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Sommario

This report presents the activity performed in the frame of LP1, Objective A (Acquisition,
development and validation of methods and codes for sustainable and safety studies and analyses),
Task A3.3 of PAR2013, ADP ENEA-MSE. In this study the integral codes ASTEC and MELCOR
have been applied for the calculation of a reference severe accident sequence (SBLOCA) on the
TMI-2 plant (PWR of 900 MWe). Several insights on the reliability and consistency of code
response have been gained from a detailed comparison of the main code results. The reasons of the
differences in code results have been thoroughly investigated and tentatively explained.
Recommendations have been made for sensitivity studies on important and uncertain core
degradation parameters and model options, in order to better understand the different code behavior
and make proposals for further code model improvements.
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1. Introduction

Since the Three Mile Island Unit 2 (TMI-2) reactmrcident in 1979, there have been
extensive research activities to try to understdra phenomena involved, and to develop
accident management strategies to mitigate theecuences of core melt accidents. Given
that a severe accident cannot be simulated at ar fod scale, since all the experimental
database on core heat up, melt progression andrfipsoduct release is limited to the results
of small-scale experiments, which are only pastiaipresentative of what could occur in a
real reactor. Therefore, integral codes are usedeBrribe core degradation transients in
nuclear reactors without a clear idea of their tace capabilities. This is the reason why
TMI-2 provides a unique opportunity to assess teability of integral codes to simulate a
severe accident in a full scale Pressurizer Wagacir (PWR).

The TMI-2 reactor modeling used in computer codes gevere accidents as
MELCOR, ASTEC, MAAP 4 and ATHLET-CD has improvejsficantly over the years
due to better understanding, and the simulationulteesconfirm these continuous
improvements. In the frame of Task 3.3 of PAR2018P1, the CIRTEN activity, in
collaboration with ENEA, is devoted to verify theogress and reliability of ASTEC and
MELCOR codes through the result comparison forpragentative severe accident sequence
in a pressurized nuclear power plant of 900 MWe.

Starting from the same reactor model realized noukite the real TMI-2 accident, it
was decided to analyze an alternative severe adcgienario such as a Small Break Loss-
Of-Coolant Accident (SBLOCA) with simultaneous loss main feedwater to the steam
generators, and without safety injection. The etofuof the accident has been studied until
molten core slumping into the lower plenum and fidsdower head vessel failure. The entire
transient was analyzed by means of the integral BGand MELCOR codes widely used
worldwide for severe accident analysis in light evaeactors. In the present study, the results
of the two calculations have been compared anddifierences pointed out and deeply
investigated, in order to understand and try tdarphe reason for the main discrepancies,
and thus identify eventual code weaknesses ands avdzere further code model
improvements is deemed necessary.

In Section 2 of this report, the reference speaifans for both code calculations are
defined regarding: the SBLOCA accident scenarie,ltbundary conditions, the TMI-2 plant
data and the steady-state conditions of the TMlaatpat transient initiation, with the aim to
best harmonize the two code input decks. In Sec8orthe results of the MELCOR
calculation performed by the University of Pisa presented in details, along with a short
description of the code models used in the analisibest represent the in-vessel core
degradation phase. Similarly, in Section 4, theltesof the ASTEC calculations performed
by the University of Bologna and the code modelsduare presented in detail using two
different modeling options for the core late degtamh phase. In Section 5, the main code
results are compared and the main differencestiegitaexplained. Finally, main conclusions
are drawn and recommendations for further activitthis area are made in Sec. 6.



Sigla di identificazione Rev. | Distrib. | Pag. di
M Ricerca Sistema Elettrico ADPFISS-LP1-032 0 L 5 83

2. Accident scenario and plant data

2.1 Accident scenario

The initial event is a small break (size = 0.0018) nm the hot leg A att = 0 s, with
simultaneous loss of main feedwater on the secygnslde of steam generators (SGs). The
primary pressure begins to reduce along with tlesgurizer level as soon as the break opens.
After few seconds, the fast SG dryout with consegless of heat removal from the primary
side results in sudden primary pressure incredse.opening of the pressurizer PORV is not
enough to limit the pressure rise and, therefagactor scram occurs when the pressurizer
pressure set-point of 16.3 MPa is reached. Thadugrimary pressure increase after reactor
scram might be attenuated by the pressurizer safdtye operation (valve pressure set-point
at 17.0 MPa).

The auxiliary feedwater starts at t = 100 s tryiogestore 1 m water level in the SG
secondary side. The primary pump stop occurs whermwhole primary water mass (liquid +
steam) inventory reduces below 85000 kg.

Then the accidental transient is let free to evabreards core uncovery and heatup,
core melting and corium relocation in the lowernpie, until possible lower head vessel
failure. No HPI or LPI injections are actuated dgrithe transient phase. The transient
calculation should be pursued until vessel failuseng code model options and parameter
values recommended by code Best Practice Guidelines

2.2  Boundary conditions

The SBLOCA scenario is specified with very simpled awvell defined boundary
conditions, in order to minimize the influence dficertainty of these conditions on the
variability of code results.

2.2.1 Power

* Initial core power = 2772 MW.

* Thermal heat losses from primary system to contaimnatmosphere are not taken
into account.

» Core residual power after reactor scram is givehahble 2.1 below.
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Table 2.1: Core power evolution

Time (s) Power (W)
0 2772.00e6
ts (scram time) 2772.00e6
ts+1 167.94e6
ts+4 147.96e6
ts + 10 130.14e6
ts + 40 103.14e6
ts + 100 86.13e6
ts + 400 65.34€6
ts + 800 52.92e6
ts + 1000 49.95e6
ts + 2000 42.39e6
ts + 4000 34.56e6
ts + 8000 28.35e6
ts + 10000 26.05e6
ts + 20000 21.46e6

« Radial core power profile (6 rings) is given in TaB.2 below (according to the radial
discretization and number of fuel rods definedne ASTEC simulation by ENEA in
ATMI Benchmark [1]).

Table 2.2: Radial profile of core power

Ring Factor Number of fuel rods External radius ()
1 1.2572 1040 0.27
2 1.2127 3120 0.54
3 1.1469 5200 0.81
4 1.0596 7072 1.08
5 0.951 9152 1.35
6 0.8198 11232 1.665

* Axial profile of core power is given in Table 2.8lbw (same axial power profile in
different rings).
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Table 2.3: Axial profile of core power

Z (m) Factor

0 0
0.15 0
0.302 0.675
0.607 0.857
0.912 1.037
1.217 1.153
1.522 1.202
1.826 1.231
2.131 1.241
2.436 1.209
2.893 1.102
3.503 0.595
3.81 0

4 0

The radial and axial profiles in Table 2.2 and €aBl3 are valid for intact core
geometry. The change in power distribution follogvicore degradation and fuel relocation
must be taken into account by the respective confiers.

2.2.2 Steam generator pressure and level control

Boundary conditions for the SG secondary side avengby controlling the steam
generator pressure and water level (in the risefpléows:

» SG pressure at steady-state value in the firstsl(® = 6.41 MPa), then pressure rise
up to 7.0 MPa in 100 s and constant value untiletheé of the transient, as shown in
Figure 2.1.

* SG level reduces quickly down to O due to heatsfiemfrom primary side (timing of
SG dryout is calculated by the code), then linearaase from t = 100 s, by startup of
auxiliary feedwater, reaching the 1 m value at 208nd then constant until the end of
the transient, as shown in Figure 2.2, by auxilf@agdwater flow rate control.

Regarding the feedwater control, we assume:

* Maximum feedwater flow rate = 50 kg/s per SG.
* Feedwater temperature = 295.15 K.

The linear increase of SG level up to 1 m, startatglO0 s by auxiliary feedwater
injection, might be delayed because of strong eradjom inside the SG and due to the limit
on maximum feedwater flow rate.
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Also based on the experience of the ATMI Benchmiaideems important to note that the
SG pressure and level might deviate from the bogynslalues, when SG power removal
reduces down close to O, due to stop of naturagulation in the primary loops, after the
initial boil-off phase. By this time, steam condatisn in the secondary side of SG leads to
slow progressive decrease of the SG pressure beldwiPa and, at the same time, leads to
slow progressive increase of the SG level above. Innany case, and in particular in this
situation, the pressure cannot be controlled bgnstimgress into the SG dome, so as the level
cannot be controlled by water draining from thel®@om.

Pressure (bar)

0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Figure 2.1: SG pressure control
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Figure 2.2: SG level control
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2.2.3

224

2.3

Hot leg break

Break size = 0.0015 M

Break position = 4 m along the hot leg of loop A vessel outlet nozzle
Containment pressure = 0.1 MPa (pressurizatioh@tbntainment atmosphere is not
taken into account)

No stratification in the hot leg during the boilfqgfhase before primary pump stop,
which may significantly affect the break mass flate value.

Letdown/make-up flow and ECCS injections

Letdown flow rate = 0

Make-up flow rate = constant value of 2 kg/s durihg all transient in cold leg 2B
(water temperature = 315.15 K)

No HPI injection

No LPI injection

Threshold set-point values

Pressurizer PORV opening Pressurizer pressure > 15.56 MPa
Pressurizer PORV closur® Pressurizer pressure < 14.96 MPa

Reactor scram» Pressurizer pressure > 16.30 MPa

Pressurizer safety valve set-poihtl7.0 MPa (valve capacity = 86.9 kg/s)
Primary pump stop> Primary mass (liquid + steam) < 85000 kg

TMI-2 plant data
General plant geometry is defined according toRimal Report of the OECD/ATMI

Benchmark [1]. Plant data concerning free volunfeth® primary system have been updated
according to the Final Specifications of MSLB Bemalrk Report [2]. Other details on the
overall TMI-2 plant layout can be found in Ref. j2heeded.

The radial and axial core discretization is leteft® the code user, but the power

distribution in the core must be consistent with thdial and axial power profiles given in
Section 2.2.1.

231

Free volumes

Primary system volume without the pressurizer =.2887
Pressurizer volume = 42.5’m

Reactor pressure volume = 113.8 m

Secondary side free volume of one SG (up to the8( = 34.4 n
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2.3.2 Heat transfer with secondary side

+ SG tubes surface per SG (secondary side) = 12802.5
* Number of tubes per SG = 15530

2.3.3 Intact Core Geometry

Main characteristics of the core

* Number of fuel bundles of type 15x15 = 177

» Active core length = 3.66 m

» Total core length = 4.0 m (from core bottom: 0.15 18.66 m (active length)
+0.19 m)

» Type of fuel lattice = square, pitch = 0.01443 m

* Number of fuel rods per assembly = 208

» External diameter of fuel rod = 0.0109 m

* Fuel pellet radius = 0.0047 m

* Fuel rod cladding thickness = 0.000673 m

Initial core material inventory

* UO2 mass = 93650 kg (over the 3.66 m of core adtingth)

e Zircaloy mass = 23050 kg

» H2 total mass if converted from total zircaloy =11kg (Zircaloy mass / 22.8)
* AIC mass (Ag + In + Cd) = 2750 kg

2.3.4 Vessa andinternal structures

e Core baffle internal diameter = 3.28 m

» Core baffle external diameter = 3.33 m

» Core barrel internal diameter = 3.584 m

e Core barrel external diameter = 3.683 m

e Thermal shield internal diameter = 3.683 m
e Thermal shield external diameter = 3.753 m
* Vessel wall internal diameter = 4.36 m

» Vessel wall external diameter = 4.86 m

2.3.5 Vent valve operation

These valves, between the upper plenum and theftdpe downcomer, are designed to
avoid a direct loss of water by the hot leg. Thegudd be modeled, as they were shown to
have an influence on the transient. Simplified danan of these valves is defined as follows:

* |f AP <414 Pa, the valves are closed.
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 If AP > 1724 Pa, the valves are fully open, which spoeds to a total section of

0.794 .

o If 414 Pa <AP < 1724 Pa, the valves are considered partly opigm,a cross section

area increasing linearly withP.

2.4. Initial TMI-2 plant conditions

2.4.1 Nominal TMI-2 steady-state

The nominal steady-state of the TMI-2 plant is tdme defined in the “Pressurizer
Water Reactor Main Steam Line Break (MSLB) Benchich&iinal Specifications [2]. The
nominal values of the main TMI-2 plant parametenstdoth primary and secondary systems

are listed in Table 2.4.

Table 2.4: Nominal TMI-2 steady-state conditionsramsient initiation

[¢2)

Parameter Unit TMI-2 steady-stat
Reactor core power MW 2772
Pressurizer pressure (dome) MPRa 14.96
Temperature hot leg A & B K 591.15
Temperature cold leg A & B K 564.15
Mass flow rate loop A & B kg/s 8800
Pressurizer collapsed level m 5.588
Pressurizer water mass kg 13710
Total primary mass kg 222808 (**)
Steam pressure SG A & B (outlet nozzle) MPa 6.41
Steam temperature SG A & B K 572.15
Riser collapsed level SG A & B m 3.28 - 4.03 (*)
Downcomer collapsed level SG A & B m 5.1-5.6 (*)
Liguid mass SGA &B kg 13140 — 19210 (*
Feedwater flow rate SG A & B kg/s 761.1
Feedwater Temperature SG A & B K 511.15

(*) Range of values used by participants in the ABénchmark
(**) According to primary volumes in Table 2.5

2.4.2 Primary coolant massinventory

The coolant mass inventory in the primary systes\been evaluated according to the
primary component volumes defined in Ref. [2]. Tea&culation of the primary mass

inventory is illustrated in Table 2.5 below.



Sigla di identificazione Rev. | Distrib. | Pag. di
E"Eh Ricerca Sistema Elettrico ADPFISS-LP1-032 0 L 12 83
Table 2.5: Coolant mass inventory in the primarstem
Vol. . | Tot.vol. | Temp. Density | Mass
Component m) |V e | w0 | k) | (ko)
Pressurizer water volume 22.7 1 22.1 615.1 604.0 7103
Pressurizer steam volume 198 1 19.8 615/1 961 3190
Surge line 0.566 1 0.566| 603.15 (*) 649.3 368
Cold leg (each) 6.73 4 26.92 564.15 74411 20030
Reactor coolant pump (each) 159 |4 6.36 564.25 1744. 4732
Hot leg (each) 13.3 2 26.6 591.15 684.6 18209
Reactor vessel water volume: 1136| 1 113.6 | 575.22 (%) 721.8 81992
- Lower plenum = 8.27 n
-Core =20.4
- Downcomer = 34.69 n
- Upper plenum = 21.97
- Upper head = 14.4 ™
SG primary side volume (each):| 57.12| 2 114.24| 577.65 (%) 716.5 81858
- Upper plenum = 7.96 n
- Lower plenum = 7.84 n
Total 330.79 222808
Total without pressurizer 288.29 207189
(*) Estimated average temperature values
References
1. F. Fichot, O. Marchand, G. Bandini, H. Austregesifb Buck, M. Barnak, P. Matejovic,
L. Humphries, K. Suh, S. Paci, “Ability of CurreAtdvanced Codes to Predict Core
Degradation, Melt Progression and Reflooding - Bemark Exercise on an Alternative

TMI-2 Accident Scenario”, NEA/CSNI/R(2009)3, Jul9@o.

2. K.N. Ivanov, T. M. Beam, A. J. Baratta, “Pressudis&/ater Reactor Main Steam Line
Break (MSLB) Benchmark”, Volume 1: Final Specificaits, NEA/NSC/DOC(99)8, April

1999.
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3. SBLOCA accident calculation with MELCOR

3.1  Brief description of the MELCOR code

MELCOR is a fully integrated, engineering-level qmiter code able to model the
progression of severe accidents in LWR nuclear pgaents [1]. It is being developed at
SNL for the U.S.N.R.C. as a second generation plakiassessment tool and the successor to
the Source Term Code Package. The spectrum of esaamident phenomena, including
reactor coolant system and containment thermalaujarresponse, core heat-up, degradation
and relocation, and fission product release antsprart, is treated in MELCOR in a unified
framework for both BWR and PWR reactors. MELCOR Ieapecially been designed to
facilitate sensitivity and uncertainty analyseseTdode has been under development since
1982 and the latest version is the 2.1, releas@0®8.

Thermal-hydraulic behavior is modeled in MELCORténms of control volumes and
flow paths. All hydrodynamic material (and its ey@r resides in control volumes.
Hydrodynamic material includes the coolant and oondensable gases. These materials are
assumed to separate under the influence of grawttyin a control volume to form a pool
beneath and an atmosphere above. Each control eakicharacterized by a single pressure
and two temperatures, one temperature for the godlone for the atmosphere. The control
volumes are connected by flow paths through whiettennals may move without residence
time, driven by a momentum equation. Based on t&eagons of the pool surfaces in the
connected control volumes relative to the junctiovith the flow paths, both pool and
atmosphere may pass through each flow path. Apptephydrostatic head terms are
included in the momentum equation for the flow pathllowing calculation of natural
circulation.

The MELCOR COR-package calculates the thermal respof the core and lower
plenum structures, including the portion of the dowhead directly beneath the core. In
addition, the relocation of core materials duringltmg, slumping, and debris formation are
modeled. Fuel pellets, cladding, grid spacers,stanwalls, other core structures (e.g. control
rods), and particulate debris are modeled sepgrafigh individual cells. Cells are the basic
nodalization units in the COR-package. All impottarat transfer processes are modeled in
each COR cell. Thermal radiation within a cell d®dween different cells in both axial and
radial direction is accounted for, as well as radiato boundary structures. Radiation to a
liquid pool and to steam is also included. Rad@iduction across the fuel cladding gap and
axial conduction between cells is modeled. Conwectio the control volume fluids is
simulated for a wide range of fluid conditions astducture surface temperatures, including
nucleate and film boiling. Oxidation of zircaloy dassteel is modeled for both the limiting
cases of solid state diffusion of oxygen througé txide layer and gaseous diffusion of
steam or oxygen through the mixture. The core digi@n model treats eutectic reactions,
dissolution reactions, candling of molten core make and the formation and relocation of
particulate debris.
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MELCOR calculates both the release and transpdrawer of fission products and
control rod materials. It tracks the masses ofdhmaterials by grouping them into classes.
Each material class represents a group of one oe mlements or compounds with similar
physical properties. Each class has its own setabies of parameters, such as release
coefficients and vapor pressure. Aerosols and sapan deposit directly on surfaces such as
heat structures and water pools. In addition, a¢sasan agglomerate and settle.

3.2  Standard physical parameters of the code

Main core degradation physical parameters usecdhénstandard calculation with
MELCOR are summarized in the Table 3.1. The phygeaameters used in the standard
calculation are the MELCOR default recommendedes|2].

For Zircaloy oxidation, the solid-state diffusioh axygen through an oxide layer to
unoxidized metal is represented by a parabolic egteation, whose rate constant is evaluate
using the Urbanic-Heidrick correlation. For verywlooxidant concentrations, gaseous
diffusion may limit the reaction rate, and a massigfer coefficient is calculated via a heat-
mass transfer analogy from the heat transfer airoeis.

Candling, that is the downward flow of molten caomaterials and the subsequent
refreezing of these materials as they transfemtateeat to cooler structures below, is
addressed with a semi-mechanistic model, basedratamental thermal/hydraulic principles.
Relocation of core materials may result in a reidacof area and increase of flow resistance,
or even total blockage of flow, within various gadf the core. A model is also implemented
for an oxide shell to hold up molten material unitié shell is breached. Molten material is
held up within a component if the oxide thicknesgjieater than a critical value hold, if the
component temperature is less than a critical valod if no candling from the component in
that cell has yet taken place.

MELCOR contains several simple models that considerstructural integrity and
support of intact components, and convert themattiqulate debris when either is lost. Most
are logical models rather than structural modeatsstness calculations are performed for any
component other than supporting structure. All congmts other than fuel rods are
immediately converted to particulate debris whenetve unoxidized metal thickness is
reduced below a user defined minimum value. Thektigss criterion is also used for
cladding, which is assumed to support fuel pellbts, other criteria are also considered for
fuel rods. Oxidized rods are assumed to retain tentity until the cladding reaches 2500 K,
and to collapse unconditionally if the fuel tempera reaches 3100 K (the approximate
melting temperature of UO2).
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Table 3.1: Main assumptions on main degradationetsddr the reference calculation

Parameter

MELCOR

Zircaloy oxidation kinetics

Urbanic-Heidrick

Cladding failure criterigwith
molten material candling)

Tclad > 2173 K
No candling (holdup) when:
ZrO2 thickness >10 um and Tclad < 2500 K

Melting point of UO2-ZrO2
ceramic material

UO2 Tm = 3100 K
Z2r02 Tm = 2990 K

Debris formation criteria

For other materials than fuel rods:
thickness < 100 um
Fuel rod failure and debris formation when:
Zr thickness < 100 um and,d> 2500 K
or
Truer > 3000 K

Molten core relocation into th
lower plenum

eAfter failure of grid-supported plate that can ialiy support
fuel assemblies and particulate debris above iisTh
everything resting on that ring of the plate wallf but the
plate will remain in place until it melts (1273 Kihis event
corresponds to failure of the plate portion witihveral of
the grid

Reactor pressure vessel failu

(*)

r€&ailure of the lower head will occur if any of focniteria is
met:

1. the temperature of a penetration (or the tempezat
of the innermost ode of the lower head) reaches
failure temperature (1273 K)

a failure logical control function is found to trae
(not used)

overpressure (20 MPa) from the falling-debris
guench model occurs

creep-rupture failure of a lower head segment &
in response to mechanical loading at elevated

cur

temperatures

3.3

Initial TMI-2 plant conditions

3.3.1 Nominal TMI-2 steady-state

The nominal steady-state of the TMI-2 plant is tdme defined in the “Pressurizer
Water Reactor Main Steam Line Break (MSLB) Benchdhdfinal Specifications. The
nominal values of the main TMI-2 plant parametensifoth primary and secondary systems
are listed in Table 3.2. The TMI-2 initial conditi® are obtained by a steady-state code run
lasting 2000 s and starting from plant thermal-laydic parameter values close to the ones
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specified for TMI-2. During the steady-state ca#tidn, some regulations in the primary and
secondary sides are activated to facilitate théeaelment of stable conditions.

The regulated parameters are:

nominal value;

precise liquid level;

the pressurizer pressure by turning on the heatben the pressure is lower than the

the pressurizer liquid mass, by water injectiondoaining, in order to obtain the

The TMI-2 plant initial conditions calculated byettMELCOR code are compared
with TMI-2 accident data at turbine trip in the T@B.2 below. The primary circuit conditions
are very well reproduced by the code, the largesnmich being the mass core flow rate
which resulted about 3% lower with respect to rfiee plant parameters.

Table 3.2: Nominal TMI-2 steady-state conditionsramsient initiation

Parameter Unit| TMI-2 steady-state MELCOR
Reactor core power MW 2772 2772
Pressurizer pressure (dome) MPa 14.96 14.95
Temperature hot leg A & B K 591.15 589.9
Temperature cold leg A & B K 564.15 561.8
Mass flow rate loop A & B kg/s 8800 8863
Pressurizer collapsed level m 5.588 5.56
Pressurizer water mass kg 13710 14347
Total primary mass kg 222808 220489
Steam pressure SG A & B (outlet nozzle MPa 6.41 416.
Steam temperature SG A & B K 572.15 570.0
Riser collapsed level SG A & B m 3.28 -4.03 6.12
Downcomer collapsed level SG A & B m 51-5.6 7.79
Liquid mass SG A & B kg 13140 — 19210 25957
Feedwater flow rate SG A & B kg/s 761.1 761.1
Feedwater Temperature SG A & B K 511.15 511.15

3.3.2 TMI-2 plant model

The same nodalization used to simulate the firstpivases of the TMI-2 accident has
been used for this benchmark, with proper boundarnditions. Moreover, minor changes
were performed with respect to this benchmark rdeoto reduce stratification in the primary
side and improve heat transfer through steam genesra

The nodalization of the TMI-2 primary system forettMELCOR 1.8.6 code is
presented in the Figure 3.1. Both primary loopsehaeen modelled simulating each SGs and
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considering a single equivalent main pump and &add The secondary system is modelled
only up to the main feed and isolation valves, wliile SGs were modelled with a high level
of detail. The secondary side is connected to gmoged pressure control volume and to a
“spill & feed” level control, which assure the desl imposed boundary conditions.

Particular care has also been devoted to core aimonl (Figure 3.2). The core
schematization is constituted by five radial ringsd twelve axial levels; four thermal-
hydraulic levels are used in each ring of the cerggon, with three core cells axially in each
thermal-hydraulic control volume. Radial and afial paths in the core region allow for the
prediction of 2-D flow patterns. Heat structurepresentative of the control rod guide tubes
and upper tie plate in the upper plenum have bédedcto the MELCOR model to permit
condensation heat transfer and coolant recirculatiside the vessel. The input deck was
developed using standard default MELCOR modelingapaters as long as possible, and
allows for a complete description of an eventuakse progression of an accidental transient.

The VENT valves are also explicitly modeled betwé®e cold and hot collectors. The
plant geometry, the boundary conditions and thédaat scenario have been strictly defined
according to TMI-2 scenario benchmark specification
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Figure 3.1: TMI-2 plant nodalization scheme
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Figure 3.2: TMI-2 core simulation with MELCOR

3.3.3 Primary massinventory

The coolant mass inventory in the primary systesbieen evaluated according to the
primary component volumes defined in Ref. [3]. Tea&culation of the primary mass
inventory is illustrated in Table 3.3.
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Table 3.3: Coolant mass inventory in the primarstem
Vol. MELCOR Mass MELCOR

Component m) () (k) (kq)
Pressurizer water volume 22.[7 22.7 13710 1434(7
Pressurizer steam volume 198 19.8 1903 1867
Surge line 0.566 0.9078 368 599
Cold leg 26.92‘ 32.148 20030 24049
Reactor coolant pump 6.36 4732
Hot leg 26.6 24.66 18209 16943

Reactor vessel water volume
- Lower plenum = 16.23n
- Core =21.57 th
- Downcomer = 25.62 tn
- Upper plenum = 30.16n
- Upper head = 13.573
SG primary side volume (each)
- Upper plenum = 10.9 57.12 60.78 81858 86938
- Lower plenum = 10.9n

113.6 107.16 81992 75746

Total 330.8 328.9 222808 220489
Total without pressurizer 281.6 207189 20427b

3.4 Parameters and results

The chronology of major events calculated by MELC®Rresented in Table 3.4 and
discussed in the following.

Boundary conditions on the SGs secondary side (€&3.3 to 3.4) are maintained
during the whole transient, by connecting eachnstganerator secondary side to a control
volume with imposed pressure and using a “spill&fdevel control. So, changes in pressure
and in liquid level due to steam evaporation/cosdénon which takes place during the
transient are continuously corrected by injectipijiag saturated steam and water from/to
the two controlled source.

The initial feedwater trip and the consequent heatoval loss through the two steam
generators causes the primary pressure to ramdihrthe opening PORYV set-point and after
about 27 s the reactor scram is actuated. The priprassure (Figure 3.5) rapidly approaches
saturation as a consequence of the break on thHedhand remains almost constant at a value
of 7.6 MPa up to the trip of the pumps which takésce after 2593 s. Almost at the same
time the break uncovers and pressure starts inngedse to reduced removed power through
the steam generators and the break. After 10 nsrthie pressure decreases again, due to the
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beginning of core uncovery, reaching a minimum gabf about 6.8 MPa. Finally, the
primary pressure slightly decreases up to the tihessel failure.

Table 3.4: Chronology of main events (code output)

Parameter Time (s)
Break opening and total loss of main feedwater 0
Pressurizer PORV opens (P > 15.56 MPa) 17.03
Reactor scram (P > 16.30 MPa) 26.68
Pressurizer PORYV closes (P < 14.96 MPa) 33.02
Full steam generator dryout 47.22
Startup of auxiliary feedwater 100.00
Pressurizer is empty 287.0
Stop of primary pumps (primary mass (liquid + stan@5000 kg) 2593
First fuel rod clad perforation/burst )
First clad oxidation 4180
First clad melting and dislocation (also considgmontrol rods) 5450/5700
First ceramic melting and dislocation 6310
First molten material slumping in the lower plenum 5480
Vessel failure 9680

Formation of a void fraction is predicted in thenpary system (Figure 3.6) reaching
almost the 50% when the main pumps trip, due toldke primary mass. Heat transfer
through the two steam generators (Figure 3.7) risctly correlated to the primary system
saturation temperature up to the trip of the maimps, when heat removal steeply decreases
to zero.

The mass of water in the primary system (Figure) 8&creases with an almost
constant rate during liquid flow rate through thredk. The calculation of break mass flow
rate (Figure 3.9) is performed using RETRAN cottrelss for choked flow, that is the Moody
model for saturated water and the Henry-Fauske hfodéhe subcooled phase. After break
uncovering the mass inventory decreases more sl@alghing a minimum value of about 37
tons at the end of the calculation.

The mass flow rate through the two primary loopgFe 3.10) is predicted to be
rapidly reduced due to void formation inside themnary system. A void degradation factor
has been also applied in order to simulate theedser of pumps head as a function of the
void fraction.
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The core starts to uncover at 2800 s (Figure 3a%13 consequence of the break and
pumps trip, while core heatup starts at 2900 keatbre top, because the core decay power is
no more removed by natural circulation in the prynarcuit. Core level is predicted to reach
the bottom of the active fuel after 5300 s sinaelibginning of the transient and it remains to
this level up to the vessel failure.

The temperature in the cold leg (Figure 3.12) remai saturation during the first part
of the transient and undergoes a steep decreasestfam generator emptying. The behavior
of the temperature inside the hot leg (Figure 3i&3)imilar, even though higher values of
steam superheating are evaluated during the catemehase.

The fuel rod temperature in the central ring, aalwted by MELCOR at three
different core elevations (Figures from 3.14 to63,1shows a steep increase during the
oxidation phase. At the bottom of the core, a wedldel rod heatup is anyway predicted
during the phase where the core level goes to zero.

Fuel rod melting starts just before the main oxataphase. Melting of control rods
materials starts after 5400 s since the beginnirtheotransient, while zircaloy starts melting
at about 5700 s also causing a partial dissolufdhe fuel. The total mass of molten metals
is predicted to be about 34 tons (Figure 3.17)Jevabout 23.7 tons of debris is predicted to
relocate towards the vessel bottom (Figure 3.18).

The main oxidation phase takes place (Figure J&8)een 4200 s and 6900 s since
the beginning of the transient. During this phalseoat 516 kg of hydrogen are generated
(Figure 3.20), with a maximum rate of about 0.7skayy/ 6000 s (Figure 3.21).

Level (m)
N

0 2000 4000 6000 8000 10000 12000

time [sec]

Figure 3.3: Steam generator A level
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Figure 3.7: Steam generator A removed power
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Figure 3.9: Break mass flowrate
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Figure 3.11: Core swollen water level
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Figure 3.12: Cold leg A temperature
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Figure 3.13: Hot leg A temperature
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Figure 3.14: Fuel rod temperature at the top ottire
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Figure 3.15: Fuel rod temperature at the middlefcore
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Figure 3.17: total mass of molten metals
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Figure 3.21: Hydrogen production rate
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3.5  Synthetic view of the core at selected instants

In the following some of the most significant véulies relating to the degradation
phase of the core are sketched, as contour pltesded to the active zone of the core (from
the bottom support plate to the top of the fuekjaat different given times.

Figure 3.22 shows the core void fraction from 280@ 5000 s during the accidental
transient. Up to main pumps trip (at about 260Qts®, amount of voids in the core is quite
low and slightly larger in the lower zone due te ffrogressive emptying of the downcomer
as a consequence of the break loss. After pump4 I8 quite evident the stratification in the
core with a progressive increase of voids and 8050since the beginning of the transients
the whole core shows a void fraction greater thadb.7

As a consequence of the increase of core voididraand core decay power, the
cladding temperature (Figure 3.23) starts to irs@ea the central upper zone of the core,
reaching the value of 1000 K after 4000 s. At tiise oxidation of zircaloy starts adding a
new thermal power source to the fuel rods and atia®000 s the melting point of zircaloy is
reached in quite a large fraction of the core. st two sketches of the Figure 3.23 shows
the relocation of the material that is molten @nsformed in debris from the upper and
central zones of the core towards the lower plate.

Finally the Figures from 3.24 to 3.28 show the oantplots of the linear mass (kg/m)
of the most significant core materials at five eiéint times during the transient. The use of
linear mass allows for the comparison between #iks of different size which model the
core. At about 5000 s the oxidation of zircaloyrtstén the hottest (central and upper) parts of
the core, leading to a slight depletion of the @iy in the same location, while neither
molten metal nor any degradation of the fuel i détected (Figure 3.24).

After 6000 s since the beginning of the transiemtaloy begins to melt and almost
disappear from the upper and central zone (largebtill being converted to oxide) and is
relocated by candling towards the lowest zone efdbre, where refreeze or radially flows
towards the external zone of the core. At this teome of the upper part of a little number of
fuel rods are also failed and have been convedeatkbris and relocated downward (Figure
3.25).

After 7000 s almost half of the zircaloy initiallresent inside the core has been
oxidized and the remaining is located in the loexternal zones of the core (and partly has
also flowed through the support plate to the loplenum). A larger number of fuel rods is
predicted to fail in the upper zone and is relodatewnward where it seems to create a sort
of crucible collecting other downward flowing maitenaterials (Figure 3.26).

The transient then shows an increasing extensigheotlegraded core (Figure 3.27),
even though natural circulation still present iesttle vessel is able to prevent the failure of
the more external zones of the core, up to the wmen the relocated materials join the lower
support plate (Figure 3.28) causing after a shore tits partial failure, with a consequent
massive transfer of materials on the vessel lowadh
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3.5.1 Corevoid fraction
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Figure 3.22 Core void fraction (t = 2000 - 5000 s)
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3.5.2 Cladding temperature maps
t=3000s t=4000 s
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Figure 3.23 Cladding temperature (t = 3000 - 9000 s)
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3.5.3 Linear massof materials at different instants
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Figure 3.24: Linear mass of core materials at 06bs
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Figure 3.25: Linear mass of core materials at 0606s
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Figure 3.26 Linear mass of core materials att = 7000 s
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Figure 3.27 Linear mass of core materials at t = 8000 s
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Figure 3.28 Linear mass of materials at t = 9000 s

3.6  Final remarks

The results obtained using the MELCOR 1.8.6 codthéensimulation of a reference
severe accident scenario with prescribed boundanditons have been presented and
analyzed. This exercise follows a similar actiypipmoted by NEA since almost 30 years to
assess the capacity of current codes to prediareeaccidents. In order to allow for a
comparison with other codes results a referencerseaccident scenario, starting with a small
break LOCA with prescribed boundary conditions wafined. The transient is supposed to
take place in a plant similar to the TMI-2 reacdoid a model of the primary system of this
plant was set up for MELCOR. Moreover some pararaedowing to judge the quality of
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the predicted results were proposed, in order sesssthe predictive quality of the code and
the adequate capacity of the code user.

The same nodalization used to simulate the firstvases of the TMI-2 accident has
been used for this benchmark, with proper boundarnditions. Moreover, minor changes
were performed with respect to this benchmark rdeoto reduce stratification in the primary
side and improve heat transfer through steam gemerdParticular attention was devoted to
the modelling of the primary vessel, in order tlowlnatural circulation flows, which TMI-2
evidence showed as extremely important in the cosienulation of core degradation.

Relating to the thermal-hydraulics phase, up to psitops, the predicted results are in
good qualitative agreement with those of the fnisase of the TMI-2 accident. The states of
the core and the primary circuit at the time of pustops is strictly related to the break mass
flow rate and to the related models employed toutabte the characteristics of the fluid
upstream the break and the critical flow rate tgtothe break.

For the degradation phase, the MELCOR code incladssssed models to describe
the main physical processes of degradation as aselrobust and consistent numerical
schemes which make it reliable to predict a seaeoident sequence with acceptable results.
In particular MELCOR succeeded in calculating therario from the beginning to the end,
without any tuning of parameters or optimizationirgfut decks, showing the robustness of
the code. Most of the parameters significant frosaf@ty point of view (such as the hydrogen
production rate and the mass of molten materiaks)exaluated by the code, even though
some difficulties arise when cumulative values hiaviee obtained.

Some weaknesses of the MELCOR code have also deetified. The first one is the
melting of UO2 and its interaction with molten aori. The second one is the evaluation of
structural integrity of penetrations and lower wd%ead. The weaknesses to predict those
phenomena are not surprising because those ar® fareahich experimental data are scarce
and the physical understanding is still incomplete.
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4. SBLOCA accident calculation with ASTEC

The evolution of the severe SBLOCA accident segadras been studied until molten
core slumping in the lower plenum and possible lomezad vessel failure. The entire transient
was analyzed by mean of ASTEC V2r2p2 code. To lgetsteady operating condition of the
plant, a steady-state calculation has been perfihriveestablish the initial conditions of the
transient. The core degradation phenomena was aietuddopting two different models; the
first taking into account of the debris bed forroat{by mean of the STRUCTURE DEBRIS),
while the second using the standard 2D magma model.

4.1  Brief description of the ASTEC code

The Accident Source Term Evaluation Code (ASTEChisevere accident code
developed in common by IRSN and GRS [1]. The coaleutates the transient sequences
from the initiator events until the eventual radibee fission product releases to the
atmosphere, named source term. The ASTEC code iislynased for safety analyses on
nuclear installations and development/specificatioh severe accidents management
guidelines. The code includes several coupled nesdillat can deal with the different severe
accident phenomena: thermal-hydraulics in the ogasystem, core degradation and melt
release, fission product release and transpontesgel corium interaction, aerosols behavior
and iodine chemistry in the containment, etc. Amtmgm, the CESAR module is used to
compute the thermal-hydraulics in the primary aacbsdary systems of the reactor [2]. Such
module is coupled to the ICARE2 module that compwere degradation, melt relocation
and behavior in the lower head up to vessel failliitee CESAR module allows a detailed
representation of all components of primary andosédary circuits including auxiliary,
emergency and control systems [3].

CESAR is a two-phase flow thermal-hydraulic codee Gas phase can be a mixture
of steam and hydrogen. The solution of the probierbased on two mass equations, two
energy equations, one equation for steam veloeity] a drift flux correlation for water
velocity. The state variables computed by CESAR tatal pressure, void fraction, steam and
water temperature, steam and water velocity, amniaparessure of hydrogen. All hydraulics
components can be discretized by volumes (one meshaxial meshed volumes and
connected by junctions. The volumes can be homagener with a swollen level. Thermal
structures are used to model the walls of the compis, and compute thermal heat exchange
between primary and secondary systems and heasltsshe environment.

The ICARE2 module can simulate the thermal-hydesuln the part of the vessel
below the top of the core: downcomer, lower pleramd the core itself including the core
bypass. The model of the lower head of ICAREZ2 hees single mesh for fluids, three layers
for corium (pool, metal and debris), and a 2D meghior the vessel. The ICARE2 [4]
module is activated to compute core heatup andadegjon, in coupled mode with CESAR,
at the onset of core uncovery. Before ICARE2 atitva the thermal-hydraulics in the vessel
and the core is computed by CESAR through an automassel model creation based on
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ICAREZ2 input deck. The convective and radiativetheahanges between core components
and structures are computed by ICARE2.

Most important core degradation phenomena are dattin ICARE2 [5] including:
core material oxidation and hydrogen generationfrobrod material interaction, melting and
relocation, zircaloy clad melting and fuel disgadn, fuel rod clad failure and metallic melt
relocation, debris bed and molten pool formatiod spreading in the late degradation phase.
When corium accumulates in the lower plenum, ti@de layers are represented: oxide,
metals, and debris. The heat transfers betweetln&iog layers, between layers and vessel
walls or residual water, use recent literature elations, depending on layer mean
temperature and power. Then, the corium layers iyeétte lower head until its possible melt-
through or mechanical failure (by plasticity, creefz.).

4.2  TMI-2 ASTEC modeling

The input data for ASTEC V2r2p2 code was prepacedimulate only in-vessel
phenomena; the transient finishes when molten shm@ping occurs and in case of lower
head vessel failure.

To perform this kind of simulation, two ASTEC modsiwere activated:

« CESAR to simulate the thermal-hydraulics in the RG&condary circuit and
vessel (with simplified core modelling) up to thegmning of core degradation
phase;

» ICARE to simulate in-vessel core degradation phesrmanand thermal-hydraulics
in the reactor vessel during this phase;

The drawing of the Babcock and Wilcox lowered loplant and the graphical
representation of the ASTEC primary and secondecylits are given respectively in Figure
4.1 and in Figure 4.2. The primary part of the R@®Put model is a coarse node
representation of the hydraulic system and strest@omprising about 39 hydraulic control
volumes, of which 22 cells are used for the shdk ®f the steam generators. The secondary
circuits are discretized in 30 fluid meshes. Thenpkimulation includes a detailed modelling
of the primary coolant system with:

* reactor pressure vessel volumes and structurdading the VENT valve between
the cold collector and the hot collector,

» two primary coolant loops (1 hot leg and 2 coldsleg each loop) with once-
through steam generators and main coolant pumps,

e pressurizer with surge-line, PORV, heaters, spirag/4nd valve,
* main emergency and control systems.

The modelling of the secondary systems is limitedthe pipe side of the steam
generators, the steam lines with isolation valees, main feedwater and auxiliary feedwater
injections. The simplified reactor vessel adoptgdQESAR, to compute the steady state
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conditions, consists of four volumes: the core, bypass and the downcomer volumes
discretized into 20 axial meshes, and the lowanytevolume.
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The ICARE core model shares the same volumes arad aadalization with the
CESAR simplified model, but in this case, the asréurther subdivided in 6 radial rings for
a total of 161 mesh. In each ring, only one repredre component of the fuel and control
rods is considered, weighted by the number of rdtie baffle, the barrel and the thermal
shield at the core periphery are also represeiitegl.control rod component simulates all the
full and part-length control rods, all the guidédés (including those containing burnable
poison rods) and all the instrument tubes. Massesedgy rates of change for core materials
are calculated for each core node. The radial pgakictor are fixed for each ring, and an
axial peaking factor is assigned for each row.

4.2.1 DEBRISand NO DEBRIS models

The core degradation process is characterizedékith complexity of phenomena to
be considered and geometry to be accurately pextentth a permanent appearance and
disappearance of a large number of components ¢h eantrol volume by e.g. melting,
failure, relocation, and chemical reactions. Thengetry of a degraded core is very complex
and heterogeneous: rod bundles with spacer gridsl €thannels possibly blocked with
molten/frozen mixtures of materials, corium molfeyol with crusts, debris beds, peripheral
and lower/upper core structures (e.g. horizontategsl, vertical surrounding walls such as
barrels or shrouds), also partly or totally moltém.this work, two different models were
adopted to reproduce the core degradation phengntieadirst called (in this work) NO
DEBRIS case and the second called DEBRIS case Tég first one use a special macro-
component, called magma, which is especially devtbedeal with the 2D movement and
relocation of the molten materials. The magma careither liquid corium or liquid/solid
corium. The second simulation (DEBRIS) also usentiagma macro-component, but it takes
also into account the formation of a debris bednian of the activation of the model
DEBRIS. In this case, the user can define the kimidsvalues of some variables, which, once
achieved, will lead to the debris bed collapse.

The user criteria regard the following variables:

* the debris bed porosity: if the debris are heatpdand melt down, the void
fraction in the medium can become too high fordbbris to stay in place,

» the debris bed mass: for the same reason thanopsdyj the debris mass will
decrease

» thresholds which can lead to the collapse of thiegbes,

» the debris bed temperature: when a certain temper& reached, almost all the
debris are liquid and the remaining solid phasefatilown.

In the input data file, the user can introduceecid on these local variables to trigger
the debris bed collapse as well as an instanteofrinsient. When the criteria are reached the
solid particles are supposed to be able to fallrdowto a receiver component that has to be
determined (note that, as usual in ICARE, debrii@es are regarded as spherical particles).
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4.2.2 Adopted parameters and criteria

The Table 4.1 below illustrates the parameters taedmodels used to analyze the
transient. These criteria have been establishednbgn of the interpretation of several
separate-effect and integral experiments.

Table 4.1: Parameters and criteria adopted

PARAMETER

ASTEC (*)
DEBRIS MODEL

ASTEC (*)
NO DEBRIS MODEL

Zircaloy oxidation
kinetics

BEST-FIT correlation:
Cathcart-Pawel in the low temperatur
range and Prater-Courtright in the hig

temperature range

BEST-FIT correlation:
e Cathcart-Pawel in the low
h temperature range and
Prater-Courtright in the hig
temperature range

-

Cladding failure

Tclad > 2300 K and

Tclad > 2300 K and

criteria ZrO2 thickness < 0.3 mm; ZrO2 thickness < 0.3 mm;
or T > 2500 K or T > 2500 K
Melting point of 2550 K 2550 K

UO2-ZrO2 ceramid

(PHEBUS FP tests)

(PHEBUS FP tests)

material

Debris formation Fuel rod temperature Fuel rod temperature
criteria > 2500 K > 2500 K

Molten core Baffle melting (relocation through core Baffle melting (relocation

relocation into the
lower plenum

by-pass) or melting at core bottom
(relocation through core support plate

through core by-pass) or
melting at core bottom
(relocation through core
support plate)

)

Reactor pressure
vessel failure

Vessel wall melting (100%)

Vessel wall melting (%60

Debris bed

Permeability: Carman model
Correlation for debris conductivity Yag
Gas conductivity constant 0.01 W/m?/

A

Debris moving
criteria

Porosity > 0.6

4.3

Primary mass inventory

The coolant mass inventory in the RCS is illusttaite Table 4.2 according to the
primary component volumes defined in Ref. [2] anel tepartition of coolant mass inventory

in Table 2.5 of Section 2.4.2.
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Table 4.2: Coolant mass inventory in the ASTEC \itlel

Vol. . | Tot. vol. Density | Mass
Component (md) N (md) Temp. (K) (kg/rmP) (kg)

Pressurizer water volume 24.03 1 24.03 614.93 605.64552.5
Pressurizer steam volume 18.468 |1 18.468 614,93 5952. 971.23
Surge line 0.566] 1 0.566 611.792 618.528 34834
Cold leg (each) 8.32 4 33.28 563.1 745.45 24880
Reactor coolant pump (each) 4 563.62 745.996

Hot leg (each) 11.3 2 22.6 591.280 683.17 15440

Reactor vessel water volume | 112.56| 1 112.56| 579.52 (1) 711.106| 80048
- Lower plenum = 25.52'm
- Core = 22.55 th
- Downcomer = 28.12n
- Upper plenum = 21.97%m
- Upper head = 14.4n
SG primary side volume (each) 59.57 | 2 119.14| 576.92 (%) 716.123| 85319
- Upper plenum = 9.96
- Lower plenum = 7.84'm
Total 330.65 221559

Total without pressurizer 287.59 206035
(*) Estimated average temperature values

As it is possible to see in the table the ASTEC ehalues are in good agreement
with the reference values. The biggest discrepascyn pressurizer steam mass. This
difference is due the steam gas density, which \mhas a perfect gas (a necessary
requirement when the CESAR and ICARE modules amarra coupled mode) in ASTEC. It
is well known that the perfect law underestimates density close to the saturation point
which explains the lower pressurizer steam mass.

4.4  Steady-state calculation

Before any transient calculation, it is necessaryn a steady state calculation. The
aim of this calculation is to bring the initial ttaof the reactor, defined in the input deck, to
the physical state at which the reactor is opegatimormal conditions.

This is performed through the use of regulationsctvfact on the pressurizer heater
and spray, etc., in order to reach the desired iphlyvalues such as the primary and
secondary mass and pressure, the loop flow raaeS@ water level just to name a few. The
steady-state conditions at nominal power calculdt@dASTEC are presented in the next
Section 4.5.
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4.5 Parameters and results

The parameters and results to be provided for casgaare:

1. Nominal steady-state parameters as shown in TaBle 4

Chronology of main transient events for DEBRIS m@adgelisted in Table 4.4
Chronology of main transient events for NO_DEBRI&del as listed in Table 4.5

Time evolution of main parameters for code resoifhparison

o & 0N

Picture of the final state of core degradation eadum relocation in the lower head,
just before vessel failure.

Table 4.3: Nominal TMI-2 steady-state (ASTEC V2 DHB and NO_DEBRIS model)

Parameter Unit Value
Reactor core power MW 2772.0
Pressurizer pressure (dome) MRa 14.93
Temperature hot leg A K 591.28
Temperature hot leg B K 591.28
Temperature cold leg A K 563.23
Temperature cold leg B K 563.23
Mass flow rate loop A kg/s 8800.4
Mass flow rate loop B kg/s 8800.4
Pressurizer collapsed level m 5.588
Total primary mass kg 221559
Steam pressure SG A (outlet nozzle) MPa 6.7815
Steam pressure SG B (outlet nozzle) MPa 6.7815
Steam temperature SG A K 570.76
Steam temperature SG B K 570.76
SG A collapsed level m 3.203
SG B collapsed level m 3.203
Feedwater flow rate SG A kg/g 784.398
Feedwater flow rate SG B kg/s 784.392
Feedwater Temperature SG A & B K 511.15
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Table 4.4: Chronology of main events (ASTEC V2 WwiaBRIS model)
Parameter Time (s)
Break opening and total loss of main feedwater 0
Pressurizer PORV opens (P > 15.56 MPa) 16.2(
Reactor scram (P > 16.30 MPa) 19.79
Pressurizer PORYV closes (P < 14.96 MPa) 24.36
Full steam generator dryout 24.35
Startup of auxiliary feedwater 100
Pressurizer is empty 142.29
Stop of primary pumps (primary mass (liquid + stean85000 kg) 2907.29
First fuel rod clad perforation/burst 4646
First clad melting and dislocation 5131.3
First ceramic melting and dislocation 5169.3
First molten material slumping in the lower plenum 5613
Vessel failure 11887.2

Table 4.5: Chronology of main events (ASTEC V2 withDEBRIS model)

Parameter Time (s)
Break opening and total loss of main feedwater 0
Pressurizer PORV opens (P > 15.56 MPa) 16.20
Reactor scram (P > 16.30 MPa) 19.79
Pressurizer PORYV closes (P < 14.96 MPa) 24.36
Full steam generator dryout 24.35
Startup of auxiliary feedwater 100
Pressurizer is empty 142.29
Stop of primary pumps (primary mass (liquid + stean@5000 kg) 2907.29
First fuel rod clad perforation/burst 4646
First clad melting and dislocation 4942.3
First ceramic melting and dislocation 5459
First molten material slumping in the lower plenum 5705
Vessel failure At 25000 s

no lower head

vessel failure
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The chronology of the major events during the tiemrtsis described in Table 4.4 and
in Table 4.5 for the two simulations with the tig# The break occurs on the hotlegatt =10
s (Figure 4.3) along with the total loss of thedfgater pumps. Given the characteristics of
the once-through steam generator (short dryout)fie failure of the feedwater system
directly triggers a significant fall of the watenventory in the shell side of the steam
generator (Figure 4)4At the beginning phase of the accident, the éftédche small break
LOCA is negligible. The transient is completely dagdent by the feedwater loss to the
secondary system, which leads to a rapid increagee@rimary circuit pressure (Figure 1.5
Neither the subsequent opening of the PORV valwaatlimit the rise of pressure caused by
the loss of cooling. Once the pressure reache®d63t t = 20 s the reactor scram occurs.
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The computed results show the same evolutionseoptimary system main thermal-
hydraulic parameters for the DEBRIS model (DM) &@ DEBRIS model (NDB) case, until
ICARE module starts, that occurs at 4101 s for lwatdes. The two simulations show the first
discrepancy concerning the primary circuit pressagveen 7000 s and 9000 s, where the
DM case predicts a rapid increase with a peak ardid® bar, while the case NDM case,
compute a shorter and lower peak than DM.

As it can be seen in Figure 4.7, these differemacesalso evident in the comparison of
the temperature in the hot leg A for the two ca3dmse sudden increases of the primary
pressure and temperature are due to the coolastiiria caused by the melting material
relocation, inside the lower head. In Figure 4.&assible to note the different behavior
predicted by the two simulations concerning thel@ian of the water mass inside the lower
head. The DM case computes a strong mass decneasal&/000 s confirmed by the peak
pressure, while the NDM predicts around 7000 skanp vaporization but shorter than DM
case, followed by a continuous mass drop until 04§90and another strong vaporization until
15000 s, probably due to a second melting matexlatation. The final water mass increase
(16000 s — 25000 s) is attributable to the makesygtem, which injects 2 kg/s of water
during the entire transient into the cold leg.
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Figure 4.10 Mass flow rate loop A
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Figure 4.8 shows the evolution of the water leveide the core, the peak around
3000 s is due to the stop of the main pumps, wtéetses a rapid decrease of the coolant flow
across the core, followed by strong boiling. Thepased criteria for the stop of the primary
pumps is satisfied after 2910 s (Figure 10).

However, throughout the entire transient, the ceaéer inventory is almost the same
for both analyzed cases, so that the fuel rod haccladding remain uncovered at the same
timing and for the same duration of time.

Figure 11 illustrates the temperature of the clagdn the upper part of the core
central ring. Until t = 5500 s, the two cases predine same thermal behavior, then the
cladding temperature computed by NDM shows a ldtlep and a further peak at the same
level of the former, to settle finally at 2400 -®bK, while the DM case calculates the failure
of the clad at 5800 s. It is not clear the reasby the clad in the NDM case does not fail at
that high temperatures.

It is also interesting to observe in Figure 12thesfuel temperature does not start to
increase after start of core uncovery around 20@Qitsonly 1000 s later the pumps stop.
Evidently, the heat transfer from fuel rods to steéa the upper part of the uncovered core is
still sufficient to remove the decay heat from tbaite region.

Anyhow, after 4800 s the increase of fuel rod clagdand guide tube temperature
above 1000 K starts the hydrogen production. Tloeireskon of core heat-up accelerates when
the temperatures becomes high enough to enhancaittegion of the claddings.

Both cases predict two oxidation phases, the dingt and even the main, are identical,
as pointed out in Figure 14, with a maximum of logm generation rate during the period
(4800 - 6000 s) equal to 0.80 kg/s. The secondatixid phase is different in the two cases;
the DM case computes 200 kg of produced against only 100 kg for the NDM caseh it
total hydrogen generation of about 500 kg for fret €ase and 400 kg for the second one.

This discrepancy could be explained by the fact the H produced during the first
oxidation come from the fuel cladding when the carstill in rod-like geometry, while the
second oxidation phase occurs mainly in the degradaterials, which are in a different
configuration in the two cases analyzed.
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Figure 4.17Total degraded mass inside the lower head

The total mass amount of melting material formdduwated show a great discrepancy
for the two cases (Figure 4)15he DM case predicts a final value of about 18¢hile the
NDM case computes 80 t. Observing the Figure 4rid Rigure 4.17, which illustrate the
total mass of degraded materials inside the coderan the lower head, it is possible to note
even much more disagreement concerning the mobilitlyis material.

The DM case predicts a maximum value equal 80 degfraded material inside the
core region before 8000 s, which starts slumping the lower head before 6000 s and kept
on until its failure, for a total final mass accuation of 100 t in the lower head. The NDM
case calculates only 26 t of melting material dnops the lower head. Figure 4.18 and Figure
4.19 provide a graphical representation of the wmt of the melting material at four
different time steps.

The massive corium relocation predicted in DM casauses a strong water
evaporation, which explains the peak pressure gbdeaxt 7000 s in Figure 4.5, while in the
NDM case, the smaller mass of degraded materiatagtd into the lower plenum cannot
evaporate all the water inside.

The DM case predicts a more extensive core degosadat comparison with NDM
case; furthermore, the degraded material seeme tesls viscous and more penetrative than
that calculated by NDM case. The transient analiggiOM case ends at lower head failure



E"Eh Ricerca Sistema Elettrico

Sigla di identificazione Rev.

ADPFISS-LP1-032 0

Distrib. | Pag.

L 58

di
83

which is predicted to occur at 11887 s; on the rewptin the NDM case the lower head
failure is not predicted and the transient wasstopat 25000 s.
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Figure 4.18 DM case, core degradation chronology
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Figure 4.19 NDM case, core degradation chronology

4.6  Summary and Conclusion

The work presented, shows some comparisons of tseselgarding in-vessel
phenomena between two simulation using ASTEC Vp®3r2odes with different model
Babcock and Wilcox lowered loop plant, (the saneeter of the unit 2 of TMI nuclear power
plant) severe accident scenarios. Regarding tla¢ hgtirogen production calculated for both
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cases, the simulations results show a discrepanalyaut 20%. However, DM case predicts a
larger fraction of hydrogen produced during coritetocation in the lower head, about 200
kg, while in NDM case, the amount of hydrogen piatl during the relocation is 100 kg.
This cannot be the consequence of the choice afatin correlations but of the core
degradation model used.

The masses of corium accumulated in the vesselrlbead before the vessel failure
time of the DM case differs of about 80 t calculas.

Differences are observed between the codes regavdssel failure and corium slump
into the lower head; according to the model adgptedanalyze the core degradation
phenomena, the results are completely different. DM case predicts the failure of the lower
head at 11887 s whilst the NDM case does not ckeuhe failure of the lower head (until
25000 s).

This observation is very important; what is the enaorrect model to adopt for
simulate this kind of accident? The model selec(BEBRIS, NO DEBRIS) affects
completely the result.

Further code validation vs. experiments benchmarieeded, in order to assess and to
confirm that, which ASTEC model could be used tawdate what really occur inside a core
during a severe accident. The user has to paytiatteon the quality of the results, and
sensitivity analysis has to be performed in ordepainted out what is the model parameters
that can strongly affect the results.
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5. Comparison of MELCOR and ASTEC results

One of main objective of this activity is to higytht the uncertainties in the calculation
of a severe accident sequence by the comparisdiffefent code results. Two of the main
integral codes actually employed worldwide for geveaccident analysis have been
considered: the U.S NRC MELCOR code and the EurogeaTEC code. The MELCOR
calculation has been performed by the Universityisia, while the ASTEC calculation has
been performed by the University of Bologna infilaene of CIRTEN activities.

The main results from the SBLOCA transient analydescribed in details in the
previous sections are compared and discussed,idhghh and trying to explain the main
differences observed in code results. The ASTEGIteare the ones of the calculation with
DEBRIS model applied, for best modelling consistemsth MELCOR, which employs a
similar DEBRIS modelling in the evaluation of infeomelt progression during the late
degradation phase.

5.1 TMI-2 steady-state conditions at nominal power

The steady-state conditions calculated by the tades are compared with TMI-2
specification data in Table 54elow.

Table 5.1:Nominal TMI-2 steady-state

Parameter Unit| MELCOR ASTEC TMI-2
Reactor core power MW, 2772 2772 2772
Pressurizer pressure (dome) MPa 14.95 14.93 14.06
Temperature hot leg A K 589.86 591.28 591.15
Temperature hot leg B K 589.86 591.28 591.15
Temperature cold leg A K 561.83 563.23 564.15
Temperature cold leg B K 561.83 563.28 564.15
Mass flow rate loop A kg/s 8866 8800 8800
Mass flow rate loop B kg/s 8863 8800 8800
Pressurizer collapsed level m 5.571 5.588 5.588
Total primary mass kg 220857 221559 222808
Steam pressure SG A (outlet nozzle MPa 6.41 6.78 .41 6
Steam pressure SG B (outlet nozzl¢ MPa 6.41 6.7 416
Steam temperature SG A K 569.8 570.8 572.15
Steam temperature SG B K 570.1 570.8 572.15
SG A collapsed level m 7.86 3.20 -
SG B collapsed level m 7.87 3.20 -
Feedwater flow rate SG A kg/s 761.1 784.4 761.0
Feedwater flow rate SG B kg/s 761.1 784.4 761.1
Feedwater Temperature SG A & B K 511.1% 511.15 Hl
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There is a general good agreement between codisrasd TMI-2 reference data for
the primary system. The differences in hot leg eold leg temperatures is within 1.3 °C and
the uncertainty in primary mass inventory is beld®. The mass flow rates in the two
primary loops is just 0.7% overestimated in the MIEIR calculation, while the pressurizer
pressure and the pressurizer level in the two tations are practically coincident with the
TMI-2 data.

Some more important deviations are found in theiainiconditions of the SG
secondary side. In particular, there is a largerdgancy in the SG collapsed level, but
unfortunately there is no TMI-2 data available toge which of the two is the right value.
This discrepancy can make a difference in the totaks of water inventory of the SG
secondary side and then in its thermal capacitydradching time in the initial phase of the
transient following main feedwater trip. Furthermothe steam pressure at the SG outlet and
the main feedwater flow rate at the SG inlet aightly overestimated in the ASTEC
calculation.

5.2  In-vessel core degradation parameters and modiely options

In-vessel core degradation parameters and modellipgons used in the two
calculations to evaluate the core melt progressionng both early and late degradation
phases of the SBLOCA transient are compared inelrék. The parameters and model
options were mainly selected on the basis of specdde user guidelines and engineering
judgment.

Different empirical correlations are used in ASTBGd MELCOR to compute the
zircaloy clad oxidation. This leads to faster oxiola kinetics with MELCOR in the lower
temperature range, but slower oxidation kineticghahigher temperature range, with respect
to ASTEC.

Both cladding failure criteria are based on oxialgel thickness and clad temperature,
even if the reference parameter values are somediffatent. This parameters mainly
determine the capability of the oxidized claddingetain the metallic zircaloy and dissolved
fuel during the early degradation phase followixgdation runaway and fuel rod temperature
escalation above the melting point of clad matefik different parameter values used might
impact on the degree of early phase core degradatid the initial hydrogen source.

The melting point of ceramic UO2 and ZrO2 materialsignificantly different. While
values close to the ones of pure materials areidemresl in the MELCOR calculation, the
melting point of pure ceramic materials is lowel®d several hundreds of degrees in the
ASTEC calculation, according to the results of seeel damage Phébus FP tests.

The same threshold temperature value is definetli&@mrod collapse and transition to
debris bed. This threshold is applied in ASTECHoth oxidized and non-oxidized claddings,
while the threshold value is increased up to théingepoint of UO2 in MELCOR, when a
residual thin metallic layer is still in place.
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Table 5.2: In-vessel core degradation parametéesier
Parameter MELCOR ASTEC (*)

Zircaloy oxidation
kinetics

Urbanic-Heidrick

BEST-FIT correlation:

Cathcart-Pawel in the low
temperature range and
Prater-Courtright in the hig
temperature range

=

Cladding failure
criteria

ZrO2 thickness < 10 mm
and Tclad > 2400 K

Tclad > 2300 K and
ZrO2 thickness < 0.3 mm|,
orT>2500 K

Melting point of
UO2-Zr02
ceramic material

UO2 Tm =3113 K
ZrO2 Tm = 2990 K

2550 K
(PHEBUS FP tests)

Debris formation
criteria

Rod failure when:

Tclad > 2500 K and
Zr thickness < 100 mm
or

Tuoz > 3100 K

Fuel rod temperature
> 2500 K

Molten core
relocation into the
lower plenum

After failure of grid-supported plate that
can initially support fuel assemblies and
particulate debris above it. Thus,
everything resting on that ring of the plat
will fall, but the plate will remain in place
until it melts (1273 K). This event
corresponds to failure of the plate portior
with survival of the grid

Baffle melting (relocation
through core by-pass) or
melting at core bottom
e (relocation through core

support plate)

N

Reactor pressure
vessel failure (**)

Failure of the lower head will occur if any
of four criteria is met:

1. the temperature of a penetration (|
the temperature of the innermost
node of the lower head) reaches &
failure temperature (1273 K)

a failure logical control function ig
found to be true (not used)

overpressure (20 MPa) from the
falling-debris quench model occur

creep-rupture failure of a lower

head segment occurs, in responseg to

mechanical loading at elevated

Vessel wall melting (100%

or

1S4

temperatures

(*) ASTEC calculation with DEBRIS model applied

(**) Condition 1. took place in MELCOR s

imulation
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Different corium relocation flow paths into the lewplenum of the vessel are
considered in ASTEC: laterally through the core dsgafter baffle melting and/or through
the lower core support plate after fuel rod meltimgoool relocation above it. The relocation
of corium into the lower plenum is considered in MEOR after core support plate failure in
each one of the radial rings that simulate the.core

Finally, different criteria is applied to assess thstant of vessel failure: the failure of
the lower head penetrations applies in this MELC&@Rulation, while the whole local wall
melting is considered with ASTEC.

5.3  Chronology of main events

The chronology of main events in the SBLOCA segeetalculated by the two codes
is presented in Table 5.3 below. The initial phakéhe transient evolution is dominated by
the combination of primary coolant loss through kineak, which tends to depressurize the
primary system, and the draining of the SG secgndamte following main feedwater trip,
which tends to increase the primary pressure dubdggrogressive loss of heat removal by
the secondary circuits.

The prevalent primary pressure increase inducethéymain feedwater trip results
first in PORV opening and successively in reactoas.

Table 5.3: Chronology of main events

Parameter ASTEC (* MELCOR
Break opening and total loss of main feedwater 0s 0s
Pressurizer PORV opens (P > 15.56 MPa) 16.20 s 3K7.0
Reactor scram (P > 16.30 MPa) 19.79 5 26.68
Pressurizer PORV closes (P < 14.96 MPa) 24.36 s 0233.
Full steam generator dryout 24.35 g 47.22
Start-up of auxiliary feedwater 100 s 100 s
Pressurizer is empty 142 s 287 s
Stop of primary pumps (**) 2907 s 2593 s
First fuel rod clad perforation/burst 4646 S (***)
First clad melting and dislocation 5131s 5700 $
First ceramic melting and dislocation 5169 9 6310
First molten material slumping in the lower plenum 5613 s 5480 s
Vessel failure 11887 s 9680 s

(*) ASTEC calculation with DEBRIS model applied
(**) Primary mass (liquid + steam) < 85000 kg

(***) Not calculated by MELCOR
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The two codes predict the opening of the PORV noorless at the same instant, but
the reactor scram and then the PORYV closure asyei@lin the MELCOR calculation by 7 s
and 9 s, respectively. This is clearly due to Hrgée difference in the initial water inventory of
the SG secondary side, as highlighted by the giscrey in the collapsed water levels in
Table 5.2. This is further confirmed by the ratlge discrepancy observed in the timing of
full steam generator dryout (delay of 23 s in th&IMOR calculation with respect to
ASTEC).

The start-up of auxiliary feedwater is imposed asrglary conditions at t = 100 s in
both calculations.

The full pressurizer draining is delayed in MELC®O&culation, by about 130 s with
respect to ASTEC. The main reason for this diserepas the difference in the initial break
mass flow rate. Another important reason is th@dst increase of the pressurizer level
observed with MELCOR before reactor scram. Furtloeenthe saturation condition in the
primary loops is reached before the complete dngimf the pressurizer in MELCOR, and
thus slowing down the pressurizer level decrease.

The stop of the primary pumps, which is definedoading to the depletion of water
inventory in the primary system, occurs earliertire MELCOR calculation. Since the
difference in the initial primary mass inventowisry small (0.7 ton) and the water mass lost
through the PORYV in the initial phase of the transiis negligible, the only reason for this
discrepancy is in the different evolution of théegral mass of water lost through the break.

Despite the earlier stop of primary pumps and coeovery in MELCOR calculation,
the onset of fuel rod degradation indicated byitistant of first clad melting and dislocation
is slightly delayed with respect to ASTEC, owingtie slowest core heat-up rate. While in
the ASTEC calculation the first ceramic materiallting and dislocation occurs shortly after
first clad melting, in MELCOR calculation this evan significantly delayed, likely because
of the large difference in ceramic melting pointmsidered by the two codes (see Table 5.2).

There is a rather good agreement in the onséteoimolten material slumping into the
lower plenum. In the MELCOR calculation the coriwglocation occur through the lower
core support plate, while in the ASTEC calculatimost of the corium relocation occurs
laterally through the core bypass following baffielting.

The vessel failure is predicted earlier by MELC®RBn by ASTEC. The main reasons
for this difference is explained in the succes$§eetion 5.4.

5.4  Evolution of main parameters

The main parameters investigated for code resaoltsparison are listed in Table 5.4.
They concerns: (1) the boundary conditions on tk&e secondary side, (2) the thermal-
hydraulic behavior of the primary system, (3) theséssel core degradation progression, and
(4) the hydrogen source. The time evolution of ¢hparameters, as calculated by the two
codes until vessel failure, is compared from Figbue to Figure 5.18. The major deviations
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between code results highlighted in the figuresdiseussed and tentatively explained in this
section of the report.

Table 5.4: List of main parameters to be plottadctmle result comparison

Parameter Index Uni}t
Steam generator A pressure P-sga| Pa
Steam generator A collapsed level L-sga m
Pressurizer pressure P-prz Pa
Pressurizer level L-prz m
Loop A mass flow rate Q-lpa | kg/s
Hot leg A temperature T-hla K
Cold leg A temperature T-cla K
Break mass flow rate Q-brk | kg/s
Total primary mass (liquid + steam) M-pri kg
Core power W-cor | W
Power exchange with SG A W-sga| W
Power exchange with SG B W-sgb| W
Core collapsed water level (from core bottom, $se Rigure 3) L-cor m
Fuel rod clad temperature at core {opntral ring) (*) T-cor K
Instantaneous hydrogen production H-rat | kg/s
Cumulated hydrogen production H-cum | kg
Total mass of degraded core materials (debris dtermocumulated value M-tcq kg
Total mass of materials in the lower plenum (cunadavalue) M-tlp kg

(*) The temperature of fuel rod clad at core topustl be taken at the last mesh of the active zone
(stop of temperature plot if the clad failslagelocates).

SG secondary side pressure and level

Figure 5.1 and Figure 5.2 show the behavior of $ii2 secondary side regarding
pressure and water level evolution, respectivelil&/in the MELCOR calculation these
values are kept constant during the transient daogrto the specified boundary conditions,
in the ASTEC calculation their time evolution ideated by the condition assumed at the SG
outlet, which does not allow the ingress of steasidie the SG dome. As a consequence, the
the SG starts to depressurize, below the outlendeny value of 70 bar, after about t = 4200 s
(see Figure 5.1) due to steam condensation ondbtendary side. At the same time, as a
result of steam condensation, the SG water leaet 81 rise slowly over the reference value
of 1 m (see Figure 5.2).
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Break flow rate and primary mass inventory

The time evolution of break mass flow rate is showirigure 5.3. During the initial
depressurization phase the flow rate is over ptediby MELCOR, partly due to the slowest
primary system depressurization. Once the primamsgure approaches the secondary
pressure after about t = 300 s, the two break flawe values become practically coincident.
After this time the void fraction in the hot legndathen upstream the break increases
progressively according with the depletion vs. tiohéhe primary mass inventory. While this
void fraction increase is taken into account in¢hk&ulation of water-steam mixture through
the break in the ASTEC calculation, mostly liquiater is flowing through the break in the
MELCOR calculation, independently on the void frastbehavior, and thus maintaining the
break flow rate almost constant until the stop wmary pumps. This is therefore the main
reason of the deviation observed in break mass fade calculated by the two codes, before
primary pumps coastdown is taken into account @nlthsis of the residual primary mass
threshold (< 85 tons).

After the stop of primary pumps with consequenterataining from the upper part of
the primary circuit, only steam flows through tha keg break and the leak calculated by the
two codes is consistent; remaining differences ragenly induced by different primary
pressure behavior during the core degradation phase

The Figure 5.4 shows the time evolution of wateremtory in the primary system,
which depends on the break flow rate and the cahstake-up flow rate of 2 kg/s. The rather
small deviation in code results is of course depahdn the different break flow rate
evolution discussed above.

Primary loop mass flow rate

The time evolution of the mass flow rate in thegdd® calculated by the two codes is
compared in Figure 5.5. The discrepancy in codeltsess certainly caused by the different
pump model used, since no precise TMI-2 primary pwepecification data were available
and then provided for the preparation of the respecode input decks. Furthermore, some
differences in the void fraction behavior in theldcdeg near the pump location might
contribute to enlarge the discrepancy in pump ftate evolution, until its coastdown.

Pressurizer level

Both codes predicts quick draining of the pressurin the initial phase of the
transient (see Figure 5.6), following hot leg breglening and consequent onset of primary
mass inventory depletion. The difference in thaansof full pressurizer draining has been
clarified in the previous Section 5.3.

Primary pressure

The time evolution of the pressurizer pressuremmgared in Figure 5.7. In both code
calculations the primary pressure approaches ttungary pressure and remain constant until
primary pump coastdown. During this time interts tore decay power is removed through
the SG by forced circulation of liquid-steam mixdun the primary loops. The loss of forced
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circulation in the primary loops after pump coastdaesults in significant primary pressure
increase in the MELCOR calculation, because of enddterruption of heat transfer through
the steam generator. This primary pressure increas®t observed with ASTEC, due to
residual heat removal by the SGs after pumps coast@nd hot legs draining.

The primary pressure evolution calculated by ASTd#€r t = 4000 s is characterized
by a progressive decrease with two sudden presgikes around t = 6000 s and t = 7500 s,
respectively. These large pressure spikes are goese to the massive slumping of hot
corium in the lower plenum, followed by molten jeggmentation and strong vaporization of
water still present in the lower head of the ves§®nversely, no pressure spikes are
predicted by MELCOR, mainly due to a more contiraiamd gradual relocation of corium
into the lower plenum.

Hot leqg and cold leq temperatures

The time evolution of hot leg and cold leg temperes is compared in Figure 5.8 and
Figure 5.9, respectively. The large discrepancyentesl in the hot leg temperature behavior
is mainly due to the different point where the temgpure value is taken. In ASTEC
calculation the temperature is taken in the coldemtch between the break and the SG, while
in the MELCOR calculation the temperature is takethe branch between the vessel outlet
nozzle and the break, which is heated-up by thesteatm produced in the core and flowing
towards the break. The large discrepancy obsemvelid cold leg temperature behavior is
mainly due to different cold leg meshing. The clagld is simulated by only one volume with
MELCOR and then its temperature is strongly inflcesh by the hot gas temperature inside
the vessel. Conversely, the cold leg temperaturdSTEC calculation is the one of the
coldest branch in inlet to the primary pump.

Core decay and SG exchanged powers

The decay power decrease with time is shown inrEigul0, in agreement with the
specification value. The decay power reduction ttuaoncondensable and volatile fission
products release from degraded fuel rods and melbeis in the late phase of the transient is
not taken into account in the two code calculations

The power removal by the SG A and B is illustraitedrigure 5.11 and Figure 5.12,
respectively. The large discrepancy in the poweharge before primary pump coastdown is
mainly caused by the large amount of heat dissiphtethe primary pumps, which is taken
into account in the ASTEC calculation, but it isgleeted with MELCOR. The power
removal by both SGs reduces down to zero aftertdoasm of all primary pumps in both
calculations, even if some residual power is pitedidy ASTEC until t = 4000 s. The power
peaks observed in the ASTEC calculation arounb?780 s and t = 7300 s are produced by
the condensation of steam produced during the reastimping of corium into the lower
plenum.
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Core uncovery and heat-up

The time evolution of core collapsed level is coneplain Figure 5.13. The core top
elevation is used with ASTEC to calculate the wéeel, including the axial extension of 19
cm above the top of core fissile zone, which istead used as reference elevation in
MELCOR. This produce the difference of 19 cm obsdrin Figure 13 at the beginning of the
transient. After about t = 1000 s, the core cokabsevel calculated by ASTEC reduces
significantly below the MELCOR one, owing to a éifént void fraction calculated inside the
core. The effective core uncovery starts as sootheprimary pumps are stopped, the hot
legs are drained and then the coolant tends tte <kitvn in the lower parts of the primary
circuit. This draining process results in a suddere water level increase in the ASTEC
calculation, while the core is still almost complgt filled by water in the MELCOR
calculation.

The onset of core uncovery and heat-up at thetoprésee clad temperature evolution
in Figure 14) is calculated earlier by MELCOR withspect to ASTEC. However, due to the
slower core heat-up rate in MELCOR, the oxidationaway with temperature escalation at
the core top is predicted earlier by ASTEC. Thesoeafor this significant discrepancy is
likely in the different modeling of the vessel upggenum. Only one volume is used in
ASTEC, while several volumes are used in MELCORryao take into account convective
movements in the upper part of the vessel that nagmificantly influence the core heat-up.
The clad temperature fall down at t = 6310 s in MEIR calculation is due to the
disappearance of the clad at the core top due toélting, failure and relocation. For similar
reason (debris bed formation and collapse), the telmperature calculated by ASTEC after t
= 5740 s is unreliable.

Hydrogen generation

The time evolution of hydrogen generation raterisspnted in Figure 15, while the
hydrogen cumulated value is compared in FigureDE&pite the significant difference in the
timing of hydrogen generation, there is a good egent in the total amount of hydrogen
produced at the end of the transient: 501 kg ardl kg in the ASTEC and MELCOR
calculations, respectively. In both calculationgsinof the hydrogen, approximately 80%, is
produced by oxidation of intact fuel rods during tharly degradation phase. About 20% of
hydrogen is produced by oxidation of debris andt mheting the late degradation phase.

Core degradation and corium relocation into the lower plenum

The progression of core degradation calculated By ®OR and ASTEC is described
in details in Section 3 and Section 4, respectiv&he time evolution of the total degraded
core mass calculated by the two codes is comparé&tgure 17, while the evolution of total
amount of materials relocated into the lower plengntcompared in Figure 18. The large
discrepancy observed in the total amount of degitadee materials can be explained by the
different heat-up of the peripheral rings of theecdrhe central rings of the core are highly
degraded in MELCOR calculations, but the extermads of the core remains substantially
intact due to reduced heat-up. Conversely, in tiB®TRRC calculation the core degradation
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extends significantly to the periphery of the cteading to melting and relocation of the
baffle structure. Mainly due to different core daggition progression and corium slumping
criteria, the amount of materials relocated in® lthwer plenum is significantly smaller in the
MELCOR calculation with respect to ASTEC.

Despite the largest amount of corium in the loweaid) with massive corium slumping
around t = 7400 s caused by baffle melting in tveelr part of the core, the vessel failure is
delayed by about 2000 s in the ASTEC calculatioth wespect to MELCOR. Molten jet
fragmentation and debris cooling by residual watethe lower head of the vessel in the
ASTEC calculation contributes to delay the vesadluife due to wall melting. Furthermore,
the lower head penetration failure in MELCOR cadtiain leads to early vessel failure before
local wall melting.
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0. Conclusions

The calculations of SBLOCA accident sequence exTMI-2 plant with the integral
codes ASTEC and MELCOR, performed by the Universit{dologna and the University of
Pisa, respectively, confirm the good performancekthe robustness of these numerical tools
for the assessment of in-vessel core melt progressiuring a severe accident in a PWR
reactor, until large relocation of corium into tlmaver plenum with subsequent lower head
failure.

Both code predicts in a qualitative way similaerthal-hydraulic conditions in the
primary circuit and all core degradation phenometéh are expected to occur during the
early and late degradation phases of a severeemtcidowever, the code result comparison
has highlighted several significant discrepancredoth thermal-hydraulic behavior of the
primary system during the first phase of the tramsand then in the core melt progression
after the onset of core uncovery and heat-up.

The main reasons for the highest discrepanciesredd in the thermal-hydraulic
behavior of the primary circuit are:

* The large difference in the initial water inventasf the SG secondary side which
affects the very initial phase of the transient;

e The discrepancy in the break mass flow rate befommary pumps stop, which is
mainly related to the model employed to evaluagevitid fraction upstream the break;

« The different model adopted for the main circulagpumps and the assumptions made
on the heat dissipated into the primary coolant;

» Differences in the residual heat transfer through $Gs just after primary pumps
coastdown;

* The more massive or gradual corium relocation m®aepending on the different
assumptions made for core slumping into the loviemym.

Regarding the core melt progression, the main reasb the highest discrepancies
observed are:

* The different meshing of the upper plenum, whiajhhy influence natural circulation
inside the vessel, and might strongly impact oncthre heat-up rate, the onset of core
meltdown and the radial spreading of the core dkgian in the colder and external
rings of the core;

» The different code model options and parametersateaused to describe both early
and late in-core degradation phases of the acgident

* The different options and criteria used to simulatge slumping into the lower
plenum and to predict the vessel failure.

The large impact of the different code modellingiaps used for the late phase
degradation has been confirmed by the sensitinglysis performed with ASTEC with and
without the DEBRIS model. The late phase modelshaVowest impact of the cumulated
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mass of hydrogen produced, since most of the hydrag generated during the early
degradation phase.

The present analysis have highlighted the largeeti@inties still existing in the
assessment of the core degradation phase by cgeeate accident code models. Due to the
limited experimental database, in particular foe fate in-vessel core degradation phase,
sensitivity analyses on the most uncertain corerattgion parameters and different
modelling options are recommended to investigateir tinfluence on the core melt
progression and the hydrogen source. 2D meshintheofupper part of the vessel seems
necessary to evaluate the impact of natural citcumaeffects in ASTEC. This capability
should be made available soon in the new versiorl 62 ASTEC which implement a new
coupling procedure for the thermal-hydaulic anddbes degradation modules.
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