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ABSTRACT

A nuclear power plant can be thought of as a singls
system with two major subsystems: equipment and people.
Both play important roles in the nuclear safety. Whereas,
in the past, the role of equipment had been emphasized in
nuclear safety, the accident at Three Mile Island (TMI) and
its subsequent investigations point out the vital role of
the operator. This paper outlines the operator's roles in
nuclear safety and suggests how the concept of safety
functions can be used to reduce economic losses and increase
safety margins.
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THE OPERATOR'S ROLE AND SAFETY FUNCTIONS

INTRODUCTION
TMI demonstrated that nuclear plants are conserva-

tively designed and operated such that there is only a
small probability of an event seriously affecting public
hcalth and safety. The TMI plant was pushed beyond its
design basis, yet very little radiation was released to the
general public. However, TMI also emphasized that the
emotional strain and financial losses of the people living
in the area around the plant, the electrical power con-
sumer, and the utility owners and managers can be severe.
Much investigation""1" and reflection has been done since
TMI to improve equipment and operator performance,
thus making such events even less likely in the future.

During the course of the Three Mile Island (TMI)
event and subsequent investigations, frequent reference
was made to the operator's "mindset" during the acci-
dent.'" The inference was that the operator's training
and experience had not prepared him to fully recognize
the situation that was unfolding in front of him."':i His
"mindset" caused him to ignore or reject certain infor-
mation that was essential for him to analyze the situation
properly and take timely correct action.

The designer's "mindset" of the operator's role in plant
safety was also reviewed, designers make assumptions
of the operator's role, both during normal plant opera-
tion and during plant accidents. This information must
be eonveyd to the operator in a practical form. The
method us d to accomplish this has been through the
plant op.rating and emergency procedures guidelines
and the safety analysis report including the technical
specifications. However, over the years, the number and
si/e of these procedures have become very large and
difficult (or an operator to use. Moreover, the safety
analysis report was never primarily intended for that
purpose and the technical specifications are seldom
considered to be an operational aid.

The intent of this paper is to outline the operator's
role in nuclear safety and to introduce the concept of
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"safety functions." Safety functions are a group of
actions iha! prevent core melt or minimize radiation
releases to the general public. They can be used to provide
a hierarchy of practical plant protection that an operator
should use. This paper focuses on the pressurized water
reactor as provided by Combustion Engineering, but
is applicable, with formal changes, to other designs
and types.

"An accident identical to that at Three Mile Island is
not going to happen again." said the Rogovin investi-
gators.12' The next serious threat to safety will be different
from the TM I sequence. To concentrate design, manage-
ment and operations improvements on the specific
sequence at TMI is therefore unwise. The concepts put
forward in this paper are intended to help the operator
avoid serious consequences from the next unexpected
threat.

THE OPERATOR'S ROLE IN NUCLEAR SAFETY
The plant safety evaluation uses four inputs in pre-

dicting the results of an event (Figure 1): the event
initiator, the plant design, the initial plant conditions
and set up, and the operator actions. Ifany of these inputs
are not as assumed in the evaluation, confidence that
the consequences will be as predicted is reduced.

Based on the safety evaluation, the operator* has
three roles in assuring that the consequences of an event
will be no worse than the predicted acceptable results.
These three operator roles (Figure 2) are to:

1. keep the plant set up so that it will respond properly
to disturbances.

2. operate the plant so as to minimize the likelihood
and severity of event initiators and disturbances,
and

3. assist in accomplishing safety functions during the
event.

Proper execution of these three roles will keep the con-
sequences of design basis events within bounds and will
tend to reduce the consequences of events that have not
been evaluated.

• In this context, the term operator means primarily ihe personnel in direct
command of the plant, hut also includes all members of ihc utililv learn (hat
contnhule to effective operation.

I II II 1

Fig. J: Operator's role during an event as assumed in
the safety evaluation process Fig. 2: The operator'* ro/es in nuclear safety
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Plant Set i'/i
In keeping the plant set up to respond properly to

adverse events, the operator must treat the plant as a
complete system consisting of equipment and people.
Therefore, proper plant set up involves both equipment
functionability and personnel readiness.

In keeping the plant equipment set up. the operator
is guided by the equipment functionability considered
in the "Limiting Conditions for Operation" and "Sur-
veillance Requirements" in the technical specifications
as shown in Table I. ANS Standard 58.4 provides
guidance for determining the minimum characteristics
of a proper plant set up. Although the use of the existing
technical specifications has not led to any adverse con-
sequences, there is room fora great deal of improvement.
Implementation of ANS Standard 58.4 in developing
technical specifications would increase the level of
assurance that the plant equipment is set up properly.

Personnel readiness likewise has four considerations,
the first of which is the number of people available. If
there aie not enough operators on hand, those that are

TABLE I

EQUIPMENT FUNCTIONABILITY CONSIDERATIONS

1. Status of Applies to equipment and component
equipment operability.

Examples: A. Number of ECCS pumps
operable

B. Ability of rods to insert
into the core within a
specified time

C. Number of diesel generators
operable

2. Operating state Applies to system or component actions
of equipment or describes the position or running

condition of equipment.

Examples: A. Valve position
B. Control rod position
C. Setpoints of the reactor

protection and engineered
safety features actuation
systems

3. Values of process Applies to flows, temperatures,
parameters pressures, etc.

Examples: A. Reactor coolant specific
activity

B. ECCS tank contents
C. Thermal and hydraulic

condition of the reactor
coolant or primary coolant

4. Condition of
equipment and
structures

Applies to the preservation of
quality

Examples: A. Integrity of fission product
barriers

B. Existence/growth of flaws
in components

C. Monitoring of radiation
damage

(Derived from Table 1 of ANS Standard 58.4, Reference 5)

present will have difficulty in operating and maintaining
the plant and in responding to adverse events. A second
concern is the locations of the operators and their activi-
ties.- If the people assigned to the station are not property
positioned, or are involved in activities that distract them
from plant operation., they are not ready. The state of
mind and body of each operator is the third concern,
as his ability to respond to adverse events will be reduced
if he is, for example, tired, sick, on medication, dis-
traught or has used alcohol. This should be specifically
addressed in shift turnover procedures. The final con-
sideration is his degree of training, specifically, the
adequacy of his initial training and the- frequency of
his retraining. The Institute for Nuclear I'ower Opera-
tions (1NPO) is expected to establish programs dealing
with these issues.""

Fewer, Milder y.vents
The operator's second role is to minimize the frequencv

and severity of adverse events.* To fulfill this role. 'he
operator must have a good understanding of the plant
and its capabilities, know the operating slate of the plant,
know the planned changes in the operating state, be
aware of plant activities that may affect the operating
stale of the plant, and always be prepared for an un-
planned event.

Take, for example, maintenance, a plant activity that
could affect the plant operating slate. The operator
should ensure that redundant equipment is operating,
that backup systems and equipment are ready and
properly lined -ip and that the plant operating state is
consistent with the equipment available to mitigate
possible disturbances. In particular, if maintenance were
planned on the feedwater system, it n;ay be possible to
schedule this maintenance to correspond with other
activities that require operation at a lower power where
one pump is adequate. That way the system could tolerate
the loss of one pump. The objective is to maintain plant
safety margins by avoiding unnecessary challenges to
plant protection systems. Also, the operator should be
prepared for the possible loss of the remaining pump
by verifying the operability of the auxiliary feedwater
system and being ready to take the appropriate corrective
actions if required.

Appendix 1 proposes four categories of practical
guidelines that an operator could use in incident preven-
tion. However, such suggestions could bt counter-
productive if translated into hard and fast rules or
applied without thinking. The operator must always
evaluate the situation at hand when applying any rules.
An example of this is the instruction to plant operators
not to Jet the reactor coolant system "go solid." The
purpose for this instruction is to prevent possible over-
stress of the reactor coolant system piping. At TMI. the

• By emphasising the operator's role in preventing initialing e\cnls. we do not
minimize the role of ha'dware. Reference 7 isa recent study highlighting potential
advances in this area.
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operators followed this instruction by turning off the
safety injection pumps based on the high level indica-
tion in the prcssurizer. This was done without consider-
ing the reactor coolant system temperature and pressure
indications or asking how the system could be solid when
the pressure was low enough for the safety injection
.system to be actuated. The operators apparently followed
a rule without evaluating the situation at hand ami they
got into trouble.

Accomplishment of Safety Functions
Assisting installed equipment in the accomplishment

of safety functions is the operator's third role. He needs
to monitor the plant to verify that the safety functions
are accomplished. In addition, he has to actuate those
systems that are not fully automated and intervene where
the automatically actuated systems are not operating
as intended. There are three prerequisites to the fulfill-
ment of this role:

1) information that identifies the plant state,
2) procedures that cover the situations encountered

during events, and
3) comprehensive training to use the information and

procedures to best aovantage in responding to
events.

Application of the concept of safety functions can be
used to make significant improvements in each item
above.

SAFETY FUNCTIONS
The operator needs a systematic approach to mitigat-

ing the consequences of an event. The concept of "safety
function" introduces that systematic approach and
presents a hierarchy of protection. If the operator can
quickly identify the initiating event from the symptoms
and correct the problem from his event procedures,
carrying out the safety functions is implicit. If the opera-
tor has difficulty for any reason, the systematic safety
function approach allows accomplishing the overall task
of mitigating consequences. A safety function is defined
as a group of actions that prevent core melt or minimize
radiation releases to the general public. Actions may
result from automatic or manual actuation of a system
(reactor protection system generates a trip, operator
aligns the shutdown cooling system), from passive system
performance (safely injection tanks feed water to the
reactoi coolant system), or from natural feedback in-
herent in the plant design (control of reactivity by voiding
in the reactor).

There are ten safety functions needed to mitigate
events and contain stored radioactivity (Table II). These
safety functions may be divided into four classes:

1) Anti-core melt safety functions
2) Containment integrity safety functions
3) Indirect radioactive release safety functions
4) Maintenance of the vital auxiliaries needed to

support the other safety functions

The relationship between these classes is shown on
Figure 3. The arrows signify that the vita! auxilaries
are necessary to support the other safety functions. The
plus signs indicate that ic is necessary to prevent core
melt, maintain containment integrity and control in-
direct radioactive releases in order to limit the release
of radioactivity to the general pub'ic. In all safety func-
tions, the word control means accomplishment of the
safety function such that core melt is prevented or
radioactive releases are kept within acceptable limits.
Control involves manual or automatic actuation of
equipment, or the natural passive capabilities built into
the plant. For example, the preferred method of reac-
tivity control is insertion of the control rods followed
by boration if the shutdown is necessary. However, in
the hypothetical case where the control rods do not
insert, reactivity control can still be achieved through
negative moderator reactivity feedback (natural feed-
back) followed by boron injection (personnel and
equipment action).181 The systems listed in the vital
auxiliaries and indirect radioactive release classes are
not exhaustive, and are provided only as an indication
of what systems should be considered.

The anti-core melt class contains five safety functions:
Reactivity control, reactor coolant system (RCS) inven-
tory control, RCS pressure control, core heat removal,
and RCS heat removal. The purpose of the first anti-core
melt safety function, reactivity control, is to shut the
reactor down and keep it shut down, thereby reducing

TABLED

SAFETY FUNCTIONS

Safety Function

Reactivity Control

Reactor Coolant System
Inventory Control

Reactor Coolant System
Pressure Control

Core Heat Removal

Reactor Coolant System
Heat Removal

Containment isolation

Containment Temp-
erature and Pressure
Control

Combustible Gas
Control

Maintenance of Vital
Auxiliaries

Indirect Radioactivity
Release Control

Purpose

Shut reactor down to reduce heat
production

Maintain a coolant medium around
core

Maintain the coolant in the proper
state

Transfer heat from core to a coolant

Transfer heat from the core coolant

Close openings in containment to
prevent radiation releases

Keep from damaging containment
and equipment

Remove and redistribute hydrogen
to prevent explosion inside con-
tainment

Maintain operability of systems
needed to support safety systems

Contain miscellaneous stored radio-
activity to protect public and avoid
distracting operators from protec-
tion of larger sources
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the amount of heat generated in the core. Reactivity is
controlled in the short term by insertion of the control
rods and/or through the natural feedback mechanism
of voiding in the reactor coolant, in the long term, reac-
tivity is controlled by the addition of borated water to the
reactor coolant system. Borated water can be added to
the reactor coolant system using the charging and boric
acid addition portions of the chemical and volume control
system, the high and low pressure safety injection system
and /or the safety injection tanks. Figure 4 shows some
of the systems that can be used to accomplish this function.

The purpose of the second and third anti-core melt
safety functions, reactor coolant system (RCS) pressure
and inventory control, is to keep the core covered with
an effective coolant medium. RCS pressure control can
involve either pressure maintenance or pressure limita-
tion. Likewise. RCS inventory control can involve cither
inventory maintenance or inventory limitation. Under
normal circumstances, RCS pressure and inventory
control is maintained automatically by the pressurizer
pressure and ievel control systems in conjunction with
the reactor coolant system pressure boundary. These
systems use the pressurizer spray valves and the letdown
system to control pressure and inventory respectively,
and they use the pressurizer heaters and charging system
to maintain pressure and inventory respectively. If the
pressure and level control systems are unable to limit
RCS pressure and inventory, the pressure and inventory

can be kept within bounds by action of the primary safety
valves. In the event that RCS inventory and (or pressure
becomes inappropriately low due to an opening in the
reactor coolant pressure boundary or excessive cooling
of the reactor coolant system from excess steam flow.
RCS inventory is maintained by injection of borated
water by the safety injection system or the safety injection
tanks. Figures 5 and 6 are schematics of the PWR show-
ing the execution of these two safety functions.

The purpose of fourth anti-core melt safety function,
core heat removal, is to remove the heat generated in
the core by radioactive decay and transfer i! to a point
where it can be removed from the RCS to prevent the
fuel from melting. This is accomplished by passing a
coolant medium through the core to a heat removal
point Normally, the reactor coolant pumps are used
to provide forced reactor coolant flow through the reactor
core to the steam generators. In the absence of forced
reactor coolant flow, the core can still be cooled by a
natural circulation induced by a temperature differential
from the steam generators to the core. (This implies that
the steam generators must be available to act as a heat
sink). If natural circulation cannot be established, heat
can be removed from the core by boiling and movement
of the steam so a point such that it can be discharged
through a break in the reactor coolant system piping.
(See Figure 7)

The final anti-core melt safety functions is RCS heat

ANTI-CORE MELT

• REACT |V!TY CONTROL

• RCS INVENTORY CONTROL

• RCS PRESSURE CONTROL

• CORE HEAT REMOVAL

• RCS HEAT REMOVAL

ANTI-RADIOACTIVITY RELEASE

CONTAINMENT INTEGRITY

• ISOLATION

• PRESSURE/TEMPERATURE
CONTROL

• COMBUSTIBLE GAS
CONTROL

• INDIRECT
RADIOACTIVE

RELEASE CONTROL
FUEL POOL COOLING
WASTE PROCESSING
SPRAY CHEMICAL
ADDITION

MAINTENANCE OF VITAL AUXILIARIES

ULTIMATE HEAT SINK
ELECTRIC POWER
COMPONENT COOLING WATER
INSTRUMENT AIR
HABITABILITY

Fig. 3: Classes of safety functions
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Systems to accomplish anti-core meli safely functions

Fig. 4: Reactivity Control

i 4-

fig. 5: RCS Pressure Control

Fig. 6; RCS Inventory Control

Fig. 8: RCS Heof Removal

removal. The purpose of this safety function is to transfer
heat from the core coolant to another heat sink. If this
is not done, core heat removal will not be possible. RCS
heat removal is normally accomplished by transferring
heat from the reactor coolant to the secondary system
in the steam generator. The secondary system water is
supplied by the main feedwater system or the auxiliary
feedwater system. Reactor coolant heat can be trans-
ferred to the component coiling water via the shut-
down cooling heat exchanger, provided that the reactor
coolant system pressure is less than the shutdown cool-
ing system pressure interlock setpoint. If no other heat
sink is available, reactor coolant system heat removal
can also be accomplished by discharging the hot reactor
coolant directly into the containment through a pressure
boundary opening of a primary relief valve. (See Figure 8)

The foregoing discussion of the five anti-core melt
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Systems *o accomplish containment integrity safety functions

I"" |=»C: "

Fig. 9: Isolation g. 70." Pressure/Temperature Control

safety functions illustrates that each safety function can
be accomplished by a multiplicity of systems, and, in
addition, many of the systems support more than one
safety function. Under some circumstances, the execu-
tion of one safety function causes another safety function
to be accomplished. Particular methods of accomplish-
ing one safety function sometimes facilitate and some-
times prevent a particular method of accomplishing
another safety function. This interaction, or snyergy
among the safety functions in an important feature of
this concept.

The containment inlegrity safely function class con-
tains three safety functions: containment isolation,
containment pressure and temperature control and
combustible gas control. The primary objective of these
safety functions is to preve.it major radioactive release
by maintaining the integrity of the containment structure.
Accomplishing the first safety function, containment
isolation, assists in maintaining containment integrity
by ensuring that all normal containment penetrations
are closed off. Containment Isolation system is accom-
plished by sensors for measuring containment pressure,
electronic equipment to generate and transmit an isola-
tion signal when the containment pressure exceeds a
setpoint, and a set of valves for isolating each contain-
ment penetration. (These valves are generally part of
other systems also.) Each containment penetration is
provided with two isolation valves, one inside contain-
ment and one outside containment. (See Figure 9)

The purpose of the second containment integrity
safety function, containment temperature and pressure
control is to prevent overstress of the containment
structure and damage to other equipment from a hostile
environment by keeping containment pressure and

Fig. 71: Combustible Gas Control

temperatures within prescribed limits. Containment
pressure and temperature are controlled using the con-
tainment spray system and the containment cooling
system. (See Figure 10)

Likewise, combustible gas control, the third contain-
ment integrity safety function, is needed to prevent
containment overstress caused by explosion of hydrogen
gas inside containment. The hydrogen would evolve
from metal-water reaction in the event of failure of one
or more of the anti-core melt safety functions. Hydrogen
gas is removed from the containment atmosphere by
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the hydrogen recombiners. The containment spray
system and the fan coolers can also help in combustible
gas control by redistributing the hydrogen gas through-
out containment, thus preventing the formation of
flammable pockets of hydrogen gas. (See Figure 11)

The third safety function class, indirect radioactive
release control, contains only one safety function; control
of indirect radioactivity leleases. The purpose of this
safety function is to prevent radioactive releases from
sources outside containment. These sources include the
spent fuel pool and the radioactive wastestorage facilities
(gaseous, solid and liquid, including radioactive coolant).
The systems used to control releases from these sources
include the radiation monitoring system, the spent fuel
pool cooling system and the waste management and
processing systems.

The fourth safety function class, maintenance of vital
auxiliaries, likewise includes only one safety function;
maintenance of the vital auxiliaries. The systems used
to accomplish the nine safety functions discussed above
are all supported by various auxiliary systems. These
auxiliary systems provide such services as instrument
air needed for opening and closing valves, electric power
for running pump motors and operating instruments,
and an ultimate heat sink to which RCS and core heat
can be transferred. Vital auxiliaries must be maintained
in order to successfully accomplish the other safety
functions.

Each anti-core melt safety function has priority relative
to the others as shown in Figure 12. In general, reactivity
control is the foremost function because the amount of
heat that must be removed from the core is determined
by how well this function is accomplished. Next in prece-

REACTIVITY
CONTROL

RCS
PRESSURE
CONTROL

MAINTENANCE
OF VITAL

AUXILIARIES
CORE HEAT REMOVAL

RCS HEAT REMOVAL

f i g . 12: Hierarchy of anti-core melt safety functions

dence are those functions for appropriately maintaining
a core cooling medium. To achieve this, actions must be
accomplished to maintain an adequate reactor coolant
system inventory and an appropriate reactor coolant
system pressure. Finally, if core heat removal is not
carried out, then reactor coolant system heat removal
is irrelevant. Not only should the operator keep this
hierarchy in mind, but he should also recognize the need
for the vital auxiliaries to carry out these safety functions.

Multiple Success Paths

Nuclear power plants are designed so that there are two
or more ways that can be potentially used to accomplish
safety functions. That is, for each safety function there
are several possible success paths. Table 3 lists those
systems and subsystems in the plant which are typical
of those in success paths which accomplish the anti-core
melt safety functions. The success paths shown here are
some of the possible success paths which apply to various
events. In general, the effectiveness of a particular success
path for accomplishing a safely function depends upon
what systems are operable in the plant and on whether
or not the process variables are within the design range
of the particular system or subsystem that will be used.
!n other words, the method of accomplishing a safety
function depends on the plant state at the time the func-
tion is to be executed. This is the state that exists at the
time of an event, as affected by the event, and by operator
and system actions.

To accomplish the safety functions, the operator does
not need to know what event has occurred. He does,
however, need to know what safety functions must be
accomplished, what success paths are possible and the
conditions of the plant. This information defines the
state of the process variables and the state of the plant
equipment. The plant state can be correlated to the
appropriateness and availability of the various success
paths for a given safety function. Table 4 describes the
state for three possible core heat removal success paths
and Table 5 identifies some of the systems needed to
accomplish the anti-core melt safety functions for three
events: turbine trip, small reactor coolant system pipe
break and large reactor coolant system pipe break. Both
tables demonstrate the dependence of the method of
accomplishing a safety function upon the conditions
which exist at the time the function is to be executed. To
reword, the means of mitigating an event depend on
the plant siate produced by the event.

Combustion Engineering currently uses Sequence of
Events Diagrams'9' to represent the success paths avail-
able to mitigate an event. Sequence of Event Diagrams
are intended to illustrate the possible ways to accomplish
each safety function challenged duringa particularevent.
Figure 13 shows a portion of a typical Sequence of Events
Diagram. These diagrams present the success paths with
the appropriate system actions. Both automatic and
manually actuated system actions are shown. Sequence



- 298 -

TABLE III

TYPICAL SUCCESS PATHS FOR
THE ANTI-CORE MELT SAFETY FUNCTIONS

ANTI-CORE MELT
SAFETY FUNCTIONS

Reactivity Control

Reactor Coolant System
Pressure Control

Reactor Coolant System
Inventory Control

Core Heat Removal

Reactor Coolant System
Heat Removal

POSSIBLE
SUCCESS PATHS ASSOCIATED EQUIPMENT*

Control Element Drive Mechanism Control System, Control Element
Assemblies, Motor Generator Sets. Chemical and Volume Control
System (charging and letdown), Refueling Water Tank

Reactor Protection System, Reactor Trip Switchgear, Control Element
Assemblies. Chemical and Volume Control System, Boric Acid
Makeup Tank

Reactor Protection System. Reactor Trip Switchgear Control Element
Assemblies, Engineered Safety Features Actuation System, Safety
Iniection System Refuelinp. Water Tank

Voiding, Engineered Safety Features Actuation System. Safety Iniec-
tion Systems, Refueling Water Tank.

Pressunzer Pressure Control System. Pressunzer Spray Valves.
Pressunzer Heaters. Reaclor Coolant Pumps.

Primary Safety Valves, Auxiliary Spray Valves, Chemical and Volume
Control System. Refueling Water Tank.

Pressunzer Level Control System. Chemical and Volume Control
System — (Letdown and Charging)

Engineered Safety Features Actuation System, Safety Injection Sys-
tem, Refueling Water Tank.

Reactor Coolant Pumps. Steam Generators. Shutdown Cooling System.

Steam Generators (and RCS heat removal),Isubcooled natural circu-
lation], Shutdown Cooling System

Steam Generators (and RCS heat removal), [reflux heat transfer
natural circulation]. Shutdown Cooling System.

Main Feedwaler System, Turbine Generator Control System. Con-
denser, Steam Bypass Control System, Turbine Bypass Valves. Shut-
down Cooling Heat Exchanger (component cooling water side).

Main Feedwatei System, (runback). Turbine Generator Control System.
Auxiliary Feedwater System. Steam Bypass Control System. Turbine
Bypass Valves, Condenser, Shutdown Cooling Heat Exchanger (com-
ponent cooling water side).

Main Feedwater System (runback), Turbine Generator Control System,
Auxiliary Feedwater System, Atmospheric Steam Dump halves, Shut-
down Cooling Heat Exchanger (component cooling water side).

•Vital Auxiliaries are omitted from the list.

TABLE IV

CORE HEAT REMOVAL SUCCESS PATHS
FOR VARIOUS PLANT STATES

SAFETY
FUNCTION

Core Heat
Removal

Core Heat
Removal

Core Heat
Removal

SUCCESS PATH
FROM TABLE 2

1

2

3

EXAMPLES OF INITIAL PLANT STATE FOR WHICH SUCCESS
PATH APPLIES IMMEDIATELY FOLLOWING EVENT INITIATION

o Reactor Coolant System Intact
o Power Available to Reactor Coolant Pumps
o Reactor Coolant Pumps Intact
o Reactor Coolant System Subcooled
o Reactor Coolant Pump Auxiliary Systems Functional

o Reacior Coolant System Intact
o Reactor Coolant Subcooled
o Steam Generator Intact

c Reactor Coolant System Intact
o Reactor Coolant Saturated
o Steam Generator Intact
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TABLE V

TYPICAL SYSTEMS USED TO ACCOMPLISH ANTI-CORE MELT
SAFETY FUNCTIONS FOR THREE EVENTS

Safety
Function

Reactivity
Control

RCS Pressure
Control

RCS Inventory
Control

Core Heat
Removal

RCS Heat
Removal

Vital
Auxiliaries

EVENT

Turbine Trip

Control Element Assemblies,
Chemical Volume and Control Sys-
tem, Boric Acid Makeup Tank

Pressurizer heaters, Pressurizer
sprays

Chemical and Volume Control
System (charging, letdown)

Reactor Coolant Pumps, Steam
Generators, Shutdown Cooling
System

Main Feedwater System, Turbine
Bypass System, Condenser, Tur-
bine Generator Control System
(trip)

Non-Emergency AC Power, Instru-
ment Air. Component Cooling
Water, Non-Emergency DC Power

Small RCS pipe break with loss of
off-site power as a result of turbine
trip.

Control Element Assemblies,
Safety Injection System, Refueling
Water Tank

Safety Injection System, Refueling
Water Tank, Containment Sump

Natural circulation, Steam Genera-
tors, Shutdown Cooling System

Auxiliary Feedwater System, At-
mospheric Steam Dump System,
Shutdown Cooling System, Turbine
Generator Control System (trip)

Diesel Generators, Component
Cooling Water, Nuclear Service
Water, Emergency DC Power

Large RCS pipe break with loss of
off-site power as a result of turbine
trip.

(Voids), Safety Injection System,
Refueling Water Tank

Safety Injection System, Refueling
Water Tank, Safety Injection Tanks,
Containment Sump

(Boiling)

(Break)

Diesel Generators, Emergency DC
Power

fPRESSURIZER\
PRESSURE

HIGH

- » TO OTHER SAFETY FUNCTIONS

PRESSURIZER
SPRAY VAIVES

TRAIN A TRAIN B

SPRAY TO CONTROL
PRESSURE INCREASE

AUXILIARY SPRAY
VALVES

TRAIN A TRAIN B

PRESSURIZER HEATERS

PROPORTWNAl BACKUP

/PRESSURIZES
HEAT TO CONTROL PRESSURE
PRESSURE DECREASE \ LOW

I

—I

CHARGING PUMPS
(CHEMICAL AND VOLUME

CONTROL SYSTEM)

PUMP A PUMP 8 PUMP C

.^INCREASE
^PRESSURIZER

LEVEL TO
INCREASE
PRESSURE

POWER OPERATED
RELIEF VALVES

TRAIN A TRAIN B

OPEN TO LIMIT PRESSURE INCREASE

RCS
PRESSURE
CONTROL

Fig. 13: Sample section of sequence of evenfs diagram
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of Events Analysis is currently required by the NRC
requirements for Safety Analysis Reports,'"" and Com-
bustion Engineering has used Sequence of Events Anal-
yses as a design review tool for San Onofre Units 2 & 3.
Forked River. St. Lucie Unit 2 and for our System 80IM

Standard Safety Analysis Report.'"• '2| '" In performing
this work, it has been found that this type of technique
is essential for the understanding of how the operator
and plant systems work together to mitigate the conse-
quences of events.

Use of the Safety Function Concept to Assist the Operator
The safety function concept, which incorporates the

principles of safety function hierarchy and multiple
success paths dependent on the plant state, can help
the operator fulfill his role of assisting the plant systems
to mitigate the consequences of an event. In order to
assist in accomplishing the safety functions he needs
the following:

1) Sufficient and intelligible information about the
plant state

2) Comprehensive procedures prescribing preferred
and alternate success paths for each safety function

3) Adequate training in the concept and execution of
safety functions

The rectangles in Figure 14 define the judgments needed
to be made during an event. The information needed
includes the plant state produced by the event which
leads to identification of the safety functions in jeopardy,
and to identification of systems available to accomplish
the safety functions. It is necessary to consider these
information needs in the design of the control room
displays."4 '"{Note: The operator does not need to know
the initiating event as long as he can determine the plant
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Fig. 14: Operator information needs during crisis

state and therefore determine the safety functions in
jeopardy.)

Currently, an operator responds to an event by fol-
lowing one of the event specific emergency procedures
of which there are N. If none of the event specific pro-
cedures apply, he resorts to an unwritten (N+l)" (pro-
nounced "N plus first") procedure. Simply stated, he
does what he thinks he should to mitigate the event. The
safety function concept and making the procedures plant
state dependent can be used to improve the N current
emergency procedures as suggested in Reference 16. In
addition, these approaches can be used to develop a
documented version of the (N+l)" procedure.

Assuming the use of the safety function concept.
Figure 15 summarizes operator actions during an event.
Using the safety function concept, the individual pro-
cedures can be standardized. A typical procedure would
identify, for a given set of plant symptoms, what safety
functions must be accomplished, what automatic systems
are available to accomplish them, which backup systems
must be actuated if the automatic systems fail, and what
the expected plant response is. Likewise, the safety func-
tion concept can be used to handle, in a single procedure,
events which produce similar plant states. ;

The operator's actions during an event depend on the
safety functions which need to be accon.olished and the
success paths which can be used. The operator deter-
mines this by the symptoms, not by knoving what
specific event is taking place. For the situation where
either none of the previously developed procedures
apply or the plant did not respond as expected, the
(N+l)" procedure would provide the operator with both
a set of guidelines to identify the safety functions in
jeopardy and the success paths available, and a checklist
for assuring that all safety functions are accomplished.
All N+l procedures should reflect the safety function
concept. The main benefit of this approach is that guid-
ance will be provided for all eventualities.

In addition to the safety function concept, the emer-
gency procedures should incorporate some common
sense priorities for the operator. Establishing operator
priorities, such as those in Table 6, suggested by Dr. E. L.
Zebroski of NSAC, helps the operator avoid overlooking
important tasks because of his attention to less impor-
tant ones.

In structuring operator training, the safety function
concept is meaningful because it contributes to a more
comprehensive awareness of how the plant functions
as a unit and how the various systems work together

TABLE VI

OPERATOR PREVENTION PRIORITIES

PREVENT MAJOR RADIATION RELEASE/CORE MELT
PREVENT MAJOR EQUIPMENT DAMAGE
PREVENT MINOR EQUIPMENT DAMAGE
PREVENT ADMINISTRATIVE VIOLATIONS
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Fig. 15: Operator action during an event

to accomplish each safety function. Not only will this
awareness help the operator mitigate the consequences
of an event, but it will help him set up and operate the
plant in such a manner that the frequency and severity
of the initiating events will be reduced.

Other Safety Function Uses
In addition to the described applications, the safety

function concept can be productively applied elsewhere.
In particular, this concept is useful in the design of
nuclear plant systems and sub-systems, for providing
meaningful and complete information in the event of
an emergency, and for the evaluation of past experience.

In addition to the sequence of events analysis, fault
tree analysis is an analytic technique based on the safety
function concept used at Combustion Engineering. The
top element of the fault tree is a threat to a specific safety
function. Each minimum cut set of the fault tree defines
the component and subsystem failures as well as per-
sonnel errors which must occur to threaten the safety
function.

If an emergency should occur, the safety function
concept can be used for describing the status of the plant
throughout the event. This is an appropriate format for
the plant operators, shift supervisor, technical advisors,
emergency response personnel, and the general public.
In fact, effective media notifications could be based on
a description of the initiating event and the condition
of each of the safety functions. This approach is credible

because it is complete and understandable.
The safety function concept is beneficial in the review

of past experience. At Combustion Engineering, the
Availability Date Program is the activity which collects
experience data from operating plants. The importance
of occurrences is evaluated with respect to its effects on
safety (unction maintenance. A hierarchy of importance
is assigned to effects such as:

1) loss of a safety function whether or not that safety
function was needed to mitigate an event,

2) unavailability of either a preferred or alternate
success paths,

3) actual challenge to an alternate success path,
4) multiple failures within safety function success

paths,
5) loss of redundancy or reduced redundancy within

a success path.
The impact on safety functions are then used to deter-
mine the appropriate corrective actions. Combustion
Engineering is currently working with NSAC in their
Significant Event Evaluation Program. The above
methodology is being applied to the generic evaluation
of Licensee Event Reports.

SUMMARY
The operator's three roles in nuclear plant safety

are to:
1) Set up the plant to respond properly to adverse

events.
2) Operate the plant so as to minimize the frequency

and severity of adverse events.
3) Assist in mitigating the consequences of adverse

events.
The primary considerations for plant set up are equip-

ment functionability and personnel readiness. The pri-
mary considerations for incident prevention are equip-
ment, actions, attitudes, and management. The primary'
considerations for event mitigation are information,
procedures, and training. The operator, with his current
level of training, can fulfill his first two roles by follow-
ing the technical specifications, the operating procedures,
and a set of common sense guidelines. In mitigating an
event, the operator can use the concept of safety func-
tions to be better able to fulfill his third role.

A safety function is defined as something that must be
accomplished to prevent core melt or to minimize radia-
tion releases. Safety functions can be divided into four
major classes:

1) Anti-core melt safety functions
2) Anti-radioactivity release safety functions
3) Indirect radioactive release control safety functions
4) Maintenance of vital auxiliaries
There are ten safety functions. Safety functions should

be viewed as having a certain priority, i.e., some safety
functions should have precedence over others in the
operator's mind. This does not mean that any safety
functions are unimportant. All safety functions are im-
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portant. Not does it mean that maintenance of one safety
function will inherently carry out an arbitrary other
safety function. All safety functions must be carried out.
There are several possible success paths for accomplish-
ing each safety function. The availability or appropriate-
ness of a given success path for mitigating an event
depends on the existing plant conditions.

Figure 16 shows the central position of the safety
function concept in many areas. This concept is already
being applied in several of these areas. For example, the

safety function concept is being used in operator train-
ing, to structure emergency procedures, to design nuclear
plant systems, and to evaluate past operating experi-
ences. It can be used to develop a procedure for unfore-
seen situations, to design better control room displays,
and to format media information about an event.

ACKNOWLEDGEMENT
The general content of this paper has been presented

orally to a wide cross section of the nuclear industry
over the past six months. Specifically, presentations
have been made to operators of several operating nuclear
power plants. The Committee on Power Design. Con-
struction and Operation and The Post-TMI Policy
Committee of the Atomic Industrial Forum, the latter's
Subcommittee on Safety Criteria. Nuclear Safety Anal-
ysis Center personnel, the Smart Instrumentation Panel
Working Group of the January 15-17. 1980 NRC/IEEE
Working Conference on Advanced Electrotechnology
Applications to Nuclear Power Plants, and several
groups of Combustion Engineering personnel. Many
constructive comments have been received from a wide
variety of sources throughout this process. The authors
acknowledge and appreciate this input.

In addition, the authors would like to acknowledge
W. E. Abbott, F. Bevilacqua, J. C. Braun, C. Ferguson,
W. J. Gill, J. Gorski, R. M. Hartranft, .1. J. Herbst,
A. C. Klein, S. M. Metzler. J. P. Pasquenza, M. F.
Reisinger, F. J. Safryn, C. F. Sears, E.I. Trapp, and R. S.
Turk for their suggestions during the review of this paper.
We would also like to thank Mr. S. E. Morrey for his
work in preparing the graphics for this paper. Dr. C. L.
Kling was particularly helpful in the early formulation
of these concepts. The support and encouragement of
Mr. Ruble A. Thomas of Southern Company Services
and Drs. Robert J. Breen and Edward L. Zebroski of
NSAC were important to this work.



- 303 -

REFERENCES

1. "Report of the President's Commission on the Acci-
dent at Three Mile Island, "John G. Kemeny, Chair-
man, Washington, D.C., October 1979.

2. "Three Mile Island. A Report to the Commissioners
and to the Public," Nuclear Regulatory Commission
Special Inquiry Group, Mitchell Rogovin, Director,
January 1980.

3. U.S. Nuclear ReguValory Commission, "TM(-2
Lessons Learned Task Force Status Report and
Short-Term Recommendations," USNRC Report
NUREG-0578, July 1979.

4. U.S. Nuclear Regulatory Commission, "TMI-2
Lessons Learned Task Force Final Report," USNRC
Report NUREG-0585, October 1979.

5. American Nuclear Society, "Criteria for Technical
Specifications for Nuclear Power Plants," ANSI/
ANS-58.4-1979, January 1979.

6. J. MAFFRE, "INPO Management Team Set, Work
Starts on Initial Goals," Nuclear Industry, 27 (1): 12,
January 1980.

7. "Component Failures at Pressurized Water Reac-
tors, Final Report," Combustion Engineering, Inc.,
REISINGER, M. F., Program Manager, Sandia Con-
tract No. 13-6442, to be published.

8. Combustion Engineering, Inc.; "A TWS Early
Verification, Response to NRC Letter of February
15, 1979, for Combustion Engineering NSSS's,"
CENPD-263; November, 1979; Section 2.2.

9. FORTNEV, R. A.; SNEDKKER, J. T.; HOWARD, J. E.;

LARSON, W. W.; "Safety Function and Protection
Sequence Analysis," presented at The American
Nuclear Society Winter Meeting; November, 1973.

10. U.S. Nuclear Regulatory Commission, "Standard
!'•rmat and Content of Safety Analysis Reports
tor Nuclear Power Plants," Regulatory Guide 1.70,
Rev. 02.

11. "Analysis for San Onofre Nuclear Generating Sta-
tions2 & J."S-SEA-05GA, November, /977, Com-
bustion Engineering, Inc.

12. St. Lucie-U nit 2 Final Safety Analysis Report, Chap-
ter 15, to be published.

13. CESSAR-F, Combustion Engineering System 80
Standard PWR Nuclear Steam Supply System
Safety Analysis Report; Chapter 15, STN50-470F,
December 1979.

14. American Nuclear Society, "Functional Require-
ments for Accident Monitoring in a Nuclear Power
Generating Station," ANS-4.5. Draft 4; November
1979.

15. U.S. Nuclear Regulatory Commission, "Instrumen-
tation for Light- Water-Cooled Nuclear Power Plants
to Access Plant and Environs Conditions During
and Following an Accident," Draft Regulatory
Guide 1.97, Rev. 02. December 1979.

16. HUBBARD. III., F.R.; JAQUITH, R. E.; O'NEILL, R. P.;

Preparation of Comprehensive Emergency Proce-
dure Guidelines," to be presented at the 1980 ANS
Topical Meeting on Thermal Reactor Safety; April
1980.



- 304 -

APPENDIX 1

OPERATOR GUIDELINES FOR
INCIDENT PREVENTION

GUIDELINES FOR THE FOUR INDIVIDUAL PREVENTION CATEGORIES

CATEGORY GUIDELINES

Equipment I. Know It
Operate within your established

guidelines
Be aware of all plant limitations
Be aware of changes in background

noise
2. Take Care of It

Minimize Cycling
Correct all potential safety and fire

hazards

3. Check It
Check motors and controllers for

excessive heat during tours
Be aware of all maintenance in

progress and anticipate what
could go wrong

Be aware of safety system availability
4. Believe It

Believe your indications
Don't override interlocks
Don't turn off actuated safety systems

without confirming they are not
needed

Actions 1. Procedures
Follow the procedures
Don't take short cuts
Use only authorized procedures
Observe safety precautions
Follow emergency procedures
Don't actuate interlocks deliberately

2. Operating Bands
Monitor all indicators frequently
Investigate all out of specification

conditions
Make frequent tours of accessible spaces
Review plant chemistry to determine

trends
3. Changes and Adjustments

Anticipate and react to the effects of
transients on plant chemistry

Anticipate effects of all adjustments
follow up

Attitudes 1. Be Alert
Be physically ready
Be aware of the board

Avoid distractions that interfere with
the operatic, of the plant

Use hearing, seeing, and feeling-
have "the picture"

2. Be Suspicious

Expect things to go wrong
Consider the consequences before

taking any actions that could
affect plant operations

If the expected doesn't occur, be
suspicious, stop, and investigate

When in doubt, ask questions
Use common sense, procedures may

not always fit the given situation
Read records back to your last shift

on duty
Evaluate readings by comparing

primary and backup indications
Confirm indications by inference

from diverse indications
Don't count on luck
Back up your buddy, check on him
If you don't know what action to take,

hands off, step back, and reevaluate
the situation

Don't buy a pig in a poke—know
what you are taking over

4. Have Foresight
Know what is going to happen on

your shift
Prepare for the shift plans: people/

hardware/ procedures/ adverse
weather

Carefully plan abnormal or infrequent
evolutions

Know your immediate actions for
fault situations

5. Be Formal
Use concise communications at all

times
Give orders clearly and

unambiguously
Use standard phraseology
Insist on feedback — of order

— of its execution
Formally change the shift

6. Encourage Safe Practices
Acknowledge information reported
Thank people for asking questions
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CATEGORY GUIDELINES

Management 1. Report All Out of Spec Conditions
and Reasons, if Known
Never accept alarms or equipment

problems as normal events
Look for trends when reviewing log

2. Keep Your Supervisors/Manap-rs
Informed

3. Record all Changes to Plant/Equip-
ment Operating Conditions

4. Maintain Proper Plant Chemistry

5. Before Assuming the Shift Ensure
You Know the Status of Your
Equipment Fully

6. Don't Let the Abnormal Become
the Normal

7. Keep Junk Out of the Control Room
(Animal, Vegetable, or Mineral)


