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Abstract
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) and is expected to be
licensable in Europe. The program was initiated in 1994 and the plant is designated
EP1000.

The EP1000 design is notable for simplicity that comes from a reliance on passive
safety systems to enhance plant safety. 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 initiating event. The EP1000 builds up on the
Westinghouse passive nuclear plant technology to enhance plant safety and meet European
Utility Requirements and specific European National Safety Criteria.

This paper summarizes the main results of the Steam Generator Tube Rupture
(SGTR) analysis activity, performed in Phase 2B of the European Passive Plant Program.
The purpose of the study is to provide evidence that the passive safety system performance
provides a significant improvement in terms of safety, providing significant margins to steam
generator overfilling and reducing the need for operator actions.

The behavior of the EP1000 plant following SGTR accidents has been analyzed by
means of the RELAP5/Mod3.2 code. Sensitivity cases were performed, to address the
impact of varying the number of steam generator tubes that rupture, and the potential
adverse interactions that could result from operation of control systems (i.e., Chemical and
Volume Control System, Startup Feedwater). Analyses have also been performed to define
and verily improved protection system logic to avoid possible steam generator safety valve
challenges both in the short and in the long term.

Nomenclature
ADS Automatic Depressurization System
ATWS Anticipated Transients Without Scram
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CMT Core Makeup Tanks
CRT Core Reflood Tanks
CVS Chemical and Volume Control System
DBA Design Basis Accidents
DEC Design Extension Conditions
EUR European Utility Requirements
IRWST In-Containment Refueling Water Storage Tank
LOCA Loss of Coolant Accident
MCR Main Control Room
MSGTR Multiple Steam Generator Tube Rupture
MSIV Main Steam Isolation Valves
PCS Passive Containment Cooling System
PRHR HX Passive Residual Heat Removal Heat Exchanger
PORV Power Operated Relief Valve
PSA Probabilistic Safety Assessment
PXS Passive Core Cooling System
RCS Reactor Coolant System
RNS Normal Residual Heat Removal System
SG Steam Generators
SGS Steam Generator System
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 to satisfy EUR
requirements [2]. The use of passive safety systems has provided significant and
measurable improvements in plant simplification, safety, reliability, investment protection and
plant costs [5],[6]. 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 initiating event.

Of all major accidents, steam generator tube ruptures have occurred most frequently.
Many programs, such as secondary side inspection, improved SG design, water chemistry
control and more reliable eddy current inspection techniques, have been implemented by the
Nuclear Industry to reduce the frequency of SGTR accidents. Nevertheless, a Steam
Generator tube rupture accident may remain one of the most likely accidents to occur.
SGTR accidents provide a direct release path for contaminated primary coolant to the
environment via the secondary side relief valves. Accumulation of water in the secondary
side can also lead to an overfilling condition that can aggravate the radiological
consequences and increase the likelihood of complicating failures. To limit radiological
consequences of SGTR events, automated measures and timely operator intervention are
needed.

The consequences of a SGTR, in current plants, depend largely upon the ability of
the operator to take the necessary actions to terminate the primary to secondary leakage. If
the leakage continues for a significant time period, depending on the size of the break, the
secondary side of the Steam Generator may become filled and water may enter the
steamline. If the leakage continues, the release of water through the secondary side safety
valves are likely to cause them to stick open resulting in a large increase in the radiological
doses.

Westinghouse passive technology plants, and the EP1000 in particular, are equipped
with safety systems that automatically mitigate the consequences of Single and Multiple



SGTRs without the use of nonsafety features or operator actions. In addition non safety
systems provide defense-in-depth and additional margins to safety limits, together with
added flexibility for plant recovery following a SGTR event, Figure 1.

In the following, the response of the EP1000 plant to beyond design basis MSGTR
events will be shown. This analysis bounds single SGTR events. In particular, the paper
focuses on the EP1000 response to Multiple SGTR events (10 tubes). The analyses were
performed to demonstrate that the EP1000 mitigating systems can terminate the primary to
secondary break flow, avoiding overfill, and that a simple protection system logic modification
can prevent the opening of the steam generator safety valves .

The analyses presented in the following were performed using the RELAP5 Mod.
3.2.2 computer code [7].

Multiple Steam Generator Tube Rupture Issue
The Multiple Steam Generator Tube rupture consists of events in which more than

one steam generator tube failure occurs, either as an initiating event (for example, tube
rupture due to high cycle fatigue or loose parts) or as a consequence of other initiating
events (such as a main steam line break or stuck-open main steam line safety valve).

Multiple SGTR events are not required to be assessed nor are reported in the US
Safety Analysis Report since the probability of occurrence of such events is considered to be
extremely low. However, several Single and Multiple SGTR scenarios are considered in the
Probabilistic Safety Assessment (PSA) Report for their potential to result in a containment
bypass sequence and also for the potential to cause inadequate core cooling.

While in the US licensing process, the Applicant is required to evaluate the
consequences of a single SGTR event concurrent with the most limiting single failure,
European Utility Requirements also require the vendor to evaluate the consequences of
Multiple SGTRs. The following EUR requirements directly address MSGTR:

EUR 2.1.4.3.4 Containment bypass accidents without fuel melting but with potential
for significant releases due to primary coolant leakage, need to be assessed.
Measures to be taken to minimize probability of such accidents include:

*
* Reliable safeguards to minimize releases in the case of steam generator

tube rupture. These should aim to prevent safety relief valve operation in
the affected steam generator and to simplify operator actions required to
control the transient. Measures may also include relieving potentially
contaminated steam inside the containment.

In the event of rupture of several steam generator tubes, the probability of exceeding
the release values established for severe accidents should not contribute more than a
small fraction of the overall frequency target.

The European Utility Requirements reflect a position that is common to several
European Safety Boards and Utilities, including STUK (Finland), ENEA-DISP and ENEL
(Italy) on the need to effectively cope with SGTR events.

To meet the EUR, analyses have been performed to show the EP1000's capability to
mitigate the accident. In addition, protection system logic has been modified to prevent the
opening of the Steam Generator safety valves.

EP1000 SGTR Mitigation
EP1000 SGTR mitigation is provided by the following safety classified

functions/systems:
• Reactor Trip Function provided by the Protection and Safely Monitoring System
• Core Cooling Function, provided by the Passive Core Cooling System (PXS), in

particular by the Passive Injection System, Figure 2, and Passive Residual Heat Removal
System, Figure 3.



• Steam Generator OverfillPrevention provided by the Protection and Safety Monitoring
System via isolation of the STS and trip of the CVS pumps1.

• Steam Generators Isolation (including Main Steam and Feed Water Lines Isolation,
PORVs block valve actuation)

In addition , the following nonsafety systems may be used to provide additional levels
of defense to mitigate the consequences of the SGTR:

Chemical and Volume Control System (CVS)
Startup Feedwater (STS)
Steam Generator Bypass
Steam Generator Power Operated Relief Valves
Pressurizer Spray and Auxiliary Spray
Normal RHR

The above systems provide many levels of defense in mitigation of a SGTR or
MSGTR event [5], and provide the operator with the flexibility to manage the event in a more
traditional manner.

Figure 1 compares the levels of defense for a SGTR event in current plants with the
levels of defense in the EP1000 plant. The figure shows that the EP1000 has more different
(redundant / diverse) ways of mitigating SGTR events both making use of safety-classified
systems and non-safety systems than is available in current plants.

Operation of the above systems and the EP1000 plant inherent response to SGTR
events is described in the following.

EP1000 SGTR Analyses
In the framework of the EPP Phase 2B program, several Steam Generator Tube

Rupture accidents have been analyzed to address the EUR requirements including the
beyond design basis events (multiple SGTR). Single and multiple Steam Generator tube
rupture (3 and 10 tubes) and concomitant failures (e.g., power operated relief valve fails
open, spurious ADS valve opening) have been considered in defining the Complex
Sequences2 to be analyzed.

The analyses presented in the following demonstrate the capability of the Passive
Technology Plants to effectively mitigate the SGTR events and meet the EUR criteria. In
particular, two MSGTR analyses are reported, both referring to a 10 tube MSGTR event.
The two cases differ in the long term after primary to secondary leak termination. In fact, in
the second event, it is assumed that ADS is spuriously actuated. ADS actuation is not
expected unless multiple failures occur to defeat the nonsafety level of defense and the
automatic passive safety level of defense utilizing the PRHR HXs.

The first case, hereafter referred to as the "Base Case", is analyzed to show that SG
overfilling does not occur and that the enhanced protection logic is able to avoid SG safety
valve opening.

1 In order to avoid Steam Generator Safety Valve opening, the Steam Generator Overfilling logic has
been modified to allow the isolation of STS and CVS on:

High SG Steam Pressure concomitant with an High SG Water Level and "S" signal
Moreover, to avoid the SG safety valve opening in the first seconds after the reactor trip, the turbine
trip signal has been delayed by a few seconds when required by a Low PRZ Pressure / S signal
reactor Trip.
2 According to EUR, safety analyses must address both DBA and Design Extension Conditions. The
latter category includes Severe Accidents and Complex Sequences that do not result in fuel damage.
Complex sequences should be defined by the Vendor on the basis of the Probabilistic Safety
Assessment Results. Nevertheless, a number of Complex Sequences are deterministically defined by
the EUR. Among those the ATWS and MSGTR events.



The second case, hereafter referred to as the "Alternate Case", addresses the issue
related to deboration of the RCS following a complete RCS depressurization and consequent
backfilling of the RCS from the ruptured Steam Generator.

Base Case
The MSGTR event (10 tubes) results in a large primary to secondary flow rate, Figure

4. The pressurizer water level and primary system pressure, Figure 5, decrease due to
leakage of reactor coolant into the secondary side of the Steam Generator.

Pressurizer Low Pressure and Low Level setpoints are reached and the Chemical
and Volume Control System (CVS) makeup pump start injecting flow to maintain pressurizer
level.

Eventually, the continued loss of primary inventory leads to reactor trip, on Low
Pressurizer Pressure. For large breaks (10 tubes) this occurs approximately 45 seconds
from accident initiation. Initiation of Startup Feedwater is assumed at the time of Reactor
Trip.

The new SGTR Mitigation Protection System logic, automatically initiates the Turbine
Trip with a 4 second delay following Reactor Trip. This provides sufficient time to insert the
control rods prior to closing the turbine stop valves. This action limits the pressure increase
in the secondary system, Figure 6, following Reactor Trip and avoids the opening of the
Steam Generator safety valves.

Following a short delay from Reactor Trip, the Safeguards "S" signal is generated on
a Low-Low Pressurizer Pressure. The "S" signal actuates the CMTs, Figure 7, and Passive
Residual Heat Removal (PRHR) system, Figure 8. CMT actuation trips the Reactor Coolant
Pumps (RCPs).

Actuating the PRHR heat exchangers transfers core decay heat to the In-containment
Refueling Water Storage tank (IRWST), Figure 8, and initiates a cooldown (and
consequentially depressurization) of the RCS.

Since the initial post trip phase, PRHR HX operation and cold CMTs flow rate provide
the required heat sink to absorb the core decay heat and, as a consequence, RCS pressure
and Steam Generator pressure initially decrease.

The RCS depressurizes to an equilibrium value where the total injected flow rate by
the CVS equals the break flow rate. The break flow rate will continue until the CVS is
isolated by the Overfilling Protection Logic that automatically trips the CVS pumps and
isolates Startup Feedwater on Steam Generator High Level concomitant with an "S" signal
and high SG pressure at about 900 seconds. Isolation of the CVS pumps avoids continued
pressurization of the RCS and the connected SGS.

Since the CMTs continue to inject cold borated water (CMT works in recirculation
mode, i.e.: hot water from the balance line replaces relatively cold borated water in the CMT)
in to the RCS, isolating the CVS pumps does not present a safety concern.

Immediately after CVS isolation, due to the PRHR heat transfer capability, the RCS
starts to cooldown and depressurize (Figures 9 and 5) ; RCS pressure drops below SG
pressure and a limited reverse flow from the secondary to primary side occurs, Figure 5.

Finally, as shown in Figures 6 and 10, Steam Generator pressure never reaches SG
safety valve setpoint, and SG overfilling is prevented.

As shown in the sensitivity studies performed, successful SG overfill protection, along
with successful actuation of the PRHR HXs , terminates the SGTR event independently from
the number of ruptured tubes.

Alternate Case
As shown in the Base Case, in the long term, the SGTR event results in a a period of

backfilling of the RCS from the secondary side. Since the water from the Steam Generator is
at a lower boron concentration than the primary coolant, the break flow can result in a
reduction of the shutdown margin. For this reason, the worst backfilling case, resulting from
the complete depressurization of the RCS following a spurious ADS actuation, was analyzed.
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The 10 tube break multiple steam generator tube rupture was taken as the initiating

event. At approximately 3,000 seconds an ADS signal was spuriously generated. The ADS
valve opening results in rapid depressurization of the RCS and consequently
depressurization the ruptured SG, Figure 11, resulting in a large flow from the ruptured SG
to the RCS, Figure 12. The primary coolant boron concentration starts oscillating, Figure 13,
due to the concomitant effect of the ruptured SG back flow and of the Accumulator and CRT
borated water injection flow rate, Figure 14. At approximately 4,000 seconds the boron
concentration starts increasing due to the ruptured Steam Generator being almost void and
the injection of IRWST water.

RCS boron concentration always remains much higher than initially due to the fact
that the water from the ruptured SG has a significant amount of boron in it. During the first
3000 seconds of the transient, borated water from the RCS flows in to the SG, Figure 15.

Based on the results of this analysis, it is concluded that deboration following a SGTR
event does not result in unacceptable reduction of the available shutdown margin.

Conclusions
The EP1000 plant is equipped with passive safety systems that effectively mitigate

the consequences of SGTR events.
Passive Residual Heat Removal and Passive Injection Systems operate well to

depressurize the RCS below the Steam Generator pressure thus resulting in termination of
the break flow.

The Overfilling Protection function, provided by the Protection and Safety Monitoring
System, is required to terminate the CVS and STS flow that could potentially cause overfilling
of the ruptured SG. The logic provides early CVS and STS isolation, thus avoiding Steam
Generator safety valve actuation for Multiple SGTR events. Optimization of this logic should
also cover most of the small break cases. In any case, due to the long time frame during
which smaller break transients develop, and due to the availability of diverse and redundant
indications in the MCR, the operator action could be taken to effectively terminate the
accident.

Finally, it should be noted that no operator actions are required to meet safety criteria
(i.e., core cooling and environmental doses) and avoid SG overfilling.

EP1000 plant response to Multiple SGTR in terms of fuel failure, SG overfilling, ADS
actuation and external doses meets all the European Requirements including probabilistic
targets [6].
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