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i . INTRODUCTION

One of the primary objectives of a Train-

ing Simulator is a to impart "hands-on" train-

ing on Emergency Operations and Engineered

Safeguards. Unfortunately, due to computational

limitations, such features are often not ade-

quately represented in Training Simulators. A

study has therefore been made to evaluate the

modelling requirements for

i) LOCA, and

ii) COLDWATER ACCIDENTS

in a PWR Training Simulator system and the

scope for simplification from a users' stand-

point indicated.
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Atomic Energy Aqency, Vienna.
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2. TERMINOLOGY

Following definitions relate to the context in

which various terms in the report find use.

2.1 Accident Classifications/Incidents

Set I: Conditions which occur frequently or

regularly in the course of normal opera-

tion, refuelling or maintenance.
(Examples: Isolated rupture of a fuel rod.

Load changes.
Approach to Criticality.)

I

I

Set II: Faults that are not expected during normal

plant operation but can reasonably be ex-

pected during the life of a particular

plant.

(Examples: Coolant Pump Trips.
Loss of Feed Water.
Inadvertent Rod Withdrawl.)

Plant design must ensure that no such

faults can cause others that are more

serious or cause fuel damage in excess of

that which may be normal in a reactor

shutdown.

Set III: These comprise of departures from nominal

conditions that are not expected to occur

in the life-time of any particular plant

but may be expected to occur a few times

in the nuclear power industry over a

30-40 year period.

(Examples: Minor LOCA.
Minor oteam Break.)

Set IV: These are made up of those faults that

are so improbable that they are not ex-

pected to occur in the industry but whose

consequences include the potential for

serious public damage or injury.
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(Examples: Major Ruptures in Primary System.
Ejection of the Maximum North
Control Rod etc.)

2.2 Modelling Specification

Static: Eliminated (Fixed Display).

Programmed: Instructor Set or Initial Condi-

tion (IC) induced.

Live: Only change of States without

any time constant between States,

(e.g. Pump on/off
Valve closed/open).

Semidynamic: Simple Simulations (say of Valve

Stroking Time, Tank Level, Pump

Start-Up etc).

Dynamic: Complete Simulations.
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3. THE TRAINING OBJECTIVES OF SIMULATING

EMERGENCIES

3.1 The Training Requirements

In order that such complex situations, as LOCA or

Cold Nater accident, are incorporated in a Full

Scope Real Time System, a great deal of simplifi-

cations and approximations would be necessary.

Such approximations, however, are acceptable to

the user, only if the basic criteria of realism

is not lost. On the other hand, due to limited

range and scope of such routines in a realtime

unit, selection of situations that provide highest

training values, must be given due weightaqe.

during software development.

It would, therefore, seem desirable to jot down

certain general guidelines for simplifications

of the model programs involved, as below.

I

(i) The trainee operator would hive prior
plant experience in handling operational
transients and the Set II events. Only
those, which belong to Set III and Set IV,
including the "Design Base Accient" (DBA),
need therefore be scrutinised for our
present purpose.

(ii) The candidate situations (accidents) would
involve both, the Engineered Safeguards
Actuation as well as an orderly shutdown
or even return-to-power with necessary
isolation of faults. This would be pos-
sible by controlling the severity of the
initiating parameters of the accident.

(iii) The need for the controllability cf the
initiating parameters stems out of the
fact that the sequence of events is greatly
influenced by such factors as, for example,
location of a break, size of the break and
the operating condition prior to the break,
etc. Symptoms of the major accidents must
be known to the operator in order that the
operator correctly identifies the accident
and takes appropriate actions. It is there-
fore necessary that the training sessions
exercise the operators' perception of the
physical variables behind, the Control Room
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(iv)

indications to the maximum extent. However,
the choice of the initiating parameters
need be restricted only to a set of 3 to
5 values of the initiating parameters
(e.g. break size). The location of the
fault is to be decided on the basis of
all training requirements and is discussed
here.

An appreciation and "active" exposure to
the Engineered Safeguards and the Shut-
down Capabilities are musts for the Plant
Management personnel as well. It is there-
fore essential to have DBA's simulated
on the Training Simulator among other
accidents of lower order.

What transpires from above is that we need concen-

trate only on following events in the present dis-

cussion.

a) LOCA
(Large)

b) LOCA
(Medium)

c) LOCA
(Small)

d) SMALL BREAK
ACCIDENT

Loss of coolant beyond the capa-
bility of charging and make-up
system, i.e. > 10 kg/s typically.

Loss of coolant beyond the capa-
bility of charging and make-up
system, i.e. > 10 kg/s typically.

Loss of coolant less than the
make-up abilities but in excess
of the Tech Specs limitations on
RCS leakage.)

Steam Header Failure.

It would be our intention here to work out the

detailed composition of these accidents in respect

of their

i) initiation, and

ii) training potential

and to examine them for possible model simplifi-

cations. However, before we do so, an insight into

some more specific aspects of the training concerned

would be helpful. With the onset of such an accident

as mentioned above, it should be usually possible



STUDSVIK ENERGITEKNIK AB RR-78/26

1978-07-24

for an operator to quickly diagnose the type of

failure and the affected loop from the key para-

meters such as RCS pressure and the functionally

related parameters such as Pressuriser Level,

Feed flow. Charging flow, etc. It is, however,

not always so straightforward a deduction, as the

symptoms following the accident would be a func-

tion of a host of the initial and the initiating

parameters. The following section will outline

the pertinent considerations. It should also be

possible by the operator to distinguish a genuine

ESF actuation (Engineered Safeguards Features)

from one due to inadvertent factors such as acci-

dental short circuits or Pressuriser Control Prob-

lems. In any case, the emergency procedures laid

down for safety injection and ESF actuation must

be followed by the operator. Thus the trainee

operator must have adequate training background

in the following:

Ensuring Emergency Cooling from the in-
jection through the recirculation phases.

Preventing uncontrolled return to reactor
criticality.

Preventing or Minimising release of ac-
tivity and off-site doses.

Isolation of Leaks etc and return-to-power
preparations.

Another desirable, though possibly not essential,

feature is the "At-power" test functions of the

Safeguards System. Such tests are potential risks

for inadvertent trips from a high power state and

as such deserve attention while planning training

sessions. However, they also add to the already

high no of real-time digital inputs in a full

scope unit, and, as such they may have to be

allotted lower priorities.
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3.2 The Initial * The Initiating Conditions

3.2.1 LOCA

Loss of coolant accidents can occur in a big

variety of modes e.g. in locations and intensi-

ties. Several questions need to be answered to

describe the LOCA that would best provide training

potentials. We indicate them briefly as below.

3.2.1.1_ The Failure Modes

i) Is the failure progressive cr guillotine?

ii) Is the failure or break more than 1 kg/s
or 10 kg/s or in between? (Typical figures.)

iii) Is the leak isolable?

iv) Is the failure within the containment or
outside the containment?

v) Is the failure in one Hot leg or one Cold
leg or at the pump suction in one Cold
leg? Or is it in the Steam Generator, or
charging line or Letdown line or SIS line
etc etc.

vi) If the failure is in a Steam Generator,
is it a tube failure or a smaller leak?

3• 2,• 1.• 2 The Failure Specs

We try to provide answers to above questions

strictly to suit the end use of the simulation

i.e. the training.

It would be necessary to specify location of the

failure first. The break at the Pump Suction in

the cold leg releases superheated fluid into the

containment, as all liquid that leaves the top of

the reactor core must pass the Steam Generator

where the heat flow would have reversed direction

(from the secondary to the primary). This would

therefore most adversely affect the containment

Pressure, Temperature and the Dew Point. A guil-

lotine break at this location releasing say 2C kg/s
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upwards fro* the puaped injection as well as the

emergency injection (DEPSG) gives us now one of

the recoHKnded events for simulation. This is

also the DBA and the whole range of emergency

operations and actuations would be available here

for training. However, the onset of this event is

rather drastic - leaving no room for operator

diagnosis or an attempt to recovery. The event

therefore has incomplete training potentials and

must be supplemented by others which allow slow

build-up of activities (slower fall of Pzr Pressure

and rise of the charging flow etc) and more breathing

time prior to Safety Injections etc. This implies

a smaller break (at the same place) releasing say

4-6 kg/s after about 300 seconds of the initiation

of the accident condition. This should allow the

operator to locate the fault and prepare for an

orderly shutdown. As could be imagined this event

would give rise to frantic operator efforts through

unit unloading to restore steady state without

success and is a useful training exercise. Yet,

both the exercises lack an important feature in

the symptoms i.e. the diagnosis is rather straight-

forward because the most directly affected variable

"Pressuriser Pressure" is the first to go down. It

should thus be advisable to add other events to

the Malfunction Library which satisfy following

conditions

Faults hard to identify, especially, the
origin.

Require Operator Action for Safe Shutdown.

Require Operator Action for Control of
release of activity.

The effect of failure could remain hidden
for a long time.

Leak could be isolable.



STUOSVIK ENERGITEKNIK AB RR-78/26

1978-07-24

The Steaa Generator tube failures would possibly

satisfy aost of the above. The release of RCS

coolant into the stean generator shell leads to

S/G level rising and the feedflow decreases. (The

feedflow would however oscillate, due to its being

tied up to the steamflow set by the Turbine Con-

trols.) The Pressuriser Pressure will then fall

and thus we can see how confusing the situation

could be.

We thus add two more events

i) S/G cube rupture, and

ii) S/G tube leaks.

The confusion will be compounded if the rupture

or the leak is progressive, taking as much as 5

to 10 minutes from the moment of initiation. A

guillotine break or a massive break in the Steam

Generator tube will immediately activate radiation

alarms in the air ejector exhaust, leaving no

exercise for the operator in diagnosis. This event

is thus not recommended, especially when the op-

erating experience reveals that the steam gener-

ators give rather low tube leak rates. Moreover,

this may also pave way for isolation of the leak

and return-to-power with 2 loops (in a 3-loop plant)

A small LOCA is usually expected outside the con-

tainment. One such example is a leak in the CVCS

charging or letdown line. This would, in due time,

give rise to the Radiation Monitor Alarms in the

auxiliary building with VCT level falling or in-

creased make-up to the VCT. However, the interest-

ing feature of this event is, with a small enough

leak, the Pressuriser Level could visibly remain

constant, making direct deduction somewhat diffi-

cult.
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In all above malfunctions, the operator

diagnosis is based on the observed fall in Pres-

suriser Pressure å Level, which could also be due

to charging flow control malfunctions. The trainee

operator thus should turn to the other key para-

meters such as Containment Pressure t Radiation

and also RCS T . Only then should it be possible

to identify the problem and this fact makes it

necessary to examine the symptoms of steam break

accident.

3.3 The Cold Hater Accident

Two types of cold water accidents are considered

i)

ii)

steamline break, and

steam dump failure or steamleak equiva-
lent to one dump valve stuck open.

^..^l §team_Line_Break

The symptoms are: Low Steam Pressure, High Steam

Flow, High Feedflow, High S/G Level, Low RCS T „„

and Low RCS Pressure. In addition, this causes

excessive cooling of the core, thus introducing

positive reactivity and possible power excursions.

High Control Rod Speed will probably (in the later

stage) terminate the power increases if the Over-

power AT does not trip the reactor early. Thus a

progressive failure of the steam line does not

offer any prospects of core cooling problems and

is better substituted by a guillotine. The Emer-

gency Core Cooling will then be in operation from

the Centrifugal Charging Pumps, being activated

by the Steam Generator Parameters.

A major feature in the malfunction specs here is

whether the "break is inside or outside the con-

tainment". If the break is inside, the lower pres-

sure of the affected Steam Generator will bring in

ECC, if outside high steamline flow with low

or low steam pressure would be symptomatic.
avg
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3.3.2 Minor Break in Steam Line

Tnis in effect means an extra load on the reactor

and is equivalent to a stuck open or leaky dump

valve. While no safeguards actuation would prob-

ably be expected, unit trip could occur on high

power range channel or overpower AT, if the oper-

ator action was not prompt enough to detect and

isolate the leak and reestablish steady state con-

ditions. In view of large no of operating ma-

neouvres involved, this exercise is recommended,

especially when modern PWR plants are built with

capabilities to sustain certain amounts of step

or ramp load changes.

3.4 The Summary

Following table summarises the specification of

the accidents to be simulated.

Table 1 Salient Specs of the Proposed Accidents

Nature of the
fault

Location of the
fault

Size of Progressive
fault or guillotine Remarks

l(a)LOCA (large)

(medium)

(small)

Pump * suction

^Cold leg

Inside contain-
ment

l(b)LOCA (medium) S/G Tube Rupture

(small) S/G Tube Leak
(Inside Contain-
ment)

Kc)LOCA (small) Charging Line
(Outside contain
ment)

>20 kg/s Guillotine

> 6 kg/s Guillotine

> 1 kg/s Progressive

> 6 kg/s Progressive

> 1 kg/s Progressive

Not isolable

Not isolable

Not isolable

Isolable

Isolable

> 1 kg/s Progressive Isolable

2(a)COLDWATER
ACCIDENT

2(b)

2(c)

Progressive IsolableSteam Line Break > 500
(Inside contain- kg/s
ment)

Steam Line Break > 500
(Outside contain- kg/s
ment)

Steam Line Leaks >50 kg/s Progressive Isolable

Progressive Isolable
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4. APPROACH TO MODELLING

4.1 General

The approach to or the basis of LOCA models could

be examined considering several factors as

a)

b)

c)

d)

e)

f)

9)

Dynamic Response of the process and the
events that are not noticeable in the
time frame of the human operator.

Operation of the SIS Equipment and other
Safeguards system on auto logic.

Primary and Secondary responsibilities
of the operator and the emergency proce-
dures.

Accuracy requirements and the speed of
response of the routines for displayed
variables.

Multiple failures or complex combinations
of the accidents.

Need for simulating failure of the "Safe-
guards" equipment.

Need for simulating the Test Functions.

We could then have a basis to recommend the needed

degrees of simulation including those which could

be eliminated, lumped or assumed "static". We fig-

ure (a) through (d) above as the primary criteria

and the remaining are part of non-critical or

secondary functions.

4.2 Process Behaviour and the Operator Actions

4^2 .,1 Ihe_Initiatign_gr_SvnjEtoms_-(LOCA)>

The symptoms presented for operator action or the

ESF actuation are derived from Pressuriser Pressure

* Level, RCS T a , Steam Pressure, Steam Plow and

Steam loop AP. Since the break is assumed to exist

in not more than one place, it would be necessary

and sufficient to have one loop modelled separately

as faulty and the unbroken loops as lumped. This
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would apply in general to both RCS and the secon-

dary systems. For the steam break outside contain

ment, the two headers would have to be separately

modelled.

The other important variables affected at the on-

set of the events are: VCT level. Containment

Pressure, Temperature, Humidity and Containment

Radiation. For the Steam Generator rupture, air-

ejector activity would be involved.

4^2^ The_ESF_Actuation

i'2*l*i The Injection Phase

In case of most guillotine failures and also for

severe progressive breaks, the actuation of the

Reactor Trip and Emergency Core Cooling would be

prompt and without any scope for operator dis-

cernibility. There is no equipment operated by

the operator which is fast enough to warrant up-

dating of variables at 0.1 sec and the initial

speed of response therefore need not be as high.

In fact, according to the chronology for the DBA.

# ECC's are activated after about 20 sees of the

rupture in the RCS cold leg (DESPG) and the sprays

are initiated after about 50 sec.

The events that follow the onset of the S-signal

are practically simultaneous and could be listed

in general as:

i) Injection of Borated water from the Accu-
mulator, through the check valves. (In
large LOCA.)

ii) Cold Leg Injection Isolation Valves open.

iii) Pump Suction Valves from the Refuelling
Water Storage Tank & Boron Injection Tank
Suction and Discharge Valves open.

iv) Centrifugal Charging Pumps and Residual
Heat Removal Pumps start; BIT Recircula-
tion pumps stop etc, etc.
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Thus at least for the injection and the recircula-

tion phases, these equipment need be simulated

only "Live", without involving any time constants

between the states in major part of their opera-

tion. One of the three Accumulators will have to

be separated as it will spill to the containment;

the other two could be lumped. The drop in Accu-

mulator level could be fixed functions and need

not be dynamically computed. By a similar token,

since the centrifugal charging pumps deliver pre-

set flows into all three headers regardless of

the break size, the concerned indications could

be displayed from fixed functions. The NPSH of

the pump would, of course, be a function of the

RWST level. The only variables, which need rela-

tively more accurate simulation are Steam Pressure,

Pressuriser Pressure and Pressuriser Level. For all

other variables the accuracy is not at all impor-

tant, as the operator is more interested in the

relations between the functionally related varia-

bles rather than their absolute values. Following

examples will substantiate this contention.

I
VARIABLE PURPOSE

i)

ii)

iii)

RCS Tem-
perature
(Cold or
Hot Leg).

Pressur-
iser Level.

Pressur-
iser Pres-
sure.

REMARKS

To ensure proper RTD Indications
cooldown rate and loose validity
to maintain prop- as the Pump-; loose
er Temp-Press the designed suc-
relationships tion & flow,
for Nil Ductility
considerations on
the Reactor Vessel.

To maintain the
reactor coolant
inventory and to
ensure return of
Pzr Water in a
Steam Break Acci-
dent.

To ensure NDDT
considerations
as in (i) above
and ESF actuation.

Accuracy could
be ± 10 % of AP.

Accuracy + 10 %
is about enough,
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VARIABLE

iv) Contain-
ment Pres-
sure.

v)

vi)

Steam Line
Pressure.

PURPOSE

To monitor con-
tainment condi-
tion and ESF
actuation.

To recover from
S/G tube rup-
tures.

REMARKS

Accuracy + 10 %
is about enough.

Accuracy + 10 %
is about enough.

Steam Gene- To detect S/G Not critical as
rator Water tube rupture and the operator only
Level. to monitor level ensures that the

following a steam level is in between
break accident. the narrow range

taps.

vii) Refuelling To ensure SI flow Not critical as
Water Stor- after a LOCA and the "Purpose"
age Tank to determine when shows.
Level to switch to the

recirculation
phase.

viii) Contain-
ment Ra-
diation.

Contain-
ment Pres-
sure.

Contain-
ment Sump
Level.

To monitor Post-
LOCA Containment
conditions.

Moderate accuracy.

While the absolute values and the time between the

individual events need not be very accurate the

sequence of events, even in short time spans must

be truly presentable. This is so as the training

sessions would involve extensive use of "FREEZE"

facilities and the In-Plant Computer Event Sequence

Printouts. The requirements for "logics" are there-

fore more demanding and exacting than for analog

displays.

We may now examine the status of other Safeguard

equipment during injection phase.

a) Residual Heat Removal System - During the
injection mode RHR pumps take suction from
the RWST and run at the miniflow condi-
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b)

c)

d)

e)

f)

tion. Thus until RCS pressure reduces
below that of their shutoff heads, the
RHR system does not require any dynamic
simulation. However, should a medium
LOCA couse a rapid pressure drop to the
safety injection point, injection takes
place through the RHR system.

Containment Sprays - The four pumps, the
NaOH Tank and the Equipment and the sprays
are required only during a big LOCA and
could be represented by a fixed curve to
cover the period until the NaOH flow is
zero.

Radiation Monitoring - These are required
during all simulations discussed and in-
clude Containment (Phase A & Phase B)
Isolations.

Component Cooling - The Saltwater Pumps,
Saltware Lubricating Water Pumps and the
Component Col ing water Pump are started
by SI signal and need only simple simu-
lations.

Diesel Generators - All four Diesel Gene-
rators are auto started by SI.

Auxiliary Feed Water System - This system
will be in operation as in case of reactor
trip except that the Motor Operated Pumps
will start 01. SI signal. No particular fea-
tures add, merely because it happens to be
a part of the Safeguards Systems too.

The Recirculation Phase

The recirculation phase is required only for LOCA

and the changeover from "injection" phase to "re-

circulation phase" is purely manual, starting from

the moment the level in RWST falls to the Low-

Alarm point. This phase must be fully simulated

including the "Hot Leg Recirculation Phase".

4.3 Other Considerations

4^3 .̂1 Failure_of_Safeguards_Sy.sten}§

The entire range of the safeguards system is de-

signed to stand a single active failure with or

without on-site/off-site power. The built-in re-



STUDSVIK ENERGITEKNIK AB RR-78/26

1978-07-24

17

dundancy in every subsystem makes it unnecessary

to incorporate such component failures in the mal-

function specs.

However, there could be situations when failure of

the Safeguards logic could bring in unwanted Safety

Injection. This could occur, for example, due to

ground faults in one of the Safety Trains. If it

happened, the chain of events commencing from Reac-

tor Trip and Safety Injection will follow. However,

what is more important for the operator is to

i) Confirm this was a spurious Safety Injection,

ii) Terminate Safety Injection,

iii) Do Post-SI inspections,

iv) Flush BIT injection lines.

Since these are part of the Plant Emergency Pro-

cedures the spurious Safety Injection must be

adequately simulated.

4.3.2 Periodic Tests

While partial or component tests are performed

at power, the risks of an outage may exist. More-

over, the administrative follow-up action on de-

tection of a faulty ESF component need also be

learnt by the operator.

Usually an integrated system is performed when the

plant is cooled down with RHR in service. The test

demonstrates operation of the valves. Pump Circuit

Breakers and the auto logics including Diesel

Starts and loading of ECC components.

It is desirable that above test functions be simu-

lated on the Full Scope Simulator. It is worth not-

ing that the integrated test is carried out during

long shut-down, when most of the model programs

would not be running.
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5. SUMMARY

An attempt was made to establish here the need

to incorporate "Accident Situations" in Training

Simulators, and, to indicate that the modelling

of such otherwise complex situations could admit

of a great deal of need based simplifications. In

most cases, a "semidynamic" model to display time

dependent flows or Tank levels would do while ESF

actuated start/stop or open/close of equipment

could be modelled merely "Live". Transport delays

and Time Constants in most cases are of no signifi-

cance as are the accuracy considerations of most

variables.

The systems which need complete Dynamic Simulation

are the ones which are always running, such as

Pressnriser, RCS, Reactor, and the Steam Generator

with the added advantages of the modest accuracy

requirements and the plant being in shutdown, in

most of such situations as reviewed herein.

t


