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Review CAV package modernization
• CAV package modernization 

• CAV/CORQUENCH (CAV/CQ) and CAV/CORCON-MOD3 (CAV/CCM3)

• Implementation approach 

Update
• Solution framework 

• Data and physics models for debris and cavity

• CCM3 models in CAV/CQ framework
• Debris spreading

• Cavity ablation and recession 

• Chemistry and fission product release 

MELCOR CAV/CQ to stand-alone CORQUENCH benchmarks
• Dry cavity

• Wet cavity

Future work and summary 

Overview



CAV package modernization 
• Debuted the effort at EMUG ’24

• Chose to first pursue CAV/CQ development 

• Major points of emphasis: 
• Preserve CAV/CCM3

• Implement an alternative CORQUENCH-style debris solution methodology (CAV/CQ) 

• Expand CAV/CQ to include desirable features of CAV/CCM3 
• Debris layering and mixing/separation

• Debris spreading 

• Cavity geometry/recession model 

• Chemistry 

• VANESA 

• Multi-cavity and rupture/overflow 

• Reconcile LHC debris modeling to CAV/CCM3 or CAV/CQ 

• Preserve LHC structure modeling in some form

Use modern MELCOR development methods 
• Field manager and physics manager 

• Preferred database structures (flattened arrays) 

• Modernized input parser 

• Object-oriented FORTAN and procedural polymorphism 

Review – CAV Modernization



CORium QUENCHing (CORQUENCH) 
• In support of Melt Attack and Coolability Experiment (MACE) and OECD/MCCI program

• Developed at Argonne National Laboratory since early 1990’s (largely by Farmer) 

• Targets integral analysis of heat/mass transfer processes of corium ex-vessel 

• First-order analysis of plant accident scenarios 

• Latest advancements include modeling related to debris spreading

Overlaps with CCM3 for ex-vessel modeling with some similar methods/models

Differs in important ways from CCM3:
• Debris pool conceptualization (e.g. single layer) 

• Solution methodology (simultaneous time integration) 

• Concrete treatment (more detailed alternatives) 

• Methods of predicting/computing the “trouble spots” 
• Incipient growth of crusts and crust dynamics

• Transitions in heat/mass transfer processes

• Treatment of certain phenomena (e.g. melt eruption)

• Excludes certain phenomena (RN release and VANESA)

Review - CORQUENCH



CCM3 is the current calculational framework for ex-vessel 
• Has served well in the past, 

• Is difficult to debug and maintain, and very difficult to modify or improve 
• Physics and numerical methods of solution algorithm are intimately entangled 

• Several development efforts from recent years speak to the difficulty
• Water ingression and melt eruption model development

• Physics-based debris spreading 

• LHC “simplified CAV” debris modeling approach 

• Is limited in its concrete/structural modeling capabilities (quasi-steady ablation only) 

CCM3 will remain an alternative in CAV moving forward 

Incorporate CAV/CQ as a CAV/LHC alternative…why?
• Repository of knowledge gleaned from recent experimental program (Farmer, ANL) 

• Different and theoretically more robust debris solution approach 
• Notionally easier debugging/maintenance and development

• Better performance in severe accident calculations, particularly with wet cavities 

• Improved (more detailed) concrete cavity modeling 

• Well-documented models & methods consistent with experimental observations

• Translate F77-style CORQUENCH source & incorporate into actively developed code

Review – CQ & CCM3



Physics manager facilitates CAV/CCM3 “switch off” and CAV/CQ “switch on”

CAV/CQ replaces CAV/CCM3: 
• Enter during MELCOR time-step, check for cavity “awakening”

• If a cavity “wakes up”, do a sequence of initialization calculations:
• Concrete cavity initializations

• Miscellaneous variable initializations 

• Debris/melt initializations

• If an awake cavity is continuing on, do normal CQ solve (time-step integration): 
• Time integration loop - Integration of solution variables & computation of time derivatives

• Given new “state” of debris, perform a series of checks and updates:
• Conservation of mass, top crust and heat transfer, bottom and side crusts and heat transfer,

• Debris/melt thermophysical properties, concrete properties, check bottom/side debris heat transfer

• Ablation, debris/melt superficial gas velocity, check top debris heat transfer

• Gas bubble diameter and terminal rise velocity, top crust growth 

• Debris source-in (COR), concrete off-gas and condensed material generation

• Update overall energy balance and fluxes

Iterative approach for development 
• Add a model or two

• Benchmark stand-alone CQ vs. MELCOR CAV/CQ 

Review – Implementation Approach



Update

CAV/CQ includes at present
• Solution framework 

• Core of the IVP time integration algorithm  

• Mass and energy conservation plus various change rate equations

• Developed to be flexible and readily extensible 

• Data

• Debris 
• Oxidic and metallic phase diagram information 

• All oxide and metal data for thermodynamic, transport, mechanical, and chemical properties 

• All noncondensibles and oxidation products

• Concrete – built-in defaults and methods for user-defined layers

• Placeholders for data expected but not yet needed

• Ability to disconnect, reconnect, and easily change parts of or the entire materials database

• Physics models 

• Phasic and averaged property models

• Dry cavity (top debris surface) models (crust-free, incipient, stable) 

• Wet cavity (top surface) models (crust-free, incipient, stable, WI/ME, boiling transitions) 

• Bottom and side debris surface models 
• Ablation – quasi-steady, fully-developed, or transient 

• Interface heat/mass transfer (Bradley-Malenkov, gas film, gas film slag transition, Sevon) 

• Auxiliary models (void fraction, bubble diameter and velocity, etc.)

• Desirable additions from MELCOR CAV/CCM3 



Solution Methodology



Database

Debris – All requisite oxide/metal materials data to facilitate phasic and mixture: 
• Enthalpy/temperature and density

• Phase diagrams (solidus/liquidus temperatures) 

• Thermal conductivity, viscosity, emissivity, and surface tension

• Various mechanical properties (useful for mechanical stability and water ingress) 

• Also gases (H2O, H2, CO2, CO factoring into heat/mass transfer and oxidation) 

Cavity – All requisite materials data to facilitate: 
• Enthalpy/temperature

• Density

• Phase diagram (adjust for concrete oxide uptake) 

• Thermal conductivity and emissivity 

• Decomposition/ablation and dry-out 

More will be needed (CCM3 chemistry, VANESA) 

𝑒𝑖 𝑇 = 𝑏𝑙𝑖𝑞,𝑖𝑇 + 𝑐𝑙𝑖𝑞

𝑒𝑖 𝑇 = 𝑎𝑠𝑜𝑙,𝑖𝑇
2 + 𝑏𝑠𝑜𝑙,𝑖𝑇 + 𝑐𝑠𝑜𝑙



Benchmarks 

Build stand-alone CQ problems to benchmark MELCOR CAV/CQ 

Dry cavity 
• UO2-only

• Quasi-steady ablation 

• Bradley-Malenkov/Kutateladze 

• Gas film 

• Fully-developed ablation 

• Transient ablation 

• ZrO2-only (with similar variation to UO2-only) 

• Mixed metal/oxide (UO2 and SS with similar variation to UO2-only) 

• SS-only (with similar variation to UO2-only) 

Wet cavity 
• UO2-only

• Impervious crust

• Water ingression (and variations on modeling options) 

All of the above with 1-D ablation, LCS concrete, and CQ hierarchical chemistry



Benchmarks 

SS-only debris pool, dry cavity, quasi-steady ablation, 3300 K initial temperature

CQ         MEL



Benchmarks 

UO2 and SS debris pool, dry cavity, quasi-steady ablation, 2850 K initial temp

CQ         MEL



Future Work 

Continue to integrate remaining CQ models/methods into CAV/CQ 

Move on to experimental validations with benchmarks (e.g. CCI, ACE, SNL-SURC)

Develop a methodology for adding remainder of CAV/CCM3 models to CAV/CQ 
• Existing (or improved) debris spreading 

• Debris/cavity radiation to HS (as opposed to just general “surroundings”) 

• GEM (or similar) chemistry 

• VANESA for fission product release 

• Multi-cavity and cavity rupture/overflow 

• Multi-layer (more conservation equations with entrainment/settling source/sink terms)

• Communications with CVH/RN1, and other package interfaces via TP 

Allow for instantiation of an LHC structure in place of a cavity structure 
• Recently improved finite-volume formulation, or

• More like a COR lower head approach 

CAV/CCM3 more “modernized” 



Summary

Reviewed CORQUENCH

Discussed plan and progress on CAV/CQ implementation 

Showed only a couple of the early stand-alone CQ to CAV/CQ benchmarks 

Discussed development agenda in near-future 
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