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Abstract 

The Modular Accident Analysis Program (MAAP) is a computer code that is used for integrated 
severe accident analysis in both light water and heavy water moderated reactors.  The MAAP code 
was developed and is maintained by Fauske and Associates, LLC under the sponsorship of Electric 
Power Research Institute (EPRI).  MAAP5 is the latest generation of MAAP, which has new models to 
calculate forced and natural circulation inside a reactor coolant system (RCS) with more detailed 
nodalization. It also has a point kinetics and 1-D neutronics model, features to address new advanced 
reactor designs such as AP1000 and EPR, and improved containment models.  Improvements were 
also made to calculate ANS-3-5 transients required for simulators, and shutdown and low power 
conditions, including mid-loop operations and conditions such as the reactor head open and the vessel 
submerged under the refueling water pool with the nozzle dams in place.  This paper describes the 
new models in MAAP5 and presents example calculations of reactor transients such as a trip of one 
RCP, manual reactor scram, and maximum power ramp case.  It also describes the development of the 
full scope SAMGs covering all plant operating states. Westinghouse has developed Shutdown SAMG 
(SSAMG) that is integrated into at-power Westinghouse Owners Group (WOG) SAMG to form a 
complete symptom-based SAMG package applicable to all Plant Operational States (POS). The 
development of the SSAMG is based on the shutdown and low power MAAP5 analyses and PSA 
studies performed for the European plants. The principal changes required in the entry conditions, 
diagnostic parameters, diagnostic prioritization, as well as specific severe accident guidelines and 
development of new guideline for Spent Fuel Pools. The SSAMG methodology based on this approach 
is matured and has been implemented at several operating plants with different reactor types: 
Westinghouse PWR, AREVA PWR, and VVER. The Westinghouse methodology to extend the 
applicability of the WOG SAMG to shutdown and low power conditions and the basis derived from the 
low power and shutdown MAAP5 analyses and PSA studies is described. 
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1.  Introduction 

Modular Accident Analysis Program (MAAP) is a computer code that has been used by nuclear 
industry for integrated severe accident analysis for almost three decades.  The MAAP code has been 
proven a powerful tool to simulate severe accident scenarios in generation II PWR and BWR plants, 
CANDU plants, and generation III plants such as AP1000, EPR and ESBWR. The latest revision, 
MAAP5.0.1, includes many new models and improvements over previous MAAP4, which have 
greatly extended the capability of the code.  The new improvements not only make MAAP5 more 
powerful for conventional severe accident applications and Level II studies, but also make it suitable 
for long-term design-based transient analyses and Level I success criteria calculations.  
 
For RCS model improvements, it now allows users to employ more sophisticated nodalization 
schemes in the RCS, evaluate the individual response of each coolant loop and steam generator, and 
consider coupling of secondary side of multiple steam generators through the steam header.  One of 
the key improvements in MAAP5 is to accommodate the independent coolant loop response for PWR 
designs (MAAP4 can only have one “broken” and one “unbroken” loop).  In addition to individual 
loops, MAAP5 models RCS designs with two reactor coolant pumps (RCPs) per steam generator (i.e., 
those designs with two cold legs for each hot leg).  This enables an analyst to evaluate the system 
response including back flow in the idle loop, when one pump is shut down with the other RCPs in 
operation.  The MAAP5 RCS model was benchmarked against the TMI-2 accident, Prairie Island 
steam generator tube rupture (SGTR) incident, Davis-Besse loss of feed water (LOFW) incident, and 
the BETHSY experiments.   
 
MAAP5.0.1 code is the latest revision which can simulate the passive features of the AP1000 design 
with improved Core Makeup Tank (CMT) and Passive Residual Heat Removal (PRHR) models.  
Figure 1 show the RCS nodalization for AP1000.  The surge line is modeled as a separate RCS node.  
In each node, mass and energy of water and gases (steam, N2, O2, H2, CO, and CO2) are tracked and 
pressure and temperature are calculated.  Core makeup tank(s) and passive residual heat removal 
(PRHR) systems are AP1000- specific engineered safety systems. The CMT is modeled as a RCS 
region (or a node) in MAAP5 and the two CMTs are individually modeled. An improvement was 
made in MAAP5.0.1 to calculate the break flow (water and gas) during a double-ended DVI line break 
transient.  Also, fission product transport from RCS to containment through the core makeup tank is 
modeled.  The PRHR system is modeled as a heat sink in MAAP5.  The volume associated with the 
piping and heat exchanger tubes is neglected.  The calculation of heat transfer between the primary 
system coolant and the containment side of the PRHR tubes submerged in the IRWST water pool is 
similar to the heat transfer calculated in the steam generator.  To simplify the heat transfer 
calculations, the heat capacity of the heat exchanger tubes is assumed to be negligible and gas heat 
transfer through the un-wetted heat exchanger in the IRWST side is neglected.  The MAAP 5.0.1 
AP1000 models were benchmarked against the Oregon State University’s (OSUs) passive vessel 
injection experiments (OSU, 1994).   
 
The MAAP5 steam generator model was benchmarked against the MB-2 experiments (Mendler, 
1986).  The main steam header model in MAAP5 considers the common volume shared by all main 
steam lines.  It is located from downstream of the MSIVs to upstream of high pressure turbine.  This 
model is important when studying steam generator (SG) interactions during main steam line breaks. 
For AP1000 design, if the reactor is tripped or turbine load is reduced, the turbine bypass valves will 
open to extract a certain amount of steam from the steam header.  The reactor control systems 
automatically open (or close) these valves in a regular way to control RCS temperature and SG 
pressures within safety limits.  A new steam dump system model was added in MAAP5.0.1 to 
simulate the specific design of AP1000.  
 
In addition to the RCS model, MAAP5 has a new containment model that can be used for Design 
Basis Accident (DBA) analyses as either a single node or multi-node model.  Since a severe accident 
may result in release of fission products from the reactor core to the RCS and containment, and to the 
environment, MAAP5 is integrated with MAAP5-DOSE to calculate the in-plant and ex-plant 
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radiation dose.  Radiation dose rates and integral doses resulting from the fission product releases can 
be calculated for any containment and auxiliary building nodes including the control room.  Dose rates 
and doses at off-site can be specified by using an atmospheric dispersion factor (Χ/Q) from the various 
release points.  The code has features to specify following time-dependent parameters: 1) off-site and 
on-site breathing rates of people in the affected areas, 2) the occupancy factor within in-plant nodes, 
such as a control room and technical support center building, and 3) the atmospheric dispersion factor.  
The code can also calculate Alternate Source Term radiation doses in compliance with NRC Reg. 
Guide 1.183. 
 
Core model improvements in MAAP5 include a one-dimensional neutronics model and the addition of 
new models for oxidation of B4C and hybrid control rods. For the PWR version of MAAP5, a point-
kinetics model has also been added.  Lower head model improvements include detailed metal layer 
heat transfer modeling, improved oxidic pool convection model, maximum 100 nodes for lower 
plenum wall and lower crusts, and an improved ex-vessel cooling (outside surface) heat transfer model 
(i.e., various nucleate boiling heat transfer correlations and CHF as a function of inclination angle with 
and without thermal insulation effects).  The code can also calculate heat transfer and natural 
circulation inside the gap between the reactor vessel wall and insulation for plants like AP1000 and 
APR1400.  

 
For the PWR code, plant shutdown conditions can be modeled including mid-loop conditions and 
reactor head open cases with water in the refueling pool.  Air or nitrogen injection into the pressurizer 
during initial shutdown conditions can also be modeled.  Additionally, nozzle dams can be placed in 
each loop.  
 

This paper illustrates the capabilities of the latest revision MAAP5.0.1 to simulate and validate initial 
transients and severe accidents from shutdown conditions for AP1000 design. Section 2 discusses 
three AP1000 initial transients simulated with MAAP5 code, manual reactor trip, maximum power 
ramp and trip of one feed water pump.  Section 3 discusses results of operator actions during a severe 
accident from shutdown conditions and describes the Westinghouse methodology to extend the 
applicability of the WOG SAMG to shutdown and low power conditions and the basis derived from 
the low power and shutdown MAAP5 analyses and PSA studies. The last section concludes the paper.    
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Figure 1, RCS Nodalization for AP1000 Type Plant 

 

2.  AP1000 initial transient simulations 
 

Three selected AP1000 initial transients were analyzed (manual reactor trip, maximum power ramp 
and trip of single RCP) and are discussed in this section to demonstrate capabilities of MAAP5.0.1.   
For the AP1000 initial transient calculations, the point kinetics model is used.   
 
2.1  Manual Reactor Trip  
 
A reactor trip signal is initiated after a period of steady-state operation. Once the signal is received, all 
shut-down (SD) bank control rods are automatically dropped into the core to trip the reactor.  The 
turbine stop valve is closed a few seconds after the reactor trip signal is received to isolate the main 
steam line.  Main feed water (MFW) is shut off abruptly after receipt of a reactor trip signal and start-
up feed water (SFW) is assumed to start immediately when MFW is terminated.  Once the reactor is 
tripped, a reference no-load temperature is set, and the steam dump system automatically opens the 
turbine bypass valves to control SG pressures and allow the RCS temperature to match the no-load 
temperature.   
 
For this transient, MAAP5 calculations are benchmarked against previous studies with RELAP5 
(Barbensi, 2005).  Figures 2 thru 4 show comparisons of average RCS temperature, SG pressure and 
SG level (narrow range) between MAAP5.0.1 and RELAP5.  RCS temperature rapidly decreases in 
the first several seconds after the trip, due to power reduction and opening of the turbine stop valve. 
As the turbine stop valve is closed, RCS temperature and SG pressure start to increase.  The 
temperature keeps increasing until it exceeds the no-load temperature, at which time the turbine 
bypass valves are automatically opened by the steam dump system.  Eventually, dumping steam from 
the secondary side of the SG stabilizes the SG pressure and lets the RCS temperature match the no-
load temperature.  Comparisons between MAAP5 and RELAP5 show good agreement in RCS 
temperature and SG pressure.  The water level in the SG secondary side is slightly lower for MAAP5, 
which may be caused by different nodalization scheme between the two codes.  This transient shows 
that the RCS model, SG model and steam header model in MAAP5 can reproduce important thermal 
hydraulics processes in the early phase of a non-LOCA transient with satisfactory accuracy.  
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2.2  Maximum Power Ramp 
 
The transient starts with a reduction of turbine load at a rate of 5% per minute to 75% of the nominal 
value. The load then starts to increase at a rate of 5% per minute from 75% to 95%, and the reactor 
operates at the 95% flow rate for 1 hour.  As the turbine load changes, reactor power is expected to 
follow the load change through a nuclear feedback without actuating reactor trip or protection systems. 
Control rods are assumed to be inoperable during the entire power ramp transient and reactor power 
responds to the load change only through reactivity feedback mechanisms (Doppler and moderator 
temperature coefficients).  
 
Figure 5 shows the comparison between the reactor power and the flow rate through the turbine stop 
valve.  The power follows the flow rate change as expected with a slight delay time when the flow rate 
goes up or down. Peak values of the RCS temperature and pressure are both lower than the respective 
set-points to trip the reactor.  The SG pressures are also less than those required to trip the reactor or 
actuate the safety systems.  This sequence demonstrates MAAP5 capability to successfully model a 
transient requiring nuclear feedback in AP1000 design.  
 
2.3  Trip of Single Reactor Coolant Pump (RCP) 
 
There are total of four RCPs (pumps 1A and 1B for SG loop 1; pumps 2A and 2B for SG loop 2) in 
the AP1000. The initiating event for this transient is a trip of reactor coolant pump 1A.  
 

Figure 6 shows that once RCP 1A trips, flow through this pump follows a pump-coast down curve in 
the first several seconds, then quickly drops to about -40%.  A negative flow fraction indicates reverse 
flow from the cold leg back into the SG outlet plenum.  In the mean time, the flow fraction through 
pump 1B increases from 100% to 121%, and the flow fractions through pumps 2A and 2B also 
increase slightly from 100% to 103.5%.  Since pumps 1A and 1B share one SG outlet plenum, the trip 
of pump 1A creates a path for the water to flow through pump 1B, to the reactor downcomer, laterally 
through downcomer quadrants, then back to the SG outlet through the cold leg associated with the 
tripped pump.  As a result, the flow rate through pump 1A is reversed and the flow through pump 1B 
increases to compensate for the reverse flow.  The slight increase in pump flow through 2A and 2B is 
caused by density and thermal-hydraulic changes following the reactor trip.  Figure 7 shows that the 
water level (wide range) in loop 2 SG is lower than that in loop 1 SG because more decay power is 
directed to the SG2 due to higher flows.  
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Figure 2, Comparison of RCS Average Temperature between 

MAAP5.0.1 and RELAP5 

SG
 P

re
ss

ur
e 

(p
sia

)

Time (s)

M51 (SFW 2pump)

Relap (SFW 2pump)

 
Figure 3, Comparison of SG Pressure between MAAP5.0.1 

and RELAP5. 
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Figure 4, Comparison of SG Water Levels between 

MAAP5.0.1 and RELAP5. 
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Figure 5, Turbine Load and Reactor Power Fraction for the 

Maximum Power Ramp Transient 
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Figure 6, Flow Fraction through RCPs for the Single RCP 

Trip Transient 
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Figure 7, Comparison of SG Water Levels for the Single RCP 

Trip Transient 



 NEA/CSNI/R(2012)2 

429 
 

 

3.  Application of MAAP5 for shutdown SAMG development 
 

The MAAP5 code has capabilities to model mid-loop operations and shut down conditions with the 
reactor head open and the vessel submerged under the refueling water pool with nozzle dams in place.  
The following examples were performed for a Zion-like Westinghouse 4-loop plant to demonstrate the 
effectiveness of operator actions during the severe accident from shut-down conditions: 
 

Case 1 (base case): 

- 120 hours since the reactor scram. 

- Reactor head open and the vessel submerged with 2 m of water above it. 

- Nozzle dams in place in all loops. 

- Nozzle dam failure (large LOCA) in loop 1. 

- No injections, no containment sprays, and no RHR cooling available. 

- Containment is isolated with a leakage area of 3.35E-6 m2. 

Case2: 

- Same conditions as base case. 

- LPI (suction from containment sump) start at 20,000 seconds. 

Case 3: 

- Same conditions as base case. 

- Containment spray (suction from containment sump) is started at 20,000 seconds.   

 

In all cases, the core is uncovered at 13,040 seconds.  Figure 8 shows the two-phase level in the core 
within the core boundary.  Because of low decay heat, the two-phase level decreases very slowly.  
When the spray is on, the containment spray water is collected in the refueling pool floor and spilled 
into the reactor vessel because the reactor head is open.  The hottest core node temperature and the 
mass of hydrogen generated are shown in Figures 9 and 10.  In these cases, the Zr oxidation with 
steam and air are both modeled.  To see the effect of the operator actions, the dose rate at the exclusion 
area boundary (EAB) is compared and shown in Figure 11.  As shown in this figure, the dose rate at 
the EAB is reduced when containment sprays or LPI are started.   
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Figure 8, Comparison of two-phase level in the core region 

 
Figure 9, Comparison of hottest core node temperature 

 
Figure 10, Comparison mass of hydrogen generated 

 
Figure 11, Comparison of dose rate at exclusion area boundary 

(EAB) 
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4.  Applications of shutdown MAAP5 analyses and pra insights to development and 
implementation of full scope SAMG covering all plant operating states 

 
4.1  Risks during Low Power and Shutdown States 
 
Why be concerned about shutdown states? The first MAAP analyses and probabilistic safety 
assessments (PSAs) performed on nuclear power plants (NPPs) considered only accident sequences 
which could occur when the NPP is operating at full power, with the implicit assumption that during 
shutdown the risk is much lower. The focus of formal safety assessments of NPPs is a selection of 
representative incidents and accidents, analyzed under conservative assumptions, in order to justify 
design features like automatic safety systems. One of these conservative assumptions is that operators 
must have at least a 10 minute (after the recognition of an incident/accident) “grace period” before any 
manual control will be required. Within this period of time, all modifications of plant status – if 
needed – must be automatic. This philosophy explains why several plant states during shutdown were 
not formally assessed, based on the much slower dynamics, as only decay heat is present (no nuclear 
power). However, due to several incidents experienced in NPPs during shutdown in many countries, 
the first Probabilistic Safety Assessments (PSAs) were carried out in USA and France to investigate 
the risk of core melt when the reactor is in a shutdown condition. Later on, these results were 
confirmed by similar studies carried out in other countries.  
 

The results of the MAAP5 analyses and shutdown PSAs are largely identical and can be summarized 
in a few words as follows. Any increased risks during low-power and shutdown (LP&S) states mainly 
result from: 

• the reduced availability of systems;  

• the comparatively small amount of coolant during certain phases;  

• the lack of automatic measures to control abnormal events; 

• the lower quality of Emergency Operating Procedures (EOP) and lack of Severe Accident 
Management Guidelines (SAMG); 

• the considerably increased difficulty – compared with power operation – of monitoring and 
keeping track of plant states;  

• the fact that many maintenance and inspection activities take place at the same time.  

 
The PSA investigations have demonstrated that the original idea of negligible risk during shutdown 
because of a large grace time is not valid for all states. Practically all shutdown PSAs have shown that 
the shutdown risk always lies within the same order of magnitude as that of power operation and often 
even clearly exceeds the latter: the core damage frequency (CDF) per reactor-year while at shutdown 
or low power is approximately 1/4 of the total CDF for PWR and goes up to 3/4 for VVERs.  
 
These findings could be explained by several reasons. In many accidental situations, operator 
intervention is necessary, in cases where alarms, indicators and operating procedures are poor or 
absent. The greatest challenge comes from the possibility of simultaneous unavailability of equipment 
causing the loss of a given safety function.  During an outage, the role of the operations staff changes 
considerably when compared with full power operation. The operating circumstances are more 
demanding, the work more intensive, and shift turnovers more difficult.  More reduced coolant 
inventory operations were identified as presenting the greatest challenge to the operator.  
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The applicability of existing severe accident management guidance to shutdown states was evaluated 
and found to be inadequate. Accident Management Procedure/Guidelines improvements were required 
to achieve a balance between the risks resulting from power operation and low power & shutdown 
states. 
 

In addition to the findings related to plant safety, the PSAs have underlined that in many cases, the 
knowledge of the plant behaviour during an accident sequence was insufficient. 

 
4.2  Westinghouse SSAMG Development Process 
 
In order to attempt to resolve this issue, Westinghouse has developed the Shutdown Severe Accident 
Management Guidance (SSAMG) (WENX-97-06) which gives guidance for both control room and 
TSC personnel to mitigate a severe accident under shutdown or low power conditions. 
 
The general approach that was chosen consists in extending the existing SAMGs (At-power) for use 
during low power or shutdown conditions. Therefore the current SAMG package has been reviewed 
and the necessary changes and additions were identified.  The following ground rules were set and 
robustly maintained: 
 

• The SSAMGs are an extension of the existing SAMGs.  Thus, the approach is to extend the 
range of applicability of the SAMGs, 

• The WOG SAMGs are symptom based, primarily because in a severe accident it is difficult to 
identify which events caused the severe accident. For shutdown conditions, the number of 
possible plant configurations is larger, therefore it is even more important that the SSAMGs 
are symptom based; 

• The SSAMGs should as far as possible be applicable to all Plant Operational States (POS). 
Severe accidents could occur and may be more likely to occur during the transition from one 
POS to another. 

• The potential damage of spent fuel in the spent fuel pool/storage is considered in the 
SSAMGs.  

• As large scale maintenance is frequently carried out during planned shutdown states, the first 
concern of SSAMGs is the safety of the workforce.  

• Shutdown severe accident management covers also external events, such as fires, floods, 
seismic events and extreme weather conditions that could damage large parts of the plant, as 
well as specific challenges posed by external events, such as higher probability of loss of the 
power supply, loss of the control room and reduced accessibility to systems and components. 

 
The development of SSAMG is multi-step process.  The first step reviews the Plant Operating 
Technical Specifications (OTS) and Shutdown Level 1 and Level 2 PSAs with the objective of 
defining the characteristics of different Plant Operational States. This includes:  

• the different plant thermal-hydraulic states,  
• different instrumentation and control configurations,  

• the status of containment isolation,  

• the location of the fuel,  

• the level and volume of water in the primary system,  
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• availability of vent paths in the primary system,  

• available safety and other systems,  

• whether the vessel head is in place or not, and  

• the conditions during changes from one state to another. 

 
The starting point of this investigation is the definition of the POSs and comparison to the OTS modes 
of operation.  To ensure the validity of the SSAMGs, the POSs are used during the development 
process, but the final presentation is according to the OTS operating modes. 
 

The second step involves the review of the MAAP5 accident analyses and Shutdown PSAs to gain 
insights with regard to: 

• dominant accident sequences and initiators, 

• vulnerable plant states, 

• time to boiling, time to core damage, and time to containment failure, 

• consequences of core damage, and 

• the symptoms of severe accident phenomena. 

 

The third step involves reviewing the existing emergency operating procedures. The objective of this 
review is to identify: 

• changes required to OTS and the Shutdown Emergency Operating Procedures (Shutdown 
EOPs) to accommodate the SSAMGs, 

• identify conditions for entry into SSAMG for accident sequences not covered by Shutdown 
EOPs, and 

• identify appropriate kick-outs from Shutdown EOPs to the SSAMGs. 

 

In step 4, the SAMG diagnostic flow charts (DFC) and SCSTs are evaluated for shutdown conditions.  
The following issues are investigated for each of the POSs defined in Step 1: 

• identify relevant phenomena and available or relevant diagnostic parameters (e.g. induced 
SGTR cannot occur when the vessel head is removed), 

• identify the available instrumentation to measure the diagnostic parameters (e.g. are the core 
exit thermocouples available), 

• determine the priority of diagnostics for each POS, 

• define structure of DFC and SCST applicable to all POSs, 

• verify the parameters and measurement for the definition of a controlled stable containment 
and core state. 

 

In Step 5, this step involves an assessment of the existing SACRGs, SAEGs, SAGs and SCGs for 
shutdown conditions: 

• identify applicable SAGs and SCGs, 
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• for each of these identify additional systems, negative impacts, limitations and long term 
concerns, 

• define any new guidelines that may be required. 

 

In Step 6, the applicability of computational aids (CA) is assessed. 

• check which computational aids are applicable, 

• identify any required modifications (such as the extension of duration for decay heat 
estimation), 

• identify any new computational aids. 

 

In Step 7, identify in a concise way the essential changes to the SAMGs and document the elements of 
the complete package. 

 
Over the past few years Westinghouse applied these principles and generic guidelines to develop 
plant-specific SSAMGs for several utilities with different reactor types. 
 

Severe accident management consists of mitigative actions after core damage has occurred.  However, 
a comparison of the operating states of the different reactor types indicates some common points of 
distinction: 

• The first common OTS distinction is based on whether the SGs or RHR is being used for 
decay heat removal during hot shutdown.  Some plants do not have “primary” RHR system 
and use steam generators for decay heat removal in different modes (like “water-steam” or 
“water – water”).  

• The second common distinction is based on whether the primary system is full or partially 
drained during RHR operation.  The level at the onset of the accident leading to core damage 
is not significant with regard to severe accident mitigation except with regard to time to core 
damage. 

• The third common distinction is based on containment status. Whether or not the containment 
is open able to be isolated is important for SSAMGs.  An open containment during shutdown 
states involves all the plant configurations (with the core inside the reactor vessel) for which 
the confinement function of the containment cannot be guaranteed in connection with 
maintenance work inside the containment. 

• The fourth common cut-off considers whether the vessel head is in place or not.  Whether or 
not the primary system contains large openings is significant for SSAMGs. 

• The fifth considers whether the fuel is in the vessel or not.  The location of the fuel is 
significant for SSAMGs.  If the fuel is in the spent fuel pool rather than in the reactor, 
different actions are required. 

 
Transition criterion from EOP to SAM is one significant challenge for Shutdown States (WCAP-
14696).  The most suitable criterion for transition from EOPs to SAMs is the “onset of core damage”. 
A suitable, unambiguous and easily used symptom which indicates that core damage is imminent or 
occurring is therefore required. 
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Over the years, different plant parameters and conditions have been considered for performing this 
function of recognizing the onset of core damage. Candidates include core (fuel assembly) coolant 
outlet temperature (referred to here as core exit temperature or CET), containment radiation levels, and 
containment hydrogen concentration and/or reactor vessel level. 

 

Some of these (especially those using containment parameters) are very sensitive to the specific 
accident scenario (i.e., the value at the onset of core damage for one scenario may vary significantly 
from that for another, for example due to the influence of sprays and fission product deposition 
phenomena). Also, all have some range of uncertainty that must somehow be considered. On the other 
hand, for applications in emergency response, clear, easy to use tools and symptoms are preferred as 
they do not require lengthy and complex evaluations to be performed as a pre-requisite to decision 
making. In addition, assessments should not involve undue conservatisms (for example, it is 
inappropriate to transition from EOPs to SAMGs either too early or too late by including conservatism 
in the evaluation and definition of a symptom’s setpoint). 
 

Different accident management approaches may define “core damage” somewhat differently, but the 
fundamental concerns are overheating of the fuel and clad, and the onset of significant Zr oxidation in 
the steam or steam-air environment of the uncovered fuel. The most direct parameter to use to detect 
this condition would be fuel or cladding temperature. Since it is not possible to directly measure the 
cladding temperature, a suitable alternative, as directly related to clad temperature as possible, must be 
used. 

 
PWR/VVER plants use thermocouple instrumentation to measure the temperature in the coolant 
channel at the exit of the fuel assemblies. They provide a direct measurement of coolant temperature, 
and are rugged, qualified instruments, with a large range and suitable accuracy. Many approaches to 
accident management use the CETs as a key input to detecting the onset of core damage. Since core 
exit temperature is not a direct measure of clad temperature, its use does suffer to some extent from 
the disadvantage that a given fuel/clad temperature limit may be reached at a range of different CET 
readings, depending on the accident scenario. However, the effect is less important than would be the 
case with the use of alternatives to the CETs.  This is for two reasons: 
 

• thermal hydraulic behaviour of the core and core exit region is reasonably well understood, 
and MAAP5 models are good, 

• though fuel and clad temperatures may vary depending on the accident scenario once a certain 
value of core exit temperature is reached, such variation is reasonably limited, and is also well 
understood. In particular, there is a relatively strong dependence on system pressure, therefore, 
the option always exists to make the setpoint a function of pressure, or to select “high” and 
“low” pressure values to address this, rather than using a single value. 

 
Whether this is done is a decision based on a balance between increased complexities in usage, and 
increased precision. 
 
Different approaches use a combination of methods and parameters, although core exit temperature is 
usually a key input. In most PWR/VVER designs, the core exit thermocouple passes through the 
primary system pressure boundary at the reactor vessel head. When the head is removed for refuelling 
operations, the thermocouples must be disconnected. Some plants re-connect a limited number of 
thermocouples following reactor vessel head removal, but this is by no means common practice, and 
when it is done, functionality is usually very limited. It is common for the plant to have no CETs 
available between the time of removal and replacement of the head during the refuelling cycle. 
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In case of an accident occurring when the CETs are unavailable, an alternative indication of onset of 
core damage is therefore required. 
 

Given that the core exit temperature is not available, various alternative plant parameters have been 
considered (and in some cases used) in the past. All suffer from disadvantages of various types. 
Examples include: 

 

Containment radiation: the method consists of calculating the expected radiation instrumentation 
response to a severe accident at the time when the core exit temperature reaches the (no longer 
measurable) value used for the at-power transition. This has been done for several plants (PWR and 
VVER). 
 

However, it should be noted that such a calculation is expected to be sensitive to numerous event 
specific characteristics, including: 

• whether the RV head has been removed or not (even if short, there must be a time window 
after removal of thermocouples but before head removal), 

• accident initiator (especially openings or not in the RCS, for example LOCAs versus 
transients), 

• the status of the RCS injection system, 

• the status of the containment spray system, 

• shielding effects at the detector and detector location, 

• deposition of fission products. 

In addition, the calculation of the expected response is not straightforward. 
 
In spite of these disadvantages, this is the parameter that has always been chosen for SAM packages 
which do address shutdown.  
 

An example of containment radiation criteria used for VVER plants is shown in Figure 12. 
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Figure 12 
Radiation level in the Reactor Hall versus time after shutdown 

Vessel water level: vessel level (if available) could also be correlated to core exit temperature, and is 
sometimes used as a “backup” parameter. 

Disadvantages tend to be system-related, and therefore depend on the plant specifics; however, typical 
problems include: 

• insufficient range, 

• need for thermocouples (which are not available), 

• difficulties in interpretation of output (some systems), 

• doubts about survivability. 

 
Containment hydrogen: in principle, measurement of hydrogen concentration in containment (if 
available) could be correlated to core conditions. However, the main problem here is that the response 
is too slow when there is no large opening in the RPV. By the time a measurable hydrogen 
concentration is reached, core conditions will be much more severe than those used to define the at-
power transition core outlet temperature. In addition, the response is sensitive to the type of event 
(especially the availability of pathways for hydrogen to escape from the primary system to the 
containment), and on the presence or not of openings due to the plant state.  Confidence in the 
survivability and accuracy of the instrumentation during a severe accident is a concern.  Furthermore, 
if the plant is equipped with Passive Autocatalytic Recombiners, these may “mask” the symptom. 
 
Ex-core neutron flux: the absence of shielding caused by reducing water level could be used to 
indirectly infer vessel level, and hence core conditions. However, there has never been sufficient 
confidence in the ability to predict unambiguously the instrumentation readings which indicate onset 
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of core damage (or rather determine a “universal setpoint”). Additionally, as for containment 
hydrogen, survivability and accuracy of the instrumentation during a severe accident is a concern. 
 

The structure and prioritization of the diagnostic tools (DFC and SCST) were significantly modified 
based on key Shutdown PSA insights: 

• The operating modes Power Operation, Startup, Hot Standby and Intermediate Shutdown 
(with steam generators in service and RHR not aligned for service) are equivalent from a 
severe accident management point of view, and the At-power SAMG package is applicable. 

• The first diagnostic distinction required if “RHR is in Service” during Intermediate/Hot 
Shutdown. If RHR in service/ aligned for service, the Shutdown SAMG must be used.  

• The second diagnostic consideration is the primary system integrity.  If the vessel head is 
removed, nozzle dams are installed, pressurizer relief valves removed, or other large openings 
exist, it is unlikely that the primary system would pressurize, and the priorities in the DFC 
change (see Figure 13).  There is no need to inject into the steam generators or depressurize 
the primary system.  For most PWR reactors, the SGs cannot be used for cooling, however for 
VVERs the SG is used in “water-water” cooling mode, there is no risk of tube creep rupture, 
and the primary system pressure will be low.  

• The third diagnostic distinction is the containment integrity. During cold shutdown and 
refueling containment integrity should be prioritized. A severe accident occurring during cold 
shutdown leads directly to a fission product release severe challenge.  

• The location of the fuel has an impact on the diagnostic prioritization.  If the fuel is in the 
vessel, in the refuelling cavity, or in the spent fuel pool, the priorities are different and 
different SAM actions are required. 

• During RHR operation in cooling mode, core damage is possible in less than one hour.  This 
implies the need for control room guidance for these accidents, because the TSC will not be 
active yet.  New control room guide/guides development was required. 

• To accommodate shutdown states, only a few SAGs were modified and one new SAG was 
developed to address spent fuel pool accidents. One new computational aid was also 
developed. Figure 13 provides an example of a Diagnostic Flow Chart for a VVER plant for 
all (At-power and Shutdown) plant states.  
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Figure 13  Diagnostic Flow Chart 
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5.  Summary 

Major improvements have been made in the latest MAAP5.0.1 code to simulate initial transients and 
shutdown conditions in nuclear power plants. The capabilities of the MAAP code simulating non-
severe accident transients are demonstrated with selected AP1000 transients. Comparisons of the 
manual reactor trip case between MAAP5 and RELAP5 demonstrate that MAAP5 can predict RCS 
performances with satisfactory accuracy. The power ramp case shows that MAAP5 is capable of 
simulating nuclear feedback cases, while the single RCP trip cases shows MAAP5’s capability to 
study asymmetric configurations of SG loops. With these new capabilities, MAAP5 is considered an 
appropriate tool for severe accidents and for following the Shutdown SAMG development steps: 

• Definition of timing of events; 

• Definition of recovery actions and success criteria; 

• Definition of SD EOP-SAMG transition;  

• Definition of setpoints (DFC, SCST, and SAG/SCGs entry, exit, transition); 

• Definition of the End State – Controlled Stable State; 

• Definition of Accessibility (or inaccessibility) plants compartments (CR, Electrical building, 
NAB, Turbine Hall, and etc.) and equipment; 

• Definition of SAMG- Emergency Plan interface; 

• Development SAMG Training Scenarios; 

• Interactive TSC and CR personnel training. 

 
MAAP5 is also capable to execute long term non-severe accident transients and PRA level I success 
criteria calculations. 
 
Due to the flexibility and high adaptability of the Westinghouse At-power SAMGs, they can be 
modified and extended to effectively cover all plant operating states for different PWR (Westinghouse, 
AREVA, and Siemens) and VVER plant designs. Comprehensive Shutdown PSA is a key pre-
requisite for successful Shutdown Accident Management development. 

 
Procedures for Accident Management during shutdown (EOPs, SAMGs for shutdown modes) 
represent very cost effective measures to improve shutdown safety. After implementation of a 
Shutdown Accident Management program, the shutdown core damage frequency is expected to be 
lower than the CDF from power modes and is mainly dominated by human error rates. 

 
During shutdown modes, several conditions are favourable with respect to restoration of core cooling 
by alternate Accident Management measures such as mobile equipment. Shutdown risk with respect to 
large early releases is mainly dominated by scenarios with failure or impossibility to reclose the 
containment equipment hatches or airlocks.  
 
There are specific challenges to thermal-hydraulic codes for low power and Shutdown plant states; 
verification of codes, model modifications and improvements required for:  

• Small system pressure,  

• Small pressure differences,  

• Influence of non-condensable gases,  
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• Low velocity boron transport, 

• Large volume mixing, 

• Spent Fuel Pools (High Density Racks) accidents. 

 
Regarding the severe accident phenomenology, the remaining uncertainties, and also the diversity of 
accident scenarios considered, the development of Shutdown SAMG is still a very complex activity.  
 
For SSAMG validation, operator and TSC training exercises and upgrades to Full Scope Simulators 
are required to support high fidelity simulation of shutdown states, including low reactor inventory 
states, open reactor and open containment states, refueling operations, and spent fuel pool accidents.  

 
6.  Reference 

 
[1] OREGON STATE UNIVERSITY, Quick look report for OSU matrix test SB12, 14, 26, 28, AP600 
test program. LTCT-T2R-032, 034, 046, 048, Westinghouse Electric Co., 1994  

[2] BARBENSI, A., NOTINI, V., FROGHERI, M., Emergency response guideline (ERG): AES-0.1, 
AP1000 Reactor Trip Response Analysis, APP-GW-GJA-206, Westinghouse Electric Co., 2005  

[3] IAEA Safety Standards, “Severe Accident Management Programs for Nuclear Power Plants, NS-
G-2.15”. 

[4] WENX-97-06, “Shutdown Severe Accident Management Guidance”. 

[5] WCAP-14696, “Core Damage Assessment Guideline”. 

[6] MENDLER, O.J., et al. 1986, “Loss of Feed Flow, Steam Generator Tube Rupture, and Steam 
Line Break Thermohydraulic Experiments.”  NUREG/CR-4751.  EPRI NP-4786. WCAP-11206. 

 

 



NEA/CSNI/R(2012)2 

442 
 

 

 



 NEA/CSNI/R(2012)2 

443 
 

 

 



NEA/CSNI/R(2012)2 

444 
 

 

 



 NEA/CSNI/R(2012)2 

445 
 

 

 



NEA/CSNI/R(2012)2 

446 
 

 

 



 NEA/CSNI/R(2012)2 

447 
 

 

 



NEA/CSNI/R(2012)2 

448 
 

 

 



 NEA/CSNI/R(2012)2 

449 
 

 

 



NEA/CSNI/R(2012)2 

450 
 

 

 



 NEA/CSNI/R(2012)2 

451 
 

 

 



NEA/CSNI/R(2012)2 

452 
 

 

 



 NEA/CSNI/R(2012)2 

453 
 

 

 



NEA/CSNI/R(2012)2 

454 
 

 

 



 NEA/CSNI/R(2012)2 

455 
 

 

 



NEA/CSNI/R(2012)2 

456 
 

 

 
 

 


