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ABSTRACT

This paper presents the functional requirements, the different systems which could be used in
order to fulfil these requirements, and operating instructions to cope with failure of redundant systems. For
each system, some recovery actions in case of single or multiple failures have been examined. Examples of
PWR and BWR solutions are presented.
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The Safety Analysis Report presents as safety system any system used to accomplish the following

safety functions:

- to maintain the reactor coolant system integrity,

- to maintain the reactor in safe shut-down conditions and remove the residual heat,

- to limit the release of radioactive materials out of the site.

The objectives are the core melt prevention and minimisation of radioactive releases. The so

defined safety functions cannot be easily expressed in functional requirements. It would be better for safety

analysis purpose to draw-up a list of safety functions closer to the systems of the plant.

The main functions are the following ones:

- the control of the core reactivity,

- the control of the water inventory of the reactor coolant system,

- the cooling of the reactor core,

- the cooling of the reactor coolant,

- the control of the pressure of the reactor coolant system,

- containment isolation system and connected to the containment systems in accidental

conditions,

- the control of the temperature and the pressure in the containment,

- auxiliary systems.

Using three loops French PWR as an example, this paper presents the functional requirements, the

different systems which could be used in order to fulfil these requirements, and operating instructions to cope

with failure of redundant systems. For each system, some recovery actions in case of single or multiple

failures should be examined. The second part of the paper will illustrate the different safety systems and

emergency operating procedures for BWR. Some examples will be given of concerns which could override

these functional requirements.

I PWR SAFETY FUNCTIONS AND SYSTEMS

1-1 The control of the core reactivity.

Reactivity control is provided by :

- control rods which govern the primary system temperature when reactor is under power,

- shut-down rods which, in case of a scram, fall into the core under their own weight (Scram in

2 s),
- the injection of borated water using the Chemical and Volumetric Control System (CVCS) or

the Safety Injection (SI) system. The CVCS can inject water at 7000 ppm boric acid

concentration within a few minutes. The safety injection is used in accident conditions to

inject boric acid with a concentration of 21000 ppm concentration.
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Other effects could change the core reactivity : Xenon poisoning (30 hours), fuel temperature,

moderator temperature...

In the beginning of cycle, the total reactivity of a typical core (11000 MWd/mtU) is 12000 pern, which

are compensated, when the core is at full power, by xenon poisoning (2500 pem), power defect (1200 pem)

and boron (8300 pern).

In hot shut-down condition, after a few days xenon has disappeared and boron and control rods

should compensated totally the 12000 pern. Since the control rods total worth is around 8000 pem, we need,

at least. 4000 pem of boron. In cold shut-down conditions, boron should compensated 8000 pern.

So any dilution (slow or fast) of primary fluid should be avoided and we should keep some control

rods out of the core in order to fulfil the lesson learned after the NRX accident in 1952: "A fast shut-down

capacity should always be available ". In 1986 the Chernobyl accident reminded us the importance of this

principle.

During refuelling, all the control rods are normally in the core, a minimum boron concentration

(typically 2000 ppm) is required in technical specificattons. With these condittons the probability of a reactivity

accident is very tow, but we should not forget that even with the control rods in the core, a boron free

condition would lead to a critical condition. An another surprising result is that the maximum of reactivity is

not obtained for the core full loaded condition. A square of nine new fuel assemblies in water borated to 2000

ppm, without rods, could be critical, if the U235 enrichment is greater than 4 %.

During refuelling the safety of operations rely, mostly on permanent monitoring of the neutron flux

"coming from the core" and actions taken to avoid dilution.

1-2 The control of reactor coolant system water Inventory

The RCS water inventory is preserved and its boron concentration controlled during normal

condition of the reactor by the Chemical and Volume Control System (CVCS). The CVCS can be used to

compensate for breaks in the RCS up to an equivalent diameter of 3/8". For breaks greater than 3/8" safety

injection is necessary.

Chemical and Volume Control System

The reactor coolant is continuously discharged from a reactor coolant loop cold leg. Normal

charging flow is handled by one of the three CVCS pumps which could be used as high pressure safety

injection pumps. The charging flow spirts in two paths. The greater part of the flow is directed straightfoward

to RCS: a portion of this flow may be used as an auxiliary spray for the pressuriser if necessary.

The remaining f tow is directed to the reactor coolant pumps for seal water injection. This seal water

injection should be available in any condittons and even in case of a total toss of electrical power in order to

avoid the seal destruction and a primary water leak. In case of station blackout, the test pump powered by

the turbo-alternator LLS should continue injection at the primary pump seals .
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Safety injection system

The purpose of the safety injection is to maintain the water inventory in the core while ensuring its

integrity and to supply sufficient neutronic poison in the core in case of breaks on RCS or on secondary side

pipe. To fulfil this function the system should be able to inject water into the RCS as quickly as possible, and

provided water without interruption for pressure conditions from 160 bar to 1 bar.

The water is stored in the refuelling water storage tank or in accumulators. The safety injection

system should be able to recirculated water from the containment sumps.

The SIS, which is installed outside the containment with the exception of accumulators, consists of

the following sub-systems :

- the high safety injection : 2 lines from the refuelling water storage tank, three CVCS pumps

and one injection line in each RCS cold leg. The pressure head at minimum flow is around

180 bars and the maximum flow around 150 m3/h.

- the accumulators : a 40 bar pressured tank, containing 28

40 bar, is connected at each cold leg.

of 2000 ppm borated water at

- the low safety injection : 2 lines from the refuelling water storage tank, 2 pumps ( 9 bar, 1000

m3/h), one line connected to each RCS cold leg arid one line to each hot leg. This sub-

system is totally independent from the Reactor Heat Removal System (RHRS) on French

plant. On some other design LSI pumps are used as RHR pumps.

Upon safety injection the HPSI and LPSI pumps are lined on RWST. After approximately 20 min

(large LOCA) the RWST is empty and the LPSI pumps are lined on the containment reactor sumps for the

recirculation phase. The LPSI pumps boost the HPSI which do not have suction lines leading directly to the

containment sumps.

For the first 18 hours pumps discharge into RCS cold legs, then into hot legs to avoid crystallisation

of boron in the core when the break is located in a cold leg (on some PWR the water injection is alternatively

switched from cold to hot legs or, on others water is injected simultaneously in cold and hot legs).

This injection should continue for a long period. In French PSA we assume a period of 3 months for

a small RCS break and one year for larger break. During this period a repair should be, a very difficult task :

a repair time of 8 days was considered in PSA calculations, which show that it was necessary to improve the

reliability of this function by increasing the redundancy of the pumping systems after a few days.

The option is available of backing up the low pressure safety injection pumps and the Containment

Spray System (CSS) pumps with equipment which can be installed four days after a primary break

(connection of hoses) and made operational on the fifteenth day. This makes possible to ensure preservation

of the core inventory by a single actuator with cooling of the water in a CSS heat exchanger:

- H4 procedure in which the LPSI pumps are backed by a CSS pump,

- U3 procedure enabling backing up of the LPSI pumps by a mobile pump.
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1-3 Cooling of the core and RCS

The core is cooled by the circulation of water due to primary pumps or the RHRS pumps or natural

circulation.

The RCS is cooled by :

1 - steam production in steam generators, which required:

- the supply of water to the steam generators by:

- the main feedwater flow control system or

- the Auxiliary Feedwater System (AFWS).

- the released of steam by:

- the main steam system,

- the steam dump to turbine condenser,

- the steam dump to atmosphere.

2 - Heat exchanges from the RCS to the heat sink, when the RCS pressure is less than 30 bar. The

power is transferred to the heat sink (river, lake, sea...) via :

- the Residual Heat Removal System (RHRS),

- the Component Cooling System (CCS),

- the Essential Service Water System (ESWS).

3 - Feed and bleed.

- opening the pressuriser safety valves and

- charging water with the safety injection pumps.

Auxiliary Feedwater system (AFW)

The AFW system is one of the main engineered safety feature systems. Its role is to provide

sufficient feedwater to enable the removal of residual heat in the event of total toss of the main steam

generator feedwater supply systems.

Events which can lead to demand of the AFW system include :

failure of the main steam generator feedwater system, including toss of off-site electrical

power supplies,

loss of primary or secondary coolant,

the safety injection signal,

transient with failure of the reactor to scram, in which case a special signal activates the

AFW system and a turbine trip command is emitted.
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The AFW system includes a specific part to each unit including :

a storage tank containing demineralized water. The volume of water contained in this tank

is sufficient to meet the requirements for switching to the RHRS,

two half-capacity (80 m3/h) motor-driven pump units, powered from emergency supply

electrical buses, discharging into a common manifold supplying three lines leading to each

steam generator,

a full-capacity turbine-driven pump supplying each steam generator feedwater line via

pipes, separate from those of the motor-driven pumps, capable of supplying the steam

generators in blackout situations.

Three tapping of the main steam lines upstream of the steam isolation valves are used to

supply the turbine driven pump and the turbo-alternator (System LLS) designed to take

over the primary water inventory and reactor control functions under blackout conditions.

a feedwater supply line for each steam generator connected to the main feedwater supply

line.

a control valve followed by a diaphragm in each steam generator feedwater supply line

from the motor or turbine-driven pumps.

The common part to all the units on the site can be used to re-supply the tank of any unit using the

reserves of demineralized water or the reserves of water contained in the condensers by using the extraction

pumps.

Atmospheric steam dump :,.&,

m
The atmospheric section of the steam dump system consists of three steam relief lines connected '

upstream of the set of main steam isolation valves at the outlet of each steam generator. :

Each line includes one motor-operated isolation valve which is normally open and one control valve !

operated by a governor. These valves close in the event of loss of the motor utilities (control voltage and ]

compressed air).

f
The control voltage of the three regulating valves is taken over by the System LLS turbo-alternator

in the event of a blackout. The compressed air system of these valves includes emergency tanks. These

arrangements make it possible to remove residual heat in the event of a blackout. f*-.-

The valves can discharge steam or water between 71 and 8 bar.

i
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f *> 1 Residual Heat Removal System (RHRS)

The RHRS, which is located inside the containment, provides the following functions :

cooling of the primary system from 177'C, 30 bar to the cold shut-down state (60*C, 1 bar)

as required for opening the primary system, at a rate of 28'C per hour,

maintaining the primary temperature during maintenance operations (inspection of steam

generator tubes) or refuelling.

It operates in normal shut-down situations or after an accident involving a small break in the primary

system.

The RHRS comprises : ;..•

two suction lines connected to the hot leg of primary loop No.2, each with two series- : -t.

connected motor-operated valves, locked closed when the primary pressure is greater than '

32 bar absolute,

two parallel-connected pumps powered from the emergency supplied buses, ;

two safety valve tandems connected in parallel and calibrated at 39 and 42 bar absolute to :

protect the RHRS and RCS against overpressure under cold conditions,

two heat exchangers connected in parallel cooled by the component cooling system, :

a set of adjustment valves making it possible to vary the cooling rate and maintain a 'ji
constant flowrate through the pumps. ''<? ;

two discharge lines connected to the cold legs n* 1 and 3 ^

Component cooling water system (CCS) | *

The principal functions of the CCW system are :

cooling the various nuclear auxiliaries required for normal operation of the unit, in particular v , '

the heat barrier, the motor and the bearing of the primary pumps, and the CVCS heat

exchangers,

cooling a certain number of important systems : f

- the containment spray system,

- the residual heat removal system, ^

- the CVCS pump compartment ventilation system. i

The system consists of two trains, each cooled by a separate train of essential service water (the

ESW system). Each train includes a tank, two pumps connected to the same emergency supplied bus and

two heat exchangers. Under normal circumstances, only one pump is in operation.
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Essential Service Water System (ESWS)

The ESW system is an engineered safety feature system. It cools the CCW system heat

exchanges. The system of each unit includes two independent trains, each supplied by two half heat

exchangers via two pumps (2 x 100%) powered from the same emergency supplied bus. The water is taken

from the river and filtered through trash rakes and screening drums.

1-4 Pressure control - Pressuriser safety valves

The RCS pressure is controlled by the pressuriser by means of heater and spray systems (main

system powered by RCS pumps and auxiliary system feeded by CVCS pumps) and the pressuriser safety

valves.

Following the TMI accident, an analysis and research program was developed in France in the area

of pressuriser safety and relief valves. Whilst additional tests and improvements were performed on current

safety and relief valves, a new approach with regard to the overpressure protection of the pressuriser was

proposed. A solution with three discharge lines provided with two pilot operated valves in series was chosen.

One of the valve, closed during normal operation of the plant insures the overpressure protection role, the

other, located downstream is open during normal operation and insures an isolation role.

The residual heat could be removed by voluntary opening of the piloted valves and feeding the RCS

with SI water. The Safety Injection Pumps should be able to inject enough water to compensate for steam

production and to satisfy their minimum flow requirements whatever the RCS pressure.

1-5 Reactor containment and connected system

The reactor building encloses the nuclear steam supply components. It constitutes the third barrier

for the protection of the public against the consequences of an accident. During normal operation, this

building has to protect the RCS against external events such as aircraft crash.

For the french 900 MWe units the reactor building is a cylindrical building of 60 m high, 37 m in

diameter made of a prestressed concrete of 0,9 m. The leak tightness is ensured by a 6 mm steel liner fixed

to the concrete. The connections with the outside are performed by equipment hatch, personnel air lock

and 160 electrical and mechanical penetrations.

Before commissioning, a test is performed at 1.15 times the design pressure (5.6 bar) and then

tests are performed at the design pressure (5 bar) every 10 years. For these tests, the leak rate must be less

than 0.3 % per day of the total mass of gas inside the containment. Every year, during outage period, some

of the electrical and mechatir ' penetrations are tested.

During normal operation of the plant a continuous monitoring of the containment pressure increase

versus the amount of compressed air injected in the containment, is required by technical specifications in

order to detect any significant teak (Sexten system).

I
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As previously stated, systems located outside the containment (CCS, SI...) may have to recirculate

highly radioactive fluids. Therefore , it is necessary tu periodically test the tightness of these systems.

In accidental conditions it would be important to detect and correct as soon as possible ?ny leak

from the containment. The U2 procedure addresses the search for and repair of abnormal containment

leaktightness defects. This procedure defines:

the conditions of containment surveillance (radioactivity at the stack, in the sumps, inside

and outside the containment, state of containment isolation systems),

the actions to be taken to mitigate the radioactive releases.

In order to avoid contamination spreading from high potential radioactive leakages, the following

principles are implemented :

detection and collection of high radioactive leakages in the areas where they could be

released,

transfer through vent and drain system lines to the storage capacity,

reinjection of high radioactive liquids in the reactor building.

The operator actuates the transfer, from the plant control room, of the highly radioactive leakages

into the reactor building upon receipt of a radiation signal alarm.

Failures of any one of the three check valves series that are used to isolate the RCS from LPSI

system would lead to an interfacing-system LOCA. The failures modes are rupture of valve internals on

several valves or failures to close and rupture of the last check valve. The resultant flow into the LPSI system

is assumed to result in failure of the low-pressure piping or components outside the containment.

Other combinations of failures accounted for containment by-pass accidents are

- a steam generator tube rupture accident and release through relief valve,

- a rupture on RHRS outside the containment and isolation valve failure to close.

The control of the pressure is a major parameter for the leaktightness of the containment. There are

two challenges that influence the capability to control the pressure in the containment: slow pressurization or

fast pressurization.

Slow pressurisation

Two mechanisms could act together to overpressurise the containment:

- Insufficient energy removal which would occur when heat removal systems failed to

operate or could not operated at their required capacity.

a
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1 - Non condensable gas build-up from gases as hydrogen, carbon monoxide and carbon

î i ' ',' dioxide.

I

«

Three strategies could be used to remove the energy: f * \

- Containment spray system,

- Restoration of the normal fan cooler systems functions,

- Containment venting strategy. >r ,.,
i.- '

• /

Containment spray system (CSS)

The containment spray system is an engineered safety feature system which, in the event of an

accident involving break, intentional opening of the RCS or break of a steam line inside the containment, ' •

distributes and uniformly pulverizes inside the containment borated water containing chemical additives \

designed to maintain the temperature and pressure conditions while avoiding damaging the equipment used

in the containment, and to fix any iodine released. This system is activated manually or automatically if the

"very high pressure signal" is reached. ;

It consists of two identical spray trains, each with a pump (9 bar, 1000 m3/h) powered from an ;

emergency supplied bus, circulating water through a heat exchanger cooled by the component cooling

system, then pulverizing it through two sets of spray nozzles lines. The pumps first draw borated water from

the refuelling water storage tank and when the RWST is empty, the CSS pumps suction lines are connected ; ••

to the containment sumps. '. cz

The role of the CSS is primordial in maintaining the water in the sumps at a value compatible with - ^

operation, without damage, of the safety injection pumps (temperature below 130'C). ' ^

Containment venting ,

The U5 procedure uses a sand filter design to :

reduce the internal pressure in the containment to its design value, :

decrease significantly the releases of some radioactive products into the environment, j

direct the filtered gases to the stack, where their radioactivity is measured before release

into the environment.

The device includes mainly a tight container, holding 8 4Om2 sand bed, 80 cm deep, connected , ]

upstream to the containment atmosphere through manual isolation valves, and downstream to the stack. An ^

efficiency factor of 10 for aerosols is obtained.
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Rapid pressurizatlon

i •-
Three mechanics could cause rapid containment pressurization: , ;

High pressure melt ejection which could disperse molten core material and cause direct • ** '* K

containment heating. J
Build-up and deflagration or detonation of hydrogen. • '• i

Steam explosion that may occur in the containment. ' n

The probabilistic safety assessments carried out in several countries (USA, FRG, France) had

confirmed that an important part of the core melt sequences may lead to core melt under high pressure

conditions in the RCS (small LOCA, ATWS, station black out...), if appropriate measures are not taken. High

pressure core melt and reactor pressure vessel failure have the potential to lead to containment failure due '' .

to direct containment heating (DCH). The potential to increase rapidly the containment pressure, is lower if ' \

the RCS pressure is low. Use of the steam generators and/or the pressuriser piloted valves would be the two

potential means to reduce RCS pressure.

i

Hydrogen and carbon monoxide are the two combustible gases potentially produced in large

quantities in severe accidents. The principal source of hydrogen is the reduction of steam by chemical ;

reaction of metals, particularly zirconium. Carbon monoxide and hydrogen would be produced in the later

stages of an accident involving the attack of concrete by molten core debris. Rapid gas combustion should

be considered (Increase of containment pressure by deflagration and likelihood of partial or global ,,]

detonation). * L J

When molten core material contacts water, the potential exists for rapid transfer of heat, production ; ~s

of steam, and transfer of thermal energy to mechanical work. At pressures near atmospheric, it is generally , .f

concluded that steam explosions would be likely if molten core materials drops into a pool of water. In | : f

addition to potentially producing missiles and shock waves, steam explosions can also rapidly generate large '"

quantities of steam and hydrogen. •
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Il BWR SAFETY FUNCTIONS AND SYSTEMS

11-1. Reactor Reactivity Control

Control Rods

The control rods perform dual functions of power distribution shaping and reactivity control. Power

distribution in the core is controlled during operation of the reactor by manipulation of selected patterns of

rods. The rods, which enter from the bottom of the reactor are positioned in such a manner to

counterbalance steam voids in the top of the core and effect significant power flattening. These groups of

control elements, used for power flattening, experience a somewhat higher duty cycle and neutron exposure

than the other rods.

The reactivity control function requires that all rods be available for either reactor "scram" or

reactivity regulation. Because of this, the control elements are mechanically designed to withstand the

dynamic forces resulting from a scram. They are connected to bottom-mounted, hydraulically actuated drive

mechanisms which allow either axial positioning for reactivity regulation or rapid scram insertion. The design

of the rod-to-drive connection permits each blade to be attached or detached from its drive during refuelling

without disturbing the remainder of the control functions. The bottom-mounted drives permit the entire

control function to be left intact and operable for tests with the reactor vessel open.

Standby Liquid Control System

The standby liquid control system is a redundant control system capable of shutting the reactor

down from rated power operation to the cold condition in the postulated situation that the control rods cannot

be inserted. The operation of this system is manually initiated from the reactor control room. No operating

BWR has ever required the use of the standby liquid control system

The standby liquid control system is adequate to bring the reactor from the hot operating condition

to cold shut-down and to hold the reactor shut down with an adequate margin when considering temperature,

voids, Doppler effect, equilibrium xenon and shut-down margin. It is assumed that the core is operating at

normal xenon level when injection of liquid control chemical is needed.

II-2. Control of RCS Inventory

Reactor Core Isolation Cooling (RCIC) System

The reactor core isolation cooling system maintains sufficient water in the reactor pressure vessel to

cool the core and then maintain the nuclear boiler in the standby condition in the event the vessel becomes

isolated from the turbine steam condenser and from feedwater makeup flow. The system also allows for
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complete plant shut-down under conditions of loss of the normal feedwater system by maintaining the

necessary reactor water inventory until the reactor vessel is depressurized, allowing the operation of the

shut-down cooling function of the residua! heat removal system. The system delivers rated flow within 30

seconds after initiation. A "water leg" pump keeps the piping between the pump and the discharge shutoff

valve full of water to ensure quick response and to eliminate potential hydraulic damage on system initiation.

Following a reactor scram during normal plant operation, steam generation continues at a reduced

rate due to the core fission product decay heat. The turbine by-pass system directs the steam to the main

condenser, and the feed water required to maintain the reactor vessel inventory.

In the event the reactor vessel becomes isolated from the main condenser, the relief valves

automatically (or by operator action from the control room) maintain vessel pressure within desirable limits.

In the event feedwater becomes unavailable, the water level in the reactor vessel drops due to continued

steam generation by decay heat. Upon reaching a predetermined low level, the RCIC system is initiated

automatically to maintain safe standby conditions of the isolated primary system. The turbine-driven pump

supplies makeup water from one of the following sources capable of being isolated from other systems: the

condensate storage tank (first source), the steam condensed in the RHR heat exchangers (second source),

or the suppression pool (an emergency source). The turbine is driven with a portion of the decay heat steam

from the reactor vessel and exhausts to the suppression pool.

1

t i

Emergency Core Cooling System

The emergency core cooling system (ECCS) comprises the low pressure coolant injection function

of the residual heat removal system, the high and low pressure core spray systems and automatic

depressurization of the primary system. The ECCS is designed to perform the following:

Prevent fuel cladding damage for any break equivalent to the largest nuclear boiler system

pipe

Provide this protection by at least two independent, automatically actuated cooling

systems.

Function with or without external (off-site) power sources

Permit testing of all emergency core cooling systems

Provide this protection for long time periods and from secure sources of cooling water with

the capability of dissipating the rejected heat for a minimum of 30 days

The ECCS is designed to protect the reactor core against fuel cladding damage across the entire

spectrum of line break accidents. The operational capability of the various ECCS's to meet functional

requirements and performance objectives is outlined in the following paragraphs.

1S-
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The operation of the ECCS network is automatically activated by the reactor protection system upon

redundant signals that are indicating low reactor vessel water level or high drywell pressure or a combination

of indicators showing low reactor vessel water level and high drywell pressure.

In the event of a break in a pipe that is part of the ECCS, any one of the following four combinations

satisfies the functional requirement:

The operation of the automatic depressurization function and two low pressure coolant

injection loops of the residual heat removal system.

The operation of the automatic depressurization function, one low pressure coolant

injection loop of the residual heat removal system, and the low pressure core spray

system.

The operation of the automatic depressurization function, the high pressure core spray

system, and one low pressure coolant injection loop of the residual heat removal system.

The operation of the automatic depressurization function, the high pressure core spray

system, and the low pressure core spray system.

A combination of either the high pressure core spray system or the low pressure core spray system

plus any two other ECCS pumps provides two phenomenological cooling methods (flooding and spraying).

After the first 10 minutes following the initiation of operation of the ECCS and in the event of an

active or passive failure in the ECCS or its essential support system, one of the following two combinations

satisfies the performance objectives and the requirement for removal of decay heat from the containment.

Two low pressure coolant injection loops of the residual heat removal system with at least

one heat exchanger and 100% service water flow

Either the high pressure core spray or the low pressure core spray system, one low

pressure coolant injection loop of the residual heat removal system with one heat

exchanger, and 100% service water flow.

The separation of redundant equipment of the various systems that make up the ECCS is

maintained to assure maximum operational availability. Electrical equipment and wiring for the engineered

safeguard features of the ECCS are broken into segregated divisions, further assuring a high degree of

redundancy.

High Pressure Core Spray System

The purpose of the high pressure core spray system is to depressurize the nuclear boiler system

and to provide makeup water in the event of a loss of reactor coolant inventory. In addition, the high

pressure core spray system prevents fuel cladding damage in the event the core becomes uncovered due to

loss of coolant inventory by directing this makeup water down into the area of the fuel assemblies.

•'3
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Automatic Depressurizatlon Function

Blowdown, through selected safety/relief valves, in con junction with the operation of the low

pressure coolant injection function of the residual heat removal system and/or tow pressure core spray

system, functions as an alternate to the operation of the high pressure core spray system for protection

against fuel cladding damage upon loss of coolant over a given range of steam or liquid line breaks. The

blowdown depressurizes the reactor vessel, permitting the operation of the low pressure coolant injection

function and/or the low pressure core spray system. Blowdown is activated automatically upon coincident

signals of tow water level in the reactor vessel and high drywell pressure.

11-3. Cooling of the Core and RCS

Residual Heat Removal (RHR) System

'. W •
' Ii i

i • ' '
' J

The residual heat removal (RHR) system removes residual heat generated by the core under

normal (including hot standby) and abnormal shut-down conditions. The low pressure coolant injection

function of the residual heat removal system is an integral part of the ECCS. The design objectives of the

system follow:

To restore and maintain, if necessary, the water level in the reactor vessel after a loss-of-

coolant accident so that the core is sufficiently.cooied to prevent fuel cladding damage

To limit suppression pool water temperature

To remove decay heat from the nuclear boiler system while the reactor is shut down for

refuelling and servicing

To condense reactor steam so that decay and residual heat may be removed if the main
condenser is unavailable (hot standby)

To supplement the fuel and containment pools cooling and clean-up system capacity when

necessary to provide additional cooling capability

The RHR system is made up of various subsystems with the following operational functions to

satisfy these objectives

Low Pressure Coolant Injection (LPCI)

The low pressure coolant injection function in conjunction with the low pressure core spray system,

the high pressure core system, and/or automatic depressurization of the nuclear boiler system (depending

upon operability of the high pressure core spray system or level of reactor vessel water) will restore and

maintain the desired water level in the reactor vessel required for cooling after a loss-of-coolant accident.

'.-4

a

In conjunction with the tow pressure core spray system, redundancy of capability for core cooling is

achieved by sizing the RHR pumps so that the required flow is maintained with one pump not operating.
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inject boric acid with a concentration of 21000 ppm concentration.
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Using a split bus arrangement for pump power supply (essential power system), two RHR pumps are

connected to one bus and the third RHR pump and a low pressure core spray pump are connected to the

second bus to obtain the desired cooling capability. The pumps deliver full flow inside the core shroud when

the differential pressure between the reactor vessel and the containment approaches 20 psi.

Suppression Pool Cooling

The suppression pool cooling function of the residual heat removal system ensures that the

temperature in the suppression pool immediately after blowdown, and when the reactor vessel pressure is

greater than 135 psi does not exceed a predetermined limit [generally 170 'F (77 "C)J. Suppression pool

water is pumped from the pool through either or both of two completely independent loops, including pump

and heat exchanger and returned to the pool. The heat removed by the heat exchanger is transferred to the

residual heat removal system service water. Suppression pool cooling is manually initiated.

J

Containment Spray Cooling

The containment spray cooling function of the residual heat removal system condenses and

removes heat of any steam that by-passes the drywell, and prevents overpressurization of the containment.

The suppression pool water is pumped from the pool through either or both of the same two completely

independent loops, including pumps and heat exchanger. The containment spray function is manually

initiated and terminated. Full spray flow is achieved within approximately 3 minutes of initiation.

11-4. BWR Emergency Procedure Guide-lines

Following the accident at TMI-2, the BWR Owners' Group started developing symptomatic

Emergency Procedure Guide-lines (EPGs). Initially, operator guidance was developed only for SBLOCA.

Later, the BWR Owners' Group developed symptomatic EPGs consistent with the requirements of NUREG-

0737. These Guide-lines addressed conditions beyond design basis accidents and includes consideration of

multiple failures. Revisions to the EPGs were made to add Guide-lines for reactivity control, secondary

containment control, hydrogen control, etc.

Revision 4 of the EPG is a significant improvement over earlier versions of the EPGs. Even though

containment venting was included in Revision 2, there were no detailed analyses to establish a venting

pressure limit. In Revision 4, more detailed guidance is given to establish the containment vent initiation

pressure. The improved guidance on containment venting will help to prevent and mitigate severe accidents.

There was no guidance for hydrogen control in Revision 3 of the EPG. Now, in Revision 4,

hydrogen control is addressed for Mark I and Mark Il containments. Mark III hydrogen control Guide-lines

Hf'
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avoid the seal destruction and a primary wafer leak. In case of station blackout, the test pump powered by

the turbo-alternator LLS should continue injection at the primary pump seals.
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are addressed separately in the Hydrogen Control Owners Group (HCOG) program. The hydrogen control

Guide-lines included for the first time in Revision 4 will help to mitigate severe accidents.

ATWS Guide-lines were revised in Revision 4. Alternate control rod insertion steps were

restructured and simplified and include actions not previously identified. In revision 3, the Anticipated

Transient Without Scram (ATWS) mitigation steps were event oriented rather than symptom oriented. The

steps assumed the problems are electrical or pneumatic. The ATWS Guide-lines are symptom oriented in

Revision 4. In the previous revision, RPV water level was allowed to decrease only to Top of the Active Fuel

(TAF). It is difficult to control RPV water level exactly at TAF. Hence, the EPG was revised to give a range

between TAF and minimum steam cooling RPV water level which is below the TAF. Thus, Revision 4 of the

EPG gives improved guidance for coping with ATWS and this improved Guide-lines will help to prevent and

mitigate severe accidents.

In the revised EPG, the containment flooding contingency replaces the spray cooling contingency.

This was done because of a lack of certainty that all the fuel bundles would get enough cooling by spray

cooling alone. Revision 4 of the EPG is an improvement with respect to core cooling because containment

flooding up to TAF will assure submergence of the core.

The EPGs are based upon maintaining core cooling and primary containment integrity. In all but

few cases the EPGs emphasize core cooling. But in a few specific situations, when a decision between a

possible loss of adequate core cooling and a loss of primary containment integrity must be made, the EPGs

preferentially choose to maintain primary containment integrity in order to protect against the uncontrolled

release of radioactivity to the general public from a degraded core condition.

The EPGs are functionally divided into four Guide-lines (RPV control guide-line, primary

containment control guide-line, secondary containment control guide-line, and radioactivity release control

guide-line) and six contingencies (Alternate Level control, Emergency RPV Depressurization, Steam Cooling,

RPV Flooding, Level/Power Control and Primary Containment Flooding) and are designed to cover all

emergency Situations including Anticipated Transients Without Scram (ATWS). Therefore, small-break

LOCA, large-break LOCA, transients with multiple failures or no failures, and inadequate core cooling are all

addressed by the EPGs. The Guide-lines address operator errors by checking the effects of directed

operator actions and providing guidance for those cases where previous operator actions were unsuccessful.

The Guide-lines do address combustible gas control (Mark I and Mark Il containments only), secondary

containment control and radioactivity release control Guide-lines. The guidance provided for events with

failure to scram is complicated and may result in core flow oscillations for ATWS events; however, core melt

should be avoided if the ATWS guidance in the EPGs is followed.

The EPGs are organized to provide guidance for operator response to transients and accidents for

the entire range of available systems. Guidance is provided for the use of all systems capable of performing

a function. This is an application of the "defense in depth" criterion.

a
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of the core inventory by a single actuator with cooling of the water in a CSS heat exchanger:

- H4 procedure in which the LPSI pumps are backed by a CSS pump,

- U3 procedure enabling backing up of the LPSI pumps by a mobile pump.
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RPV Control

The purpose of the RPV control guide-line is to restore and maintain the RPV water level within a

satisfactory range, shut down the reactor and control RPV pressure, and cool the RPV to cold shut down

conditions. The entry conditions are any of the following:

1 ) RPV water level below low level scram setpoint,

2) drywell pressure above the high drywell pressure scram setpoint,

3) a condition which requires reactor scram and reactor power is above the Average Power

Range Monitor (APRM) downscale trip or cannot be determined or

4) RPV pressure above the scram pressure

If no injection systems are available to maintain inventory in the reactor vessel, the Guide-lines

prescribe a combination of boiloff and depressurizatbn to maintain core cooling while attempts are made to

start inoperable systems to replenish inventory. Although this approach only delays the eventual heatup of

the fuel, it is the best that can be done with no available injection.

ATWS Guidance

If scram does not occur when required, the EPGs call for several actions to be taken

simultaneously. These include:

1) Start boron injection with standby liquid control system (SLCS) or other systems if SLCS is not

operable, and

2) Initiation of Alternate Rod Insertion (ARI) if ARI has not initiated

3) Tripping of Reactor Recirculation Pumps

4) Manually insert control rods, reset scram, open breakers or remove fuses which deenergize

scram solenoids, close scram air header supply valve and open scram air header vent valves,

individually open scram test switches, and

5) Lower water level until:

a. power below APRM downscale trip (3 percent is typical), or

b. containment heatup terminated, or

c. level reaches between the top the active fuel and the minimum steam cooling RPV water

level

Although the lowering of the water level is effective in reducing power, it may result in core flow

oscillations.

Lowering of the RPV water level to the minimum steam cooling RPV water level (below TAF) is

contrary to normal operator response. The alternative leads to excessive suppression pool temperature and

probable long term coremelt for the most severe failure to scram events.

l \
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transient with failure of the reactor to scram, in which case a special signal activates the

AFW system and a turbine trip command is emitted.
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Dependence on Water Level Indication

Because many of the actions in the EPGs are keyed to reactor vessel water level, the EPGs contain

cautions which alert the operator to conditions which cause the water level indications to be unreliable.

These cautions are related to drywell temperature, indicated level and RPV pressure.

If the vessel water level cannot be determined, the EPGs instruct the operator to depressurize the

vessel and flood the vessel until water pours out of the safety/relief valves. This guidance assures that the

fuel remains covered with water so that the fuel is adequately cooled.

\ \ S-

Containment Control

The containment control guide-line is concerned with primary containment temperature, pressure,

and water level. It is executed concurrently with the RPV control Guide-lines. The entry conditions are any of

the following:

1 ) Suppression pool temperature above the most limiting suppression pool temperature LCO,

2) Drywell temperature above drywell temperature LCO,

3) Containment temperature above its LCO (Mark III containments only),

4) Drywell pressure above high pressure scram setpoint,

5) Suppression pool water level above its maximum LCO,

6) Suppression pool water level below its minimum LCO,

7) Primary containment hydrogen concentration above high hydrogen alarm setpoint.

An element of the containment control Guide-lines which has received considerable attention is the

guidance on containment venting, especially guidance on venting which may result in offsite radioactivity

release rate. The basic concern is that venting even if it results in limited radiological consequences should

only be undertaken as an extreme means to prevent core melt or as a last resort measure to prevent the

rupture of the containment which could otherwise lead to a larger release. The underlying strategy of

containment venting is to prevent core melt and in extremely rare cases the choice of limiting potential

release of radioactivity to avoid uncontrolled release.

The Primary Containment Pressure Limit (PCPL) is defined to be the lowest of (1) the pressure

capability of the containment or (2) the maximum containment pressure at which vent valves can be opened

and closed to reject all decay heat from the containment or (3) the maximum containment pressure at which

SRVs can be opened and will remain open or (4) the maximum containment pressure at which vent valves

can be opened and closed to vent the RPV for primary containment flooding. The PCPL is a function of

primary containment water level and temperature.

The Guide-lines now direct the operator to vent, in spite of possible offsite releases, before reaching

the PCPL. Thus the venting action is now somewhat anticipatory in order to assure continued operability of

equipment and structural integrity of containment. Venting is used to maintain the containment pressura

S
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below the PCPL. Thus, once the pressure will remain below the PCPL without venting, venting should be

terminated.

A number of observations can be made regarding the benefits and incremental risks associated

with venting. With regard to the benefits, it is now apparent that venting serves both a prevention and

mitigation role in severe accident management. Venting may be used as the mechanism to remove decay

heat and if injection capability exists, core damage may be prevented. Venting under these conditions has

been cited as a measure to significantly reduce the core damage frequency in the probabilistic risk analysis,

especially core damage due to loss of decay heat removal capability. Venting as a mitigation measure to

control pressure can provide for scrubbing of fission products through the suppression pools as opposed to

the unpredictable nature of a release resulting from containment failure. However, there are downsides to a

strategy which intentionally releases containment atmosphere to the reactor building or the environs. If the

vent path is not capable of bearing the associated pressure and consequently ruptures upon initiation of

venting, then the reactor building could become highly contaminated and operator access will be impractical.

Thus, recovery of failed equipment may be prevented. Further, rupture of a vent line in the reactor building

will unnecessarily threaten the functioning of safety equipment or instrumentation which was operating by

exposing that equipment to a high temperature, steam, and radiation environment. It should also be noted

that venting through a nonpressure bearing path may have habitability consequences for control room

personnel.

Another potential negative associated with venting is the probability that venting will be performed

for accidents in which subsequent recovery of other systems takes place and venting was not ultimately

necessary. Especially since venting is now an anticipatory step it is possible that unnecessary venting could

take place. The likelihood of this occurrence may be minimized by placing greater emphasis on the need for

the operating crew or technical support staff to understand the accident in progress.

Containment venting is also used for combustible gas control. Venting the primary containment

irrespective of the offsite radioactivity release rate would only be considered to restore and maintain the

primary containment hydrogen concentration below the deflagration concentration. Containment failure may

follow if a deflagration were to occur. Venting the containment may be the only mechanism which remains to

prevent an uncontrolled and unpredictable breach of the primary containment. The controlled release of

radioactivity to the environment is preferable to containment failure whereby adequate core cooling might

also be lost and radioactivity released with no control whatsoever.

III. C O N C L U S I O N S

1

' il Both PWR and BWR are designed to accomplish the following safety functions:

to maintain the reactor coolant system integrity

to maintain the reactor in safe shut-down conditions and remove the residual heat

to limit the release of radioactive materials out of the site



two heat exchangers. Under normal circumstances, only one pump is in operation.
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1 which could override safety function fulfilment and lead to situations with significant core damage. Though

some preventive and mitigative measures have been taking, still further work is needed to achieve a

;.'•:•_ complete accident management strategy which would further reduce the probability and consequences of

outside design basis accidents.
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This is "transferred" to the design providing a set of safety systems which fulfil these functions

' ' * including some postulated failures. In addition emergency operating procedures have been developed to ! '

cope with multiple failures outside the design basis and up to minimum core coolability requirements. i '

J . However based on operating experience some precursors or generic issues have been identified - '

; i i



THE RISKS and SAFETY FUNCTIONS

D THE CONTROL OF THE CORE REACTIVITY
(Rods in, rods out, boron concentration, surveillance)

•

THE CONTROL OF RCS WATER INVENTORY
(CVCS, SIS, RCS pump seal injection, reactor vessel water level)

D THE COOLING OF THE RCS and THE CORE
THE CONTROL OF THE RCS PRESSURE

i I CONTAINMENT and SYSTEMS CONNECTED TO THE CONTAINMENT
U (surveillance and highly radioactive leakages)

•

TEMPERATURE AND PRESSURE CONTROL in CONTAINMENT
(CSS, Sand filter, Hydrogen, steam explosion)
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REACTIVITY EFFECTS - HOT FULL POWER

Reactivity (pern)
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CHERNOBYL REACTIVITY ACCIDENT

A fast shut-down capacity should always be available (NRX lesson 1952)
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REACTIVITY EFFECTS - HOT SHUTDOWN WITHOUT XENON

Reactivity (pern) MINIMUM BORON CONCENTRATION AT SHUTDOWN

UNDER CRITICALITY1000 pem

SOURCE RANGE CHANNEL
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ONE GROUP OUT OF THE CORE
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cool the core and then maintain the nuclear boiler in the standby condition in the event the vessel becomes

isolated from the turbine steam condenser and from feedwater makeup flow. The system also allows for
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REACTIVITY EFFECTS
PERMANENT MONITORING OF NEUTRON FLUX,

WITH AUDIBLE INDICATION

Reactivity (pern)

15300

8000

-5000

Nine assembly 4.0 0/0,2000 ppm, without rods = Critical
Without rods 2000 ppm = not critical
With rods CB = 0 ppm = critical

SUBCRITICAL
5000 pem

! • •



i .
• • • ;

jj

'•"4



W'ir , 3 - >

V
COOLING SYSTEMS, AFWS ANS STEAM DUMP, RHRS, FEED AND BLEED

DEPRESSURIZATION, P. NORMAL SPRAY, P. EMERGENCY SPRAY, P. SAFETY VALVES

Steam dump valves • ; [

AFWST

Motor pumps
2* 8OmVh

Turbine driven pump
160 mVh

CVCS HPSI pump

Turbine driven
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I Design Basis Accidents = LOCA and Steam line break (5 bars absolute)

Surveillance = Sexten, Leak tests (year), 10 years près, test, près, measurement, U2 Ol

SG tubes, V loca, hatch, Containment extensions, highly radioactive leakages

U2 activity
post accident
measurement

Leak tests
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Containment pressure

Compressed air V.
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Slow pressurization = Insufficient Energy Removal or Gas buildup
Spray system (CCS+ESWS) + H4 U3
Fan cooler system
Venting trought sand filter

Rapid pressurization = Direct heating, Hydrogène, steam explosions
Depressurize RCS = AFW, Pressurizer
Deliberate ignition, catalytic recombination,inerting
Dry or wet cavity at vessel failure I *
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Lowering of the RPV water level to the minimum steam cooling RPV water level (below TAF) is

contrary to normal operator response. The alternative leads to excessive suppression pool temperature and

probable long term coremelt for the most severe failure to scram events.
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The Guide-lines now direct the operator to vent, in spite of possible offsite releases, before reaching

the PCPL. Thus the venting action is now somewhat anticipatory in order to assure continued operability of

equipment and structural integrity of containment. Venting is used to maintain the containment pressura
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to maintain the reactor coolant system integrity
to maintain the reactor in safe shut-down conditions and remove the residual heat
to limit the release of radioactive materials out of the site
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BWR Reactor Core Instability Modes

Instability Mode

Channel T/H

Core wide coupled
nuclear/T-H

Out-of-phase
coupled nuclear/T-H

Cause

Two phase flow density wave

Two phase flow
density wave and
fundamental mode
nuclear feedback

Two phase flow
density wave and
harmonic mode nuclear
excitation

Effect

* Single fuel channel flow oscillates
* Potential for boiling transition

limited to unstable channel(s)

* All fuel channels oscillate in phase
* Flow biased APRM flux

Scram precludes boiling transition

* Out-of-phase oscillations
* Only first order harmonic

observed in test
* Potential for boiling transition
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LOSS OF SAFETY SYSTEM FUNCTION
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