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Margin-to-Failure Calculations
for the TMI-2 Vessel 4

By J. Rempe, P L. Stickler, ? S. Chavez, ? G. Thinnes, ? R. Witt, ¢ and M. Corradini ©

Abstract : As part of the Three Mile Island Unit 2 (TMI-2) point where they were welded to the lower head. Instru-
Vessel Investigation Project (VIP) sponsored by the Organiza- ment tubes outside the vessel and the vessel lower head,
tion for Economic Cooperation and Development (OECD), however, remained intact throughout the accident.
margin-to-failure (MTF) calculations for mechanisms having Metallurgical examinations indicate that a localized
the potential to threaten the integrity of the vessel lower head region of the vessel, approximately 1 m by 0.8 m, reached
were performed to better understand events that Occu"edtemperatures between 1075 and 1°0G@luring the acci-
during the TMI-2 accident. Analyses considered four failure . S I~

. ) i . dent; these examinations also indicate that vessel tem-
mechanisms: penetration tube rupture, penetration tube . o

perature away from the hot spot did not exceed°@27

ejection, global vessel rupture, and localized vessel rupture. ™™’ g
Calculational input was based on data from the TMI-2 VIP during the accident. However, these temperatures are well

examinations of the vessel steel samples, penetration tubé@ove the 538C maximum operating temperature limit
nozzles, and samples of the hard layer of debris found on theconsidered in Case N-499 of the American
TMI-2 vessel lower head. Sensitivity studies were performedSociety of Mechanical Engineers (ASME) Boiler and
to investigate the uncertainties in key parameters for thesePressure Vessel Codle.
analyses. Calculation results indicate that less margin existed As part of the TMI-2 Vessel Investigation Project
for vessel failure meChanismS, rather than tube failure (le)’ margin_to_fa”ure (MTF) ana'yses were performed
mechanisms, during the TMI-2 accident. In addition, calcula- 4 jncrease understanding of the events that occurred
tions suggest that. adqlmonal eXpe”mente}l glata are_neede_d tOduring the TMI-2 accident. Calculations were performed
reduce uncertainties in models for predicting debris cooling S . . .
and vessel failure. conS|der_|ng four vessel Iower-hez_id failure _met_:hanlsms.
penetration tube rupture, penetration tube ejection, global
vessel rupture, and localized vessel rupture. Although
On March 28, 1979, the Three Mile Island Nuclear €Xperimental data have validated many aspects of severe
Station Unit 2 (TMI-2) pressurized-water reactor under- accident analyses models, no integral experimental data
went a prolonged, small-break loss-of-coolant accident@re available to validate entire models. Hence the data
that severely damaged the reactor core. The postulategvailable from the TMI-2 VIP, previous TMI-2 research
end-state conditions of the TMI-2 reactor vessel and corePrograms, and plant instrumentation provide a unique
are shown in Fig. 1. As illustrated in this figure, at least OPPOrtunity to assess uncertainties in severe accident
45% of the core melted. Video examinations after the analyses models. _ _
accident indicate that approximately 19 000 kg of molten ~ This article summarizes models used in the MTF
material relocated from the core region to the water- analysis effort. Significant results from these calculations
filed, lower head of the reactor vessel. Examinations &€ also presented. A more complete description of the
indicate that relocated debris severely ablated severafhalyses and results can be found in Ref. 2.
instrument tube penetrations inside the lower head,
although instrument tubes appeared to be protected at thapproACH

aThe U.S. Nuclear Regulatory Commission supported this work in Figure 2 depicts the four failure mechanisms consid-
conjunction with OECD, through DOE Contract DE-AC07- ered in these analyses. The tube rupture failure mecha-
76”301570- _ o nism (part a of Fig.2) may result from a combination
Fal|;dsjg?10N§?tffsa-l3§:g.lnee”ng Laboratory, P.O. Box 1625, Idaho ¢ high pressure and elevated ex-vessel tube temperatures

Cl’Jniversity of Wisconsin, Madison, Department of Nuclear &S the result of contact with debris that has traveled
Engineering and Engineering Physics, 153 Engineering Researchthrough the tube to ex-vessel locations. Failure of a

Building, 1500 Johnson Drive, Madison, Wisconsin 53706-1687. penetration tube weld (part b of Fig. 2) could result from
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Fig. 1 Postulated TMI-2 end-state configuration.

debris melt attack and sustained heating from accumu-has been performed on methods used to predict melt—
lated debris around the perimeter of a tube combined withwater interaction, molten pool behavior, cooling in debris
reactor system pressure. Once the weld has failed, tub¢hat solidifies after relocation, and structural creep failure
ejection is possible. Global vessel rupture (part ¢ of in a severe accident. Thus this calculational effort is
Fig. 2) may be caused by elevated system pressure and/arseful not only because it provides insights into what
the weight of debris on the lower head in conjunction failure mechanisms were plausible during the TMI-2
with sustained heating from debris on the lower head.event and identifies the failure mode with the smallest
Localized vessel rupture (part d of Fig. 2) may be causedmargin during the TMI-2 event but also because it
by thermal loads on the lower head as the result ofindicates areas where additional data are needed for
nonuniform heat sources within the debris bed or asevere accident modeling.
coherent jet of debris impinging directly onto the lower Calculations relied on VIP examination data from
head in conjunction with mechanical loads caused bythe TMI-2 instrument nozzles, the hard layer of debris
system pressure and debris weight. found on the head (the “companion debris samples”), and
As discussed previously, data from the TMI-2 VIP the TMI-2 reactor vessel steel (the “vessel boat
provide a unigue opportunity to assess uncertainties insamples”). Metallurgical examination data were used to
severe accident analysis tools. Little, if any, validation characterize peak vessel temperatures, the duration of
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Fig. 2 Failure mechanisms considered in TMI-2 MTF analyses: (a) tube rupture, (b) weld failure—tube ejection,
(c) global vessel failure, and (d) localized vessel failure.

peak temperatures, vessel cooling rates, and the end statequivalent uniaxial stress) history and predicting time to
of instrument nozzle weld materf.Data from exami-  failure for the converted stress and temperature histories
nations of companion debris samples were used tousing a time-damage model. When results from the initial
characterize such debris properties as decay heat andcoping calculations suggested that a stress-based failure
material compositioR. Nozzle examination data were criterion may be too conservative for the prediction of
used to characterize the composition of melt attached tofailure, calculations were performed in which creep
nozzles, elevations for nozzle ablation heights in the failure was defined as the point at which strain instability
vessel, and melt penetration distances within nofzles. occurred (strain rate approaches infinty).
Uncertainties for each data source are discussed in Ref. 2. The MTF calculations investigated an inconsistency
Calculations included sensitivity studies to consider the between companion debris sample data, which suggest
range of input associated with uncertainties in data. slow debris cooling, and vessel steel sample examination
The potential for each failure mechanism to occur was data, which imply relatively fast vessel cooling rates.
evaluated on the basis of both ultimate strength and creepyWhen results primarily obtained from input based on

damage. Ultimate strength MTF was defined by companion debris sample data indicated that vessel
failure would occur, irrespective of which failure
MTF = (1 — effective stress/ultimate strength) 100% criterion was selected, it was postulated that additional

cooling (not currently modeled in severe accident
The TMI-2 Structural Mechanics Peer Review Group analysis codes) occurred. A thermal analysis based on
defined by consensus a separate stress-based MTF fagplant thermal hydraulic parameters measured or inferred
creep failure’ The procedure includes converting from data measured during the accident [coolant
multidimensional stress history to an effective stress temperature, reactor coolant system (RCS) pressure, cool-
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ant flow rates entering and exiting the vessel, etc.] con-
firmed that more cooling than currently considered in se-
vere accident analysis codes occurred during the period
between debris relocation and vessel repressurization.
Hence calculations were performed to quantify the
magnitude of this cooling and possible debris configura-
tions that could explain how this cooling could have
occurred.

HIGHLIGHTS FROM MTF
ANALYSIS RESULTS

(@) (b)
Results from scoping C?‘|CU|a'ti0nS'v _WhiCh eva_luate Fig. 3 Various configurations of melt observed in
each of the failure mechanisms identified are reviewed TMI-2 instrument nozzles: (a) nozzle stub contain-
in the following text. Results from thermal analyses, ing melt with measurable penetration distance and
required as input for structural response calculations, are (b) nozzle stub containing melt with unknown

. . . netration distance.
also discussed. Finally, results from calculations penetration distance

performed to assess sensitivity to debris cooling rates and

different failure criteria are presented. the tube and the coolant, were found to be consistent with

distances measured in TMI-2 instrument nozzles.
Distances predicted with a conduction mddéf on the
other hand, were found to be much longer (typically,
For ex-vessel tube rupture to occur, melt must travel several orders of magnitude longer) than melt penetration
through an ablated instrument tube to a distance that isdistances measured in TMI-2 instrument nozzles. Hence
below the vessel outer surface in part a of Fig. 2. Severalthe modified bulk-freezing model was determined to be
models have been developed to predict the penetratiormore appropriate for estimating the melt penetration
distance of molten debris through vessel instrumentationdistances observed in the TMI-2 nozzles.
nozzles. Although previous research was insufficient to  Melt penetration distances predicted with the modified
select a model for predicting melt flow through light- bulk-freezing model indicate that fuel containing molten
water-reactor instrument tubes, melt penetration distancesdebris would not travel through instrument tubes to
have been experimentally determined to be bounded bylocations below the lower head. Calculations bounded
distances predicted by the bulk-freezing model and the possible melt compositions, temperatures, and melt flow
conduction heat transfer model. The bulk-freezing model, areas to maximize penetration distances. Furthermore, the
first advanced by Ostensen and Jack8dhassumes that  nozzle stub height was assumed as 1.3 cm, which was the
turbulent heat transfer governs melt solidification and smallest ablated nozzle height observed in TMI-2
penetration behavior. The conduction heat transfer model,defueling effortd# Although calculations indicate that it
first advanced by Epsteifil3 assumes that (as its name is possible for molten debris with highly metallic compo-
implies) conduction heat transfer governs melt sitions to flow to ex-vessel tube locations, previous
solidification and penetration behavior. review of TMI-2 instrumentation ddfasuggests that
Data from some TMI-2 instrument nozzles provide metallic material quenched when it relocated to the lower
measurable distances for melt that traveled through in-head during the TMI-2 accident. Hence ex-vessel tube
vessel instrument structures during the TMI-2 accident. temperatures are not predicted to be higher than the
Longer nozzles containing melt with measurable penetra-RCS temperatures. Therefore ex-vessel tube rupture
tion distances were used to select an appropriate modetalculations were performed assuming that the tube
for estimating penetration distances; this model was thentemperatures were consistent with the vessel coolant
used to determine if melt could travel below the vessel temperatures.
lower head through shorter nozzles (see Fig. 3). Melt A simple model comparing the pressure force on the
penetration distances predicted with a bulk-freezing tube and the tube’s ultimate strength was used to evaluate
model? modified to consider heat loss from the melt to ex-vessel tube rupture. As discussed previously, tube

Melt Penetration—Ex-Vessel Tube
Rupture
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temperatures for these analyses were assumed to equahodels include phenomena such as breakup of melt
the vessel coolant temperature. An upper bound on therelocating into and through the lower plenum water,
coolant temperature was taken to be a representativggrowth of the debris pool and its associated top and
saturation temperature (32Z) corresponding to system bottom crusts, heat fluxes delivered to the vessel inner
pressures during the first 12 hours after the major reloca-surface, and the resulting vessel temperature distribution.
tion of fuel occurred; a lower-bound temperature was Because considerable uncertainty is associated with many
based on the minimum temperature (1Y measured in  input parameters for these models, studies were
the cold legs during the transient. Although ultimate performed considering lower-bound, upper-bound, and
strength data for Inconel are limitedjata shown in  best-estimate (or nominal) values for input parameters
Fig. 4 indicate that the ultimate strength for the TMI-2 related to debris decay heat, debris relocation mass, and
Inconel instrument tubes is above 700 MPa for the heat transfer from the debris and the vessel. Many of the
temperatures of interest (127 to 3Zj). Because such input parameters for the thermal analysis were based on
temperatures were expected to result in very high MTFs,companion debris sample examination data (debris
a conservatively high constant upper system pressure otomposition, decay heat levels, and “slow cooling”
15 MPa was also applied in the tube rupture calculations.evidencef Results from the thermal analyses were
Thus calculations indicate that ultimate-strength MTF for compared with results from vessel steel sample examina-
tube temperatures of 127 and 3Z7are both above 95%. tions (peak hot spot and global vessel temperatures,
Times to creep rupture at these temperaturesduration of peak hot spot temperatures, and cooling rate
are estimated to be on the order oft%land 16° of vessel in the hot spot locatich).

hours. Hence ex-vessel tube rupture can effectively be The potential for melt to disperse and quench as
eliminated as a potential failure mechanism for this jt passes through the flow distributor plate and into the

accident. water-filled lower plenum was analyzed with the TEXAS
_ fuel-coolant interaction (FCI) mod¥l.TEXAS predicts
Jet Impingement—Vessel the behavior of molten fuel interacting with water during

Thermal Response the mixing and propagation phases of a molten FCI. As

Calculations were performed to investigate melt with many phenomena considered in severe accident
relocation and the subsequent thermal loading to theanalysis codes, considerable uncertainty may exist in
vessel during the TMI-2 accident. Results from these TEXAS results because of limited data for validating FCI
calculations provide input to subsequent weld failure, glo- codes; however, various TEXAS sensitivity studies were
bal vessel failure, and localized failure analyses. used to address the impact of code modeling uncertain-
Analytical models were applied to simulate the debris— ties. Sensitivity studies were also used to assess the
vessel interaction to investigate the thermal responseimpact of input data uncertainties. Posttest examination
of the vessel during and after debris relocation. Thesedata and plant instrumentation data indicate that the
major relocation of melt occurred within a 2-minute
time period during the accident (224 to 226 minutes after
reactor scram). Calculations considered total mass flow
rates ranging from 300 to 1000 kg/s to address uncertain-
ties in mass flow rates, although the duration of the jet
pour was reduced to keep the total mass that relocated
constant. Because melt may have drained from more than
| one of the holes in the elliptical flow distributor plate,
analyses considered one and three jet cases. For all the
cases, the system pressure was 10 MPa, which was the
reactor vessel pressure during the time period when most
A debris relocation is postulated to have occurred. Jets were

! L I L L assumed to pour through coolant at saturated and
O 200 400 600 800 1000 1200 subcooled conditions (the amount of subcooling was
Temperature (°C) bounded by the temperatures measured in the RCS
cold leg). The temperature of the melt at injection was

Fig. 4 Inconel-600 ultimate strength as a function of temperature. ~ assumed as 263C, the liquidus temperature for the
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composition of the melt identified in the companion with metallurgical examination data. Only a case with
sample examinatiorys. lower-bound input assumptions results in temperature
Simulation results from the TEXAS fuel-coolant predictions that are, considering the uncertainty range
interaction model indicate that insignificant amounts of associated with these predictions, consistent with metal-
melt dispersal or “breakup” occur as melt relocates to thelurgical examination data; namely, that global vessel
lower head. Maximum breakup was obtained for cases intemperatures remain below values at which the material
which three jets were assumed to be present; howeverpndergoes a transition from ferritic to austenitic steel
even in these cases, less than 1% of the relocating(727°C).
material is estimated to break away from the jet and Results from jet impingement and vessel thermal
guench. When the breakup was predicted to be insignifi-response calculations indicate that the magnitude and
cant, the analyses of fuel relocation continued under theduration of the hot spot temperatures estimated in TMI-2
assumption that molten debris reached the lower plenumvessel examinations could not have been caused by an
in a substantially liquid state, ultimately impinging on the impinging jet because peak temperatures during melt
vessel. Because vessel thermal response calculationgelocation are typically not predicted to be sustained for
indicate that the molten material that relocated to form more than a few minutes (instead of the 30-minute
the “hard layer” could, by itself, impose a thermal load duration indicated by vessel examinations). Hence it is
resulting in temperatures that exceeded peak valuespostulated that hot spot temperatures occurred later in the
estimated from metallurgical examinations and becausescenario because of a sustained heat load from debris
there is uncertainty about when the additional rubble onresting on the lower head. The limited area estimated to
top of the hard layer relocated, no further assessment of1ave experienced hot spot temperatures suggests that this
the impact of the rubble on vessel thermal response wag€egion was subjected to a localized heat source, such as
performed. might occur with a nonhomogeneous debris bed or a
A model was developed to estimate heat transfer to thelocalized region with better contact between the debris
vessel from jet impingement and natural convection in @nd the vessel.
the molten pool” The model assumes that one jet im- _ o
pinges at the center of the lower head and a crust formg/Veld Failure—Tube Ejection
on the |0Wer hea.d as soon as the melt contacts |t Heat iS Before the performance of a tube ejection ana'ysiS, it
then transferred through the crust to the vessel at locamust be established that the nozzle-to-vessel weld failed.
tions where the melt is in contact with the vessel. When Because it is not known if the hot spot temperatures
the molten jet stops draining and surface agitation is occurred when the RCS was at high pressure, weld
reduced, a crust may form on pool upper and lower fajlure calculations were performed with the use of a
surfaces. An energy balance is used in the model to detersimp|e model based on force equi“brium (see part b of
mine the size of the crusts and melt pool. A detailed Fig. 2) in which it was conservatively assumed that peak
description of this model may be found in Refs. 2 and 17. temperatures and pressures occurred simultaneously.
Sensitivity calculations considered the vessel thermal Metallurgical evidence from TMI-2 examinations
response using various combinations of upper-bound,indicates that the Inconel penetration welds did not inelt.
lower-bound, and best-estimate values for input param-Hence peak temperatures inferred from metallurgical
eters, such as debris-to-coolant heat transfer, debris decagxaminations of vessel specimens from the hot spot
heat, debris-to-vessel thermal contact, and heat removategion (less than 110C)* were assumed in these calcu-
from the vessel. Results from several sensitivity studieslations. The maximum value of RCS pressure measured
revealed a consistent vessel thermal response; namelyafter melt relocation, 15 MPa, was assumed for system
the thermal response can be divided into three timepressure in these calculations. Shear stress at the weld—
periods: (a) an initial localized temperature excursion tube interface was calculated, converted to effective
over the time and location of jet impingement (typically stress, and used in the MTF calculations.
lasts for about 1 minute); (b) a transient vessel heatup Results indicate that, even for these conservative
(typically lasts for about 1 hour); and (c) a quasi-steady assumptions, there was considerable margin in the weld’s
vessel temperature distribution (typically lasts for several integrity. Nominal case calculations based on nominal
hours). Best-estimate input values used for a case withinput indicate that the ultimate-strength MTF is 60%.
nominal input parameters resulted in global peak Lower- and upper-limit estimates of the ultimate-strength
temperatures of more than 9D, which is inconsistent ~ MTF were 54 and 65%, respectively. If the peak hot spot
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temperature and a 15 MPa system pressure were botoad-carrying-capacity continues to diminish. Vessel
maintained constant, the time to creep failure is estimatedfailure is defined as the time when MTF becomes zero.
as 7.2 hours with upper and lower estimates of 4.2 and The 2-D model is an axisymmetric variation of a finite
16.9 hours, respectively. The large ultimate-strength MTF deformation shell theory described in Ref. 20, and the
and the long estimated time to creep failure are conservadetails of the adopted form of the method are described in
tive for several reasons. One reason is that the analysiRef. 9. The shell theory allows for thermal, plastic, and
assumed a constant pressure of 15 MPa, whereas the pe@feep as well as elastic strains but is not as general as an
temperatures may have occurred at a lower pressure. Furaxisymmetric continuum model in that the radial stress is
thermore, calculations assumed that the peak temperatur@eglected, normal strains are assumed to vary linearly
remained constant when, in fact, the peak temperaturethrough thickness, and shear strains are assumed to vary
was estimated to last for only 0.5 héun addition, the  parabolically through thickness. The assumed through-
load-bearing weld area was minimized by ignoring the thickness behavior permits enforcement of vertical and
weld buildup material above the stainless steel claddinghorizontal force equilibrium and moment equilibrium
and using a minimum weld depth into the vessel. Finally, through integrated force and moment resultants.
the load was assumed to be carried solely by the weld, |mplementation of the stress-based failure criterion in
and none of the load was distributed to the tube supportthe 2-D model differs slightly from that used in the 1-D
located beyond the tube bend outside the vessel. Becausgodel. In the 2-D model, the vessel is divided in the
penetration weld integrity during the TMI-2 accident was radial direction into ligaments; ligament behavior is
predicted in this very conservative analysis, penetration allowed to vary continuously in the meridional direction.
tube ejection was ruled out as a possible failure mode.  Stress can vary in both the radial and meridional direc-
) tions, whereas the simpler 1-D model uses average radial
Global Vessel Failure and hoop stresses. Incremental and accumulated damage
Two models were used to assess vessel structurafre evaluated the same way for both models, but when a
response. The first is a simpler, one-dimensional (1-D) ligament becomes fully damaged in the 2-D model, it is
model imposing global force equilibrium in spherical “clipped,” which means the stress state is set to zero and
geometry, and the second is a more sophisticated, two£quilibrium necessitates redistribution of stresses to the
dimensional (2-D) model. The 1-D model was applied remaining, intact ligaments. In this stress-based criterion,
to provide an initial, rough estimate of failure times. failure occurs when all the ligaments become fully
Although this model was quicker and easier to apply, damaged through thickness at any one location.
uncertainties associated with 2-D and stress redistribution  Figure 5 compares results from the 1-D model and
effects required the more detailed 2-D model. the 2-D model for the vessel subjected to lower-bound
In the 1-D model, average radial and hoop compo- heat fluxes. Parts a and b of Fig. 5 illustrate output from
nents of stress are used to define effective stress, aghe 1-D model. These parts illustrate the phasing of vessel
formulated by Huddlestol$. Creep damage is tracked Wwall temperature, system pressure, the calculated MTF
as a function of stress and temperature at 20 equallyhistory, and the timing of vessel layer failure during the
spaced layers through the thickness of the vessel.accident. As shown in part a of Fig.5, MTF starts at
Damage within a particular time interval and at a given 80%, reduces to approximately 45% at the 2-hour mark,
location is defined on the basis of the effective stress andand quickly drops to 0.0% afterward. Layers of the vessel
temperature through the use of a Larson-Miller Param-start to fail after 2.0 hours, and all the layers have failed at
eter (LMP)1° The LMP is used to obtain a rupture time, 2.3 hours (part b of Fig.5). Thus the 1-D model
t. under the stress and temperature conditions. Incremenpredicts failure in slightly less than 2.3 hours.
tal damaged, within a time incrementt, is defined as Part ¢ of Fig. 5 illustrates accumulated damage as
d = At/t,. As the thermal transient proceeds, the accumu-calculated from the 2-D model. Damage is defined in
lated damage is summed from the incremental damagethe 2-D model as thaverageof the damage evaluated
When the accumulated damage exceeds unity in aat all integration points along the shell's meridian, so
particular layer, that layer of the vessel is removed from accumulated damage never exceeds unity. This definition
the calculated load carrying capacity of the vessel. Asis more appropriate for the 2-D model because the
discussed previously, MTF is defined as the difference number of nodes is variable. As discussed previously,
between unity and the ratio of load to load-carrying- failure is defined in the 2-D model as the time when all
capacity. As more layers experience 100% damage, thehe ligaments become fully damaged at any one location
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along the shell’s meridian. The 2-D model predicts were considered: (a) hot spot temperatures imposed on
failure at approximately 1.9 hours. top of global temperatures estimated for the lower-bound
Temperature distributions based on input from case (see discussion in Jet Impingement/Vessel Thermal
companion debris sample examination data (i.e., slowResponse) and (b) hot spot temperatures imposed on a
cooling of debris) resulted in calculations from both vessel with cool background temperatures (&27nner
models predicting vessel failure. Although the inclusion surface, 277C outer surface). These two temperature
of stress redistribution and 2-D effects in the 2-D model distributions bounded possible background distributions
decreased failure predictions by approximately 0.4 hour, inferred from vessel steel sample examinations. In these
both models predict vessel failure at approximately calculations, failure was predicted to occur in 1.5 hours
2 hours. Obviously, this did not occur. Hence it appears for Case (a), and the vessel was predicted to survive for
that global vessel temperatures must have decreasecase (b).
within 2 hours after core relocation. Hence it is postulated  The effect of a hot spot was evaluated for a shell with
that additional debris cooling, not modeled in these initial g cool background [Case (b)] to confirm that the metallur-

calculations based on companion debris sample examinagically estimated hot spot temperatures alone would not
tion data, occurred within the first 2 hours after melt relo- result in a localized vessel failure. Because metallo-

cation. graphic examinations of vessel specimens outside the hot
) ) spot indicated only that the vessel did not reach the
Localized Vessel Failure ferritic-to-austenitic transition temperature (approxi-

The potential for the vessel to experience a localized mately 727C), global vessel temperatures could have
failure was also evaluated by application of an elevatedbeen considerably lower than this transition temperature.
heat flux over a localized region, which resulted in (Note that peak values predicted in the lower-bound
temperatures and temperature gradients consistent witttemperature distribution were approximately equal to the
metallurgical observations of the TMI-2 vessel steel transition temperature.) The initial temperature distribu-
sampled. The 2-D structural model used in the global tion from the lower-bound case was used to bound
vessel failure analyses was applied to calculate thermal possible temperatures in this cooler case; that is, a linear
plastic, and creep strains when the vessel is subjected to temperature distribution through the thickness with a
localized heat source. 327°C inner surface and a 27C outer surface.

To understand the relative roles of the hot spot The structural response results for Case (b) are in
temperature distribution and the global background Fig. 6, which shows damage rate vs. time. Note that for the 2-
temperature distribution outside the hot spot, two casesD structural model damage is defined in the 2-D model as the

Damage rate (1/h)

-5 | lHHM | lHHM | lHHM | lHHM | lHHM L LIl
10

10? 10°

Time (h)
Fig. 6 Damage rate vs. time for localized failure analysis of hot spot tem-

peratures on a cool background.
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averageof the damage evaluated at all integration points The Structural Mechanics Peer Review Group
along the shell's meridian. Four important peaks, labeled 1defined MTF for creep to be the difference between time
through 4 in Fig. 6, are in the damage rate. to failure and the time at which pressure and temperature
The first peak (point 1 in Fig. 6), which occurs states are fixed at points of maximum damage rate. Hence
between 3 and 30 seconds, was associated with thehe MTF for this case was evaluated by assuming con-
thermal shock (i.e., the nodes on the inner surface experistant temperature and pressure conditions for each of the
enced a relatively severe damage rate as they reachegeaks in Fig. 3 and predicting time to failure, as
temperatures in excess of 1027 yielding in compres-  discussed in the Approach. The initial peak associated
sion as they expanded against the cooler shell). Thiswith the thermal shock (during melt relocation) was not
severe damage rate was diminished as the temperatureelevant to the MTF analysis because only the material on
front moved into the interior wall of the vessel. the inner surface experienced elevated temperatures
The second peak (point 2 in Fig. 6) occurs at just over during the first 30 seconds of the transient. Hence MTF
1000 seconds into the transient and represents the large$br this case is the minimum failure time estimated in
rate (0.1 hY) at any time during the transient. This state MTF calculations for peaks 2, 3, and 4 in the damage rate
occurred when the temperature front had elevated thecurve. The minimum MTF was obtained by fixing the
outer surface temperatures to levels of 527 to°&7The pressure and temperature conditions corresponding to
outer surface material was supporting a large tensilepeak 3. The MTF for this is estimated at 8 hours.
stress (~250 MPa) and at this temperature experienced The cases examined in this localized vessel failure
both a high damage rate and creep rate. The damage ratenalysis indicate that background temperatures play a
dissipated when the temperature front completely pivotal role in determining whether the vessel is predicted
penetrated the shell and thus pushed the outer surfacéo survive. The vessel is predicted to fail when hot spot
temperature above 72T, which reduced the tempera- temperatures are superimposed on a global temperature
ture gradient and associated stresses. distribution obtained with heat fluxes corresponding to
At 1.6 hours into the TMI-2 transient, the system was lower-bound input assumptions; however, the vessel can
repressurized, and the damage rate experiences a thirdurvive local hot spots in the temperature range and of the
peak (point 3 in Fig. 6), although of substantially lesser duration inferred from TMI-2 metallurgical examinations,
size than the transient heat-up peak. The fluctuations inbut the balance of the shell must remain cool.
the repressurization peak mirror the fluctuations in the
TMI-2 pressure history associated with relief valve Sensitivity to Debris Cooling
opening and reseating. Although the transient pressureand Failure Criterion

fluctuations continued until 260 minutes after relocation, ,
: . As noted previously, thermal analyses were performed

these calculations assumed a constant pressure for time . . ) .
. . . On the basis of debris properties (decay heat levels, “slow
periods greater than 180 minutes after relocation and thus__ . =~ 7 . i
. . cooling” evidence) from the companion debris sample
caused the fluctuations to disappear from the damage

S L examinations; however, thermal and structural calcula-

rate plot after this time. Repressurization to 14.5 MPa at ; X . . o
: . tional results combined with metallurgical examination
2.1 hours also corresponds to the attainment of maximum

. results suggest the hypothesis that some form of cooling
temperatures in the shell, so the damage rate decrease : . X
L occurred that was not evident in the TMI-2 companion
shortly after repressurization as the shell cooled.

The final damage rate peak (point 4 in Fig. 6) occurs debris samples. In addition, analysis results suggest that

approximately 24 hours after the major melt relocation oc- the stress-based failure criterion that is used to predict

i X ) i failure may be too conservative. Analyses performed to
curred and is associated with cooldown. During the heat-up. : . . . .
) . . . investigate the effects of debris cooling and failure crite-
and high-temperature periods, material near the inner surface. , . . X
. ) . rion on calculational results are discussed in the following
of the vessel at its base experienced compressive stress and .
underwent negative creep strain under compressive load. As™

the vessel cooled, this material then contracted and experi- ) )

enced tension. As the material temperature dropped duringgggpgiij'ga?gg“s Internal Energy
the cooldown period, tensile stresses on the bottom inner
surface exceeded +100 MPa and thus caused rapid damage Initial scoping calculation results suggest that some
accumulation and the damage rate peak at 24 hours, which iform of debris cooling occurred within the vessel after a

shown in Fig. 3. major relocation occurred (approximately 224 minutes)
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and before the vessel was repressurized (approximatelyf Fig. 7, indicate that the vessel would fail at 2.6 hours
320 minutes). Through the application of some simplify- for a hot spot on a background equal to 50% of nominal
ing assumptions related to heat transfer within the vesselcase heat flux, but the vessel would survive on a back-
equations for volume, mass, and energy conservationground of 25% of nominal case heat flux. For the 33% of
were used to obtain an order-of-magnitude estimate of thenominal case, results in part a of Fig. 7 indicate that the
change in debris internal energy after debris relocation.damage rate begins to rise during the repressurization pe-
Sources of coolant entering the vessel during the timeriod, which implies that failure is
period of interest include normal RCS makeup and high- imminent. Depressurization 4 hours into the transient
pressure injection from the emergency core cooling sys-enables the vessel to survive a couple of hours longer, but
tem. Sources of coolant exiting the vessel during this time ultimately the vessel is predicted to fail at 6.5 hours after
period include normal RCS letdown and coolant flowing melt relocation. These results indicate that, under slow
out the open power-operated relief valve (PORV). Thesecooling conditions and with a stress-based failure
coolant flow rates and associated uncertainties werecriterion, the vessel can survive a hot spot in the presence
quantified with results from previous analyses of plant of background heat fluxes between 25 and 33% of nomi-
data?!-24 The amount of decay heat input nalvalues.
to the system was quantified with information in Ref. 25 The second form of cooling considered was a rapid
to account for the reduction caused by volatile fission- cooling mode in which gaps or channels between the
product release. lower debris crust and the vessel allowed relatively high
Calculation results indicate that the debris internal flow rates of coolant between the debris and the vessel.
energy decreased between relocation and vesse(These high flow rates rapidly cooled the vessel and outer
repressurization. Calculations considered upper and lowerportions of the debris but left interior portions of the
bounds for all the input parameters, such as coolant flowdebris relatively hot.) Analyses were performed to inves-
rates entering and exiting the vessel and debristigate the cooling needed to obtain vessel cooling rates
decay heat levels. Hence results from these scopingconsistent with the values observed in metallurgical
calculations should be viewed as order-of-magnitude examinations of specimens in the hot spot region,
estimates; however, results indicate that a negativename|y, that vessel specimens from the hot spot region
change in debris internal energy occurred for the time ynderwent cooling rates between 10 and *ID@in in
period of interest in all the cases considered and supporthe ferritic-to-austenitic transition temperature region
the hypothesis that debris cooling occurred that was Not(727 to 827°C) at approximately 30 minutes after the hot
evident in the TMI-2 companion debris samples. gspot reached 104T. Rapid cooling calculations were
Although considerable uncertainty is associated with performed for cases of hot spot temperatures on 33 and
these results, scoping calculations suggest that thesgo, of nominal background heat fluxes. The heat sinks
estimated decrease in debris internal energy is sufficientrequired to obtain these cooling rates were 25 and
for all the debris that relocated to the lower head 10 125 kwin?, respectively. Under rapid cooling conditions,
solidify and experience a decrease in temperature ranging; js concluded that the structure must be close to failure
from 420 to 2250C. before initiation of cooling for the vessel to subsequently
fail. For these conditions, additional damage or strain
accumulated during the cooldown period is minimal. The
Although there are insufficient data from the compan- difference between cooling rates is exhibited in the
ion debris samples to determine the exact mechanismdiming and magnitude of damage peaks associated with
that caused the rapid cooling of the debris within the first cooldown. The faster cooling rate produces higher tensile
2 hours after relocation, two possible forms of cooling stresses earlier in the transient, which results in an earlier
were investigated. The first form of cooling considered and larger damage rate peak. Unlike the case illustrated in
was a slow cooling mode in which channels or cracks in Fig. 6, however, the structure moves through this peak
the debris allowed for infusion of water that cooled the quickly, with little additional accumulated damage, and
debris near the channels but left interior portions hot. This the damage rate then falls rapidly to a benign level. Simu-
slow cooling was investigated by analyzing cases with alations were also run for a hot spot on 75% of the nomi-
hot spot temperature distribution superimposed on 25, 33 nal heat flux, but these simulations predict vessel failure
and 50% of the background heat fluxes obtained usingin a little over 2 hours. Hence the vessel can survive a hot
nominal case input values. Results, summarized in part aspot in the presence of background heat fluxes between

Slow and Rapid Cooling Analysis
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Fig. 7 Summary of slow and rapid cooling results obtained with a stress-based fail-
ure criterion: (a) slow cooling results and (b) rapid cooling results.

50 and 75% of the nominal case heat fluxes during theperiod estimated in metallurgical examinations. Thus

30-minute time interval that hot spot temperatures are analyses indicate that both slow and rapid cooling mecha-

sustained and before the initiation of rapid cooling. nisms must be considered to obtain results consistent with
In summary, analyses indicate that both slow and TMI-2 VIP examinations.

rapid cooling occurred in some debris locations during

the first 2 hours after melt relocation. If only a slow cool- Configurations to Obtain Required

ing mechanism were present, the vessel temperature$00ling Rates

would not experience the rapid cooling rates observed in  Although there are insufficient data to quantitatively

the metallurgical examinations. Furthermore, the vesseldetermine the exact cooling mechanisms required to

will not survive hot spot temperatures on the nominal obtain a vessel response consistent with metallurgical

case heat fluxes long enough to permit material to exist atdata, scoping calculations were performed to investigate

elevated (>1056C) temperatures for the 30-minute time the potential for channels and gaps within the debris to
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cause this cooling (the presence of this cooling would needed to obtain cooling rates consistent with the cooling
allow consistency of the companion debris sample data,indicated by metallurgical examinations. The characteris-
the vessel steel sample data, and the thermal and struaic deformations used to define instability are the maxi-
tural response analyses). Estimating the number and sizénum hoop strain, t, located underneath the hot spot;

of debris channels and the size of debris-to-vessel gapshe maximum vertical deflection, w, also located under
requires many assumptions related to debris propertieshe hot spot; and the maximum rotation of the shell
and heat transfer parameters. This large uncertainty inmeridian from its undeformed stat®, located some-
input parameters was treated by estimating upper andyhere in the cusped region of the undeformed shell.

lower bounds for each parameter and obtaining results by |n the slow cooling calculations, simulations were
propagating upper- and lower-bound estimates. Lower- performed involving the hot spot on background heat flux
bound geometric parameters for channels within the distributions corresponding to 100, 75, 62.5, and 50% of
debris and between the debris and the vessel werghe nominal case. Results for the 62.5 and 50% nominal
selected to minimize heat transfer capabilities. As ¢ases are shown in part a of Fig. 8. For the 50% nominal
discusseo! previously,_results indicate that both rapid_ andcase, the bulk of the vessel remains sufficiently stiff to
slow cooling mechanisms were needed to be consistentestrain the hot spot region; consequently, tensile stresses
with metallurgical examination data. Therefore it iS jn the hot spot region 4 hours after relocation are quite
assumed that the simultaneous presence of cracks anghogest. When the system depressurizes at 4 hours, the
gaps within the debris provides multiple pathways for yegsel unloads elastically, and most of the vessel under
steam release (e.g., water may travel down along the gaghe hot spot subsequently experiences compression.
and boil up through cracks). To maximize the number of nger these conditions, the vessel creeps down in the

cooling cracks and the gap size required to cool the g 5ot region and ny/decreases. Maximum values of w
debris, the heat transfer from the debris to the coolant WasandB remain nearly constant.

minimized by assuming that the coolant traveling through Deflections for the case with 62.5% nominal are

tr:ese_ cracks andhgapsdrerr]named In a Illqwd state an _nﬁéubstantially greater than those for the case with 50%.
9 eth'n? :ny en ancdeb _l_eat ;eﬂwova lassomate With\when the vessel is less restrained, more tension exists,
subcooled or saturated boiling of ine coolant. and no discernible decrease in hoop strain occurs when

Results indicate that a relatively insignificant volume the pressure decreases. Once depressurization stops at

of channels within the TMI-2 debris bed _(<_1A) of the 5.25 hours, the deformations again begin to increase. The
debris volume) could have rem(_)ved a S“ﬁ'c'ef_‘t amount increasing deflections near 6 hours for the 62.5% case
.Of _heat to preclude vess_el failure. Calculgﬂons also suggest, however, that it is unlikely the vessel would

indicate that coolant traveling through a relatively Sma”_survive upon complete repressurization to 16 MPa at 11
gap (a value of 1 mm was assumed) between the demlshours. It is concluded that, under slow cooling conditions

antq thte dvgssel E:o”uld _caluse the \t/_ess:ajl tcooklrt]r? rathesand a deformation-based criterion, the vessel can survive
estimated by metaliurgical examination data. Oudn 5 hot spot on a background heat flux between 50 and
companion debris sample examinations did not substantl-62 5% of the nominal level

ate the hypothesis that portions of the debris cooled In the rapid cooling calculations, simulations were

W|th|n| the first 2 hcl)lurs, the m;SSftEftLhe compt?]m;)n (Ijebrtls erformed for hot spots on background heat fluxes equal
samples was smat compared wi € mass hat relocated, 62.5, 75, and 80% of the nominal level. Results in

(<7 kg of the 19 000 kg that relocated were examined). part b of Fig. 8 indicate that the vessel easily survives

rapid cooling from 62.5% of nominal, and all deforma-
tions asymptotically settle to benign values. When rapid
Vessel deformation and damage distributions obtainedcooling is initiated from hot spots on 75% of nominal,
in the initial scoping calculations indicate that failure however, the vessel has already experienced substantial
strains are quite modest (<10%). For these reasons, theleformation before initiating cooling. The inspection of
Structural Mechanics Peer Review Group suggested thaturves in part b of Fig. 8 indicates that during the cooling
another set of structural simulations be performed with a period the rotatiofd actually decreases but then begins to
failure criterion based upon mechanical instabflity. climb again once cooling is completed. The depressuriza-
Calculations were performed to investigate the influence tion period between 4 and 11 hours greatly slows the rate
of failure criterion on the amount of slow cooling needed of vessel deformation, but repressurization to 15 MPa at
to preclude vessel failure and the amount of rapid cooling 11 hours causes the deformation to increase dramatically.

Sensitivity of Results to Failure Criterion
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Fig. 8 Results obtained with a deformation-based criterion: (a) slow cooling results and

(b) rapid cooling results.

It appears that under rapid cooling hot spots on 75 andSUMMARY
80% of nominal background heat fluxes cause failure in

approximately 13 and 11 hours, respectively. Therefore it  Data available from the OECD-sponsored TMI-2 VIP,

is concluded that, under rapid cooling conditions and the plant instrumentation during the accident, and previous

deformation-based criterion, the vessel can survive a hotTMI-2 research programs were used to estimate the MTF

spot on a background heat flux between 62.5 and 75% ofthat existed in the vessel during the accident. These data

nominal. also provided a unique opportunity to evaluate the predic-
tive capability of severe accident analysis models for
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which limited validation data exists. The MTF analysis e.
effort of the VIP included calculations to consider four
vessel lower-head failure mechanisms: penetration tube
rupture, penetration tube ejection, global vessel rupture,
and localized vessel rupture.

Analyses results indicate that tube rupture and tube
ejection could be eliminated as potential failure mecha-
nisms during the TMI-2 accident. Global vessel failure 8.
analyses suggest that significant debris cooling, not
considered in severe accident analysis models, must have
occurred within approximately 2 hours after debris ¢
relocation to the lower head. Analyses also indicate that
additional data are needed to select an appropriate vessel

7.

failure criterion because the magnitude of cooling 10.

required to obtain vessel temperatures consistent with
values inferred from vessel steel examinations was sensi- ,
tive to the failure criterion used in structural response
calculations. Although examinations of companion debris
samples did not provide supporting evidence of this

additional debris cooling, metallurgical examinations did 12-

provide evidence that this cooling occurred in the hot spot
location. Localized vessel failure analyses indicate that it
is possible for the vessel to withstand the hot spot tem-

peratures for time periods inferred from VIP metallurgi- 14.

cal examinations provided that the balance of the vessel is

relatively cool. Although there are insufficient data to 15

determine the exact mechanisms that caused the debris t
cool, scoping calculation results indicate that a minimal
volume of cooling channels within the debris and a mini-
mal size gap between the debris and the vessel could

supply the cooling needed to obtain vessel temperatures-7-

and cooling rates determined in metallurgical examina-
tions.
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