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Material properties and phase diagrams from a CORQUENCH perspective
• Properties 

• Thermodynamic – enthalpy, solid/liquid density, specific heat capacity, molecular weight

• Transport – thermal conductivity, dynamic viscosity, surface tension, emissivity 

• Mechanical – Young’s modulus, tensile strength, linear expansion coefficient

• Chemical – placeholder for now (e.g chemical potentials, entropy for molar Gibbs function) 

• Radionuclide Transport (VANESA) – Free energy of formation 

• Phase diagrams
• Metal 

• Oxide 

• Concrete

CORQUENCH methodologies for: 
• Assessing pure substance and mixture properties

• Evaluating phase diagrams for solidus/liquidus temperatures 

Overview
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CORQUENCH data incorporated in readable and accessible format

CORQUENCH 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

Several categories of material properties
• Some native to CORQUENCH

• Thermodynamic 

• Transport 

• Mechanical 

• Some unique to CAV/CQ and MELCOR

• Chemical (not implemented, looks forward to CCM3-style GEM chemistry model) 

• Radionuclide transport (VANESA) for purposes of 

Unified material list combining needs of CORQUENCH and CCM3/VANESA
• 23 oxides 

• 15 metals 

• 203 total materials including VANESA and gases useful for off-gas and chemistry 

• Concrete “minerals” that decompose, e.g. CaCO3, Ca(OH)2 , MgCa(CO3)2, etc. 

2

CAV/CQ Material Properties



Debris enthalpy/temperature relationship 
• 5 coefficients per oxide or metal material (3 solid phase, 2 liquid phase) 

• Below material solidus, a parabolic relationship: 

• Above material liquidus, a linear relationship:

• Within freezing range, a linear relationship: 

• Material latent heat of fusion implied in data: 

• Material mole fraction χ𝑖 weighting determines enthalpy of corium mixture at its temperature

• Can compute 
𝑑𝑒

𝑑𝑇
 and can invert operations to get temperature given enthalpy 

Solid and liquid material densities 
• For each material, both a solid and liquid density 

• Simple volume weighting (using quotients of mass fractions 𝑋𝑖 and densities:

Specific heat capacity follows from 
𝑑𝑒

𝑑𝑇
 computed by phase (O|M) and mass fraction averaged

Molecular weights stored directly for each material, often compute ഥ𝑀 as above
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CAV/CQ Thermodynamic Properties

𝑒𝑖 𝑇 = 𝑎𝑠𝑜𝑙,𝑖𝑇
2 + 𝑏𝑠𝑜𝑙,𝑖𝑇 + 𝑐𝑠𝑜𝑙,𝑖

𝑒𝑖 𝑇 = 𝑏𝑙𝑖𝑞,𝑖𝑇 + 𝑐𝑙𝑖𝑞.𝑖

Δ𝑒𝑓𝑟𝑒𝑒𝑧𝑒,𝑖 = 𝑒𝑖 𝑇𝑙𝑖𝑞,𝑖 − 𝑒𝑖 𝑇𝑠𝑜𝑙,𝑖

𝑒 𝑇 = 𝐴𝑇2 + 𝐵𝑇 + 𝐶

𝐴|𝐵|𝐶 = Τ1 ഥ𝑀 ෍
𝑖

χ𝑖 𝑎𝑖|𝑏𝑖|𝑐𝑖

ഥ𝑀 = ෍
𝑖

χ𝑖𝑀𝑖
𝑎𝑖 = ൞

𝑎𝑠𝑜𝑙,𝑖 ; 𝑇 ≤  𝑇𝑠𝑜𝑙,𝑖 

0 ;  𝑇𝑠𝑜𝑙,𝑖 < 𝑇 < 𝑇𝑙𝑖𝑞,𝑖

𝑎𝑙𝑖𝑞,𝑖 ; 𝑇 ≥ 𝑇𝑙𝑖𝑞,𝑖 
𝑏|𝑐 𝑖 = ൞

𝑏|𝑐 𝑠𝑜𝑙,𝑖 ; 𝑇 ≤  𝑇𝑠𝑜𝑙,𝑖 

𝑏|𝑐 𝑓𝑟𝑒𝑒𝑧𝑒,𝑖 ;  𝑇𝑠𝑜𝑙,𝑖 < 𝑇 < 𝑇𝑙𝑖𝑞,𝑖

𝑏|𝑐 𝑙𝑖𝑞,𝑖 ; 𝑇 ≥ 𝑇𝑙𝑖𝑞,𝑖 

𝑒𝑖 𝑇 = 𝑏𝑓𝑟𝑒𝑒𝑧𝑒,𝑖𝑇 + 𝑐𝑓𝑟𝑒𝑒𝑧𝑒.𝑖

𝑏𝑓𝑟𝑒𝑒𝑧𝑒,𝑖 =
Δ𝑒𝑓𝑟𝑒𝑒𝑧𝑒,𝑖

𝑇𝑙𝑖𝑞,𝑖 − 𝑇𝑠𝑜𝑙,𝑖

𝑐𝑓𝑟𝑒𝑒𝑧𝑒,𝑖 = 𝑒𝑖 𝑇𝑠𝑜𝑙,𝑖 − 𝑇𝑠𝑜𝑙,𝑖 𝑏𝑓𝑟𝑒𝑒𝑧𝑒,𝑖

ρ = ൗ1
σ𝑖 Τ𝑋𝑖 ρ𝑖



Thermal conductivity computed by material, then by phase, then for mixture 
• 7 coefficients with a normalized temperature for material conductivities

• Metal phase
• Volume weighting when 𝑇𝑚𝑒𝑙𝑡 at/below solidus

• Approximated as constant when 𝑇𝑚𝑒𝑙𝑡 above liquidus with β𝑚=1.6

• Parallel conductance model when 𝑇𝑚𝑒𝑙𝑡  between 𝑇𝑠𝑜𝑙,𝑚 and 𝑇𝑙𝑖𝑞,𝑚 using linearly-varying solids fraction

• Oxide phase
• Volume weighting when 𝑇𝑚𝑒𝑙𝑡 at/below solidus

• Approximated as constant when 𝑇𝑚𝑒𝑙𝑡 above liquidus

• Mixture
• Lichteneker model - weighted geometric mean of continuous/dispersed phases
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CAV/CQ Transport Properties

𝑉𝑖 = ൘ൗ
𝑚𝑖

ρ𝑖
෍

𝑚𝑒𝑡𝑎𝑙𝑠
ൗ

𝑚𝑖
ρ𝑖

𝑘𝑖 = ෍

𝑗=0
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𝐶𝑗
𝑖 𝑇𝑅

𝑖 𝑗

𝑘𝑚 = ෍

𝑚𝑒𝑡𝑎𝑙𝑠

𝑉𝑖𝑘𝑖

𝑘𝑙𝑖𝑞,𝑚 = Τ𝑘𝑚 𝑇𝑠𝑜𝑙,𝑚 β𝑚

𝑘𝑚 =
1

1 − ϕ𝑚
𝑘𝑙𝑖𝑞,𝑚

+
ϕ𝑚

𝑘𝑠𝑜𝑙,𝑚

ϕ𝑚 =
𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑠𝑜𝑙,𝑚

𝑇𝑙𝑖𝑞,𝑚 − 𝑇𝑠𝑜𝑙,𝑚

𝑉𝑖 = ൘ൗ
𝑚𝑖

ρ𝑖
෍

𝑜𝑥𝑖𝑑𝑒𝑠
ൗ

𝑚𝑖
ρ𝑖

𝑘𝑜 = ෍

𝑜𝑥𝑖𝑑𝑒𝑠

𝑉𝑖𝑘𝑖

𝑘𝑙𝑖𝑞,𝑜 = 𝑘𝑜 𝑇𝑠𝑜𝑙,𝑜

𝑘𝑒𝑓𝑓 = 𝑘𝑐
𝑉𝑐𝑘𝑑

1−𝑉𝑐 𝑉𝑐 = ቊ
𝑉𝑚, 𝑉𝑚 ≥ 0.5
𝑉𝑜, 𝑉𝑚 < 0.5 

𝑘𝑐 = ቊ
𝑘𝑚, 𝑉𝑚 ≥ 0.5
𝑘𝑜, 𝑉𝑚 < 0.5 

𝑘𝑑 = ቊ
𝑘𝑜, 𝑉𝑚 ≥ 0.5

𝑘𝑚, 𝑉𝑚 < 0.5 

𝑉𝑚 =
σ𝑚𝑒𝑡𝑎𝑙𝑠 ൗ

𝑚𝑖
ρ𝑖

σ𝑖 ൗ
𝑚𝑖

ρ𝑖

𝑉𝑜 = 1 − 𝑉𝑚 =
σ𝑜𝑥𝑖𝑑𝑒𝑠 ൗ

𝑚𝑖
ρ𝑖

σ𝑖 ൗ
𝑚𝑖

ρ𝑖



Dynamic viscosity computed by phase (from materials) then for mixture
• Da Andrada formula for each phase 

• Shaw model for oxide viscosity enhancement due to SiO2 (use maximum)

• Liquid/solid mixture viscosity from either Ishii/Zuber or Kunitz models 
• Solid (dispersed) and liquid (continuous) viscosities from metal/oxide

• Ishii/Zuber: 

• Kunitz: 

Emissivity
• Constant values for metal (Fe = 0.3) and oxide (UO2 = 0.83)

• Volume weighting for mixture: 

Surface tension
• Constant values (Kao and Kazimi) for metal (= 1.73) and oxide (= 0.52)

• Volume weighting for mixture: 
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CAV/CQ Transport Properties

ε = 𝑉𝑚ε𝑚 + 𝑉𝑜ε𝑜

σ = 𝑉𝑚σ𝑚 + 𝑉𝑜σ𝑜

𝑉𝑚 =
σ𝑚𝑒𝑡𝑎𝑙𝑠 ൗ

𝑚𝑖
ρ𝑖

σ𝑖 ൗ
𝑚𝑖

ρ𝑖

𝑉𝑜 = 1 − 𝑉𝑚 =
σ𝑜𝑥𝑖𝑑𝑒𝑠 ൗ

𝑚𝑖
ρ𝑖

σ𝑖 ൗ
𝑚𝑖

ρ𝑖

μ𝑚 = 6.12 ∗ 10−5
𝑇𝑠𝑜𝑙,𝑚𝐴𝑚

1/2

𝑉𝑚
2/3

𝑒𝑥𝑝
𝑄𝑚

𝑅𝑇𝑚𝑒𝑙𝑡
−

𝑄𝑚

𝑅𝑇𝑠𝑜𝑙,𝑚
𝐴𝑚 =

103 ∗ σ𝑚𝑒𝑡𝑎𝑙𝑠 𝑋𝑖𝑀𝑖

σ𝑚𝑒𝑡𝑎𝑙𝑠 𝑋𝑖
𝑉𝑚 =

106 ∗ σ𝑚𝑒𝑡𝑎𝑙𝑠
𝑋𝑖𝑀𝑖

ρ𝑖

σ𝑚𝑒𝑡𝑎𝑙𝑠 𝑋𝑖

𝑄𝑚 = 1.8033 ∗ 𝑇𝑠𝑜𝑙,𝑚
1.348

μ𝑜 = 6.12 ∗ 10−5
𝑇𝑠𝑜𝑙,𝑜𝐴𝑜

1/2

𝑉𝑜
2/3

𝑒𝑥𝑝
𝑄𝑜

𝑅𝑇𝑒𝑣
−

𝑄𝑜

𝑅𝑇𝑠𝑜𝑙,𝑜
𝐴𝑜 =

103 ∗ σ𝑜𝑥𝑖𝑑𝑒𝑠 𝑋𝑖𝑀𝑖

σ𝑜𝑥𝑖𝑑𝑒𝑠 𝑋𝑖
𝑉𝑚 =

106 ∗ σ𝑜𝑥𝑖𝑑𝑒𝑠
𝑋𝑖𝑀𝑖

ρ𝑖

σ𝑜𝑥𝑖𝑑𝑒𝑠 𝑋𝑖

𝑄𝑜 = 1.8033 ∗ 𝑇𝑠𝑜𝑙,𝑜
1.348

𝑇𝑒𝑣 = ቊ
𝑇𝑚𝑒𝑙𝑡 , 𝑇𝑚𝑒𝑙𝑡 ≥ 𝑇𝑠𝑜𝑙,𝑜

𝑇𝑠𝑜𝑙,𝑜, 𝑇𝑚𝑒𝑙𝑡 < 𝑇𝑠𝑜𝑙,𝑜 

μ𝑐 = 𝑉𝑙𝑖𝑞,𝑚μ𝑚 𝑇𝑚𝑒𝑙𝑡 + 𝑉𝑙𝑖𝑞,𝑜μ𝑜 𝑇𝑚𝑒𝑙𝑡 μ𝑑 = 𝑉𝑠𝑜𝑙,𝑚μ𝑚 𝑇𝑠𝑜𝑙,𝑚 + 𝑉𝑠𝑜𝑙,𝑜μ𝑜 𝑇𝑠𝑜𝑙,𝑜

μ = μ𝑐 1 − ൘
𝑉𝑠𝑜𝑙

𝑉𝑠𝑜𝑙,𝑚𝑎𝑥

−2.5∗𝑉𝑠𝑜𝑙,𝑚𝑎𝑥 Τμ𝑑+0.4∗μ𝑐 μ𝑑+μ𝑐

μ = μ𝑐 ൘
1 + Τ𝑉𝑠𝑜𝑙 2𝑉𝑠𝑜𝑙,𝑚𝑎𝑥

1 − Τ𝑉𝑠𝑜𝑙 𝑉𝑠𝑜𝑙,𝑚𝑎𝑥
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Compute mixture mechanical properties via volumetric weighting of materials 
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CAV/CQ Mechanical Properties

ത𝑃 = ෍
𝑖

𝑉𝑖𝑃𝑖 𝑉𝑖 = ൘ൗ
𝑚𝑖

ρ𝑖
෍

𝑚𝑒𝑡𝑎𝑙𝑠
ൗ

𝑚𝑖
ρ𝑖



Chemistry properties not required for CORQUENCH hierarchical model 

More involved GEM-type CCM3-style chemistry model necessitates chemical properties

Radionuclide transport modeling (VANESA) entails material properties data
• Free energy of formation [cal/mol] (8 parameters per material) 

• Molecular weights

• Reaction stoichiometry
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CAV/CQ Chemistry and RN Properties

F𝐸𝐹 =
− 𝐺 𝑖, 𝑗, 𝑇 − 𝐻 𝑖, 𝑗, 298 𝐾

𝑇
= 𝑎 𝑖, 𝑗, 1 + 𝑎 𝑖, 𝑗, 2 𝑥 + 𝑎 𝑖, 𝑗, 3 𝑥2 + 𝑎 𝑖, 𝑗, 4 𝑥3 + 𝑎 𝑖, 𝑗, 5 ln 𝑥 + Τ𝑎 𝑖, 𝑗, 6 𝑥 + 𝑎 𝑖, 𝑗, 7 𝑥 ln 𝑥

𝑥 = ൗ𝑇
10,000



Evaluate freezing temperature range of the oxide/metal corium mixture 
• Determine solidus and liquidus temperatures for each phase

• Account for presence of condensed phase materials coming in from concrete ablation 

• Formulate a corium mixture solidus and liquidus 

Metal phase 
• Stainless steel evaluation for 𝑇𝑠𝑜𝑙,𝑆𝑆 and 𝑇𝑙𝑖𝑞,𝑠𝑠

• Incorporation of other metals (not Fe, Cr, or Ni) for a final 𝑇𝑠𝑜𝑙,𝑚 and 𝑇𝑙𝑖𝑞,𝑚

Oxide phase
• Evaluate the “core-cladding” mixture – UO2/ZrO2 as if “fully oxidized” 

• Evaluate the “core-cladding-concrete” mixture 

• Optionally evaluate the effects of partial Zr oxidation

• Choose 𝑇𝑠𝑜𝑙,𝑜 and 𝑇𝑙𝑖𝑞,𝑜

Concrete
• Solidus and liquidus defaults or user-specified

• More on concrete properties later
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CAV/CQ Phase Diagrams



Stainless steel ternary phase diagram – Cr/Ni/Fe
• Quasi-binary evaluation of ternary system 

• First, interpolate Cr-Cr/Ni  (for every 0.1 increment in Cr-Cr/Ni, have 𝑇𝑠𝑜𝑙,𝑆𝑆 and 𝑇𝑙𝑖𝑞,𝑆𝑆  data for χ𝐹𝑒)

• Then, noting interpolation boundaries on Cr-Cr/Ni calculate 𝑇𝑠𝑜𝑙,𝑆𝑆 and 𝑇𝑙𝑖𝑞,𝑆𝑆 given Fe-Cr/Ni/Fe

Given 𝑇𝑠𝑜𝑙,𝑆𝑆 and 𝑇𝑙𝑖𝑞,𝑆𝑆, blend in other metals at their melt temperature by molar weighting
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CAV/CQ Metal Phase Diagram

𝑇𝑠𝑜𝑙,𝑚 =
σ𝑖≠[𝐶𝑟,𝑁𝑖,𝐹𝑒] χ𝑖𝑇𝑚𝑙𝑡,𝑖 + σ𝑖=[𝐶𝑟,𝑁𝑖,𝐹𝑒] χ𝑖𝑇𝑠𝑜𝑙,𝑆𝑆

σ𝑖 χ𝑖

𝑇𝑙𝑖𝑞,𝑚 =
σ𝑖≠[𝐶𝑟,𝑁𝑖,𝐹𝑒] χ𝑖 𝑇𝑚𝑙𝑡,𝑖 + 2.0 + σ𝑖=[𝐶𝑟,𝑁𝑖,𝐹𝑒] χ𝑖𝑇𝑙𝑖𝑞,𝑆𝑆

σ𝑖 χ𝑖



First, use Lambertson-Mueller data for 𝑇𝑠𝑜𝑙,𝐿𝑀 and 𝑇𝑙𝑖𝑞,𝐿𝑀 of fully-oxidized UO2/ZrO2 

Then, use Roche data for 𝐹𝑠𝑜𝑙 and 𝐹𝑙𝑖𝑞 from w/ocon in oxide, obtain 𝑇𝑠𝑜𝑙,𝐿𝑀,𝑐𝑜𝑛 and 𝑇𝑙𝑖𝑞,𝐿𝑀,𝑐𝑜𝑛

Then, adjust for partial Zr oxidation
• Pseudo-binary (U,Zr)O2-x 

• Interpolate Zr-Zr/ZrO2 then UO2-Zr/ZrO2 b/t PWR|BWR values

• Get 𝑇𝑠𝑜𝑙,𝑝𝑜𝑥 and 𝑇𝑙𝑖𝑞,𝑝𝑜𝑥

Oxide phase solidus/liquidus are resulting minimum values

10

CAV/CQ Oxide Phase Diagram

𝐹𝑠𝑜𝑙 =
𝑇𝑠𝑜𝑙,𝐿𝑀 − 𝑇𝑠𝑜𝑙,𝐿𝑀,𝑐𝑜𝑛

𝑇𝑠𝑜𝑙,𝐿𝑀 − 𝑇𝑠𝑜𝑙,𝑐𝑜𝑛
𝐹𝑙𝑖𝑞 =

𝑇𝑙𝑖𝑞,𝐿𝑀 − 𝑇𝑙𝑖𝑞,𝐿𝑀,𝑐𝑜𝑛

𝑇𝑙𝑖𝑞,𝐿𝑀 − 𝑇𝑙𝑖𝑞,𝑐𝑜𝑛

𝑇𝑠𝑜𝑙,𝑜 = 𝑀𝐼𝑁 𝑇𝑠𝑜𝑙,𝐿𝑀,𝑐𝑜𝑛, 𝑇𝑠𝑜𝑙,𝑝𝑜𝑥 𝑇𝑙𝑖𝑞,𝑜 = 𝑀𝐼𝑁 𝑇𝑙𝑖𝑞,𝐿𝑀,𝑐𝑜𝑛, 𝑇𝑙𝑖𝑞,𝑝𝑜𝑥
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Summary

Looked at material properties evaluations
• Thermodynamic

• Transport

• Mechanical

• Chemical and radionuclide transport 

Looked at phase diagram evaluations for metal and oxide plus effects of concrete
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