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CAV/CQ development effort 
• Since mid-2024 
• Progress and current status 
• Future work beyond present stopping point

Overview
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Agenda
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Ex-Vessel & CAV/CQ Workshop Agenda Time

Registration 8:30

Introduction & Overview 9:00

Debris Heat/Mass Transfer 9:30

Material Properties and Phase Diagrams 10:00

BREAK 10:30

Concrete Cavity, CAV/CQ Solution and V&V 11:00



Predict what happens when debris ejects from vessel to concrete cavity

CAV does not model: 
• Low/high pressure melt ejection (i.e. fuel dispersal interactions – FDI) 
• Intermediate metallic “core catcher” or “second lower head” (i.e. LHC) 

CAV does model: 
• Debris heat/mass transfer within pool, with surroundings, and with cavity structure
• Multi-cavity (rupture, overflow, and transfer)  and debris spreading
• Abrupt thermal attack on concrete cavity causing surface ablation and cavity erosion 
• Decay heat generation in debris
• Concrete off-gases (H2O and CO2) and associated implications

• Chemistry 
• Heat/mass transfer 
• Radionuclide transport (VANESA) 

CORCON-MOD3 or CORQUENCH modeling approach 
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CAV Package Overview



CORCON-Mod3 (CCM3)
• Uses CCM3-derived routines for phenomenological models 
• Boundary condition and source data from other MELCOR packages (CVH, DCH) 
• Interface to VANESA (fission product release model) preserved 

MELCOR EXEC replaces top CCM3 coding levels
• Controls input, advancement, output
• Input format consistent with other MELCOR packages
• Allows integrated restart, plot, and fallback capabilities

MELCOR implementation
• Generalizations of CCM3

• Internally consistent calculation of boundary conditions from CV
• Multiple cavities and rupture/overflow 

• Differences/limitations relative to CCM3 
• Debris does not “displace” CV hydrodynamic materials 
• Concrete does not “see” hydrodynamic materials
• Some “flexibility” inputs from CCM3 unavailable 

• Similar overall solution algorithm and order of operations as CCM3
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CAV/CCM3 Review - Modeling Framework
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CAV/CCM3 Review - Concrete Cavity

Concrete cavity is the “domain” of MCCI 
• Axisymmetric shape defined by a series of body points
• Customizable concrete properties 
• Holds/contains any ejected debris

Cavity suffers thermal attack 
• Ablated concrete oxides added to debris 
• Evolved off-gases like H2O and CO2 enter debris 

• Stirring/agitation to promote mixing 
• React with debris pool contents to produce H2 and CO 
• Contribute to radionuclide release 

Ablation causes cavity erosion and shape change
• Ray-tracing algorithm dynamically predicts cavity profile

• Guiding rays initially established b/t origin and body points
• Ablation assumed to cause recession along local normal 
• Project receded point along normal back onto body point guiding ray

• Quasi-steady ablation model only (like CCM3) 

Cavity erosion preserved for CAV/CQ



Debris models
• Debris pool generally consists of:

• Oxides – from core debris and/or concrete ablation
• Metals – from core debris and/or cavity rebar steel 
• Gases – from concrete off-gassing and debris pool chemistry
• Radionuclides – accompany ejected core debris

• May exist in a stratified configuration 
• Buoyancy forces drive separation by density
• Gas sparging promotes mixing and mixed layers

Hydrodynamic materials over debris treated by CVH
• Upper boundary conditions on debris 

• Temperature, pressure, water 
• Sink for heat and evolved gases

• No thermal interaction with concrete cavity
• No virtual/hydrodynamic volume tradeoffs related to debris displacement or cavity ablation 

“Solve” layered debris pool by computing mass/energy changes due to transfer processes:  
• At the debris/concrete interface, 
• At the debris/surroundings interface, and 
• Within/between debris pool layers
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CAV/CCM3 Review - CAV Debris Pool



Sketch out the general debris pool layer mass and enthalpy solve

Track material mass transfers to, within, and from pool layers 
• Two-pass approach following “rising” then “falling” materials 

• Rising off-gases and condensed phase materials

• Falling core ejection materials and sinking/settling materials 

• Accounting for chemistry and thermal equilibration along the way (across layer interfaces, through layers)

• Rising/falling materials ultimately “land” in some debris pool layer

Track layer enthalpy changes due to mass transfer and layer boundary heat transfer

• Evaluate explicitly the enthalpies of mass transfer (enter/leave), chemical reactions, and decay

• Evaluate implicitly (with linearized projections ~) the layer boundary heat flux terms
• Top layer to surroundings, 

• Bottom layer to concrete interface

• Interlayer and intralayer 7

CAV/CCM3 Review - CAV Debris Pool
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CAV/CCM3 Review - Mixing/Separation

CCM2 only considered “complete” stratification or mixing 
• Metals and oxides immiscible
• Between one and three layers: LOX, MET, HOX in order of light to heavy

• LOX envisioned as “lighter” oxides (mostly from concrete) 
• MET envisioned as unoxidized corium metal 
• HOX envisioned as “heavier” oxides (mostly corium)

• If ρ!"# < ρ$%& (dilution from less dense oxides) get “layer flip”  

CCM3 added mixing models to allow gradual mixing/separation
• Two distinct mixing processes due to sparge gas

• Metal entrainment into lighter slage to form “light mixture” LMX 
• Heavy oxides entrained into metal to form “heavy mixture” HMX 

• Mechanistic models for rates (balance entrainment/separation)

Several possible 2 or 3 layer configurations
• Metals

• MET or HMX to LMX (cannot have both LOX and LMX) 
• Limit is complete mixing of MET into LMX 

• Oxides
• HOX into HMX or LMX (cannot have both HMX and MET) 
• Limit is complete mixing of MET into LMX 

CCM2 Concept

HMX

HOX

LMX

LOX

MET

CCM3 Density Stratification
Note: some layers may not co-exist



MELCOR has three options for debris pool mixing 

Enforced mixing (default) 
• One debris pool layer allowed 
• May be appropriate for vigorous sparging

Enforced stratification (CCM2 style) 

Mechanistic mixing (net result of entrainment and separation)
• Entrainment

• If sparging bubbles penetrate interface, use Greene correlation for condensed phase per sparge bubble 

• Combine with sparging gas flux and interfacial area for total entrained mass

• Separation 
• Resolve terminal droplet velocity with Greene’s correlations for drag coefficient 

• Combine droplet velocity, droplet volume fraction, droplet density, and interfacial area for settling mass

• Solving
• Balance equation:

• Apply over a time-step:  
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CAV/CCM3 Review - Mixing/Separation



Ablating concrete/debris interface
• Adiabatic and no ablation if 𝑇7%1,1/&& < 𝑇+1* 

• If ablation temperature criterion met: 

• Gas film or slag film for heat/mass transfer, e.g. Bradley (slag film):

Concrete off-gases, condensed oxides, and rebar metal leaves concrete due to ablation 
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CAV/CCM3 Review - Ablation
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Chemistry calculated with quickest-descent Gibbs free energy minimization method 
• Chemical equilibrium 

• Species list consisting of relevant condensed phase and gaseous species 

• Database of chemical potentials

CCM3 allows condensed phase O+M chemistry

Chemistry can occur in two general locations:

• Within layer (layer average temp)

• Layer/film surface (layer surface temp) 

Debris pool layer identity has an influence
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CAV/CCM3 Review - Chemistry



Decay energy source in debris 
• From user input or DCH/RN1 and known radionuclide inventory

• Numerically explicit part of layer enthalpy update equation 

Mass “falling” or depositing into debris pool
• Typically, straight from COR via TP 

• Can come from FDI or LHC (both via TP) or another CAV object after rupture/overflow

• Entering mass “sinks” to become part of first suitable debris pool layer
• Parcel of mass equilibrates with each traversed debris pool layer along its journey

• Depends on current debris pool configuration and/or user mixing options

Mass/energy from COR/TP to CAV (own EOS and properties database, phase diagrams)
• Match source enthalpy in CAV (not necessarily source temperature) 

• Liquid/solid oxide/metal sourced as distinct parcels with enthalpy computed by CAV methods

12

CAV/CCM3 Review - Sources



Within and between debris layers, three heat transfer mechanisms 
• Natural convection 
• Conduction 
• Bubble-enhanced convection 

At debris pool boundaries: 
• Convection and radiation (dry cavity) 
• Boiling (wet cavity) 

• Rohsenow for nucleate boiling
• Zuber for critical heat flux
• Berenson for film boiling
• Water ingression methodology

• Conduction
• Slag film and/or stable gas film model 

Inform linearized heat flux projections
• Implicit part of layer enthalpy update
• Inherently iterative methodology to resolve self-consistent debris pool conditions 

• Transfers between layers

• Conditions within each layer 
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CAV/CCM3 Review - Debris Pool Layers



General layer energy equation: 𝜌𝑐*
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Integrating over volume and using suitably-defined averages: 

To obtain various 𝑞⃑-!! , solve an “equivalent” steady-state problem:

• Assume constant divergence of heat flux

• Choose energy generation in equivalent problem so as to preserve layer average temperature

• Assume same layer boundary conditions prevail, i.e:

• 3𝑞,!! and 3𝑞.!! are determined by 𝑇,, 𝑇., and 5𝑇 and likewise 3𝑞/!! is determined by 𝑇/ and 5𝑇 

• 𝑄̇0∗ and 𝑄̇/∗  are implicitly defined by temperatures 

• Assume superposition (separate axial and radial solutions) 

Identify the various 𝑞⃑-!!  as helpful to constructing the linearized heat flux projections sought for layer enthalpy update
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CAV/CCM3 Review – Intralayer
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CAV/CCM3 Review - Intralayer Solve
Sketch the generally iterative process for the axial component of an intralayer solve

Axial 1-D “equivalent problem” to resolve the layer given 𝑇,, 𝑇., 5𝑇, and total layer thickness δ = δ, + δ. + δ27
• Layer is generally a composite of a liquid sub-layer and top/bottom crusts 

• To resolve details, employ a two-variable Newton’s method with bisection

• Successively compute the liquid sublayer and crusts until the layer is self-consistent and the “targets” are hit

• Targets are 5𝑇	and δ

• Iteration variables are δ27	and 𝑇27
• Take last-iterate liquid sublayer values

• Solve liquid sublayer heat transfer coefficients (empirical correlations) for sublayer heat flux 𝑞!"##

• Calculate crusts given 𝑇! known and 𝑇$ at crust/sub-layer interface

• Update liquid sublayer values per Newton/bisection method 
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To implement water ingression modeling into the CCM3 intralayer solution procedure:
• Water ingression as a “boundary condition” i.e. extra condition(s) to satisfy on top layer intralayer solve

• Ensure debris pool to wet cavity hydrodynamics is consistent 

• If water ingression is possible: 

• Assume quenched/cracked crust at 𝑇%") 

• Solve for 𝑞+;<!!  

• Quenched crust thickness set by 𝑞+;<!!

• Dry conducting crust below

To implement melt eruption modeling:
• The molten mass entrainment rate due to sparging gas:

• Entrainment coefficient (Ricou-Spalding):

• Minimum sparging gas rate for entrainment/eruption:

• Permeability (Epstein dry-out heat flux):

• Melt eruption model depends on the water ingression model (cannot be exercised independently)
16

CAV/CCM3 Review - Water Ingression and Melt Eruption 
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CAV/CCM3 Review - Debris Radial Spreading

CCM3 - user specification of debris 𝑅 𝑡  - preserved in CAV (CF, TF, or EDF) 

Alternative internal model to calculate spreading
• Balances viscous and gravitational forces 
• Similarity solution yields an analytical form: 

In either case, no radial ablation of cavity if 𝑅 𝑡  has not reached cavity wall

Can optionally deactivate radial debris surface heat transfer  



CAV has its own material properties and EOS database

Thermodynamic property data 
• Density (by material, solid and liquid) 

• Specific heat – Functional T dependence, mixtures use mass avg

• Enthalpy, chemical potential (entropy) – Functional T dependence, mixtures use mass avg

• Ideal gas treatment for certain gaseous material density, chemical potential, etc. 

Transport property data 

• Dynamic viscosity
• Oxide –Andrade (materials), Kendall-Monroe (mix), Shaw enhancement (higher silica)
• Metal – Approximately that of Iron

• Solids fraction enhancement (Kunitz or Ramacciotti)

• Thermal conductivity – constants, mixtures use mole fraction avg

• Surface tension – constants, mixtures use mole fraction avg

• Emissivity – constants (by phase O|M) 

Free energies for VANESA 

18

CAV/CCM3 Review - Material Properties and EOS
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CAV/CCM3 Review - Phase Diagrams and Mixtures
CAV has simple phase diagrams that neglect many species and interactions

Phase diagrams furnish solidus and liquidus temperatures for mixtures

CAV has no concrete phase diagram (input 𝑇WXY and 𝑇YZ[)

Metal 
• Use ternary Fe-Cr-Ni (stainless-steel) phase diagram

• No accounting for other metal materials 

Oxide 
• Pseudo-binary: core oxides and concrete + steel oxides

• Treat solid phase either as an ideal solution or with a more parametric option (to account for eutectics) 



! Object number optional
CAV_ID 'Test Cavity’   
! CV named ‘CV300’ is the cavity CV
CAV_CV 'CV300’ 
! Concrete declaration 
CAV_C0 NONSTANDARD 'CORCON L/CS’ 
! Concrete composition 
CAV_C1  13 
 1   SIO2        0.358
 2   TIO2        0.18E-02
 3   MNO         0.30E-03
 4   MGO         0.48E-02
 5   CAO         0.313
 6   NA2O        0.82E-03
 7   K2O         0.122E-01
 8   FE2O3       0.144E-01
 9   AL2O3       0.36E-01
 10   CR2O3      0.14E-03
 11   CO2        0.21154
 12   H2OEVAP    0.27E-01
 13   H2OCHEM    0.20E-01
CAV_C2 0.234E+04   0.142E+04   0.167E+04   0.155E+04   0.35E+03   0.6
! DH option ( total heat, O frac, M frac) 
CAV_DH CF 'Heat' CF 'Oxide' CF 'Metal’
! Cavity shape/geometry
CAV_G1 95 0.0 ! #rays  ZO 
!              ZT   RAD  HIT  RADC
CAV_G2 0.0   3.0     5.0    0.1
!                      RW      HBB  NBOT  NCORN
CAV_G3 VALUE 4.0  2.0     10        10  
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CAV/CCM3 Review - Input

Generally required inputs 
• Object name (number)

• Associated cavity CV

• Concrete Declaration
• Standard or non-standard

• More input if non-standard

• Name

• Composition

• Properties 

• Decay heat option 
• None, DCH/RN1, or inputs

• If input, total and O|M split

• Cavity shape/geometry

• Debris 
• Usually TP connections

• Can initialize debris 

• Modeling options
• Many switches/variations

• Consult Users’ Guide

! Initialize debris layer with oxide
CAV_L1 DEFINE 2300.0 3 ! oxide layer
1  FEO  0.50E+05
2  UO2  0.10E+06
3  ZRO2 0.20E+05
! Initialize debris layer with metal 
CAV_L2 DEFINE 2300.0 4 ! metal layer
1  FE   0.70E+05
2  CR   0.10E+05
3  NI   0.60E+04
4  ZR   0.10E+05
! Miscellaneous options
CAV_U 4   
1   CTOXYREA  EXCLUDE
2   MIXING    CALC
3   SHAPEPLOT INCLUDE
4   WATINGR   MULTIPLIERS
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CAV/CCM3 Review - Input

Miscellaneous optional inputs 

• CAV_DFT to toggle 1.86 vs. 2.0 defaults

• CAV_DL to activate an ablation delay 

• Even if 𝑇+(#,#G) > 𝑇"#$

• Partially simulate action of sacrificial materials

• Logical CF trigger

• CAV_Ra to configure rupture and overflow

• Rules for “failing” a cavity by axial/radial/CF rupture

• Can optionally cease the calculation 

• Where to send overflowing debris

• CAV_SP for debris spreading treatment

• CAV_SC to access the many sensitivity coefficients



CAV/CCM3 Review - Ex-Vessel Modeling

Ex-vessel modeling possibly involves other physics packages (see backup slides) 

Fuel Dispersal Interactions (FDI) package for the various interactions of ejected debris

• Low-pressure melt ejection

• High-pressure melt ejection

Lower Head Containment (LHC) package for a second lower head or core catcher

• Simplified debris response model 

• “LHC structure” thermal response  

Transfer Process (TP) package – a general interfacing utility for COR/CAV/FDI/LHC

• Standardized format for package-to-package “handoffs” of mass/energy parcels 

• Deals with data storage, fallback, and restart

22



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 solve
• Expand CAV/CQ to include desirable features of CAV/CCM3 

• Debris spreading 
• Cavity geometry/recession model 
• Multi-cavity and rupture/overflow 
• VANESA 
• Chemistry 
• Debris layering and mixing/separation

• 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 

CAV/CQ Development - CAV Modernization
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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 for ex-vessel corium
• First-order analysis of plant accident scenarios 
• Latest advancements include modeling related to debris spreading

Partially overlaps CCM3 (some similar methods/models)

Differs in important ways from CCM3:
• Debris pool concept (e.g. single layer) 
• Solution methodology (simultaneous time integration) 
• Concrete treatment (more detailed alternatives) 
• Methods of predicting/computing “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)

CAV/CQ Development - CORQUENCH
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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 continues, 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 

CAV/CQ Development - Implementation
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CAV/CQ input
• Largely complete, borrows heavily from CAV/CCM3
• Processes through C++ modernized parser to inform Field Manager (scalars/arrays)
• Inputs unique to CAV/CQ affected through expansions to CAV_U (modeling options) 

CAV/CQ output
• Stylized MELGEN/MELCOR outputs to mimic stand-alone CORQUENCH format
• Legacy-style plot routine (for now) to populate CAV-CQ plot variables in .ptf file

CAV/CQ physics models and capabilities
• Basic/core functionalities of CORQUENCH

• Single-layer debris heat/mass transfer with basic modeling options
• Quasi-steady concrete ablation
• Material properties and phase diagram data
• Several default concretes, user definable concrete, and composite concrete basemat

• Additional (essential) functionality from CAV/CCM3
• Ray tracing algorithm for cavity geometry and recession 
• Physics-based debris spreading and CAV/CCM3 options 
• Transfer process (connect to COR, EDF, FDI, LHC, etc.) 
• Multi-cavity (transfer, rupture/overflow) 
• CVH mass/energy transfers 
• Radionuclides 

• TP and/or multi-cavity transfers 
• Decay heat 
• Vanesa (assume ideality for activity coefficients for now) 
• RN2 Pool scrubbing (wet cavity)
• Release to CVH/RN1 external to CAV 
• CAV/CCM3-style GEM chemistry (Van Zeggerin & Storey method) 

CAV/CQ Development - Update
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Verification done to date 
• MELCOR CAV/CQ to stand-alone CORQUENCH benchmarks 

• Dry and wet, oxide and metal and mixed, various modeling options 
• Covers basic/core CAV/CQ functionalities and tests successful implementation/integration

• MELCOR CAV/CQ stand-alone pseudo-integral calculations
• Liquid/Solid debris injection with RN’s to dry/wet cavity after FDI via EDF by way of TP 
• Custom concrete and representative geometry, spreading allowed, RN-informed decay heat 
• VANESA and RN2 pool scrubbing active 
• Confront CAV/CQ with many computational difficulties of real integral plant calculations

Validation done to date 
• Dry cavity CCI – CCI 4 and CCI 5 
• Wet cavity CCI – CCI 2 and CCI 3 
• SNL SURC 1 and SURC 2 
• Vulcano VE-U7
• Will discuss subsequently 

Still to-do 
• Finish full complement of CORQUENCH models (concrete models, crust separation, etc.) 
• Multiple debris layers, composite concrete, more complicated chemistry, etc. 
• Reimagine LHC as CAV/CQ with some alternative for LHC plate structure 
• More/better validation/assessment and more application to integral analyses

CAV/CQ Development – Progress & Future Work
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Reintroduced the CAV/CQ development effort

Reviewed conventional CAV/CCM3 modeling approach

Gave a high-level summary of development progress since EMUG ‘24 
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Summary



Backup Slides
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FDI models ejected debris interactions with surroundings (i.e. in containment) until that debris arrives in 
the cavity (or lower head containment structure) 

• Always from COR via TP subsequent to lower head failure…

• Once done with FDI, can go via TP to either CAV or LHC…

Modeling depends on debris ejection velocity (i.e. pressure of ejection) 

• Switch velocity set-point of 10 m/s (SC 4602) 

• Low-pressure melt ejection – low debris velocity exiting failed lower head 

• Gravitational fall of debris through water pool 

• Simple integral model of droplet break-up and heat transfer

• Debris to CAV once fall-through is complete

• High-pressure melt ejection – high debris velocity exiting failed lower head 

• Parameterized model for direct containment heating 

• Debris interacts with atmosphere and deposition surfaces (user-specified distribution) 

No RN transport modeling per se…but will move RN inventory from origin to destination

Fuel Dispersal Interactions Package
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FDI – Low Pressure Melt Ejection

31

Molten debris heat transfer to pool only (no action if pool absent from interfacing CV) 
• Debris falling under influence of gravity

• Debris breaks up as it descends

• Radiation (through-film conduction limited heat transfer) 

• Debris heat transfer goes towards latent heat only (boiling the pool) 

• No debris oxidation 

• No steam explosion phenomenology 

Sketch of LPME calculation (see FDI Reference Manual): 
• Evaluate mass of debris (from lower head) reaching cavity floor in given time-step

• Evaluate heat transfer to pool in cavity (from debris known to reach cavity floor in time-step) 

• Interfacial surface area drives heat transfer as debris droplets break up under hydrodynamic force

• No further break-up once debris solidifies

• Heat transfer regime – only one dominant mode (radiation or conduction) computed at a time 

• Transition point temperature where radiation equals Bromley film boiling (conduction) 

• Rate equation for debris temperature

• All energy to pool from debris assumed to generate vapor 

• Final result: pool and atmosphere masses/energies changed, debris and RN to CAV



FDI – High Pressure Melt Ejection
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Distribution of debris in containment plus debris interactions with containment atmosphere
• Oxidation of Zr, Al, steel in ejected debris by H2O and O2

• Surface deposition of debris

• Heat transfer to atmosphere and surfaces 

Sketch of HPME calculation (see FDI Reference Manual): 
• Transition to LPME model across transition velocity set-point 

• Parametric model for debris distribution with transport fractions for atmosphere, HS surfaces, and CAVs

• Debris transport mode 

• “Trapping” – debris to destination surface without interaction in atmosphere along the way  

• “Settling” – debris to CV for interaction with atmosphere while settling to a destination surface

• No thermal interactions between debris and cavity CV pool 

• First-order rate equations with user-specified time constants for 

• Oxidation (computed sequentially or simultaneously…constrained by steam, oxygen availability) 

• Heat transfer

• Settling to surfaces

• None required for trapping to surfaces or CAVs



Lower Head Containment Package
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Basic objective is to model a “second lower head” or “core catcher” structure 

Predict thermal-hydraulic response of the LHC structure and overlying debris 
• Receive debris (mass/energy) and RN inventory via TP upon COR lower head failure 

• Various energy exchanges between debris, CVs, and LHC structure
• Conduction and melting within structure

• Convection, radiation, and interaction with debris at inside/outside surfaces 

• Single enforced-mix debris layer otherwise comparable to CAV/CCM3 for debris response

• LHC structural failure (similar to COR lower head) 

• Multi-LHC capability with rupture/overflow logic similar to CAV

User specifies

• LHC structure geometry, material, and nodalization 

• CVH and COR/RN interfaces via TP 



LHC Description
LHC structure and debris geometry

• Flat structure with cylindrical (pancake) debris 

• Curved structure with hemispherical  

Debris heat and mass transfer 
• Essentially CAV models with enforced mixing 

• Some noteworthy differences include attempts to account for: 

• Hemispherical debris geometry 

• Boundary heat transfer (not quite the adiabatic/ablation condition on CAV) 

LHC structure heat transfer
• Finite volume solution of 2-D transient conduction equation

• Solve nodal temperature equations on user-defined structure

• Cylindrical or spherical coordinates and special boundary conditions as appropriate

CVT/CVB – CV above/inside and below/outside LHC 
RADOUT – Outer radius of cyl portion of LHC 
RADLH – Radius of curvature 
S – Total length of curved/flat portion of LHC plate 
DRR/DZR – Node (sub-region) thickness in r/z
NREGR/NREGZ – Transverse/Through-wall region NREGR divided radially, equal-length sub-regions 

NREGZ divided axially, equal-height sub-regions
NREGR/NREGZ intersection constitutes a node
Limit of 10 regions in either r or z 
No dimensional/material restrictions region-to-region
Node-to-node in a region, same material, dimension
Require NREGR boundary where curved/flat -> cyl
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LHC structure conduction equation
• Integrate over node volume

• Apply fully-implicit time discretization

• Algebraically rearrange for solution

• Solve nodal equations with grid sweeps and judge convergence  

• Special forms for boundary nodes pending boundary conditions 
• Heat flux (adiabatic or specified from debris heat/mass transfer equations) 

• Heat transfer coefficient (if plate nodes touch CVH hydrodynamic material) 

• Compound heat transfer coefficient - partially covered by pool (boiling or not) and partially by atmosphere

• Mixed heat flux/heat transfer coefficient (partially covered by debris, partially by pool/atmosphere)

𝜌𝑐* 𝑇
𝜕𝑇
𝜕𝑡

=
1
𝑟
𝜕
𝜕𝑟

𝑟𝑘 𝑇
𝜕𝑇
𝜕𝑟

+
𝜕
𝜕𝑧

𝑘 𝑇
𝜕𝑇
𝜕𝑧

𝜌𝑐* 𝑇 𝑉?,H
𝛥𝑡

𝑇?,H= − 𝑇?,HG = 𝐴0
?,H 𝑘=

𝑇?,HI3= − 𝑇?,H=

𝑑𝑦HI3
− 𝑘%

𝑇?,HB3= − 𝑇?,H=

𝑑𝑦H
	

+𝐴;
?I3,H 𝑘(

𝑇?I3,H= − 𝑇?,H=

𝑑𝑥?I3
− 𝐴;

?,H 𝑘J
𝑇?B3,H= − 𝑇?,H=

𝑑𝑥?

Typical Interior Node Ti,j

• Neighbor nodes NSWE
• CV boundaries nswe
• “i” for transverse (r)
• “j” for through-wall (z) 

LHC Description

𝑇?,H= = 𝑇?,H∗ 1 − 𝜔 +
𝜔
𝐴*
?,H `

=#

𝐴=#𝑇=#= + 𝑏	?,H
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𝜌𝑐* 𝑇 𝑉?,H
𝛥𝑡

𝑇?,H= − 𝑇?,HG = 𝑞K!!𝐴0
?,HI3 + 𝐴2

?,H 𝑇?,HB3= − 𝑇?,H= + 𝐴L
?,H 𝑇?I3,H= − 𝑇?,H= + 𝐴M

?,H 𝑇?B3,H= − 𝑇?,H=

𝐸𝑛𝑓𝑜𝑟𝑐𝑒	ℎ𝑒𝑎𝑡	𝑓𝑙𝑢𝑥	𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦:	𝑞K!! =
𝑘=
𝑑𝑦

𝑇K= − 𝑇?,H= , ℎ𝑒𝑛𝑐𝑒: 𝑇K= =
𝑞K!!𝑑𝑦
𝑘=

+ 𝑇?,H=

Example:
Specified 𝑞K!!



!               LHCNAM     LHCNUM
LHC_ID  ‘TESTLHC’      1     ! LHC object name and (optional) number
!                        RADLH    HGTLH    RADOUT     MAXHGT 
LHC_GEOM     2.9401      1.38         1.632           1.5    ! Plate geometry   
!                        NREGZ    TEMPI
LHC_PLATEZ   3   311.0   ! Plate axial nodes, initial temperature 
!            N       NNZ    DZR   MAT
 1       1     0.003    ‘SS’     ! 1 node, total thickness 0.003 m, stainless steel 
 2       5     0.017    ‘CS’     ! 5 nodes, total thickness 0.017 m, carbon steel  
 3       2     0.003    ‘SS’     ! 2 nodes, total thickness 0.003 m, stainless steel 
!                            NREGR
LHC_PLATER       2     ! Plate radial/transverse nodalization 
!             N     NNR    DRR    CVB     IBCB    CVT     IBCT
 1       6    0.28   3      ‘CAVITY’   3    ‘TESTLHC’     ! 6 nodes, tot thick 0.28 m
 2       3    0.24   3      ‘CAVITY’   3    ‘TESTLHC’     ! 3 nodes, tot thick 0.24 m
!                IPDHCF  
LHC_DH  ‘UseDCH’     ! Decay heat option 
!                 NTPOT   RNTPOT   
LHC_TPI  ‘TP102’  ‘TP602’     ! Out TP (out from COR, out from RNCOR) 
!                 NTPIN    RNTPIN
LHC_TPI  ‘TP105’   ‘TP605’     ! In TP (in to CAV, in to RNCAV) 
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LHC Package Input
LHC_MLT – Initial Melt Definition and Contents

(1) TEMPI
Initial temperature of melt.

(type = real, default = none, units = K)

(2) RADI
Initial radius of melt.

(type = real, default = none, units = m)
(2) NUMMAT

Dimension of the masses table.

(type = integer, default = none, units = none)

The following are input as a table with length NUMMAT:
(1) N

User-input number for the table’s row.

(type = integer, default = none, units = none)

(2) MATNAM
Keyword identifying species. Possible values include 
AL2O3, SSOX, UO2, ZRO2, AL, SS, U, and ZR.

(type = character*8, default = none, units = none)

(3) SPMASS
Initial mass of material.

(type = real, default = none, units = kg)

LHC_MLT   1350. 0.25 1 
                    1      UO2             3006.

Other features
• Initialize debris/melt in LHC structures (LHC_MLT) 

• Multiple LHC structures like CAV 

• LHC rupture/overflow (LHC_Ra with a = A, R, T) 

• TP interfaces (from COR or FDI, to CAV) 
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Transfer Process Package
Transfer process (TP) utility functions as a “holding facility” 

• Material (mass, energy) no longer treated by some package is sent to TP in “TPIN” process

• TP stores the material mass/energy parcel data (mass, thermodynamics, etc.) until TP is called 

• Some package (FDI, LHC, or CAV) queries TP for parcels:
• “TPOUT” process 

• Contents can be augmented or reinterpreted across the TPOUT process

• If too many parcels accumulate in TP, stop calculation

Information flow in ex-vessel phase
• Arrows to TP – TPIN ; away from TP – TPOUT

• Mass/Energy

• Radionuclides
COR Package TP Package

FDI Package

CAV Package

LHC Package



!         NTPCOR    RNTPCOR  … etc.
COR_TP    ‘TP101’  ‘TP601’
! COR sends debris to IN process ‘TP101’
! COR sends RN products to IN process ‘TP601’
         NFDICV  NFDCAV CAVNAM . . . . . . .
FDI_LOC  CVName   CAV   CAVName …Continued…
TPINAM   RNTPOT  TP
‘TP103’  ‘TP102’ ‘TP603’  ‘TP602’
!          NTPOT   RNTPOT
CAV_TP    ‘TP104’  ‘TP604’
! Definition of associated “IN” process 
TP_IN 4 !Name   Source  
      1 ‘TP101’ COR   
      2 ‘TP601’ RNCOR
      3 ‘TP103’ FDI
      4 ‘TP603’ RNFDI  
! “IN” process ‘TP101’ is connect to “OUT” process ‘TP102’
TP_OUT 4 !TPOUT   TPIN   OutMatrix Number of Masses
       1 ‘TP102’ ‘TP101’ UIN103    5  ! UO2,Zr,Steel,ZrO2,St.Ox 
       2 ‘TP104’ ‘TP103’ DEF1      5  
       3 ‘TP602’ ‘TP601’ DEF1      17
       4 ‘TP604’ ‘TP603’ DEF1      17 ! Number of RN/DCH Classes
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TP Package – Example Input

!
! Vector of masses transformed by matrix UIN103 in the process 
!                            ******                 ******
!            Row  Col        *Mass*                 *Mass*
TP_MTX UIN103 6    5         *Out *   *  TP_MTX *   * IN *
1  1.0 0.0 0.0 0.0 0.0 0.0   *UO2 *   1 0 0 0 0 0   *UO2 *
2  0.0 1.0 0.0 0.0 0.0 0.0   * ZR *   0 1 0 0 0 0   * ZR *
3  0.0 0.0 1.0 0.0 0.0 0.0   * ST * = 0 0 1 0 0 0 X * ST *
4  0.0 0.0 0.0 1.0 0.0 0.0   *ZRO2*   0 0 0 1 0 0   *ZRO2*
5  0.0 0.0 0.0 0.0 1.0 0.0   *STOX*   0 0 0 0 1 0   *STOX*
!                            ******                 *Pois* (B4C)
!                                                   ******


