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Overview @ELCOR

Concrete cavity from a CORQUENCH perspective

Describe CAV/CQ methodologies for computing concrete:
» Properties (composition, enthalpy, density, thermal conductivity, emissivity)
« Response (heat-up and/or ablation)
 Debris interface heat transfer coefficients



CAV/CQ Concrete Material Properties @ELCOR

CORQUENCH data incorporated in readable and accessible format

Concrete property evaluation implemented with procedural polymorphism so that
- Different material properties databases can be easily connected to CAV/CQ
- Different methods of property evaluation can be easily implemented

Three built-in concrete types
« Limestone/common sand
« Siliceous
« Limestone/limestone

Ability to user-specify concrete including a composite basemat
Enthalpy/temperature treatment implicitly accounts for decomposition enthalpies

Composition in terms of stable binary oxides and minerals
« Minerals entail simple oxides
« Minerals can break down to yield decomposition gases
« Fixed list of decomposition reactions considered



CAV/CQ Concrete Material Properties '@ELCOR

Enthalpy/temperature and decomposition
* Given Tinit, Tsorcons Tiig,cons aNd Tgpy, €valuate e, (T) in view of decomposition reactions
« Distinct solidus/liquidus for each reaction (interpret as inception/completion of decomposition)
« Same general enthalpy/temperature formulation as for corium besides decomposition
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« Decomposition/ablation enthalpy depends on ablation model chosen, e.g. for quasi-steady:

e(Tliq) —e(Tso1)
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¢ e Tliq - Tsol

) (Tdc - sol)

Density
« Initial concrete density based on molar average of minerals and solid-phase densities

_ XiMiXy)
p= /Zz(MiXi/Pi)

» Concrete slag density uses liquid-phase densities and metals/oxides (not minerals) in similar way



CAV/CQ Concrete Material Properties '@ELCOR

Thermal conductivity
« Polynomial fit to data (Baker) for LCS, SIL, and user-specified concrete types:

k(T) = —21.79 + 2102 1071 * T — 7.243 x 10™* « T? + 1.245+ 1076 * T3 — 1.139 * 107°T* 4+ 5.299 x 10~ 13T> — 9.871 « 10717 » T®
« For LIM type, different polynomial fit to data (Baker):

k(T) = —76.32+7.925% 1071+ T —3.115% 1073« T2 + 6.199 * 107¢ * T3 — 6.668 » 107°T* + 3.701 * 1071275 — 8.325 x 10716 « T©

« For concrete slag, similar to conductivity evaluation in corium (restricted materials list)

Emissivity of concrete taken as constant 0.83

Note certain material properties for decomposition gases come from CORQUENCH
database but could be switched over to source from MELCOR NCG

« Specific heat capacity
« Thermal conductivity
« Dynamic viscosity

 Density (ideal gas law)



CAV/CQ Concrete Material Properties @ELCOR

For user-defined concrete, compute mineral composition from oxide inputs
« Oxides allowed initially (K,O, Na,O, TiO,, SiO,, CaO, MgO, Al,O,, FeO, Fe,0,, Fe;0,, ZrO,, B,O53)
« H,0 and CO, regarded as simple oxides for input purposes
« Metal allowed initially (Fe, Cr, Ni, Zr)

Prescription for calculating mineral composition

« Apportion H,O between minerals “free water” and “bound water” within Ca(OH),
« Assume 2% H,O bound as part of mineral Ca(OH), given CaO present
« Balance goes to mineral (H,0),
« Apportion CO, into MgCa(CO5), and CaCO,
« Determine limiter between CaO and MgO
« Manufacture dolomite first
« Reduce CaO and MgO
« Balance of CO, into CaCOy



CAV/CQ Concrete Heat-Up and Ablation

Three models:

« Quasi-steady ablation
* Neglect conduction into concrete behind ablation front
» Neglect any sensible concrete heat-up to ablation

 Fully-developed (not fully implemented/tested)
« Consider conduction into concrete behind ablation front
« Neglect any sensible concrete heat-up to ablation
« More mechanistic than quasi-steady model

« Transient (not fully implemented/tested)
« Consider conduction into concrete behind ablation front
« Consider sensible concrete heat-up to ablation
« Includes interfacial corium-side crust growth

Quasi-steady model
« Ablation (axial/radial) rate: s
 Ablation informs
« Concrete decomposition gas release rate into debris
» Condensed-phase oxides and liquid silica release into debris

_ s (Tmere — Tdc)/p .
con®dc

MELCOR

« When T,,.;: > T4c, Mmelt/concrete heat transfer coefficients and concrete properties inform erosion



CAV/CQ Concrete/Debris Heat Transfer Coefficients @ELCOR

Several alternatives for concrete/debris interfaces at bottom and side of debris pool

Bradley slag film model
+ Modified bubble agitation model of Kutateladze and Malenkov for thermal resistance of slag film
+ Kutateladze-Malenkov model augmented by a factor C;,,~0.29 regardless of melt characteristics
« Can be applied to sidewalls in radial direction too (Bradley’s analysis focused on axial application)
* Recast the model with T,,.;; as primary dependent variable rather than superficial gas velocity

Gas film models
* Like CCM3 models
* Entails possibility of crust at axial/radial boundaries
« Simplified application for sidewall/radial
+ Gas-slag film transition model available for axial direction

Sevon empirical correlations (for limestone/common-sand and siliceous concrete)
« Single correlation of hy(j,)
« Bifurcated correlation of hs(js) on concrete type
« Implementation caps heat transfer coefficient predictions in certain circumstances



CAV/CQ Bradley Slag Film Model @ELCOR

Bradley slag film model
» Applicable to convective melt side of debris top surface interface with crust and/or environs
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+ Note the dependence of h;,., on j which in turn depends on h;, ;, via definition of 1,
» Recasting the Bradley model into another form:

. Xgpconf]b _ (Xcon,Hzo + Xcon,COZ) <hint,b (Tt — Tdc))

(pg)TdC (pg)Tdc edC
h CE,CEZ(Tmelt - Tdc)2: J<Jer . (C Ce(T, T ))3
int,b =\ ~6/51/5.3/5 . J = b metr — Tac
" CB/ Cg/ ]tr/ (Tmelt - Tdc)l/si ]2 Jer
2/3
CmeitP kmert

Cg = 1.5+ 1073C (me ) < )

B sag kmeltg Ly

G = Xcon,H20 T Xcon,co2
(pg)T 0 fac

Can apply Bradley model to lateral surface for hy,; s



CAV/CQ Gas Film Models @ELCOR

Gas film - thumbnail sketch of axial-direction model
« Concrete decomposition gases produce a blanketing gas film between melt and ablation surface
« Heat transfer across the film occurs by convection and radiation
 Crustis allowed to form at the melt/film interface subject to an energy balance
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Radial/side-wall gas film model is a simplified version
« Assumptions about vertical film flow
 @Gas film heat transfer coefficient correlations depend on laminar/turbulent film flow

Can model axial-direction gas-slag film transition (use Bradley model below Berenson limit)
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CAV/CQ Sevon Correlations @ELCOR

Originally developed for limestone/common sand and siliceous concrete

Axial heat transfer coefficient data well-correlated by single empirical expression:

Rine.» = 49 + 2906},

Radial heat transfer coefficient data:

- 57 + 3206j, LCS type
mtb =26 + 5736/, SIL type

Code implementation caps at 2500 W/m2/K
« Similar issue behind recasting of Bradley model for melt temperature as primary dependent variable
» Cap helps mitigate numerical issues encountered in practice
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Summary @ELCOR

Looked at aspects of concrete modeling in CAV/CQ

lgnored cavity erosion/geometry model (CCM3-style ray tracing algorithm implemented)

Implementation in-process for:

« More detailed concrete heat-up/ablation models - fully developed and transient
« Composite basemat

11
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CAV/CQ Fully-Developed Concrete Response Model @ELCOR

Neglect transient concrete heat-up, but consider conduction with ablation

Lump enthalpies of all decomposition reactions into one effective concrete specific heat

Envision a thermal boundary layer exists behind the (moving) ablation front
« Across layer thickness, temperature profile between T,;. and T,
« Transient 1-D conduction in layer, and an energy balance at core/concrete interface
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CAV/CQ Transient Concrete Response Model

@ELCOR

Consider conduction into concrete for both transient heat-up and during ablation

Consider growth/failure of interfacial corium crust

Modeling spans full scope of four “phases”
+ Conduction w/o ablation
 Ablation with crust (w/ or w/o slag drain-thru)
* Crust mechanical failure or remelting
+ Long-term interaction

Features:
* Crust heat equation
« Thermal boundary layer in concrete
« Concrete surface temperature evaluation
+ Bifurcation at T; conc = Tac
+ Slag drain-thru

concrete.

Phase 1: Initial melt contact with concrete

Transient crust growth driven by heat transfer into
Concrete surface temperature is < concrete
decomposition temperature, and so there is no ablation.

Crust is porous /\Crust is impervious

Phase 2a: Ablation with simultaneous crust
formation, crust allows slag to drain through

Continued crust evolution, but concrete-crust
interface temperature is the concrete decomposition

Phase 2b: Ablation with simultaneous crust
formation, slag remains as layer beneath crust

Continued crust evolution, but slag layer grows
between the concrete and crust; concrete surface
temperature is the decomposition temperature.

temperature.

!

Phase 3: crust fails

Crust fails either by a mechanical mechanism, or by remelting.

l

Phase 4: Long-term interaction with melt pool in direct
contact with concrete

« Slag film behind crust MELT CRUST| . @ CONCRETE MELT |CRUST| | “ CONCRETE “
hm O r 4 4 A 4 °
Tm Tf / Cl o v w 74
S — -— A ° o~ Cor — §
INITIAL N N ° A
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SURFACE — =" K B ) < Geon |
_....X 74 ° o ~ —— X
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