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A Severe Accident is Declared when the 
Core Outlet Temperature Exceeds 1200˚F 

(650˚C)
• @ 2200 psia, 1200˚F is 

~550˚F above Tsat

• Therefore, a portion of 
the core is dry and 
steam heating is 
occurring (fuel rod 
damage likely)

Operating Point

Severe Accident
650˚C
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Estimating the Probability of a Severe 
Accident

• A severe accident has three root causes:
Mechanical Failure
External Event
Human Error

• Probabilistic Risk Assessment (PRA) is used to quantify 
the risk

IPE (Individual Plant Examination) examined mechanical failure
IPEEE (Individual Plant Examination for External Events) 
examined external events
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Characterization of PRA
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• A Probabilistic Risk Assessment (PRA) is a 
systematic and comprehensive methodology to 
evaluate risks associated with a complex 
engineered technological entity (such as an 
airliner or a nuclear power plant)

• There are three phases of PRA:
Level 1 – Probability of Core Damage
Level 2 – Probability of Release
Level 3 – Impact to Public



A Complete PRA is Required to Determine 
Postulated Accidents - Core Damage 

Frequency (CDF)
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State-of-the-Art Reactor Consequence 
Analysis (SOARCA) Provides the Latest 

Research into Severe Accidents 
• Evaluates consequences of most frequent accidents at 

two pilot plants (Peach Bottom and Surry) 
• Uses best-estimate methodology (MELCOR/MACCS)
• Captures current state of plant equipment and 

procedures 
• Provides best estimate update to compare with previous 

studies 
• Communicates risk to public (mean individual risk)

Website:
https://www.nrc.gov/about-nrc/regulatory/research/soar.html
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Fundamental Events During a Severe 
Accident

• Phase I 
Fuel degradation and relocation
Initial release
Hydrogen evolution

• Phase II 
Vessel Failure
MCCI – Molten Core Concrete Interaction
Containment failure
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Melt Progression is Based on Single 
TMI Data Point
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Oxidation During a SA Accounts for 2x 
the Energy of Decay Heat, Leading to 

Melting
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• During phase I, for a boil down accident 
sequence, approximately 60% of the core’s Zr is 
oxidized (~1,000 kg) 

• Insufficient water flow to quench the core, could 
result in additional hydrogen production as well 
as accelerating core damage and vessel failure   



Vessel Failure is not Well Understood and is 
Highly Dependent on Accident Evolution 

(Start of Phase II)

• Mechanism of RPV failure:
At low RPV pressure: Melt-through  
(steel melt temperature ~1400 °C)

At high RPV pressure: Creep rupture
(HPME) 
(at temperatures above 700...800 °C)

• Type of RPV failure depends on core material
relocation to the lower plenum

With a non-homogeneous melt
è “Fish mouth” failure more likely
è Break-away of entire lower head 

possible

With a homogeneous melt

è Center failure
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FOREVER tests 

Lower Head Failure Project



Survivability of Containment Depends on 
Fuel Coolant Interaction (FCI)
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Without FCI the Corium will Attack the 
Underlying Concrete (MCCI) and 
Subsequently Fail Containment 
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• Late containment failure via 
basemat penetration, or
gas generation



Containment Failure will Eventually 
Occur without Mitigation
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Probabilistic Safety Assessment and Management PSAM 14, September 2018, Los Angeles, CA 

If containment did not rupture early (within 12 hours), then the subsequent hydrogen burns were not 
energetic enough to rupture the steel containment vessel later in the sequence. The late burns (after 12 
hours) are less energetic due to frequent burning of smaller quantities of combustible gases near the 
lower flammability limit (i.e., ignited by aerosols and hot gases from ex-vessel CCI). As the burns 
consume oxygen, the oxygen concentration in containment eventually decreases to the point where it 
is insufficient to support further burning. Although the deflagrations cease, the containment continues 
to pressurize and heat up from the ex-vessel CCI non-condensable gas generation and the resulting 
vaporization of water from the melted ice. The pressurization is monotonic and most often pressurizes 
containment to rupture prior to 72 hours (end of simulation time). None of the BOC realizations 
overpressurized containment by 72 hours.  Figure 1 shows the containment pressure response for the 
STBO UA realizations, color coded by time-in-cycle. Note that the abrupt late depressurizations in the 
range of about 70 to 90 psia are associated with containment failure. 
 

 
 
 

Figure 1. Containment pressure response for the STSBO UA realizations 
 
Consistent with the insights described above and past studies (such as the draft Surry SOARCA UA), 
regression analyses indicate that the most influential uncertain parameters on in-vessel hydrogen 
production were the oxidation model, time in burnup cycle when accident occurs, aggregate primary 
safety valve cycles, and U-Zr-O eutectic melt temperature. 
 
For both cesium and iodine environmental release (Figure 2), regression analyses indicate the time-in-
cycle is significant; Realization 266 (Rlz 266) is the reference realization because its results are close 
to the population medians for figures-of-merit. Releases vary from ‘nearly zero’ (at 72 hours) for BOC 
realizations, then increase in magnitude and occur earlier with increasing burnup for middle-of-cycle 
(MOC) and then end-of-cycle (EOC) realizations. The aggregate number of primary SV cycles 
experienced (priSVcycles, due to SV FTC or RCS depressurization by other means) is also significant, 

• Some of the key 
influences where found 
to be:

Oxidation model
Time in burnup cycle
Primary safety valve 
cycles
U-Zr-O eutectic melt 
temperature

• Late term containment 
cooling is required



Unique BWR Response to Severe 
Accidents

• Depressurization of RCS (benefit)
• Large amount of Zirc (deficit)
• Scrubbing of releases by suppression pool (benefit)
• Inert containment (benefit)
• Small containment

(deficit)
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A BWR Design Allows for Depressurization, 
Eliminating the Potential for HPME
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Channel Boxes

7) Depressurization
System (ADS)

8) Dry Floor

(7)

Small Inerted Containment

(8)



Unique PWR Response to Severe 
Accidents

• No depressurization system (deficit)
• Hot leg rupture (benefit)
• Thermally induced SGTR (deficit)
• Large containment (benefit)
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Steam Generator’s Heat Removal Capacity 
is Reduced, Changing Operator Actions

• A natural circulation pattern develops 
in the hot leg, allowing hot steam to 
circulate through the “thin” steam 
generator tubes

• Steam generator tube failure or hot 
leg failure may result

• Continuous blowdown through the 
pressurizer relief valve can allow for 
rupture of the surge line

18



A PWR Response is Highly Dependent on 
Operator Action

• Response is governed by the 
expectation of a hot leg rupture 
(allowing for accumulator and 
other low pressure injection)

• Generally, actions are 
governed by new generation of 
Severe Accident Management 
Guidelines (SAMGs)

• Prevention of containment 
failure is reliant on reducing H2
explosion, FCI, and HPME 
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Summary

• Severe accident technology has evolved significantly 
over 30 years since TMI-2

• Emerging technology is focusing on increasing operator 
coping time

FLEX equipment
Study on the reliability of Terry Turbines for continued cooling 
(RCIC/AFWS)
New Accident Tolerant Fuel (ATF)
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Lower Head Failure
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A PRA Study is Unique for Each 
Design

• Accidents (vulnerabilities) resulting from equipment 
failure within the facility are considered via the Individual 
Plant Examination (IPE), which was requested via NRC 
Generic Letter 88-20

• Accidents (vulnerabilities) resulting from external events 
are predicted via the Individual Plant Examination of 
External Events (IPEEE), which was requested via NRC 
Generic Letter 88-20, Supplement 4
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Evaluation of Human Error 

• Evaluation of human error is performed using Human 
Reliability Analysis (HRA) techniques

• A probability is assigned to the failure of operator to 
perform a required task – Technique for Human Error 
Rate Prediction (THERP)

• The NRC published a report on a general process that 
addresses the iterative steps of defining human failure:
“A Technique for Human Error Analysis (ATHEANA)”
NUREG/CR-6350
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