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What is Required of a Severe Accident
Code

■ Fully Integrated, engineering-level code
• Thermal-hydraulic response in the reactor coolant system,

reactor cavity, containment, and confinement buildings;

• Core heat-up, degradation, and relocation;

• Core-concrete attack;

• Hydrogen production, transport, and combustion;

• Fission product release and transport behavior

■ Application
• User constructs models from basic constructs

• Control volumes, flow paths, heat structures,

• Multiple 'CORE' designs
PWR, BWR, HTGR (Pebble Bed & PMR), PWR-SFP, BWR-SFP,
SMR, Sodium (Containment)

• Adaptability to new reactor designs

■ Validated physical models
• ISPs, benchmarks, experiments, accidents

■ Uncertainty Analysis
• Relatively fast-running

• Characterized numerical variance

■ User Convenience
• Windows/Linux versions

• Utilities for constructing input decks (GUI)

• Capabilities for post-processing, visualization

• Extensive documentation
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MELCOR Severe Accident Analysis Code

Modeling and Analysis of
Severe Accidents in
Nuclear Power Plants

Severe accident codes are the "Repository" of
phenomenological understanding gained through NRC

and International research performed since the
TMI-2 accident in 1979

integrated models required for self consistent analysis

Important Severe Accident Phenomena

Accident initiation
-. Reactor coolant thermal hydraulics INW
--• Loss of core coolant 1=11
-• Core meltdown and fission product release
-. Reactor vessel failure =MIL
-• Transport of fission products in RCS and Containment
-0 Fission product aerosol dynamics
-• Molten coretbasemat interactions
—• Containment thermal hydraulics
- Fission product removal processes
—4 Release of fission products to environment IMINk
—*Engineered safety systems sprays, fan coolers, etc

lodine chemistry, and more

Sandia
National
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• Started in 1982 as
integrated replacement for

Source Term Code Package

• System level plant model

of Nuclear Power Plant

• Emphasis on "best
estimate"

• Repository of knowledge
for future generations

• Global standard used
internationally in over 31

nations

• Evolves to meet emerging

regulatory issues
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What is the MELCOR Code
• NRC sponsored simulation code for analysis

of accidents in nuclear power plants
• Also applied to containment DBA simulation

• PWR, BWR, HTGR, PWR-SFP, BWR-SFP

• Fully Integrated, engineering-level code
• Thermal-hydraulic response in the reactor

coolant system, reactor cavity, containment,
and confinement buildings;

• Core heat-up, degradation, and relocation;

• Core-concrete attack;

• Hydrogen production, transport, and
combustion;

• Fission product release and transport behavior

• Desk-top application
• Windows/Linux versions

• Relatively fast-running
One or two days common
One or two weeks possible
Project to improve code performance

• SNAP for post-processing, visualization, and GUI
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Modeling Nuclear Power Plant
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HISTORY OF
CORE MELT PROGRESSION RESEARCH AT SANDIA

DF-1 & 2
Fuel Rod Heatup,

Oxidation &
Initial Damage

DF-3 & 4
PWR & BWR

Control Rod Behavior
in Fueled Bundle

ST-1 & 2
Irradiated

Fuel & Fission
Product Effects

MP-1 & 2
Late Phase Melt
Progression
Behavior

XR-1 & 2
Metallic

Melt Relocation
Behavior in BWRs



LWR Research into Severe Accident

Phenomena

Molten
Core/Concrete
Interactions
China
Syndrome

Steam explosion research

0 I sec
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MELT EJECTION FROM CAVITY COMP,
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S evC
SEPARATION COMPLETE
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MELT EXPULSION FROM A REACTOR CAVITY. This test involved 80 kg
of melt expelled into a reactor cavity model from a vessel pres-
surized to about 80 bars.

Containment
response to

severe
accident loads
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Direct
Containment
Heating
Experiments
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FPT-1 (ISP-46)

• General Description
• FPT-1 experiment was an in-pile, irradiated fuel

experiment conducted in the PHEBUS Fission Product
Facility by the Nuclear Safety and Protection Institute
(IPSN) at Cadarache, France, on July 26, 1996. The
objective of the fuel bundle assembly was to assess fuel
degradation and fission product release

• Important Physics
• Oxidation

• Material relocation

• Fission product release, transport, and deposition

PHEBUS Reactor
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Steam generator
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MELCOR Containment Thermal

Hydraulics

• Test provides an indication
of the effect of forced
convective condensation
during a blowdown event.

• Significance of film modeling
is observed.

• Code enhancement to
permit a maximum film
drainage model to be
imposed (like CONTAIN).

• New model permits
investigation of the
relevance of film depth, the
corresponding heat transfer,
and impact to peak pressure

V44 (ISP 16) CONTAIN/MELCOR
Comparison

10
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Significance offilm modeling is
observed.

Maximumfilm drainage model to
be imposed.
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Radionuclide Package
■ Tracks the release and transport of

• Fission product vapors & aerosols

• Non-radioactive masses such as water, concrete, etc.

• Traces hosted by other materials
Negligible volume and heat capacity

■ Aerosol physics
• MAEROS

■ Agglomeration of aerosols

0.9

o 0.8

15 0.7
a)
2 0.6
o

0.5

o
zcc 0.4

• Several mechanisms cause collisions and sticking to produce -0
.rj 0.3

larger particles
E 0.2

Brownian diffusion

Differential gravitational settling Z 0.

Turbulent agglomerating by shear and inertial forces

■ Hygroscopic effects
■ Condensation & evaporation

• TRAP-MELT

■ Deposition on surfaces
• Modeled as always sticking to surfaces contacted

• Several mechanisms drive aerosols to surfaces
Gravity

Brownian diffusion

Thermophoresis

Diffusiophoresis

Turbulent deposition

■ Pool Scrubbing
• SPARC

■ Validation
• ABCOVE, ACE, AHMED, DEMONA, LACE, LOFT, PHEBUS,

POSEIDON, STORM, ...
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AHMED — Hygroscopic Effects
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MELCOR Code Validation Tests
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Core Degradation Modeling Cross
walk comparisons

■ Differences in
assumption of
permeability of debris
crust
• MELCOR — flow

blockage model with
permeable crust

• MAAP —impermeable
crust

■ Fuel rod collapse
modeling
• MELCOR/MAAP — fuel

rod collapse model

• ASTEC — Rods melt to
form magma but no
collapse

ME LC OR

1668111001umunnummunnureanciacnn
..mium.man
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MELCOR Applications
• Forensic analysis of accidents

— Fukushima, TMI

• State-of-the-art Reactor
Consequence Analysis-
SOARCA

• License Amendments
• Risk informed regulation
• Design Certification

• Preliminary Analysis of new
designs

• Support of International
Regulatory Bodies

• Non-reactor applications
• Leak Path Factor Analysis

• DOE Safety Software "Toolbox"
code

SOARCA PROCESS

LITIGATIVE

MEASURES
EXTERNAL

ANALYSES
EVENT

INITIAL DETERMINE
SEQUENCE =0 CONTAINMENT REFINED MELCOR
SELECTION SYSTEMS SEQEENCE ANALYSIS
SPAR 10E-6 STATES Ot IPET

INFORMATION

REOUEST

METEOROLOGY

BERGENCY PFEPAFOIESS

MACCS2
ANALYSIS

RESULTS
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MOX and HBU Release Modeling
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SOARCA Study

Peach Bottom Atomic Power Station

Sequoyah Nuclear Generating Station

Surry Power Station

Sandia
National
Laboratories
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Spent Fuel

• Spent fuel pool risk studies

• Improvements to

phenomenological models for

air oxidation and thermal

radiation have been made

• Improved modeling in MELCOR

for BWR geometry

• PWR analyses next

• Multi-unit accidents (large area
destruction)

• Reactors (multi unit)

• Spent fuel pools

• Complex source terms for

MELCOR and MACCS

• Dry Storage

• Dry casks analyses with

MELCOR and MACCS

trtf*),,,
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Fukushima Accident Reconstruction Stuaneries

SANDIA REPORT
SAND2012-6173
Unlimited Release
Printed August 2012

Fukushima Daiichi Accident Study
(Status as of April 2012)

Randall Gauntt, Donald Kalinich, Jeff Cardoni, Jesse Phillips, Andrew Goldmann,
Susan Pickering, Matthew Francis. Kevin Robb, Larry Ott. Dean \Nang. Curtis Smith,
Shawn St.Germain, David Schwieder, Cherie Phelan

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 87185 and Livermore, California 94550

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energys
National Nuclear Security Administration under contract DE-AC04-94AL85000.

Approved for public release; further dissemination unlimited.

0 Sandia National Laboratories

• DOE commissioned an

accident reconstruction

study

• MELCOR used in a multi-lab

effort led by Sandia

• Fukushima accident

sequences proceeded quite
similar to SOARCA Peach

Bottom LTSBO and STSBO

cases

• Studies continue with OECD

BSAF project



Advanced Reactors NuScale SMR

(Reactor)
• New MELCOR Models

• Multiple vessels (reactor pressure vessel and
containment vessel)

• Added new shroud model for heat transfer
from reflectors

• Multi-HS radiation enclosure model

• Aerosol re-suspension model

• Zukauskas heat transfer coefficient (external

cross-flow across a tube bundle)

• Simplistic bubble swell model

• Multiple fuel rod types in a COR cell

Sandia

lb National
Laboratories



Advanced Reactors NuScale SMR

(Spent Fuel Pool)

• New Models
• Multi-rod model to allow

adequate simulation of
radiation between rods

• New air oxidation model
(Paul Scherrer Institute)

• MELCOR modeling of
multiple connected spent
fuel pools

• Release and tracking of
release for regions of
different burnup

• Validation
• Validation against Sandia

Spent Fuel Pool
experiments

Hot Assembly

Ares IC

-2-Ring

-2 Ring (multi)

-9-Ring (33)

Pi

Cold Assembly

-2-Ring

-2 Ring (multi)

- 9-Ring (33)

Ring 5 Ring 6

•
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Advanced Reactors Sodium Fast Reactors

(Containment Analyses)

New MELCOR Models

• Sodium Working Fluid

• Atmosphere Chemistry
Models

• Spray Fire Models

• Pool Fire Models

• Sodium-concrete
Interaction Models

Liner

Atmosphere

Chemistry-
Reactions involve witliNa(g) with H20(l),

between Na and H20(g), between Na20,

and Na(l). between Na20, and Na20 with

F120(g), between Na(I,a) with 02

Na(g). F120(g,l), Na20(a),Na202(a)

Na20:(a). Na20(a), NAM

Aerosol Deposition—

erosol Condensation—

Spray

Fire
Nan 0_

NazO2(a),

Na20(a)

Pool

Fire

N NaiOla_

Na(I)

Sodium Pool

Gravitational settling

Sodium-concrete inieraetion (SLAM)

Na_chernesry_Dogren_vCvsdx

Legend
Reactants

Sy-products

Sandia
National
Laboratories

21



HTGR Capability
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• Pebble bed

• Prismatic

• Graphite
oxidation

• Triso fuel
failure model
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International Use of MELCOR
Netherland Sweden Finland

Germany 
Belgium Poland

r. Ukraine Russia
EnglandCanada 'Czech Rep.
France --
Spain---- Slovak Rep.

Slovenia
Switzerland-741 y -,-Croatia 

China 13;1:1
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Italy Bulgaria 
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entina S. Africa
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MELCOR 3 Layered Software Design

CSARP Research
Partners

Research Level QA
Focused R&D Areas

New/Provisional Models

Sandia/NRC/CSARP
Partners

( 

NQA-1
C++ Foundational

Architecture
Advanced Residual-Based

Solvers
Scalable T-H, Multi-D

Sandia
Code
Ownership

High QA Level
Severe Accident

Physics/Phenomena
LWR Advances/Accident Tolerant

Fuels
Advanced Reactor
Properties/Materials

System Model & Problem-
Specific input

NRC/Regulatory Applicant
Eg. SMR, LWR

Vendor A or Utility B

Sandia/NRC/DOE

(

Sandia
irk National

Laboratories

Research
Participants

DOE Advanced Reactor
Research

Research Level QA
Advanced Reactor Algorithms

Unique Reactor Systems
Models

Sandia/NRC/DOE/
National Labs

Advanced Reactor System
Model inputs

NRC/Regulatory Applicant
Eg. Non-LWR Application

Vendor C or Utility D

End Users



Tof Advanced Software DesignEncapsuled for Ease
Maintenance and Development

Separation of Physics and Solvers

Modern Software
"Orthogonal" Design
Separates Functions

MEMORY
Hardware optz.

Legacy Software
Hopelessly Intertwined
Physics and solvers

RESIDUALS FOR
MASS, MOM, ENERGY

A
SOL ERS

SOLVERS
N-K, etc.

WORKING FLUIDS
EOS, HX, friction

PHYSIC 1

T-H

PHYSICS 2

SPECIAL MODELS
Pumps, turbines, acc.

Scalable
Thermal-Hydraulics

Mass, Momentum, Energy
3-Eq to 9-Eq

Scalable
Dimensionality
O-D to 3-D

Source:re...M.4p

Accident Tolerant
And Advanced Fuels Advanced

Reactors &
Spent Fuel Pools

MELCOR 3 Leverages
Advances in Software Design,

Numerical Solvers, Evolving Hardware
With Lower Development Costs
& Expanded Capabilities

User Defined
Accuracy and Uncertainty

Quantification

Sandia

110 NationalLaboratories

Extensive Existing Phenomenological
Validation Basis
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