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ABSTRACT
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Experimental Breeder Reactor-II, EBR-II, is a 60 MW(t) liquid sodium
cooled, pool type fast reactor which has operated successfully as a power
reactor and irradiation facility for over 25 years. Argonne National
Laboratory is currently performing a Probabilistic Risk Assessment of
EBR-II. An overview of the PRA is presented with special attention to
those issues which are important to EBR-II such as the passive decay heat
removal capabilities and the passive shut down capability provided by the
reactivity feedbacks.

INTRODUCTION

Argonne National Laboratory is currently performing a Probabilistic
Risk Assessment of the Experimental Breeder Reactor-II, (EBR-II). The
main objective of the PRA is to develop a quantitative safety statement
for EBR-II. This takes the form of a Level 1 PRA focusing on core damage
frequency. Level 2 and Level 3 analysis will be considered after comple-
tion of the Level 1 assessment. Specifically, this involves identifying
the dominant accident sequences in terms of core damage. This objective
can be divided into two important separate sub-objectives, to quantify
the detailed accident sequence frequencies and the associated conditional
probability of core damage. The PRA process leads to identification of
the important systems, components and human actions with respect to both
sequence initiation and mitigation.

Application of PRA methods to EBR-II introduces some special
problems because of the unique, features of the reactor and its mission.
Because of the design of the reactor, it has the capability to sustain
many accident sequences without core damage due to the inherent transient
reactivity feedbacks and heat removal capabilities. This capability has
been demonstrated experimentally for the unprotected loss-of-flow and
loss-of-heat-sink accidents1 as well as many protected transients.2

Development of methods to include this passive safety performance of EBR-
II in the PRA, and of methods to describe the probability of success and
the associated uncertainties are discussed in this paper, together with
an overview of the Level 1 PRA.

The mission of EBR-II as an irradiation facility introduces another
unique problem in the PRA. In the general case, the EBR-II core may con-
tain many experimental subassemblies as well as driver fuel. It has been
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found that the details of core composition do not have a major impact on
the reactivity feedbacks, so the effect of core composition can be in-
cluded in the uncertainties. However, the characteristics of different
experimental subassemblies may require separate damage assessments for
different irradiation experiments.

An important feature of the EBR-I1 PRA is that a seismic PRA effort
was instituted in parallel with the internal events PRA. This was done
in this way because of the expected low frequency of internally initiated
events

DESCRIPTION OF EBR-II

EBR-II is a 60 MW(e) liquid sodium cooled, pool type fast reactor
which has operated successfully as a power reactor and irradiation
facility for over 25 years.

The EBR-II heat transport system consists of a primary system and a
secondary system both using molten sodium as the coolant and a rather
conventional steam system, as shown in Fig. 1. The primary system is
located in a large double-walled tank, as shown in Fig. 2. The tank
contains about 340 m3 of sodium at 371°G under normal operating condi-
tions The two primary pumps take their suction directly from the tank
and deliver a combined flow to the reactor of 485 kg/s at a power of 62.5
MWt. The corresponding mixed-mean temperature of the sodium coolant
leaving the reactor is 473°C.

Tbi reactor cere consists of an array of hexagonal subassemblies
5.817 cm across flats on 5.893 cm centers. The core region extends out
through row 7, the r-f lector region through row 10, and the blanket
region out another 5-1/2 rows. The core region may be smaller than the
full seven rows. There are two safety rods (fueled-bearing) in row 3.
There are 12 control rod positions in row 5, although only eight contain
control rods (fuel-bearing) at present. The remaining four control rod
positions are available for special in-core instrumented subassemblies,
such as those used for the thermal-hydraulic testing. The primary flow
to the reactor splits into two streams, one entering the high-pressure
plenum that feeds the first seven rows and the other entering the low-
pressure plenum that feeds the remaining rows. About 84% of the flow
goes into the high pressure plenum and the remaining 16% goes into the
low pressure plenum.

The high and low pressure sodium streams mix in the reactor outlet
plenum, go through the outlet pipe to the primary auxiliary pump (a DC
electromagnetic device), and then to the intermediate heat exchanger
(IHX) in which it transfers its heat to the secondary sodium. The
primary sodium leaving the IHX dumps directly back into the primary tank.
Power to the auxiliary pump is provided by a rectifier backed up by a
battery floating on the line. In case of a power failure, an emergency
480 volt diesel generator provides power to the rectifier. If the
emergency power system fails, the battery takes over the load. Recent
testing and analysis indicate that the auxiliary pump is not needed as an
engineered safety feature for operation of EBR-II.
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The secondary system sodium flow is driven by a single electro-
magnetic pump at a flowrate of 315 kg/s. The heat in the secondary
system is transferred to the steam system in seven evaporators and two
superheaters, all of the Argonne double-wall heat exchanger tube design.
The steam is used in a conventional turbine-generator to produce elec-
tricity. At full power (62.5 MWt) the superheaters deliver 32 kg/s of
steam at 438°C and 8.70 MPa to the turbine. Additional decay heat re-
moval capability is provided by two shutdown coolers which are natural
circulating NaK loops capable of removing 350 kW.

A more detailed description of the EBR-II plant can be found else-
where .3

SYSTEMS ANALYSES

Systems analyses have been completed on the following front line
systems, the Reactor Shutdown System (RSS), primary pumps and motor-
generator sets, shutdown cooling, shield and thimble cooling. In
addition the three main sypport systems, electrical, instrument air and
water supplies have been analyzed. In EBR-II all systems, with the
exception of the RSS are continuously operating and not demand systems.
In general, therefore, the systems analyses are primarily used to
identify and evaluate potential new initiating events. It has been
concluded that loss of support systems do not lead to the initiation of
accident sequences with the one exception of Loss of Offsite Power. The
Unprotected Loss of Offsite Power has been run as a plant experiment at
EBR-II, SHRT 45R, * and no core damage was predicted to occur or did
occur.

DATABASE

The data used to evaluate the system reliabilities and establish
initiating event frequencies comes from a number of sources. For some
initiating events the plant operating history directly provides the
required frequency. For others the use of generic or LMR data is re-
quired. The LMR database CREDO4 is being used to provide most of the
pertinent data for system reliability.

ACCIDENT SEQUENCE ANALYSIS

Any LMR, in fact any reactor, utilize? a fundamentally simple safety
design approach which can be described as follows; first, scram the reac-
tor to ensure neutronic shutdown and second, provide means of removing
decay heat. The complexity that arises in the study of accident
sequences in LWRs springs from the hierarchy of redundant and diverse
decay heat removal systems, ECCS, HPSI, etc. required to prevent core
damage in accident sequences. PRAs have identified dependencies on
support systems, e.g., electrical power, which have translated to
vulnerabilities to faults in those support systems. The dependencies
arise because the front-line systems are active, on demand, systems and
therefore have a probability that they will not respond when required.



EBR-II is designed with the same simple safety design approach but a
very different architecture. Just as in LWRs, a scram system is provided
to shut off the nuclear chain reaction; but thereafter che decay heat
removal is carried out by passive means, utilizing natural circulation.
In the primary tank, if the primary pumps are not operating, natural
circulation transfers heat from the core to the bulk sodium. Heat is
extracted from the tank sodium by three separate routes. The main heat
transport path is through the secondary sodium loop. In fact, if the
secondary sodium is flowing under natural circulation conditions, the
rate of extraction of heat is too large and the system enters a cooldown.
This is prevented by retarding the natural circulation flow by running
the secondary electromagnetic pump backwards. Under certain conditions
the secondary sodium flow is stopped in order to maintain the water level
in the steam drum and the decay heat is removed by the shutdown coolers.
The heat removal by the shutdown coolers is 70 kW during normal opera-
tion, but when the bulk temperature rises from 700°F to 710°F sets of
louvers open automatically and the heat rejection rate increases. Thus,
the shutdown coolers passively remove 70 kW but have an active element in
the larger heat removal (350 kW). Finally there is a shield cooling
system that removes 150 kW from the tank, but is dependent on electrical
power being available.

Figure 3 is a very simple event tree which expresses the design
approach above. It is explicitly stated that failure to scram leads to a
"core vulnerable" outcome (note, not core damage) while failure to remove
decay heat can only threaten the core on some longer timescale.

Consider each of the three sequence types in this primitive tree.
The normal shutdown route of successful scram and decay heat removal,
designated NS, can still lead to core damage in the cases where the
initiating event is extraordinarily severe and rapid such that the normal
protective functions do not act to prevent overheating. Examples of such
initiating events can be a large rapid reactivity insertion, instanta-
neous seizure of both pumps or a rapid and large loss of sodium from the
primary tank. In the event of failure to remove decay heat there is a
slowly developing long term core vulnerability (LCV). Failure to scram
can lead to an immediate core vulnerable sequence (CV). This latter
class of events is a historical area of emphasis in LMR safety analysis;
it includes the study of HCDAs (Hypothetical Core Disruptive Accidents'/
such as Unprotected Loss-of-Flow and Transient Overpower.

Some immediate observations can be made. If the scram reliability
is 1 - «s per demand, and the number of demands are in the range 1 to 10
yr"1, then the frequency of those severe initiating events which lead to
damage, even when scram is successful, must be resolved to at least e,,.
This is not straightforward because es is typically 10 "7 for the
redundant diverse scram systems in IMRs including EBR-II. The result is
that, if they are not to dominate the risk frequency, the extraordinarily
severe initiating events must be shown to have a frequency of 10"7 yr"1

or less. Such events are almost exclusively identified with some
structural failure. It may prove difficult to show that the frequency of
the extraordinarily severe events is <10"7 yr"1. There is one candidate
mechanism which can, in principle, lead to one or more severe Initiating
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events; this is an earthquake. Therefore the seismic PRA, which is
proceeding in parallel with the internal events study, will play an
important role in defining the overall risk of EBR-II.

In the sequences where the scram is successful but the ability to
remove heat is degraded there is a potential long term core vulner-
ability. It is in this regard that some unique features of the design
contribute to the overall safety of EBR-II. These features demonstrate
one aspect of passive safety, the passive decay heat removal capability
which is achieved by natural circulation in primary and secondary sodium
and naturally circulating shutdown coolers combined with the large heat
capacity of the primary system. It is possible to demonstrate that, with
no heat rejection other than the measured parasitic heat losses from the
tank, fuel damage will not occur for 9 days. Therefore it is expected
that loss-of-heat-sink transients will contribute little to the final
risk statement provided there are no identified ways to defeat the
passive heat removal and natural circulation.

The third class of sequences are the ATWS events, for example Loss-
of-Flow without .scram. In the response to ATWS events EBR-II displays
another aspect of passive safety in that, for many initiating events, the
system can maiutain power to flow balance using only the negative reac-
tivity feedbacks inherent in the core. This property has been demon-
strated directly in the Inherent Safety Demonstration Tests of April
1986. x It is of obvious interest to assess the reliability of the
property of passive response to accidents in some way and express that in
the language of a Probabilistic Risk Assessment.

RELIABILITY OF PASSIVE SAFETY FEATURES

The passive safety features that lead to the benign response to pro-
tected transients are natural circulation heat removal from the core and
the large heat capacity of the primary tank, sodium and associated
structures. No arbitrary unspecified means of defeating natural circula-
tion has been hypothesized and it has not proved possible to establish
mechanisms that can defeat these systems, other than total disruption.



The main reason for this result is that EBR-II has designed-in leakage
paths which allow for natural circulation even if the outlet Z-pipe is
totally blocked and there are no valves which could be misaligned to
impair natural circulation. Extensive experimentation has also shown
that the transition to natural circulation takes place without fuel
damage.2

The passive safety features that control the response to ATWS events
are the reactivity feedbacks. The meaning of a failure probability for
passive safety dictates the kind of probabilistic analysis that is appro-
priate. Since passive safety is simply the reactor following the laws of
physics (primarily thermal expansion) there is no system composed of
components that can be evaluated in a fault tree analysis. Rather, the
key is to evaluate the ability to predict what the reactor behavior will
be for each given accident initiator. Knowledge of the behavior comes
from two sources, calculations and experiments, the experiments being
used primarily to validate calculations.

The main reason that calculated transient outcomes are uncertain is
that the input data are uncertain. The uncertainty in each input parame-
ter can be expressed by constructing a distribution of possible values.
The probability density function (pdf) for the transient outcome quantity
of interest, e.g. peak temperature, can be found by sampling from the
parameter pdfs and running transient calculations with these parameter
values. The fraction of the peak temperature pdf that lies beyond a safe
temperature limit is the passive safety failure probability. This is
basically the method used by Mueller and Wade.5

This procedure can only be useful if the resulting "conditional
probability of failure" of inherent shutdown can be demonstrated to be
10"n where n is at least 1 and hopefully 2, 3 or more. This emphasises
the need to investigate the tails of the pdf. This is achieved using
response surface methodology.

There are several accident initiators to consider, many uncertain
parameters on which a transient calculation depends, and many transient
calculations, each with a different randomly selected parameter value,
required to propagate each parameter's uncertainty accurately. Each of
these issues is addressed in the analysis procedure. A screening process
is used to decide which accident initiators warrant this detailed passive
safety evaluation. A quasi-static analysis6'7 has been used to help do
this.

It has been found that the reactivity feedbacks have not varied
greatly through the life of the reactor despite the changes in fuel type,
facility mission, and inclusion of irradiation experiments. This occurs
because the core has always been composed of essentially the same frac-
tions of steel, sodium and fissionable material. This property makes the
analysis described here both tractable and meaningful.

Screening analysis of the ATWS events has demonstrated that the
Unprotected Loss of Heat Sink is unconditionally safe because it would
take reactivity feedbacks -60 standard deviations from nominal, and far



outside allowable limits in the Technical Specifications, to give an
unsafe outcome. Other transients will require detailed examination.

Combining the results of the assessments above indicates that
balance of plant faults do not represent any threat of core damage in the
short or long term. They may however have severe availability implica-
tions. This result is in contrast to the situation for many other
reactors where the balance of plant faults can be large contributors to
the core damage frequency from internal events. This property of EBR-II
was anticipated in the design and the balance of plant is not considered
to be safety grade.

Results such as these tend to emphasize the importance of the severe
initiating events and external events in the EBR-II PRA.

HUMAN RELIABILITY

EBR-II has long maintained the position that safety of the plant is
insensitive to human error. Analyis of potential initiating events has
identified no new human error related events. Furthermore all the front
line systems which act to prevent core damage, with the exception of the
RSS, are continuously operating. Repair and maintenance are carried out
when shutdown, little or no on-line maintenance takes place, and there-
fore human error can essentially only contribute through the only demand
system, i.e., via the scram reliability. This characteristic does have
the implication that start-up and refueling accidents must also be
considered.

EXTERNAL EVENTS

The seismic portion of the PRA is being executed in parallel with
the internal events study. A site specific hazard curve was commissioned
based upon existing seismic surveys. The expected damage frequency for
different generic plant level fragilities has been computed using repre-
sentative randomness and uncertainty values. The resulting mean and
median failure frequences are shown in Table I.

TABLE I

Failure Frequencies for Generic Fragilities Using
the EBR-II Seismic Hazard Curve
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The mean failure frequencies clearly shaw that the damage frequency
predicted due to earthquakes can be expected to dominate that from inter-
nal events. This result arises from the uncertainty in the .seismic
hazard evaluation, in particular, lack of knowledge of th<; return
frequency of large, rare earthquakes.

Studies have been completed that establish the fragilities of impor-
tant systems using combinations of expert judgment and deterministic
calculation of the response of specific systems such as the reactor tank,
containment building, and the shutdown coolers. Studies of the control
rods, rrimary pumps, and reactor core are underway.

SUMMARY

An overview of the EBR-II PRA has been presented. Early results
confirm that EBR-II is insensitive to balance of plant faults through the
designed-in passive safety features. The focus of the PRA then becomes
the ATWS faults, for which benign response has been demonstrated experi-
mentally for many sequences, extraordinarily severe initiating events,
and external events. The hazard curve for the seismic analysis contains
sufficient uncertainty that it will inevitably lead to a mean seismic
induced annual failure frequency in the 10"s - 10"6 range. Core damage
due to seismic induced failures can be anticipated to dominate the core
damage frequency.
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