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Abstract
The present paper summarizes the main results of the Anticipated Transient Without

Scram (ATWS) analysis activity, performed for the European Passive Plant Program (EPP).
The behavior of the EP1000 plant following an ATWS has been analyzed by means of the
RELAP5/Mod3.2 code.

An ATWS is defined as an Anticipated Transient accompanied by a common mode
failure in the reactor protection system, such that the control rods do not scram as required to
mitigate the consequences of the transient. According to the experience gained in PWR
design, the limiting ATWS events, in a PWR, have been found to be the heatup transients
caused by a reduction of heat removal capability by the secondary side of the plant. For this
reason, the Loss of Normal Feedwater initiating event, to which the failure of the reactor
scram is associated, has been analyzed.

The purpose of the study is to verify the performance requirements set for the core
feedback characteristics (that is to evaluate the effect of the low boron core neutron kinetic
parameters), the overpressure protection system, and boration systems to cope with the
EUR Acceptance Criteria for ATWS. Another purpose of this analysis was to support
development of revised PSA success criteria that would reduce the contribution of ATWS to
the large release frequency (LRF).

The low boron core improved the basic EP1000 response to an ATWS event. In
particular, the peak pressure was significantly lower than that which would result from a
standard core configuration. The improved ATWS analysis results also permitted improved
ATWS PSA success criteria. For example, the reduced peak pressure allows the use of
other plant features to mitigate the event, including manual initiation of feed-bleed cooling in
the event of PRHR HX failure. As a result, the core melt frequency and especially the LRF
are significantly reduced.

NOMENCLATURE
ADS Automatic Depressurization System
ATWS Anticipated Transient Without Scram
CMF Core Melt Frequency
CMT Core Makeup Tanks
CRT Core Reflood Tanks
CVS Chemical and Volume Control System
DAS Diverse Actuation System

'EUR European Utility Requirements
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IRWST In-Containment Refueling Water Storage Tank
LOCA Loss of Coolant Accident
LMFW Loss of Main Feedwater Initiating event
LNFWA Loss of Normal Feedwater Accident
LRF Large Release Frequency
MSIV Main Steam Isolation Valves
NR Narrow Range
PCS Passive Containment Cooling System
PMS Protection and Safety Monitoring System
PRHR HX Passive Residual Heat Removal Heat Exchanger
PRZ Pressurizer
PWR Pressurized Water Reactor
PXS Passive Core Cooling System
RCS Reactor Coolant System
RNS Normal Residual Heat Removal System
SG Steam Generators
SGTR Steam Generator Tube Rupture
STS Startup Feedwater System

Introduction
European electrical utility organizations, together with Westinghouse and Ansaldo, are

participating in a program to utilize the Westinghouse passive nuclear plant technology to
develop a plant which meets the European Utility Requirements (EUR) [1],[2] and is
expected to be licensable in Europe. The program was initiated in 1994 and the plant is
designated EP1000 [3],[4].

The EP1000 uses passive safety systems to enhance plant safety and satisfy EUR
requirements. The use of passive safety systems has provided significant and measurable
improvements in plant simplification, safety, reliability, investment protection and plant costs.
These systems use only natural forces such as gravity, natural circulation, and compressed
gas to provide the driving forces for the systems to adequately cool the reactor core following
an accident.

An Anticipated Transient accompanied by a common mode failure in the reactor
protection system, such that the control rods do not scram as required to mitigate the
consequences of the transient, is defined as an Anticipated Transient Without Scram
(ATWS).
ATWS events are postulated to be initiated from Condition II events, faults of moderate
frequency, as defined by the EUR and ANSI-N 18.2-1973 [5]. Condition II events are
commonly termed "Anticipated Transients" to distinguish them from the more severe, lower
probability, Condition III and IV events.

According to the experience gained in PWR design, the limiting ATWS events, in a
PWR, have been found to be the heatup transients caused by a reduction of heat removal
capability by the secondary side of the plant.

These events are relatively slow (i.e., on the order of few minutes) in the Westinghouse
PWR due to the large primary and secondary side water inventories.

Because of the negative moderator temperature feedback in a PWR, heatup accidents
resulting from a loss of heat sink, cause the nuclear heat generation rate to naturally
decrease until the reactor power matches the heat extraction rate by the plant heat sinks
(SGs and PRHR HXs). The rate at which nuclear power decreases, depends, of course, on
the magnitude of the moderator reactivity feedback. The slower the heatup transient and the
faster the negative reactivity insertion due to moderator feedback, the better the plant
response is. The EUR requires ATWS to be analyzed in the framework of Design Extension
Conditions Events (DEC)1, independent from any probabilistic assessment (EUR, Section

1 According to the EUR, DECs are those unlikely event sequences, going beyond DBA and including
complex situations, that have the potential to lead to significant releases, and in particular significant
core damage.



2.1.4.3.2). Moreover, the EUR asks for investigation of Low Boron Core Capability (EUR
Section 2.2.3.7) to "allow an adequately negative moderator feedback to avoid damage
of the core and of the RCS pressure boundary during any ATWS through 100% core
life...".

ATWS have been addressed in the AP600 SSAR [6] and analyses have been performed
to support AP600 PRA [7]. Specific AP600 ATWS analyses have also been performed in the
frame of the AP600 Italian project.

The AP600 latter analyses employ several best-estimate assumptions, as it is
considered appropriate due the very low probability of the event. This analysis approach is
generally consistent with the EUR, although the core characteristics must be selected to
cover the full 100% of core life as required by the EUR.

The EP1000 plant response to ATWS events is addressed to cover the whole fuel cycle
life. This means that the limiting reactivity coefficients throughout the cycle life are chosen in
the analysis.

The most stringent acceptance criterion to be verified during an ATWS event is related
to RCS peak pressure. There are several ways to meet the acceptance criterion for the
RCS pressure. The most obvious is to provide enough overpressure relief capability to keep
pressure below the acceptance criterion; another is to provide a large pressurizer steam
space to absorb coolant expansion during RCS heat up; a third is to provide a core design
characterized by a large negative moderator temperature coefficient throughout its life. The
third option is, from the design point of view, the most attractive and is suggested by the
EUR.

During Phase 1 of the EPP Program, several studies were performed and a limit of-14
pcm/T (which is the value calculated for the AP600 Low Boron Core ATWS LNFWA) was
set for the Moderator Temperature Coefficient for the EP1000 Low Boron Core Design at full
power.

The present paper reports the results of the EP1000 ATWS analyses performed during
the EPP Phase 2B Program.

Method of Analysis
The EP1000 ATWS analysis has been performed using best-estimate methods. Best

estimate, state-of-the-art RELAP5/Mod3.2.2Beta [8] code has been used to perform the
analyses.

Initial Conditions
Best estimate initial conditions have been assumed in the analysis; in particular,

nominal values for RCS average temperature, pressurizer pressure and level, SG initial
water inventory have been credited.

Moreover, Single Failure has not been assumed in the analysis, consistent with the EUR
suggested realistic approach.

Nevertheless, some conservatism have been maintained in the analysis. In particular,
Standard Safety Analysis approach has been followed in determining the plant support status
(i.e., non-safety classified equipment have been assumed not available).

According to the above rules, for the base case, only EP1000 passive systems have
been assumed available for event mitigation.

The following assumptions on the PXS and PMS were made:
> The reactor trip signal does not result in the insertion of the RCCA's even though

several reactor trip signals are generated during the course of the transient.
> Diverse Actuation System (DAS) ATWS signals have not been credited for

successfully actuating reactor trip.
> Turbine trip has been credited upon reaching Low - Low SG Narrow Range Water

Level. A sensitivity case has been performed actuating the turbine trip upon
reaching the Wide Range Water Level generated by the DAS.

> Two Passive Residual Heat Removal Heat Exchangers are actuated, on Low -
Low SG Wide Range Water Level generated by the DAS, to remove the core



power. The effect of a reduced heat removal capacity has been analyzed by
performing a sensitivity case in which only one PRHR is actuated. In addition,
complete failure of PRHR actuation has been assumed in some of the analyses
related to the definition of success criteria for the Probabilistic Safety Assessment.

Nuclear Kinetic Parameters
The nuclear kinetics parameters have been evaluated from the Low Boron Core Design

developed by ENEL during EPP Phase 1B.
The reactivity feedback has been evaluated by means of RELAP5 control variables.

Essentially, the effective multiplication factor has been evaluated according to the same
model developed in the LOFTRAN code [9], as follow:

Keff = Ko + K, p + K2 p2 + K3 Q + K4 Q2 + K5 (Q/W)2 + K6 Tavg +Cb (B-Bo)
where:
p is the core average coolant density;
Q is the core thermal power;
W is the core flow;
B is the boron concentration;
Tavg is the coolant average temperature.
The constants K> - Ke have been evaluated by ENEL by fitting the results of three

dimensional neutron kinetic codes2.
The above formulation provides a realistic evaluation of the reactivity feedback and also

accounts for non-linear behavior that are usually neglected in conservative licensing type
analyses.

Analysis Results
Two series of calculations have been carried out: the first one, related to best-estimate

ATWS analyses, is focused on the verification of the assumptions adopted during Phase 2A;
several sensitivity cases, characterized by different reactivity feedback models, PRZ initial
conditions, and availability of mitigating systems, have been performed. The second series of
calculations have been performed to define success criteria for the Probabilistic Safety
Assessment.

Best estimate analysis and sensitivity cases

Base Case
The ATWS analyzed in the base case is initiated by a loss of normal feedwater

followed by the failure of the reactor scram. PMS actuation of the PRHR , CMTs, CVS and
STS systems are not credited.

Following the loss of main feedwater flow, the secondary side inventories decrease at a
fast rate due to the continuous steam flow to the turbine; core average temperature (Figure
1) and primary pressure (Figure 2) slowly increase due to loss of subcooled water in the
steam generators. Nuclear power (Figure 3) slowly decreases due to the isothermal
temperature reactivity coefficient.

The Low SG water level trip set point is reached at about 53 seconds. The reactor trip
function is assumed to fail while, in this base case, the turbine trip is credited.

Immediately after turbine trip, the Steam Generators pressures rapidly increase (steam
dump is not credited) and safety valves open. The SG isolation causes a degradation in the
heat transfer between the primary and secondary side. As a consequence, the time
derivative of the core average temperature and the RCS pressure strongly increases. The
core average temperature increase results in a decrease of coolant density and nuclear
power via the reactivity feedback, and also results in pressurizer insurge that causes the

2 The moderator temperature coefficient, calculated at full power condition, with the above formulation,
provides a value of-14 pcm/°F.
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pressurizer water volume (Figure 4) and pressure to increase. PRZ safety valves open at
about 75 seconds.

PRHR HXs are actuated on Low SG NR Water Level in coincidence with low startup
feedwater flow and time delay. Heat is then removed from the RCS through the PRHR HX's
to the IRWST (Figure 5). The PRHRs flow rate is initially about 200 kg/s for each exchanger
due to the continued RCPs operation.

Even with the PRHR HXs operating, the core average temperature continues to increase
and the rate of increase becomes even higher at about 100 seconds, due to the Steam
Generators incipient dryout which, causes the drop of the heat transfer between the RCS
and the steam generator secondary side.

The core average temperature increase causes coolant expansion and a large insurge
to the pressurizer leading to the PRZ overfilling at about 131 seconds. The maximum PRZ
pressure of 17.7 MPa is however predicted at about 75 seconds.

At about 175 seconds, with the SGs essentially empty, the trend of the parameters starts
to change. In fact at this time the nuclear power (about 400 MW) is removed by the PRHRs,
as a consequence the RCS pressure and Tavg stop increasing. At about 400 seconds, after
a decrease in RCS temperature and pressure, core power is about 300 MW (i. e.,
approximately 10% of nominal) and RCS pressure is lower than 15 MPa. At this time PRHR
HXs remove only 290 MW. Hence, temperature is still slightly increasing in order to reach the
equilibrium value that will result in a PRHR HXs power matching Nuclear Power.

The plant will be maintained in those conditions until an "S" signal is generated by the
PMS, DAS or operator actions and boration will bring the reactor subcritical.

Influence of reactivity feedback
A sensitivity case has been performed to evaluate the impact of a simplified kinetic

model in the calculation of reactivity feedback in the ATWS analysis.
This case (hereafter referred as react-1) is characterized by a constant moderator

temperature coefficient equal to -Mpcm/T and reflects a typical safety analysis licensing
approach, characterized by a constant reactivity feedback coefficient that neglects second
order effects.

The comparison of this case with the base case can be summarized as follow:
In the first part of the transient (before reaching the Low - Low SG NR Level set point),

characterized by a moderate increase in core average temperature, the reactivity introduced
by the simplified reactivity model, Figure 6, is almost the same as for the base case. As
soon as the changes in core moderator temperature and densities depart significantly from
the initial conditions, the reactivity evaluated by the simplified model, is much lower than for
the base case, resulting in a higher power level, Figure 7.

As a consequence, the core temperature increase is faster and pressurizer overfilling
occurs earlier and at a higher power. The resulting excess energy causes a pressure peak
(Figure 8) that is equal to 20.9 MPa.

On the basis of this comparison, the realistic model developed by ENEL seems more
adequate to properly simulate the reactivity feedback following variations of moderator
temperature and density. In fact, the model based on a constant temperature coefficient do
not take into account the increase of the reactivity coefficient with temperature, as can be
deduced from Figure 9. The same figure reports the reactivity behavior for RCP trip. At the
time of pumps trip, the voids generated increase negative reactivity insertion.

Influence of mitigating systems
Several sequences have been analyzed to address the influence of mitigating systems

and actuation logic. Among the other, the following have been analyzed:
S-1) Steam Dump Available
S-2) Turbine Trip Actuation on DAS Low - Low SG WR Level
S-3) PRHR actuation on DAS Low - Low SG WR Level
S-4) One out of two PRZ Safety Valves
S-5) Same as case S-4 but only one out of two PRHR heat exchangers available



The S-4 case results show the same behavior as for the base case. The only difference
is the PRZ pressure that reaches a maximum value of 18.89 MPa (Figure 10) as compared
with about 17.8 MPa in the base case.

The S-5 case results in reduced heat removal capability causing a faster heat up of the
RCS. A maximum PRZ pressure of 19.87 MPa is predicted at about 135 seconds.

PSA Success criteria analyses
At the end of EPP Phase 2A, the PSA results indicated that the EP1000 design meets

the higher expectations and goals specified in the EUR document.
The core damage frequency (CDF) and large release frequency (LRF) for at-power

internal events (excluding shutdown, fire and flood events) are 8.16E-8 events per reactor-
year and 1.42E-8 events for reactor-year, respectively. These frequencies are at least two
orders of magnitude less than a typical pressurized water reactor plant currently in operation.

The relatively small difference between the CDF and the LRF is related to high pressure
sequences resulting from conservative assumptions used to model the ATWS event3.

The high pressure core damage sequences are the dominant contributor (about 66%) to
the large release frequency. Of the high pressure sequences, ATWS event sequences
contribute the most to the large release frequency (42.6%). This result derives from the
conservative assumption that, following an ATWS, there is an high probability that the
opening of the pressurizer safety valves can not maintain the peak reactor coolant system
pressure below the design value of 3200 psig (22 MPa), thus leading to the steam generator
tube rupture and to the consequent direct bypass to the environment.

A weak point of this PSA study was related to the lack of specific thermal-hydraulic
analysis for EP1000 plant. Preliminary evaluations have demonstrated that conservative
assumptions applied to model the ATWS event and the consequence of the reactor vessel
failure could be removed or, at least, relaxed. This implies not only a further reduction of the
core damage frequency and large release frequency, but also a large reduction of the
contribution due to high pressure sequences consequent to the ATWS event.

It was therefore decided to perform additional thermal-hydraulic analyses to define the
success criteria to be employed in the ATWS PSA.

Starting from the base case, three analyses have been performed on the basis of the
following assumptions:
• PSA-1: unavailability of both PRHR HXs, availability of one PRZ safety valve, one

accumulator and one CRT, manual actuation of CMT after 1200 seconds from the
beginning of the transient. ADS is automatically actuated by the PMS when the CMT
level decreases to a low level setpoint.

• PSA-2: unavailability of both PRHR HXs and CMTs, availability of one PRZ safety valve,
one accumulator and one CRT, manual actuation of ADS valves after 1200 seconds from
the beginning of the transient

• PSA-3: unavailability of both PRHR HXs and CMTs, availability of one PRZ safety valve,
manual actuation of CVS and STS after 1200 seconds from the beginning of the transient
For these analyses, the Henry Fauske critical flow model has been implemented, by

activating the option 53 on the card 1 of the Relap5 input deck: this option allows to better
model the critical flow also for two phase flow discharge.

For all three cases, the initial part of the transient, up to the manual actuation of the
various systems (1200 s), the plant behavior is similar to that described for the base case.
However, the unavailability of the PRHR HXs and the reduced PRZ safety valves discharge
capability (only one valve credited), leads to a greater power mismatch (in comparison with
the base case) between nuclear power generated and the power removed by the heat sinks
and as a consequence results in a higher pressure peak (19.02 MPa) predicted at 135
seconds.

3 EP1000 PSA Event tree and success criteria for ATWS were derived from AP600 without taking into
account the ATWS accident analyses performed during Phase 2a.
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Residual heat is removed through only one PRZ safety valve, and the large mass

(mainly steam) discharged to the containment atmosphere causes a rapid decrease of the
primary inventory (no feed is provided). The depletion of the primary system (starting from
the SG U-tubes and the upper head) is accompanied by voids generation, so that the
pressure is maintained at the PRZ safety valves set point.

During the void formation, the boron separates from the steam phase and concentrates
in the liquid phase increasing the boron concentration in the core. At the end of the initial
part of the transient (1200 s) the primary mass is decreased to about one half of its initial
value and the boron concentration is almost doubled. At this time the core is largely
subcritical and plant parameters including fuel structure temperature and RCS pressure are
well below the acceptance limits.

In any case, the continuous decrease of the primary mass anticipates possible plant
status degradation if operator actions are not timely performed.

PSA1 case analysis
The manual actuation of one CMT at 1200 seconds (Figure 11) results in the injection of

cold water in the vessel (with a peak of about 50 kg/s). The injection is followed by the
decrease of the core void fraction which in turn determines the RCS pressure reduction
(Figure 12) till the PRZ safety valves closure set point is reached. As a consequence, the
primary side mass starts to increase up to about 120,000 kg (Figure 13).

The actuation set point of the first stage of the ADS (low CMT level) is reached at about
1,690 seconds followed by the opening of second stage (Figure 14). The large primary
coolant mass discharge from the ADS valves causes the decrease of primary mass to a
minimum value of about 35,000 kg at about 2,000 seconds. The large void fraction in the
upper part of the core leads to thermal crisis in the upper axial nodes of the fuel structures
(Figure 15). Nevertheless, the thermal crisis lasts a very short time and the maximum
temperature is limited to less than 700 K.

The injection of the available accumulator at 2053 seconds, followed (after 100 s) by the
start of injection from the available CRT, allows partial recovery of the primary mass (Figure
16). At about 2,200 seconds, the residual mass is about 80000 kg and the fuel structures
temperature reduces to less than 450 K.

Accumulator injection stops at about 2360 seconds and the CRT alone is not sufficient to
entirely replace the mass discharged by the ADS valves, so that the primary inventory
steadily decreases. Eventually, the upper part of the core dries out and a second thermal
crisis, characterized by a fuel structures temperature higher than 1000 K, occurs.

Finally, at about 5,000 seconds the ADS final stage set point (low CRT level) is reached.
The discharge from hot leg to containment through the ADS valves and the consequent
reduction of pressure in that point leads to the reflood of the core and the complete recover
of the dryout 500 seconds after the opening of the ADS final stage, the IRWST starts to inject
(Figure 17). The transient can be considered concluded, as the fuel structure temperatures
are under control (about 400 K), the core void fraction is about 0.7 and the level in the
downcomer and the primary mass inventory exhibit an increasing trend.

PSA2 case analysis
The bleed action (ADS opening) is initiated before any feed action (CMTs are not

credited). As the ADS valves start to discharge (Figure 18) the primary system rapidly
depressurizes (Figure 19) but, with respect to the previous case, the pressure decrease
starts at a lower primary mass inventory (Figure 20). As a consequence, the thermal crisis
established in the fuel structures (Figure 21) lasts a longer time in comparison with the first
dryout of the previous case (this is also due to the higher power) and the peak cladding
temperature reaches about 1100 K.

The dry out period ends at about 2,000 seconds, following the accumulator (starting at
1621 s) and CRT injection (Figure 22): this leads to the increase of the primary mass from
the minimum value of about 30000 kg to about 70000 kg.



The evolution of the remaining part of the transient is similar to that of the PSA1 case
even if due to the lower RCS residual mass the main events result shifted: the second dryout
occurrence is predicted 800 seconds earlier; the opening of the final ADS stage and the
IRWST injection also occur about 500 seconds earlier than in the previous case.

PSA3 case analysis
The mitigating action of the PRHR HX and the CMT are in this case provided by the STS

and the CVS that are manually actuated at 1200 seconds.
The restoring of the mass in the Steam Generators through STS injection, leads to re-

establishment of heat transfer between the RCS and the SG secondary side. The total power
extracted by the SGs is higher than the generated power (about 100 MW), causing a rapid
decrease of the RCS pressure (Figure 23) and temperature (Figure 24). From about 2400
seconds on, the power removed by the SGs equals the residual power and plant stable
conditions are reached at about 3000 seconds. RCS pressure and temperature are equal to
8.7 MPa and 575 K, respectively.

The actuation of the CVS with the injection of borated water contribute to increase the
primary mass inventory, but is negligible from the reactivity point of view, as the core power
is already decreased to decay heat level and significant shutdown margin is available.

CONCLUSIONS
ATWS initiated by a loss of normal feedwater event (LNFWA) have been analyzed in

order to verify the EP1000 capability to cope with the most limiting ATWS accident without
overpressurization of the RCS beyond the 3200 psi (22.0 MPa) limit.

A base case has been simulated together with sensitivity cases characterized by
different PRZ initial conditions, reactivity feedback model and availability of mitigating
systems. A second series of calculations have been performed to define success criteria for
the Probabilistic Safety Assessment.

The results of the analyses show that, for the base case characterized by realistic
assumptions, RCS pressure remains well below the ATWS acceptance criteria (22 MPa) and
in fact does not exceed the acceptance criteria for Condition 2 events (110% of design
pressure, that is 18.9 MPa).

The above results are due to the combination of the large moderator reactivity feedback
characteristic of the EP1000 low boron core, pressurizer sizing (large steam volume
available to absorb insurge from the RCS) and PRZ safety valves sizing.

The analyses performed to support the Probabilistic Safety Assessment, showed that
alternate success paths were acceptable using passive feed-bleed cooling in case of PRHR
HX and CMT failures.

These success criteria have been reflected in the EP1000 PSA and resulted in a
significant reduction of the LRF due to ATWS events.
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