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Severe Accident Phenomena in PWR
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TMI core was partially melted
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Accident Progression - Phase 1

e Major features: Initiation of clad oxidation & control rod
melting
= Oxidation: Reaction of exposed metallic surfaces (Zirconium
clad) to steam
+ “Run-away” exothermic oxidation at temperatures greater than
~1200C

= Control rod melting

<+ Ag-In-Cd alloy melting temperature ~ 800C




Effects of Phase 1 Features on Accident
Progression

e Heat of reaction causes significant increase in fuel
assembly heat up rate
e Potential melting a downward “candling” of molten
control rod & clad material
= Refreezes at lower elevation, reducing coolant flow
area
e Major source of hydrogen to containment
Zr +2H,0 = 2H, + ZrO,

Accident Progression Phase 2

e Major feature: Fuel melting . ' Fuel rod
and relocation to lower Canding o!  colapse
elevations of the RV:

= Major changes in core
geometry

= Separation of metallic and
ceramic materials

= Wide range of temperatures

= Formation of local blockages

Meit breakout

Accident Melting of U,
Progression L o ot il (550 il
Phase 2

Formation of a ceramic  Zr{0)-U0, monotectics

e Core ‘melting’ and
relocation affected by 208 Melting of ALO, burnable poison
eutectic interactions

among various core
materials 1760 -t=— Melting of fresh Zircaloy-4

dissolution

by moletn Zr
{formation of
metallic mel)

ALO, - UD, eutectic

—
Start of UO2

—

Starl of rapid

Melting of stainless steel and Inconel
Fe-Zr — Al{ALO,)-Zr eutectics

temperature
escalation)

Zr ooddation

(run-away

Eoarmation of first Fe-Zr and Ni-Zr eutectizs
melting of Ag-In-Cd control rod alloy

Eutectic : Of, relating to, or formed at the lowest possible temperature of solidification for
any mixture of specified constituents. Used especially of an alloy whose melting point is
lower than that of any other alloy composed of the same constituents in different
proportions.

Accident Progression - Phase 3

® Major features: Molten Debris Attacks Lower Head
= TMI-2 lower head did not fail in spite of molten pour of a
considerable mass of material
« Molten material submerged in pool of water
« Crust formation against inner surface of lower head wall
provided an insulating layer that limited heat transfer
= Debris coolability in lower head remains a major area of
research
= Lower head penetrations important for some reactor
vessels




Accident
Progression
Phase 3

e Major uncertainties
include:

= Configuration of
relocating debris/melt

®= Temperature of relocating
material

= Crust formation and heat
transfer mechanisms on
lower head surface

) ahier relocation

Transition to Ex-vessel Period of Accident
Progression

® Major features: Core debris relocation into containment
= If vessel failure occurs at high-pressure
+ Possibility of melt dispersal and thermal interactions with
containment atmosphere (“High-Pressure Melt Ejection” and
“Direct Containment Heating”: HPME / DCH)
= Vessel failure at low pressure results in gradual “pour” of
debris onto containment floor
e After vessel failure, thermo-chemical interactions between
molten core debris and concrete can dominate containment
response.

High Pressure Melt

Ejection

¢ Can be the cause of
largest pressure increase
in a PWR containment
* Combines:
— RV blowdown from high
pressure
Steam and H, generation
from melt-coolant
interactions

Airborne debris particles
directly heat containment
atmosphere

Bubbles from
Gases coming
out of Solution

Crust

Molten
~ Core
Materials

Instrumentation
Tubes or Control
Rod Drives

Droplets from

Weber Breakup

Aerasols from

‘apor
Condensation

Low Pressure Melt
Release

Mt o
Debris “pours” out of Steam and
RV lower head onto Hyvrogen
containment floor
(cavity)

May interact with

L - Water, Steam
water (if present) and Penetration’
quench
Beginning of core-
concrete interactions




Molten Core-Concrete Interactions (MCCI)

o Exothermic chemical reactions between core debris and concrete
= Large quantities of gas generated by concrete decomposition

= Physical and chemical interactions between concrete decomposition gases
and core debris release non-volatile fission products
Vertical and horizontal erosion of concrete basemat destroys containment
foundation

Basalt | Limestone

: |
Froparty | (Siliceous) | Concrete

Concrete

Solidus Temp (C) | 1350 ‘

Liquidus Temp (C) | 1650
| Molten Poal

Ablation Temp (C) 1450 ‘ 1500 Fissured Crust’ *—Caoncrete

* Major components lost by decomposihon: 510, Ca0, MgO

Effects of MCCI on Accident Progression

e Containment Structure
Penetration

High local atmosphere
temperatures
= Potential for local heating
of containment pressure
boundary
Non-condensible gas
generations
= Significant contributor to
containment pressure late

Distance from Lowss Cavity Fioor (meters|

in an accident sequence M e e

28 a3 a3 an
Fadial Distance from Pedestal Midiine (melers)

Other Severe Accident Phenomena of Interest to
Level 2 Analysis

e Creep rupture of reactor coolant system pressure
boundary during in-vessel core degradation

e Hydrogen combustion in containment

e Steam explosion

P EAFIBEL 2 22 RE
O 2 #8825

Q=0.095Q,t%*
Q — Decay heat generation rate

Qo = Reactor power level before shutdown

t = Time elapsed since shutdown (sec)
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