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Overview @ELCQR

Debris heat and mass transfer from a CORQUENCH perspective
 Informed by low/high temperature simulant experiments
« Informed by reactor material experiments (e.g. COTELS, MACE, OECD/MCCI)

CORQUENCH computational methodology
 Predict debris/concrete thermal hydraulic response (as experimentally observed)

 Accounts for:
« Wet/flooded cavity - boiling heat transfer, impervious crust, and/or water ingression
* Dry cavity
« Top crust formation
* Incipient (thermodynamically favorable but mechanically unstable)
+ Stable
+ Floating or anchored with possibility of separation from debris melt
* Debris/concrete interface
+ Ablating/eroding surface
» Condensed phase and gaseous by-products into debris melt
+ Several options for concrete response

« Auxiliary models for void fraction and sparging gas

Focus here on the debris layer and top surface models



CAV/CQ Phenomenology

Top Cooling (Bulk Cooling)
Concrete Dehydration and Ablation
Melt Sparging

Incipient Top Crust (Thermal)

Decay Heat
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» Chemistry (Gaseous and Condensed)
Water Ingression and Melt Eruption
Material Properties, Phase Diagrams
Debris/Concrete Interface

Stable Top Crust (Thermal, Mechanical) « Floating/Anchored/Separated Crust

» Miscellaneous Auxiliary Models



CAV/CQ Debris Layer Mass Conservation @ELCOR

Single mixed debris layer of 22 constituent materials (38 in CAV/CQ)

Mass conservation per-constituent with total debris layer the sum thereof

o/ 44

My = Ap{Mhiy 20 + Mibcoz + Mip sio2} + Aslitils 20 + Mis co2 + Missio2} +  Production by oxidation

Ab{Xi,conpconﬁb} + As{Xi,conpconf]s} - PI"Od UCtion by ab|ati0n
Ap{Xomete,iMont} — Loss by melt eruption
Ap{(xP)e,ie + (XP)b,iOp} — As{(XP)s,i8s} + Loss by crust growth

M cor — _ Production by influx
XcXmett,iPsolmete (8p + 805 — (XP)siAcHm Loss by standing crusts

Constituent-wise balance equations for top, bottom, side crusts plus particulate debris bed

Debris/cavity geometry terms A, A, X, and A computed assuming a right circular cylinder
« CAV/CQ (like CQ) allows a 1-D or 2-D calculation
« CAV/CQ cavity geometry and erosion according to CCM3 methodology
« CAV/CQ debris radius and height generally evolve with time
+ Initial radius remains constant or is allowed to change (CF/TF/model)
* Model is a gravity/viscosity balance
+ Ablation
» Swollen/collapsed debris height computed from debris radius and other characteristics



CAV/CQ Debris Layer Energy Co

Single mixed layer melt zone specific enthalpy

meé = —me + '
Qdec —
Ab{ht (Tmelt - Tint,t) - hb (Tmelt - Tint,b)} -
As{hs (Tmelt - Tint,s)} +
EHZO{Abm;)’,HZO + Asmészo} +
Eco2{App coa + Astigcon} +
Esioa{Apy sioz + AsTig sioa} +
(1 - Xcon,g)(pconecon,d){Abf]b + Asﬂs} -
Ab{<pe)b8b + (pe>t8t} - As(pe>sss-_
XCpsol,meltefls(Sb + 8¢) —(pe)sAcHp, —
Aptig,e +

mCOT eCOT‘

Melt zone boundary temperatures depend on

i

nservation MELCOR

Energy associated with net melt mass transfer
Decay heat

Top and bottom heat transfer from melt

Side heat transfer from melt

Energy release by reaction with H,0

Energy release by reaction with CO,

Energy release by reaction with SiO,

Energy of condensed phase ablation products
Energy loss to top, bottom, side crust formation
Energy loss associated with standing crusts
Energy loss by melt eruption

Energy influx from core mass

prevailing conditions at melt zone periphery

« Debris layer melt at prevailing T, transfers energy to melt interfaces at Ti,p ¢ s

* Heat transfer coefficients h,, s depend on mo

deling choices and environment (e.g. wet/dry cavity)

No crust or particulate debris bed energy equations are solved though certain

assumptions are made as necessary about

temperature/enthalpy



CAV/CQ Debris Layer Top Surface for Dry Cavity @ELCOR

Crust-Free Condition hint.¢(Tomete — Tint.e) = hraa(Tine.e — Tsurr)
« Convection - melt to interface
« Radiation - interface to surroundings
* Interface temperature:

(o)
hrad = (1 Sff ) (Tizlt,t + Tszurr) (Tint,t + TsuTT)
/Emelt + /Esurr -1

N 2/3
. P k
« Energy balance at interface 15 10-3 (j{meltgf) ( TZelt), i< e
» Collect heat transfer coefficients Rinee = m e L
« Iteratively resolve interface temperature 1.5 %1073 (i’"e”lz> (k’ze“) (%) N =
. it A
« From resolved interface: "
* Tint,t = Tmelt,frz Jer = 4.3 % 104 (M)
+ Valid interface temperature Hmett
* No crust present Om 1/2
Ly=—2—
Tint,t < Tmelt,frz * (g(pmelt - Pg))
» Crust formation thermal condition satisfied
* Incipient or stable crust pending stability condition
Average sparging gas superficial velocity
+ |Ideal gas law for sparge gas density
« Average molecular weight of sparge gas mixture
j= Ay (M 1120 + M) co2) + As(Mg 20 + 1105 c02)
Abpg
PM Wi XCOTI XCOTI XCOTl -
Pg = 7T glt My = Frya0Mp20 + Feo2Mco2 Froo = ( MH’IZ-I;O>< MH':OZO + MC'Z§2> =1-Fco



CAV/CQ Debris Layer Top Surface for Dry Cavity @ELCOR

Incipient Crust Condition
« Thin crust (neglect decay heat, assume same composition as bulk melt)
« Simplified growth rate equation subject to initial zero-thickness condition
« Interface temperature set to freezing (prevails over thin crust)

Tt,frz - Tint,t

s ) - ht(Tmelt - Tt,frz)
t

pt,cAet,cSt = kt,c(

1/2
_ <4R3ub(pmelt - pcon,g)Q)
8t,min -

- Critical sparging gas superficial velocity based on: 3C,05

* Incipient crust as uniform flat plate and debris pool as bubbly flow

o . . . - . Rb b
Expression for bubble arrival time as ~ crust growth time t, = 0.445( i )
. 0.445Rpyphe(Tinere — Tt frz)
Jerit =
81 minpe che kt,c(Tt,frz - Tsurr) ll‘l( 1 )_ 1
bminbtemEte 8t,minht(Tmelt - Tt,frz) 1-G
C hradht(Tmelt - Tt,frz)St,min
3

B kt,c{hrad (Tt,frz - Tsurr) - ht(Tmelt - Tt,frz)}

* If j > j.t, iINCipient crust is unstable and constantly disrupted by sparge gas
* |teratively solve thin crust growth rate equation for §; using t = t,

If j > j.it, Stable floating crust can form with initialization via incipient crust calculation



CAV/CQ Debris Layer Top Surface for Dry Cavity @ELCOR

Stable, Floating Crust Condition
« Thermal and stability criteria satisfied, melt convection balanced by conduction, atmosphere
Independent crust composition and decay heat generation in crust

2
« Quasi-steady, uniform generation, and constant properties kt‘c% = Qe
« Boundary conditions T(x =0) = Tpfry
» Freezing at melt/crust interface .
« Heat flux continuity at crust/atmosphere interface ® ~kee o le=s, = Hraa(T(x = 80) = Tourr)

Temperature distribution:

1 . hradSt Qt c
T =T, EEEE—— 6 (1 —h T, —T. - - 2
(x) t,frz + (kt,c + hradst) {Qt,c t [ + Zkt,c rad( tfrz surr) X Zkt,c X

« Solving for T(x = §;) and using in the previous crust growth rate equation:

. ke, . hyaalt
pt,cAet,CSt = (m) (hrad(Tt,frz - Tsurr) - Qt,cSt [1 + Zrit‘c - ht(Tmelt - Tt.frz)

- Canintegrate in time using incipient crust calculation to initialize
« Must still iteratively resolve Ty, . from a non-linear equation combining A and B above:

. ke . RyqaSs
Qt,cst + (m) (hrad(Tt,frz - Tsurr) - Qt,cat [1 + git,c = hrad(Tint,t - Tsurr)



CAV/CQ Debris Layer Top Surface for Wet Cavity MELCOR

Crust-Free Condition

Assuming a dry cavity does not precede the wet cavity
Initialize with zero crust and film boiling with boundary temperature T,

Apply a water-side model for film boiling including:
« Radiation
« Bulk liquid subcooling
* Interfacial area enhancement
« Sparging gas (noncondensible) injection

Solve iteratively for Ty, assuming absent crust

hint,t(Tmelt - int,t) = hwat(Tint,t - sat)

ke
hwar = As 8_ + hraa
b

Iteration also resolves &, and thereby informs total heat flux to overlying water

Iteration uses various correlations for:
« Dimensionless area enhancement (sparging gas j and Peebles/Garber terminal bubble rise velocity)
+ Gas film thickness (modified Berenson) and associated quantities

No-crust solution is valid if resulting Tt ¢ > Trerr fr2

Augment the melt-side heat transfer coefficient

h — hwat (Tint,t - Tsat)
bert (Tmelt - Tint,t)




CAV/CQ Debris Layer Top Surface for Wet Cavity @ELCOR

Incipient crust condition

« When no-crust resolution of Ty, . yields Tyt < Terr frz

» Proceed as before to assess crust stability in presence of sparging gas
0.445Rpyphe(Timerr — Tt frz)

Jerit =
ktc(Tt frz — Tsat) ( 1 )
O¢ mi Ae : : In ~|—1
tminPe,ctc 8t,minht (Tmelt - Tt,frz) 1- C3
é hwatht (Tmelt - Tt,frz)st,min
3

B kt,c{hwat(Tt,frz - Tsat) - ht(Tmelt - Tt,frz)}

hwat (Tint,t - Tsat)

h =
Lert (Tmelt - Tint,t)
. . . I . %Tt,frz + hwathat
- Similar incipient crust growth equation as before for §, but recalculate Ty ;! Tiner =~
' Lt h
81: wat

Bulk cooling breaks down when stable crust forms
» Conventional test on superficial sparging gas velocity j < jorit
» To avoid inadvertently prolonged bulk cooling , employ a critical heat flux limit:

" _ "
Acrit,oe = LeritdeHF

* lvey-Morris modification to Zuber's correlation
« Accounts for water intermittently contacting debris surface once below CHF, breaking down bulk cooling
« Area enhancement factor A, saved at point of bulk cooling termination, used for stable crust



CAV/CQ Debris Layer Top Surface for Wet Cavity @ELCOR

Stable, Floating, Impervious Crust Condition

kt,c
kic+ hywaede

pt,cAet,cSt = ( ) (hwat(Tt,frz - sat) - Qt,c5t [1 + h‘zA}Ztt(th - ht(Tmelt - Tt,frz)
« Initialize growth rate equation differently
« Examine as t —» 0 where §; is very thin
» Neglect decay heat
« Conduction (driving growth) dominates convection (retarding growth) pt,cAet,c3t~(
« Crust upper surface temperature ~ Tyt
+ Integrate subject to §,(t = 0) = 0 and use this §,(t — 0) to initialize with t = At

kt,c (Tt,frz - Tsat)
8¢

2k (T pro — Toae)t\
8.(t - 0) = ( (ptZAet,c ) >
* Iteratively resolve T;,; ; as before with an energy balance:
Qe.c: + (W) (hwat(Tt,frz — Tsar) — QecBe [1 + hz%ft]) = hyat(Tint,t — Tsat) " — Fim
- Water-side evaluated from boiling heat transfer G iz /T
* Film boiling maintains until breakdown o —
« Transition boiling (linear variation CHF to min. film boiling) peiine
* Ivey-Morris for CHF AT,
» Nucleate boiling (Rohsenow) ATy "

Practical modifications
+ Break down to nucleate boiling once minimum film boiling point passed at q" (ATmin) = Gmin

+ For better debris quenching behavior, film boiling destabilization 4/ s = Ccuracur 0



CAV/CQ Debris Layer Top Surface for Wet Cavity ELCOR

Stable, Floating, Permeable Crust Condition
« Water ingression augments the conduction-limited impervious crust condition
+ Shrinkage of freezing corium allows voids/defects in top crust where water can infiltrate
» Can cool underlying molten layer much more and develop thicker crusts
« New dynamics related to dry-out front, water supply, crust remelting, etc.

Onset of water ingression

>

t C(thrz

Qt.c8¢

ﬂt $' Pv lv]lTsat

QC,dry

" k Sat)
Gery = ktc(&frz >>

Crust growth in dry region

pt,cAemelt,satSt =

" A
qc,dry - Qt,cst -

pvhlvj | Tsat

Dry-out heat flux evaluation
+ Jones model w/ user specified crust permeability

" —
QC,dry - vaAe

wpr — pv)g/2

Hy

+ Pv hlv] | Tsat

ht (Tmelt - Tt,frz)

Overlaying
Wat_le_r Layer

Original kP
Surface
of Melt

Dryout Front
at pr

<— Cracking Front
atTe,

Solidification

Front at Tmp

Convective
Melt

* SSWICS correlation w/ user-specified empirical constant Cg,.,,

" _
qc,dry - Cdry(

Ae, (pr — Pv)g
U‘U

)

thz,c(Aesat)z

Ct,cAecrack

4/13
) (ac,exp [Tt,frz - (Tsat +

15/13
| Tora = Terre =
crack — 1t frz —
o‘t:,exEt:,y O‘t,exEt,y
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CAV/CQ Debris Layer Top Surface for Wet Cavity @ELCOR

Melt eruption
« Entrainment of melt through crust by sparging gas
Augments debris cooling over and above impervious/permeable top crust wet cavity models
Assume entrained melt is quenched to Ty, from Tpuerr
Assume a particle bed (> 1Tmm) forms atop intact crust
Entrained melt proportional to superficial sparging gas velocity: jm = Kent
A few options for K,,; entrainment coefficient:
« User input
* Ricou-Spalding model: Ken: = E(pg/pmerr)
« More detailed model from Farmer

1/2

Extra heat transfer to overlying water pool due to quenching:

14 ]
Gent = ]meltpmeltAemelt,sat

Gbea = dent +qdec/Ab
Particle bed dry-out limit can handicap crust-to-water heat flux

Can apply melt eruption modeling to impervious or permeable top crust

12



CAV/CQ Debris Layer Auxiliary Models @ELCOR

Melt Void Fraction
« Three options

4 -0.0207 0.25\ 0-584
« Brockmann (pool swell data in sparged stainless steel melt) a=0.128 (L’”‘;“) [M]
PmeltOmert 9IOmelt
L : . . j
« Wallis (dimensionless gas velocity assuming bubbly flow) a=05|1-|[1-4 025
1.18 (gcmelt(pmelt - pg))
' 2
Pmett

« Kataoko & Ishii (bubbly and churn turbulent flow)

J

0.157
J j<05 j= o ( _ ) 0.25 G = (pg/pmelt)
Coj+\/§ 1 = U (g melt pgmelzit Pg )
i me — 0.562
o =9 (Co + 0.03/C1sz) j>05and N, <2.25%1073 C, =N,
-1

i

0.5
Omelt
PmeltOmelt <

Sparging gas bubble size - two options 9(Pmere — Pg)

« Taylor instability limited

Acri Omelt
crit Acrie = 2m

4 9(Pmert — Py)
« Farmer model

2/5 "2 1/5
21 9Umelt pgRidealeC]Acrit
Rpup = Vi
g(pmelt - pg) 641TM.9

Rpup =

13



CAV/CQ Debris Layer Auxiliary Models

Sparging gas bubble terminal rise velocity
« Peebles/Garber model(s) for inviscid flow

0.25
gomelt)

U, =118 (
Pbub

« Peebles/Garber model accounting for viscous/inertial effects

rZRlzmb (pmelt - pg)g

9“’71’13“' Re < 2 gu
052 M = _IHmett
0339070 (Bmelt) " RLas ;2 < Re < 402 M-0214 PrmeltOrmetr
Up =+ me
o 0.5

1.35 (p"LR“) . 4.02 % M~021% < Re < 3.1 + M~025

melt blgzzs Re = meeltRbubgUoo
1.18 (%) : 3.1+ M025 <Re Wmelt

u

« Used to inform area enhancement factor in bulk cooling (wet cavity)
e Used in VANESA for bubble rise characteristics

I
@ELCUR
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CAV/CQ Debris Layer Auxiliary Models 'ELCOR

Hierarchical chemistry

Constituents }/‘.HIO }/f 0, y‘.\mz i Oxidation Reactions
i~ 7 _EM, _F,M, _FL(+F)M, Zr + 2H0 — ZrO; + 2H,
i=2r
ZMM,U 2Mm: 2M.\'.r); Zr +2C0>— Zr0: + 2CO
F. M. F. M. F_(1+F M. See i= Si and i = Si0; below for
{57905 L 40 " cond (1 )M 3, condensed phase chemical reaction
’ 2M 40 2M ¢, 2M g, definitions
WMy | 2, M, , = E B
i=Cr = = Constituents oy
My, M, 2Cr + 3H:0 — Cra03 + 3H; . M”Z" % _ 510, —
. FoMeo | FoMep, 2Cr + 3C0; — Cra0; + 3CO =7 Z2lz o S g ot 51 [ Fygio-s  EF) qzoﬁwJ
i=Cr0; 0 2M Ha0 co, Mg, 2
3MII:() 3Mm,
. _ S F.S‘:'M.'if H,0 F,Ms, qmz 0
i=Fo _ F/‘M Fe = F/‘M Fe 0 1=51 ) M”lo Si 2 Mm: Si
Mo Mo, Fe + H:0 — FeO + H, _ WMy o | 26 My o
FyM reo FrM o 0 RSO0 o 3M 0 i 3M g, e 0
i=FeO - -
M//.() Ml'({. . FFeMFe H:0 En-'yMn o,
- i=Fe Fe e 0
FgM g FgMg, FaFgMs (Gas phase: Mo Meo,
i=8i - - =i Si + 2H20 — SiO: + 2H:
2M”:“ ZM('”: ZM»"'“: Si + 2C02 — SiO2+ 2CO
Condensed Phase:
FyM g, FoM,, For Tw <2784 K, Fs=1 and:
i=8i0; - - - Feona Zr + Si02 — Zr0: + Si(l)
2M”:“ ZM“U: For T)y > 2784 K, Fs~0 and:
Zr + 25i0; — ZrO; + 28i0(g)
All other
constituents g ¢ ¢ )

15



Summary @ELCOR

Looked at debris heat/mass transfer models
« Within/from the melt layer
 At/across the top surface whether dry or wet cavity conditions exist

Looked at some auxiliary models related to debris and top surface heat/mass transfer

16
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