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Overview @ELCOR

Solution methodology and verification/validation so far

Describe CAV/CQ initial value problem integration for solving debris/cavity:
* Solution flow
- 4% order Runge-Kutta integration of system of equations
« Updates/checks after time integration

Verification
« Standalone CAV/CQ to CORQUENCH exercises
« Pseudo-integral full plant style calculation

Validation with benchmarks to CORQUENCH and/or CAV/CCM3 as available

« Dry MCCI (CCI-4 and CCI-5)
« Wet MCCI (CCI-2 and CCI-3)
« SURC1and?2

« Vulcano

Future work



CAV/CQ Solution Algorithm
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Cavity Checks
Donoring and pass-through (arrival in already-failed)
Donoring of RN inventory
Check for sleeping, falling asleep, and wake-up
Shuffle RN inventory — RN to Vanesa
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Time-Step Integration
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Post-Integration Checks and Updates
Check coolant and crusts (top, bottom, side)
Update debris thermophysical properties
Update concrete properties/parameters (if necessary)
Update bottom/side interface heat transfer
Update ablation
Update cavity recession/geometry
Update melt height (collapsed and swollen)
Update superficial velocity and void fraction
Update top interface heat transfer
Update bubble size and rise velocity
Update upper debris surface and crust condition
Update off-gas and condensed reaction fractions
Update overflow/overfill and/or rupture
Update overall energy fluxes and balance
Shuffle Vanesa to RN and release to RN1
Characterize RN2 pool scrubbing (CVH/RN2 executes)

Pass mass/energy to CVH

END MELCOR TIME-STEP




CAV/CQ Verification @ELCOR
Verification demonstration problems duplicated in stand-alone CORQUENCH

Stand-alone problems isolate certain physics models or aspects of functionality

 Dry cavity
« UO,-only
* Quasi-steady ablation
+ Bradley-Malenkov/Kutateladze
« Gas film
+ Fully-developed ablation
» Transient ablation
» ZrO,-only (with similar variation to UO,-only)
« Mixed metal/oxide (UO, and SS with similar variation to UO,-only)
 SS-only (with similar variation to UO,-only)

» Wet cavity
« UO,-only
* Impervious crust
« Water ingression (and variations on modeling options)

« All with 1-D ablation, LCS (default) concrete, and CQ hierarchical chemistry model
« All with default selections for ancillary models (viscosity, bubbles, void fraction, etc.)



CAV/CQ Verification Example Comparison

UO, and SS debris pool,

CURRENT MELT, CRUST, & PARTICLE BED BREAKDOWNS
MELT CRUST PART. BED
MASS WT FR ML FR VL FR MASS WT FR MASS
CONSTITUENT (KG) (KG) (KG)
uo2 279.54 0.50754 0.18238 0.40862 20.463 0.51216 0.0000
ZRO2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
CR203 17.160 0.31157E-01 0.19891E-01 0.44360E-01 1.0707 0.26798E-01 0.0000
NIO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
B203 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
FE 158.40 0.28761 0.49970 0.28866 11.596 0.29022 0.0000
CR 20.872 0.37895E-01 0.70717E-01 0.42455E-01 1.6548 0.41416E-01 0.0000
NI 46.589 0.84590E-01 0.13980 0.76596E-01 3.4105 0.85359E-01 0.0000
ZR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
u 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
B4C 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
SI 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
NA20 0.43455 0.78899E-03 0.12352E-02 0.24454E-02 0.27113E-01 0.67860E-03 0.0000
TIO2 0.39505E-01 0.71726E-04 0.87105E-04 0.12551E-03 0.24649E-02 0.61691E-04 0.0000
S102 11.377 0.20657E-01 0.33359E-01 0.68248E-01 0.70988 0.17767E-01 0.0000
CAO 10.429 0.18936E-01 0.32763E-01 0.46277E-01 0.65072 0.16286E-01 0.0000
MGO 3.8714 0.70292E-02 0.16919E-01 0.15731E-01 0.24156 0.60457E-02 0.0000
AL203 1.4222 0.25821E-02 0.24573E-02 0.48556E-02 0.88735E-01 0.22209E-02 0.0000
FEO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
FE203 0.63207 0.11476E-02 0.69730E-03 0.16313E-02 0.39438E-01 0.98706E-03 0.0000
FE304 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
TOTAL 550.77 39.955 0.0000
CURRENT THERMOPHYSICAL PROPERTIES
K P Cp U SIGMA EMIS LATENT HEAT
MATERIAL (W/M*K) (KG/M**3) (J/XG*K) (KG/M*S) (N/M) (=) (KJI/KG
MELT 8.0515 7035.7 669.72 0.75599E-02 1.0133 0.61391 1389.6
CRUST 8.4233 8340.1 0.59911 103.76
DECOMP GAS 0.15794 0.16317 1611.6 0.80677E-04
KEY MELT THERMALHYDRAULIC CONDITIONS
TMELT= 2458.4 K EMELT= 1.3896 MJI/KG
TOX,SOL= 2086.1 K TOX,LIQ= 3146.9 K
TM,SOL=  1697.9 K T™,LIQ=  1742.7 K
VOXSOL= 0.64901 VTOTSOL= 0.38440
VCRI 3.9077 CcM/S  JGAs= 183.31 cM/s
VOIDF= 0.40000 QCHEM= 183.63 KW
RBUBBLE= 0.60157 =% UBRISE=  22.883 cM/s
QDECM= 0.0000 KW QDECCR=  0.0000 KW
MELT UPPER SURFACE HEAT TRANSFER DATA
TINT= 2014.6 K HWAT= 180.98 W/M**2*K QWAT= 57.219 KW
TTOP= 2535.3 K HTO 7498.1 W/M**2*K QTOP= -144.07 KW
TFRT= 2535.3 K DCRT= 19.163 MM
MELT LOWER SURFACE HEAT TRANSFER DATA
ADEP= 6.9002 cM BLDEP= 0.0000 CM ARATE= 25.795 MM/MIN
HBOT= 2002.6 W/M**2*K QBOT=  479.83 KW
TERM-BY-TERM COMPONENTS OF ENERGY EQUATION
1163.9 KW QDCML= 0.0000 KW QBOTE= -479.83 KW
0.0000 KW  QTOP! 144.07 KW 363.81 KW
-1526.7 KW QOXT 183.63 KW 0.0000 KW
QMASB= 1.0575 KW QDRPV= 0.0000 KW -151.08 KW
INTEGRATED ENERGY SOURCE/SINK DATA
E->ATMOSPHERE= 16.739 MJ  E->CHEM. RXS.= 29.216 MI
E->DOWN ABL.= 77.014 MJ  E->SIDE ABL.=  0.0000 MI
E->DECAY HEAT= 0.0000 M
METAL GAS AND CONDENSED PHASE REACTION FRACS.
ZR/GAS= 0.0000 ZR/SI02= 0.0000 ZR/SI= 1.0000
CR/GAS= 1.0000 FE/GAS= 0.0000
CUMULATIVE NONCONDENSABLE GAS RELEASE (MOLES
MOLES H2=  147.52 MOLES H20= 0.0000 MOLES CO=  212.32
MOLES CO2= 0.0000 MOLES SIO= 0.0000 TOT MOLES= 359.84

WT FR

0.50754
0.0000
0.31157E-01
0.0000
0.0000
0.28761
0.37895E-01
0.84590E-01
0.0000
0.0000
0.0000
0.0000
0.78899E-03
0.71726E-04
0.20657E-01
0.18936E-01
0.70292E-02
0.25821E-02
0.0000
0.11476E-02
0.0000

MELT, TOP CRUST, AND PARTICLE BED MASS BREAKDOWNS

MELT CRUST
MASS WT FR ML FR VL FR MASS WT FR
CONSTITUENT (KG) (KG) (KG)
uo2 279.56 0.50753 0.18237 20.445 0.51208
ZRO2 0.0000 0.0000 0.0000 0.0000 0.0000
CR203 17.167 0.31166E-01 0.19896E-01 1.0728 0.26870E-01
NIO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
B203 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
) 158.41 0.28760 0.49969 11.585 0.29018
CR 20.869 0.37888E-01 0.70703E-01 1.6512 0.41358E-01
NI 46.593 0.84588E-01 0.13980 3.4074 0.85347E-01
ZR 0.0000 0.0000 0.0000 0.0000 0.0000
u 0.0000 0.0000 0.0000 0.0000 0.0000
B4C 0.0000 0.0000 0.0000 0.0000 0.0000
sI 0.0000 0.0000 0.0000 0.0000 0.0000
NA20 0.43471 0.78922E-03 0.12355E-02 0.27166E-01 0.68044E-03
TIO2 0.39519E-01 0.71747E-04 0.87131E-04 0.24697E-02 0.61858E-04
S102 11.382 0.20663E-01 0.33369E-01 0.71126 0.17815 1
CAO 10.433 0.18941E-01 0.32773E-01 0.65199 0.16331E-01
MGO 3.8729 0.70312E-02 0.16924E-01 0.24203 0.60621E-02
AL203 1.4227 0.25829E-02 0.24580E-02 0.88907E-01 0.22269E-02
FEO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
FE203 0.63231 0.11480E-02 0.69751E-03 0.1631 0.39514E-01 0.98973E-03
FE304 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
TOTAL 550.82 1.0000 1.0000 1.0000 39.924 1.0000
CURRENT THERMOPHYSICAL PROPERTIES
K £ Ccp u SIGMA EMIS
MATERIAL (W/M*K) (KG/M**3) (JI/KG*K) (KG/M*S) (N/M) (-
MELT 8.0512 7035.5 669.79 0.75450E-02 1.0133 0.61393
TOP CRUST 8.4203 8337.7 0.59925
DECOMP GAS 0.15794 0.16310 1611.6 0.80677E-04
KEY MELT THERMALHYDRAULIC CONDITIONS
TMELT= 2459.5 K EMELT= 1.3911 MJI/KG
TOX,SOL= 2085.9 K TOX,LIQ= 3146.9 K
TM,SOL=  1697.9 K T™, LIQ 1742.7 K
VOXSOL= 0.64785 VTOTSOL= 0.64785
VCRIT= 3.9855 CcM/s  JGAS= 183.87 cM/s
VOIDF=  0.40000 0.18410E+06 KW
RBUBBLE= 0.60157 cM 22.883 cM/s
QDECM= 0.0000 KW QDECCR=  0.0000 KW
MELT UPPER SURFACE HEAT TRANSFER DATA
2014.4 K HWAT= 182.77 W/M**2*K QWAT= 57773. W
2535.6 K HTO 7509.5 W/M**2#%K QTOP=-0.14288E+06 W
2535.6 K DCRT= 18.993 MM
MELT LOWER SURFACE HEAT TRANSFER DATA
ADEP=  6.9035 cM BLDEP= 0.0000 CM ARATE= 25.862 MM/MIN
HBOT= 2005.5 W/M**2%K QBOT=  481.08 KW
TERM-BY-TERM COMPONENTS OF ENERGY EQUATION
ONTBN= 0.11821E+07 W QDCML= 0.0000 0.48108E+06 W
W QTOP! 14288E+06 0.36476E+06 W
W QOXT .18410E+06 0.0000 w
W QDRPV= 0.0000 .12758E+06 W

INTEGRATED ENERGY SOURCE/SINK DATA

E->ATMOSPHERE= 0.16783E+08 J
.= 0.77050E+08 J

E->DOWN ABL

E->DECAY HEAT=

0.0000

J

E->CHEM. RXS.=
E->SIDE ABL.

METAL GAS AND CONDENSED PHASE REACTION FRACS.

ZR/GAS= 0.
CR/GAS= 1.

0000
0000

ZR/S102= 0.
FE/GAS=  0.0000

0000

CUMULATIVE NONCONDENSABLE GAS RELEASE (MOLES)

MOLES H2=
MOLES CO2=

147.59
0.0000

MOLES H20= 0
MOLES SIO= 0

0.29230E+08 J

0.0000 J

ZR/SI= 1.0000

.0000 MOLES CoO=
.0000 TOT MOLES=

@ELCOR

dry cavity, quasi-steady ablation, 2850 K initial temperature

PBED
MASS

0.0000
0.0000
0.0000
0.0000
0000
0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

ENTHALPY
(KJI/KG)

1391.1
102.80

WT FR

0.50753
0.0000
0.31166E-01
0.0000
0.0000
0.28760
0.37888E-01
0.84588E-01
0.0000
0.0000

.0000
.78922E-03
71747E-04
20663E-01
18941E-01
70312E-02
.25829E-02
0.0000
0.11480E-02
0.0000
1.0000

ocooo
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CAV/CQ Validation/Benchmark Exercises @ELCOR

Validation with benchmarking to CORQUENCH and CAV/CCM3 as available
. OECD/MCCI series tests
* Dry cavity (with benchmark to CQ only)
.« CCl-4
. CCI-5
« Wet cavity (with benchmark to CQ and CAV/CCM3)

.« CCl-2

. CCI-3
« SNL SURC tests - SURC 1 and SURC 2 (with benchmarks to CORQUENCH only)
 Vulcano VE-U7 (with benchmarks to CORQUENCH/Meltspread and CAV/CCM3)
» More to do...e.g. CORQUENCH published ACE validations

Integrated validation into development
Most validations used existing assessment MELCOR CAV/CCM3 input decks

Low bar for comparison for now - “in the ballpark” - to keep development pace



CAV/CQ Validation/Benchmark — CCl-2 @ELCOR

CCI-2 Melt Temperature Validation/Benchmark
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CAV/CQ Validation/Benchmark — CCI-3
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CCI-3 Melt Temperature Validation & Benchmarking
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CAV/CQ Validation/Benchmark — CCl-4 @ELCOR

CCl-4 Melt Temperature Validation & Benchmarking CCl-4 Radial Ablation Validation & Benchmarking
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CAV/CQ Validation/Benchmark — CCI-5 @ELCOR

CCI-5 Melt Temperature Validation & Benchmarking CCI-5 Axial Ablation Validation & Benchmarking
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CAV/CQ Validation/Benchmark — SURC 1 and 2 @ELCOR

SURC-1 Melt Temperature Validation & Benchmarking SURC-2 Melt Temperature Validation & Benchmarking
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CAV/CQ Validation/Benchmark — Vulcano VE-U7 @ELCQR
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CAV/CQ Verification — Pseudo-Integral Plant Analysis @ELCOR

Between an integral plant calculation and CAV-only verification problems

Demo problem inspired by a CAV/CCM3 workshop example problem

CAV/CVH/RN1/RN2 only...uses realistic solid/liquid core debris injection with RNs
« Liquid debris injected with TP (EDF) into “dummy” that ruptures to actual cavity
« Solid debris injected with TP via EDF into the computational cavity
» Both debris parcels go through FDI first
* RNs injected into computational cavity
« Custom concrete patterned after basaltic with iron (rebar)
* Representative cavity geometry
» Physics-based debris spreading
* RN-informed decay heat source
» Wet cavity

Multi-cavity (donoring, pass-thru, rupture/overflow), Vanesa, and RN2 scrubbing

Confront CAV/CQ with computational difficulties of real integral plant calculations

12



Summary MELCOR

Looked at CAV/CQ solution methodology

Reviewed verification exercises performed to date
Reviewed validation/assessment type problems performed to date

Future testing/shake-down and verification/validation
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