
AST-500 SAFETY ANALYSIS EXPERIENCE XA9745330

A.A. FALIKOV, A.M. BAKHMETffiV,
V.S. KUUL, O.B. SAMOILOV
OKBM,
Nizhny Novgorod,
Russian Federation

Abstract

Characteristic AST-type NHR safety features and requirements are described briefly.
The main approaches and results of design and beyond-design accidents analyses for the
AST-500 NHR, and the results of probabilistic safety assessments are considered. It is
concluded that the AST-500 possesses a high safety level in virtue of the development and
realization in the design of self-protection, passivity and defence-in-depth principles.

1. INTRODUCTION

The AST-500 reactor plant is intended to generate low grade heat for district heating
and hot water supply to cities. The NHR specific features, as well as the economic-dictated
necessity to locate a nuclear district heating plant (NDHP) close to a city caused strict
requirements for the safety of these plants. Therefore, the AST-500 NHR has been
developed proceeding from the necessity to ensure a qualitatively higher level of safety
compared with NPPs.

The AST-500 safety philosophy is based primarily on the application of self-protection
and passive safety principles in the design and on the development of the defence-in-depth
concept. The AST-500 reactor is a PWR with an integral layout of the primary components,
and with natural convection of the coolant with reduced working parameters. The main
characteristics and design decisions for the AST-500, as well as the basic information
concerning its safety are presented in [1-4].

The AST-500 design has been considered by the State Regulatory Body. An
independent safety review of the twin AST-500 Gorky NDHP has been carried out by an
experienced international team of experts under the aegis of IAEA (Pre-OSART mission).
It has been given a positive estimate of the safety and the validity of the design bases and the
main engineering solutions.

2. REQUIREMENTS FOR NDHP SAFETY

The design of the AST-500 NHR, taking into account its specific purpose and site
location, was carried out under the imperative necessity to ensure a qualitatively higher level
of safety compared with NPPs. Priority has been given to engineering decisions which
provide a reliable solution of safety issues and, first of all, to a reactor plant intrinsic safety
by virtue of natural processes and the application of passive safeguard systems.

The NHR specific features necessitated to develop additional requirements for safety
compared with that for NPPs, which were then included into the top-level national regulatory
document on nuclear plant safety [5,6]. The requirements were incorporated to account for
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external impacts such as aircrash and shock wave. In addition, more strict operational safety
limits for fuel damage were adopted.

For the AST-500 safety analysis the following safety criteria for design accidents have
been established:

1) The value of DNBR should exceed 1.0 taking into account the most unfavourable
deviation of parameters, maximum non-uniformity of heat release, maximum
inaccuracy in calculations of local energy release and critical heat flux.

2) Maximum fuel temperature should be below the melting point.
3) Maximum pressure in the primary circuit should not exceed 1.15 of the design value.
4) Maximum pressure in the guard vessel (GV) at primary coolant leaks should be below

the design value.
5) The core should remain covered with coolant.

3. BASIC DECISIONS FOR ENSURING SAFETY

The AST-500 reactor is based on well-developed and proven types of LWRs and is
characterized by a safety-important power self-control property in virtue of its negative
reactivity feedbacks: temperature, power and void reactivity.

The AST-500 NHR uses natural convection of the primary coolant in all operating
modes and an integral arrangement of the primary components which allowed to simplify the
primary circuit, to eliminate the reactor coolant pumps and the primary pipeline system. It
also excludes large and medium break loss-of-coolant accidents and limits a leak size in case
of a rupture of a pipeline of less than 50 mm diameter (equivalent diameter). Natural
convection of the primary coolant results in a coolant flowrate increase following a thermal
power rise, and in flow self-profiling over the core fuel assemblies which results in
significant margins against boiling crisis both in normal and emergency modes of reactor
operation.

The passive ERHR system is made of three channels and operates under natural
convection of the coolant. The water inventory in the ERHR tanks provides continuous
system operation during several days. One ERHR channel is sufficient for cooling down the
scrammed reactor. Secondary coolant evaporation with steam blow-off through the pilot-
operated safety valves on the secondary circuit pressurizer is used as a back-up ERHR
system.

The reactor is enclosed by the guard vessel. It serves for keeping the core covered
with coolant after LOCAs, and for radioactivity confinement in case of a primary circuit loss-
of-integrity accident. Double isolation valves are installed in all auxiliary pipelines of the
primary circuit extending beyond the guard vessel boundaries.

To protect heat consumers against radioactivity, a three-circuit heat transport scheme
with a pressure barrier between the intermediate and the heating grid circuits is used.

The reactor plant and the auxiliary pipelines of the primary circuit are housed in a
leak-tight containment or in leak-tight compartments equipped with radioactivity suppression
devices (filters, bubblers).
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The following characteristics are essential for the reactor plant safety:

low core power density;
low reactor parameters (P=2.0 MPa, Tav. = 170°C);
large water inventory in the reactor which increases the reactor inertia and causes a
relatively slow variation of parameters in accidents. The duration of emergency
processes in the reactor plant amounts to tens of minutes and even hours. The reactor
inertia and its slow dynamics are the important features of the reactor plant which
give an ample time margin for making sound decisions on corrective measures and,
if necessary, for correction of plant personnel errors.

4. DESIGN ACCIDENTS ANALYSIS

4.1. Initiating events

To carry out the analysis of design accidents, a list of initiating events was compiled
on the basis of analysis of possible failures of equipment items and personnel errors, and of
internal and external impacts. All initial events, similar to those presented in the IAEA
recommendations [9] on the example of power reactors, were considered.

Naturally, the AST-500 specific engineering decisions were taken into account in the
analysis. As an example of the AST-500 specific features one can mention the absence of
reactor coolant pumps, turbine plant, safety valves in the primary circuit and, respectively,
the impossibility of initial events caused by their failures. Elimination of soluble boron
reactivity control excludes reactivity events caused by decrease of absorber content in the
primary coolant, and so on.

A wide range of various emergency situations caused by heat removal disturbances,
reactivity variations, primary system loss of integrity, failures at fuel handling and external
impacts (aircrash, shock wave, earthquake) were considered in the safety analysis.

4.2. Analysis technique

In the analysis of reactivity and heat-removal accidents the DKAST-8 computer code
was used. Loss-of-coolant accidents were calculated with the UROVEN/MB-3 code. These
codes have been developed at OKBM specifically for the design analysis of integral reactor
(AST-type) thermal-hydraulics. They take into account such AST-specific features as natural
convection of the primary coolant, availability of built-in steam-gas pressurizer, guard vessel
and passive ERHR systems. They are based on experimentally verified calculation models
and correlations. Verification of the codes was performed on the basis of experimental
results on separate effects and phenomena, and on integrated data obtained on integral reactor
models which confirmed the reliability of calculational prediction of the reactor plant
thermohydraulic characteristics in emergency modes.

The consideration of design accidents has been carried out taking into account the
reactor protection system operation and the imposition of failures in accordance with
requirements of the regulatory document proceeding from the single failure principle [5,6].
A conservative design approach was used according to which the accident analyses have been
performed for the most unfavourable initial state, proceeding from the most pessimistic
assumptions concerning the efficiency of the safety systems and the equipment. Possible
deviations of parameters in the unfavourable direction within the limits of their maintaining
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and measuring accuracy were taken into account. For LOCAs and loss-of-heat removal
accidents, a nominal power operation mode with increased parameters corresponding to the
preventive protection setpoints was taken as an initial state.

4.3. Main results of safety analysis

The safety analysis have shown that for design accidents the prevention of reactor
parameters to deviate beyond the limits allowable for normal operation is ensured by the
reactor control system or by the emergency protection actuation and the available protective
systems. At primary circuit loss-of-integrity accidents the core is kept under coolant during
not less than 3 days because of the available localizing means (guard vessel, localizing
valves) without connecting the make-up system to the reactor. The maximum pressure in the
guard vessel amounts to 1.0 MPa. Reliable core cooling is ensured for all design accidents.

The consequences of design accidents are not radiologically dangerous, so it was
concluded that the reactor plant meets the safety requirements for NDHPs located close to
large cities.

5. BEYOND-DESIGN ACCIDENTS ANALYSIS

A wide spectrum of beyond-design accidents, characterized by the superposition of
failures in the safety systems and personnel errors additionally to the single failure principle,
has been considered in the design analysis. The most severe sequences, as concerned reactor
core overheating or damage hazard and radioactivity releases beyond the protective barriers,
were selected for the analysis.

A class of the most severe events - socalled hypothetical accidents, was singled out
among the beyond-design accidents. Failure of entire safety systems, such as the reactor
emergency protection, residual heat removal and confinement systems was postulated when
considering the hypothetical accidents. For these accidents the reactor plant inherent safety
properties play the role of the first protective barrier, taking into account the postulated
failure of the engineered safeguard systems. To control these accidents, the use of additional
back-up safety systems is envisaged in the design according to their technical capabilities and
characteristics.

5.1. Unscrammed loss of heat removal to the grid with failure of three ERHR
channels

This accident is considered as an ultimate event among the loss-of-heat removal
accidents. The accident is accompanied by the heating up of the primary and secondary
circuits and by rising pressure in the reactor and in the secondary circuits (Fig.l). As
coolant temperature rises, the core power reduces due to neutron power self-control effects.
When the pressure in the secondary circuit reaches 1.6 MPa the safety valves open and heat
removal from the reactor is determined by the evaporation of secondary coolant. In 1000s
from the beginning of the accident the reactor power falls down to the level of heat removal
to the secondary circuit, and the pressure in the reactor reaches its maximum value of 3.5
MPa. Then the Xenon-135 poisoning effect causes the reduction of core power and primary
system pressure.
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When considering the accident, an additional failure of the secondary circuit make-up
system was adopted which resulted in a complete loss of heat removal from the reactor
following secondary coolant evaporation. The primary pressure is building up, the main
joints of the reactor and guard vessels open, and primary coolant evaporation begins. The
maximum value of the primary pressure amounts to 6.3 MPa and to 1.9 MPa in the GV.
Both vessels remain intact. To prevent core dry-out it is sufficient to resume heat removal
from the reactor after the time of 19 hrs.

5.2. The coolant purification system intake pipeline rupture beyond GV with failure
to actuate two localizing valves and two ERHR channels

For this accident the rupture of the maximum diameter pipeline is considered,
followed by a primary coolant outflow beyond the GV boundaries. Only one of three ERHR
channels is operated. Failure of two independent ERHR channels means failure of at least
four connecting valves and represents an extremely improbable event.

In this accident, a long-term steam outflow occurs, accompanied by a slow lowering
of the coolant level following the steam-water outflow (Fig.2). The reactor core is kept
under coolant during 24 hrs without initiation of the reactor make-up system. Provisions for
accident termination include the closure of valves and making up the reactor with water.

6. PROBABILISTIC SAFETY ANALYSIS

A level-1 probabilistic safety analysis has been performed for the AST-500 regarding
internal initial events associated with a loss of heat removal from the reactor, inadvertent
positive reactivity insertion and primary circuit loss of integrity. A fuel cladding temperature
of 1200°C was taken as a criterion for core damage.

The analysis is based on the event tree procedure for possible accident sequences
consideration, on sequential - parallel logics (failure tree analogue) and on the minimum cut
section method for analyzing safety systems reliability [7].

Various operational states of the reactor plant were considered for the analysis:
reactor start-up, power operation, core refueling. Erroneous actions of personnel during
plant emergency control at remote or manual actuation of the safety systems were considered.
The problems of emergency situation identification, diagnostics of accidents and of
appropriate actions were analyzed as well.

Dependent-on-initiating event failures of individual items of the systems, and
structural-functional dependencies existing between systems were taken into account in the
analysis. It is assumed that equipment of the same design is subjected to common cause
failures both on a system and an intersystem level.

Simulation and quantitative analysis of the reliability of the safety systems and of the
accident sequences were carried out using the computer code package explained in [8].

The analysis has shown that the point estimation of the core damage frequency is less
than 10"8 per reactor-year. The most significant kinds of accidents, affected safety systems
and devices, and the types of equipment failures were determined. The respective
uncertainties were also analyzed.
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7. APPROACH TO SEVERE ACCIDENTS

To prevent severe accidents, the following principal decisions were realized in the
design of the AST-500 reactor plant:

integral layout of the primary components which eliminates large and medium size
loss-of-coolant accidents;

guard vessel, which serves as an additional passive confinement system providing for
keeping the reactor core under coolant and for localizing radioactivity at LOCAs;

passive system for emergency heat removal through the heat exchangers built into the
reactor.

The analysis was performed for a wide spectrum of the beyond-design accidents with
postulated failures of the highly reliable safety systems (emergency protection one,
emergency heat removal channels, localizing systems). It showed that inadmissible
overheating and damage of the core does not arise in most severe beyond-design accidents.
The maximum consequences of beyond-design accidents resulted from the loss of integrity
of the most heat-rated fuel rod cladding. In virtue of the reactor self-protective properties
an ample time margin (not less than 19 hrs) is available in beyond-design accidents until
conditions appear at which core overheating and severe damage would become possible.
Taking into account the ample time available to undertake appropriate corrective actions,
means are provided in the reactor plant to control most unforeseen accidents and to prevent
severe damage and melting of the reactor core.

The scenarios of the most severe beyond-design accidents in the AST-500 and the
time margins available until core dry-out begins, and the appropriate accident control
provisions are given below.

BEYOND-DESIGN ACCIDENTS AND ACCIDENT CONTROL MEANS
CHARACTERISTIC FOR AST-500

Accident

Loss of heat removal to
grid

Primary pipeline rupture
inside the guard vessel

Primary pipeline rupture
beyond the guard vessel

Rupture of
primary/secondary
HX header

Reactor bottom loss of
integrity

Safety system failures

Emergency protection
failure to actuate
Three ERHR channels
failure
Secondary circuit make-up
system failure

GV loss of integrity
Two ERHR channels
failure

Localizing valves failure
Two ERHR channels
failure

PORV failure to close.
Isolation valves failure to
close
One ERHR channel failure

Two ERHR channel failure

Time
margin,
hrs

19

>24

24

24

24

Means for accident control

Connection of primary and
secondary make-up systems,
ERHR and boron injection
system

Connection of ERHR, primary
and secondary make-up system

Connection of ERHR, primary
and secondary make-up system.
Valves closure

Isolation valve closure
Connection of ERHR, primary
and secondary make-up system

Connection of ERHR, primary
and secondary make-up system
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8. CONCLUSION

The principal decisions adopted for the AST-500 design, such as the use of an integral
PWR with natural convection of the primary coolant, an emergency heat removal system
operating on the passive principle, use of a guard vessel, reduced working parameters and
core power density provide a high level of reactor plant safety.

For the design basis accidents the safety criteria are met with some margin for at least
3 days without power supply and without plant personnel intervention due to the passive
devices and systems available.

For beyond-design accidents with postulated multiple failures in safety systems, long-
term core cooling is provided. Thus, fuel cladding overheating and loss of integrity are
eliminated.

The radiological consequences of the accidents are considerably lower than the limits
specified by the regulatory codes and correspond to the respective design requirements.

A considerable time margin is available before core overheating and melt conditions
occur, and wide possibilities exist for accident control allowing to prevent a severe core
damage. Evaluation of the frequency of postulated scenarios resulting in severe core damage
gives a value of less than 10"8 per reactor-year.

The design decisions adopted for AST-500 safety provision and its in-depth protection
in beyond-design accidents allow to refer the AST-500 reactor plant to the category of
enhanced safety systems.
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