the containment must
also be controlled to avoid high radiation
leakage rates and to minimize release if this
last barrier is breached. These critical varia-
bles are controlled by the Containment Spray
and Hydrogen Control Systems.

Also shown in Figure 6 are the barriers
(components and piping) of the Secondary
Coolant System (SCS), and the auxiliary sys-
tems to the RCS and SCS. The transport
nodes indicate the existence of paths that
result from the use of various plant
processes. A correlation between transport
nodes in Figure 6 and those in flow models
of plant processes used for decay heat
removal and other barrier maintenance func-
tions (e.g., Containment Spray System) will
identify the detailed release paths and impli-
cations of isolating process paths due to the
failure of various barriers. The model in
Figure 6 only addresses fission products in
the core and contaminated coolants as
sources of radioactive material. Similar
models can be made to address radioactive
release from radioactive wastes and spent
fuel storage tanks which are independent
problems.

Figure 6 shows the conditioning variables
(critical safety parameters) that have to be
maintained and controlled within limits to
meet the overall objective. A distinction can
be made here between variables that have to
be controlled within limits, e.g., containment
pressure and hyrogen concentration, versus
variables that have to be continuously con-
trolled to maintain a specific function. For




- PN - A - A -
/"s\ /‘\ ,— -~ ST , \\ Patuin 6, \\ AN
\ AN [A b ( circu- \ NG, A
‘ FUEL HEACYORl SECONCAR COoN- ™ OOLINGS, ENVIRON
1 \ CORE I"' <\ cLAC )"\ COOLANT | ( sG's ,ytcooum)"’(\omssn,> ( m?;‘:) TOWER " MENT I
\\ -7 \\ Vi N \ 4 M NS \ -~ , ,l ~-
bl Y >-< Y - Y T Y
1] ) /' N\ [ [} L} i
| | INVENTORY PRESSURE | |
NEUTRON cs RCS SCS ANOCWS  INVENTORY WS
FLUX CIRCULATION ANO SCS CIRCULATION CIACULATION
CIRCULATION
A, - -— ~ -
/,—-\\ N ST /A\\ TN N s "
~ \ [4 Yy L7 [
i . FUEL REACTOR s Ny GISECONOAR $6 N o __ e e e EnvIRON
o coRe ’ < clas COOLANT} ( 86'S )1 CoOLANT '—<\REUEFS,> = Nt ;
N ,' 4 \ \ d —_ N7 \\_r
y Y > -~y
i i ,° N .
] | INVENTORY PRESSURE | \ |
NEUTRON RCS scs scs
FLUX CIRCULATION e FLOW FLOW
CIRCULATION
-— Va) - -
,/_ '\\ 4 \ ' ’ \ , ,, - .
fSeconpaR |_(’ CON. \)_,, APt \l < “ooLne D S— LT
A 77| COOLANT DENSER, TOWER , MENT
, \ ) N WATER ) N \ 7
NN ’ SN / N’
4 ——— N Y -
< s¢ > !
N i i
e \\\ ’/ \ f ‘1 /Ih\,/\\ SCS ANOCWS  INVENTORY WS
/ CIRCULATION CIRCULATION
m { core y-¢ FUEL )" REACTOR ¢
\ J N CLAD 7 { COOLANT I\ CS ANO SCS
~ ’, N \ s \ A CIRCULATION
— 4 N Vv \
! Y T ’ ) +
H I ) ¢ RCs Y |
1 1 \ HOLE 7~ =~ —_— -\ //\\ P /\\ ,-\\
NEUTRON RCS INVENTORY NoA ‘ N ( ‘ , N (Esssmm_\ PARIN
FLUX CIRCULATION VNG CONTAN. ( AHA N ] PONENT = Ty e =< Coouns )__JENV|RON|
| MENT Nl COOLING \ P WATER \TOWER MENT
} N 4 \ WATER N ,/ \ 4 N V)
\r_/ \_r./ Y ~—y . . = -
1 H \ | Esw/ \FORCEO
| 1 1 | CIRCULATION AR
PRESSURE RCS ANDCCW  INVENTORY  CCW ANC ESW  INVENTORY FLOowW
CIRCULATION CIACULATION
il ~ o
(I , N ’ \\
SECONDARY, _ ¢/ >____________________________»,IENWRON-\
A COOLANT nsusrs | MENT |
’ \ J 4 )
’ \ Ve \
4 \ L4 -~
< 6y Y
N 2 scs )
—_— /\\ LN ’n\ 70 T FLow |
.
! v ’/FUEL reacton | v\\ o
FLOW
> '\ CORE ] cLAD , >+ cooum)" '<\ N\ hes
Nl AN / \\ e v A (CIRCULATION
1 Y AN [—"
! ) T (I RCS "y,
[ | | HOLE Ramta® o —~— A P ——
NEUTRON ACS INVENTORY N /\, 7 com. N N 4 N 7N . \
FLUX CIRCULATION v N{conuw\ anr N f pONENT Y 7 Esw (ESSENTIALY Aonceo™ ENvIRON
MENT —( HX cooLing 1—~€  wux D=1 SERVICE —{ COOLING )— MENT |
\ WATER A v WATER ) \JOWER/ \ 7
\ AN s N ’ N7 > A N
MT—/ Y \-T-, Y hT-, N N -
! h ) ' H sw/ \ FORCED
| | i | | CIRCULATION AR
FLOW
PRESSURE RCS AND CCW INVENTORY CCW ANO ESW INVENTORY
CIRCULATION CIRCULATION
|—> +
— - - e
;o , \ ," S N AN ,’COM e A e 4 N PRt
Ve ,
[ ¢ e aeacton |, 7PORVS CONTAIN \ RHA PONENT Esw ) (ESSE'"'“\_ onced* 5. ,ENVIRON-\
v CORE >~—c OR )-q )-n |— #t SERVICE |—€ COOLING
\ ;T8 cran  COOLANT MENT HX COOLING HX MENT
\ // ) \\BREAK/ N ,/ water J \ ’  WATER \TOWER 7
\T’ \\f’ \1_// \\// \‘14/ \Y’ \‘T-/ \f, ‘T‘-’, , \\ R4
' H i H \ i | H ESW/ *\ FoRceD
) | | | CIRCULATION AIR
i I l | FLOW
NEUTRON RCS INVENTORY PRESSURE RALCS AND CCW INVENTORY CCW AND ESW INVENTORY
FLUX CIRCULATION CIRCULATION CIRCULATION

+ENERGY TRANSPORT EXTENDED ONLY DURING RECIRCULATION PHASE

Figure 7. Heat Removal States During Accident Conditions in a PWR




example, the core heat removal function dic-
tates continuous control of RCS pressure,
temperature, and inventory. The processes
(systems) conditioning the first type of varia-
bles are initiated only if the variable exceeds
a calculated setpoint, whereas processes
supporting heat removal are in continuous
operation. It should be noted that the condi-
tioning variables on the various nodes in
Figure 6 are identical to the critical safety
parameters shown in Figure 1. The material
flow model in Figure 6, however, diagramati-
cally further describes the matter of the
problem. The details of the problem may
then be described in further detail from this
top level model.

Figure 7 shows, as energy flow models, the
five distinct core decay heat removal paths
(states) available during accident conditions
in Westinghouse PWR Standard Nuclear
Power Plants (SNUPPS). These five heat
removal states (HRS) or paths can be defined
as distinctly unique paths, via various coolant
systems, through which decay heat may be
transported from the core to the
environment. They include only the stable
plant states. For example, a steam line break
into containment requires steam generator
isolation and is not considered a stable plant
heat removal state. Also, the cold shutdown
heat removal state, to which the plant is
transferred after the plant is stabilized follow-
ing a reactor trip, is riot included.

Corcoranl7! has identified the need for plant
state identification and has suggested a tabu-
lar verbal format for listing plant states.
Analysts, particularly in probabilistic risk
assessment, continually consider decay heat
energy flow paths as part of their modeling
effort. However, there has not been a dia-
grammatic modeling formalism for describing
plant state in terms of the fundamental mass

and energy flows until the method proposed
by Lind.[4] Such a formalism is particularly
useful for ACR functional design work
(procedures, alarms and instrumentation)
since it provides a mechanism to formulate
and describe the basis for specifying the
need for equipment and analytical models.
Further, the flow model formalism allows one
to model and understand the interrelationship
between systems (processes) in various
anomalous conditions.

The heat removal states in Figure 7 may be
viewed as the goal states the plant shouid be
transferred to for various plant anomalies.
Figure 8 shows the correlation between plant
anomalylies) and heat removal states. This
correlation is determined from plant protec-
tion systems design bases. The plant should
be transferred to HRS-I for all anomalies that
dictate a reactor trip and which are notin the
main decision flow chart shown in Figure 8.
As shown in Figure 7, the decay heat in
HRS-1 is transferred from the core to the
reactor coolant and then to the secondary
coolant at the steam generators. The energy
is then transferred to the tertiary coolant
(circulating water) at 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 Conditions in a
PWR




cooling towers. Also shown in Figure 7 are
the variables that must be suitably condi-
tioned by various processes to maintain core
heat removal in this state. The question of
condenser availability in Figure 8 includes
passive (breaks) or active failures that pre-
vent energy transport via the condensers and
cooling towers using tertiary coolant. Such
failures dictate that the plant operational
mode be transferred to HRS-Il as shown in
Figure 7 where energy is transported from
the secondary coolant directly to the environ-
ment via the steam generator relief valves.
HRS-Il is also the desired goal state when the
SCS boundary is not intact, e.g., steamline or
feedline break, or stuck open condenser
steam dump valves. The main steam isolation
valves to the condenser are closed for such
anomalies.

HRS-IIl and IV are the result of the RCS boun-
dary not being intact, ie, a loss of coolant
accident resulting from a break. stuck open
valve, etc. Steam generator (SG) tubes are
not included as part of the RCS boundary
here. An SG tube rupture dictates isolation of
that particular SG. The heat removal state
{path) or the coolant systems supporting
energy transport are the same uriless all four
SGs are unavailable. SG availability is defined
as the availability of feedwater to one SG
which is intact (SG tubes, feedline, and
stearnline up to the MSIV and atmospheric
steam dump valves). The top legs in HRS-IlI
and IV shown in Figure 7 are determined by
similar considerations as for HRS-l and Il. The
bottom legs for HRS-NIl and IV are identical;
that is, they are a result of reactor coolant
spillage into containment. Note that energy in
the containment is transported to the envi-
ronment by the Component Cooling and Es-
sential Service Water systems only during
the emergency core cooling recirculation
phase. HRS-V in Figure 7 is the ultimate heat

removal state which results from the una-
vailability of all SGs or a large break in the
RCS boundary leading to inadequate reactor
coolant circulation for heat transport to the
secondary coolant.

The flow chart in Figure 8 identifies in a com-
plete manner the basic diagnosis that must
be done for plant control during emergency
conditions. Plant diagnosis may be accom-
plished in a number of ways and degrees of
reliability. Provided adequate instrumentation
is available, the operator may symptomatical-
ly diagnose plant state using his own mental
pattern recognition capability. However, this
method is questionable for multiple failures
for which the operator has not had a prior
recognition. Alternatively, the operator may
be given subflow charts for each question Iin
Figure 8 to guide him in determining plant
status. There is presently a considerable
amount of work being conducted on au-
tomated diagnostic methods for plant state
identification; these may be categorized[8]
as symptomatic searches (pattern
recognition[gl), or topographic searches!5.6]
using mass and energy balances. The impor-
tance of plant
instrumentation! 10} {e.g.. for Rx and SG
levels) and signal processing techniques
{e.g., noise analysist11.12}) must be empha-
sized as being prerequisites to proper
diagnosis. We shall not attempt here to solve
the important and complex problem posed in
Figure 8 but rather continue to describe the
method for showing the interrelationships
between processes, and the control actions
necessary for transfer to a goal state once a
diagnosis has been made.

surveillance

Figure 9 shows process flow models for in-
ventory control in HRS-I and Il (Figure 9A),
and HRS-IIl, IV and V {injection phase shown
in Figure 9B and recirculation phase in Figure




9C). Figure 9D shows the flow structure for
component cooling water (CCW) circulation
which supports the pumps used in the pro-
cesses shown in Figures 9A, B, and C, and
also supports energy transport from the con-
tainment sump to the essential service water
(Figure 7, HRS-Il, IV and V). The transport
nodes from the containment sump to the
RCS in Figure 9C are also identified in the
radioactive material transport flow model
shown in Figure 6 between the containment
and the auxiliary systems since a break in the
ECCS in the auxiliary building would release
radiation via the vents. These flow models
are shown as examples of process flow
structure and how supporting processes
and/or components are identified. Also il-

lustrated is how the interelationship between
a supporting process (CCW) and the various
processes it supports is determined and
shown. There are numerous such complex
functional interrelationships in a nuclear
power plant and these are identified in a full
set of flow models. Such a set has been
completed for SNUPPS and includes the pro-
cesses that condition nodes in Figure 6 {e.g.,
CSS), and all the vital support systems
(component cooling, compressed gas and
electric power systems) in a nuclear power
plant. This complete flow model set forms
the basis for a plant diagnostic and alarm
system, and may also be a useful systems in-
formation format for developing fault and
event trees in arisk assessment study.
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STATE ACTION NETWORKS

We have so far discussed a method for de-
scribing plant processes and their interrela-
tionships in various plant states. Lind(4] has
also proposed a method, for describing plant
state transitions, which is closely related to
flow models and conceptually similar to the
precedence network theory developed for
project management.[13] In this method, a
prior distinction is not made between au-
tomatic and manual control actions since
there is no formal difference between operat-
ing procedures and the specification of con-
trol action sequences for automatic systems.
In a State Action Network (SAN), one shows
the decomposition of control tasks required
for a defined plant state transition. The basic
postulate is that a task decomposition into
sequential and concurrent action sets results
from the topology of material and energy
flow as described in flow models. The SAN
formalism provides a structured method for
plant control design, or for describing plant
contro! tasks before any judgements (task
analyses) can be made regarding their
adequacy.

Figure 10A shows the basic symbol used in a
SAN. A process (system or subsystem) or
component is taken from an initial state S
to Sp by a set of control actions. State
changes can be indicated at various levels of
detail, e.g., change in plant HRS, initiation of
a process supporting heat removal, or initia-
tion of a component in a supporting process.
Therefore, tasks can be decomposed into
subtasks and such a decomposition is made
similar to the decompasition of flow structure
in flow models.

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

trol actions for flow structural changes in the
plant. For example, transition from normal
operating conditions to HRS-IV requires the
activation and deactivation of various
processes. Figure 10B shows the format for
representing the decomposition into subtasks
for the above type of control. The second
category of control is the type where further
decomposition is not possible due to the task
being a functional “whole,” e.g., a valve is
modulated till a tank reaches a desired
setpoint. The symbol for such control actions
is shown in Figure 10C, and Figure 10D
shows how the actions are combined in a
control sequence. Figure 10D also shows
that two systems (or components) are re-
quired to be in a particular state before a con-
trol action can be executed on one of them.
Figure 10E shows the symbol for a condition-
al (c) task which is executed depending on
the output of some logic other than what
triggered the SAN it is included in. Finally,
Figure 10F shows the symbol for represent-
ing alternate state actions to accomplish the
same control function.

Figure 10. Symbols Used in State Action
Networks




APPLICATION OF STATE ACTION NET-
WORKS FOR RESPONSE DURING
EMERGENCY CONDITIONS IN A PWR

Figure 11 shows the main tasks, as a SAN,
for plant transitions to HRS-I through V from
normal operations above 15 percent of full
power. Essentially, Figure 11 identifies the
tasks necessary to suitably condition the
heat removal paths identified in Figure 7,
namely the control of processes that condi-
tion the variables identified in Figure 7. Figure
12 is an example of a decomposition of a
task identified in Figure 11 to detailed
subtasks. The tasks required to change the
flow structure shown in Figure 9B to that in
Figure 9C are identified in Figure 12. The sub-
tasks for the components are determined
from the identification of the various compo-
nents needed to condition the variables in
Figures 9B and 9C. The relationship between
SANs and flow models is due to the nature of
control actions required for mass and energy
processes. However, not all tasks are related
to heat removal. Containment isolation is
related to the second aspect of the problem
(radiation release) that was discussed earlier
with references to Figures 5 and 6. A com-
plete set of conditional control tasks for vari-
ous combinations of failures of barriers have
not been identified in Figure 11 and would
affect the use of various processes. Alterna-
tives for control actions for transition to a
HRS have also not been shown in Figure 11.

The SAN in Figure 11 for transition into the
five heat removal states is an attempt at for-
mulating a response network to respond to
passive and active multiple failures. As
shown earlier in Figure 5, emergency re-
sponse can be considered to consist of a
transition to a heat removal state, followed
by a possible degradation of heat removal
state, and reponses required to isolate radi-

oactive release paths being formed as a
result of the failure of various barriers. The
SAN formalism based on heat removal states
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Figure 11. State Action Network for Transition
to Heat Removal Goal States Dur-
ing Accident Conditions in a PWR




allows the inclusion of multiple failures into
the network in a logically structured manner
due to the mass and energy topographic
basis.

The logic in Figure 8 triggers the conditional
state action for transition to a heat removal
state. Figure 8 shows in an aggregate form
the categories of possible failures in a PWR

and all failures fall into one of the categories.
For example, the question “Condenser
available?” includes all active and passive
failures in the tertiary coolant portion of the
plant heat removal path. Isolation of pro-
cesses due to radiation release concerns may
also result in the unavailability of the tertiary
coolant system.
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Lind{4] has also proposed that the control
heuristics or bases for the specification of
state actions should be formulated. The
heuristics consist of reasons for the prece-
dence in state actions, preference of
alternatives, and prioritization of concurrently
required state action sequences. For
example, one heuristic would be “reactor
coolant must always exist.” These heuristics
will be the design bases for SANs, and also
the knowledge data base for operators ex-
ecuting and monitoring the control actions.
The detailed subtasks for the tasks identified
in Figure 11 and the control heuristics are
presently being developed and formulated.

The development of SANs from flow models
for HRSs and radiation release paths is only
the first phase of the development of an
emergency response network. The second
phase of the development will consist of
scheduling of the tasks and determining
whether the state action sequence can be ad-
equately executed. Time constants from

plant dynamic analysis will be necessary for
such an evaluation. Control actions can then
be designated as being manual or automatic
using such schedular information. It should
be noted that the above design method for
developing an emergency response scheme
can also be used for a formal task analysis of
existing normal or emergency response net-
works (procedures}). To date, this method is
the only formalism that fundamentally de-
scribes process plant operations and there-
fore allows a proper and complete determina-
tion of the plant variables that have to be
monitored to verify the execution of control
actions.

INFORMATIONAL REQUIREMENTS FOR
PLANT CONTROL

The informational requirements for plant
state indentification and control during
emergency conditions may now be identified
from the formulation presented above. The

TABLE |
HIERARCHY OF INFORMATION FOR PLANT CONTROL

Level Identification

| Identification of the status of barriers and radiation releases to the environmnent

(see Figure 6)

Identification of the plant heat removal goal state (see Figures 7 and 8).

Il Identification of the capability of the processes conditioning the nodes in the
flow models representing the first level. Includes monitoring of the conditioning
variables and overall process performance (mainly mass and energy flows).

] Identification of the status of the nodes and the variables that have to be condi-
tioned to support the above processes. The variables may be conditioned by

components or supporting processes.

The lowest level identifies the status of individual components.




alarm system will be an integral part of the re-
quired information and will consist of an-
nunciators that will alert the operating crew
to changes in plant state based on the above
formulation. The requirements for post-
accident instrumentation may then be derived
in a formal manner from such informational
requirements.

Table | lists the information required for plant
control during accident conditions and
shows how flow models allow a hierarchical
representation of the information. The hierar-
chy of information for the second and lower
levels is based on the decomposition (as
shown in Figure 4) of plant flow structure
and identification of supporting subprocesses
and/or components. See Goodsteinl 14! for a
complete discussion on an informational hier-
archy based on a system’s decomposition as
illustrated in Figure 4 and discussed in this

paper.

Table |l lists and categorizes the alert condi-
tions that should be addressed by an alarm
system for plant control; such a categoriza-
tion is consistent with the proposed overall
information system philosophy. Category 1

is for power production and has not been
dealt with in this paper. Category 2 includes
plant anomalies shown in Figure 8 and all
other anomalies that dictate a reactor trip
and transition to HRS-I. Category 3 includes
anomalies in control actions during transition
to an HRS, and Category 4 includes recovera-
ble anomalies at steady-state operation at an
HRS. Category 5 includes anomalous condi-
tions that dictate a degradation of HRS and
are determined by the logic in Figure 8.

The various categories require different de-
grees and types of alert. For example, an alert
for Category 3 may be a blinking message on
a cathode ray tube (CRT) display which the
operator monitors to verify his control
actions, whereas anomalies in Category 4
and definitely Category 5 require a much
more drastic alert mechanism. The alarm
categories include in them anomalies such as
loss of barriers and potential release of radi-
oactive material to the environment. An an-
nunciator system based on Figure 6 could be
used to alert the operator to execute pres-
cribed conditional control actions for failures
of various barriers, or to determine a suitable

TABLE 1
CATEGORIZATION OF ALARMS

1. Recoverable anomalies during power production.

a. Anomalies related to a state action
b. Anomalies not related to a state action

2. Anomalies dictating a reactor trip.

3.  Recoverable anomalies related to state actions for transition to a heat removal state

(HRS).

4. Recoverable anomalies dUring steady HRS operation.

5. Anomalies dictating a degradation of HRS.




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 various degrees of alert.

Finally, 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 conditioning
variables and therefore processes supporting
the current heat removal goal state. The oper-
ator can then be directed to displays (based

Table 1) to investigate the status of the pro-
cesses conditioning the variables for heat
transport. If the operator is unable to restore
the “health” of the processi{es), he is dictated
by the annunciator to a degraded heat remov-
al state to maintain core heat removal and,
therefore, plant safety.

CONCLUSIONS

A basis for response during emergency con-
ditions in a PWR has been proposed using
two new modeling tools: flow models and
state action networks. The aim of this funda-
mental approach to such a complex problem

on the informational hierarchy shown in is to formulate a common basis for emergen-
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cy procedures, alarm prioritization, post-
accident instrumentation, and advanced diag-
nostic methods for an advanced control
room. The fundamental nature of the formu-
lation allows one to include responses to
multiple failures in a logically structured
manner, and therefore extend the prescribed
capabilities of a control room as much as
desired. However, the complexities and utility
of the proposed approach will only be real-
ized once a representative application has
been made.
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ABBREVIATIONS
ACR Advanced Control Room FP Flowpath
BIT Boron Injection Tank FSG Faulted Steam Generator
BRS Boron Recycle System HPS Hydrogen Purge System
C Containment HRS Heat Removal State
CACS Containment Air Cooling System Hx Heat Exchanger
CCP Centrifugal Charging Pump | Isolated
CCwW Component Cooling Water M Mode of Operation
CCWC  Component Cooling Water MSIV Main Steam Isolation Valve
Circulation NI Not isolated
CGS Compressed Gas System NO Not Gperating
CHCS Containment Hydrogen Control NRSG Not Ruptured SG
System ¢} Operating
CSS Containment Spray System OP Open
(PA PB) (Injection Recirculation) PA Phase A
CL Closed PB Phase B
CWS Circulating Water System PORV Power Operated Relief
DFP Discharge Flow Path Valve
EBS Emergency Boration System PWR Pressurized Water Reactor
ECCS Emergency Core Cooling System PZR Pressurizer
(PA PB} {Injection Recurculation, R Ready
1 = Cold Leg. 2 = Hot Leg) RCCS Reactor Coolant Circulation
EPS Electric Power System (M1 M2) System (Forced Naturat)
(11 (Offsite Diesel) RCIiC Reactor Coolant Inventory
ESWS Essential Service Water System Control System
FE Function Executed RCPC Reactor Coolant Pressure
FL Feedline Control System

RCS
RHR
RHRP
RSG
RTS
RWST
Rx
SAN
SCCS
(M1.M2)
SCS
SCFS
SFP
SG
SGTR
SiP
SIS
Stv

SL
SNUPPS
Tcold
TGS
™
VCT
AP

Reactor Coolant System
Residual Heat Removal
Residual Heat Removal Pump
Ruptured Steam Generator
Reactor Trip System

Refueling Water Storage Tank
Reactor

State Action Network
Secondary Coolant Circulation
System (Main: Auxiliary)
Secondary Coolant System
Secondary Coolant Flow System
Suction Flow Path

Steam Generator

Steam Generator Tube Rupture
Safety Injection Pump

Safety Injection Signal

Sump Isolation Vaive
Steamline

Standard Nuclear Power Plants
RCS Cold Leg Temperature
Turbine Generator System
Three Mile Island

Volume Control Tank
Differential Pressure
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