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ABSTRACT

The TMI-2 accident resultedin approximately40% of the reactor'score

melting and collecting on the lower head of the reactorpressure vessel.
tw

The severity of the accidenthas raised questionsabout the margin of

safety against rupture of the lower head in this accident since all

evidence seems to indicateno major breach of the vessel occurred.

Scoping heat transfer analysesof the relocatedcore debris and lower head

h_ve been made based upon assumedcore melting scenariosand core material

debris formationswhile in contactwith the lower head.

This report describesthe structuralfinite elementcreep rupture

analysisof the lower head using a temperaturetransientjudged most

likely to challengethe structuralcapacity of the vessel. This

evaluationof vessel responseto this transienthas provided insight into

the creep mechanismsof the vessel wall, a realisticmode of failure, and

a means by which margin to failurecan be evaluatedonce examination

providesestimatedmaximumwall temperatures. Suggestionsfor more

extensiveresearch in this area are also provided.
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SUMMARY

The lower head of the TMI-2 reactor pressure vessel (RPV) withstood a

considerable thermal challenge from the 15 to 20 metric tons of molten

core material which settled upon it during the TMI-2 accident.

Interpretation of the TMI-2 instrumentation measurements suggests that the

molten core material settled from the core to the lower head in less than

one minute. Important questions remain to be answered regarding the heat

transfer from the core debris to the head, the localized damage to the

head, and margin-to-failure of the lower head. These questions are of key

importance in understanding severe accidents and the capability of severe

accident models to predict core damage progession leading to vessel

failure. There are a number of uncertainties involved with the mechanisms

of this relocation. The debris configuration, debris heat transfer

properties, and vessel wall mechanical response to these severe conditions

have not been clearly understood. This report focuses upon the questions

involved with the vessel mechanical response: ultimate strength and creep

behavior of the vessel. From this investigation the importance of vessel

wall inner surface temperature magnitudes and the effect of accident

temperatures on instrument assembly penetrations are assessed .

Heat transfer analyses have been performed using bounding assumptions

in the lower head debris configuration and heat transfer properties

between the debris and the vessel wall(1). The upper bound thermal

challenge to the vessel is postulated to result from a consolidated

metallic/ceramic layer of core material adjacent to the vessel wall. The

lower bound thermal challenge is envisioned to result from a porous debris

bed separated from the vessel wall by a layer of non-fuel structural

material. An intermediate level of thermal challenge is considered to

result from a porous debris bed resting directly upon the lower head. In

addition to these debris bed configurations, assumptions in debris

coolability in the presence of operating system coolant have also been

made. Assumptions of dry debris cooling as well as quenching by reactor

coolant have been made for each of the debris bed configurations.
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Simple calculationsof stress based upon force equilibriumin the

vessel wali indicatedthat some of the temperaturedistributions

envisionedwould cause vessel head failurebased solely upon materia'l

ultimate strengthat the indicatedtemperatures.This calculation

considered the minimum pressure within the reactor vessel during the
b

relocationtemperaturetransient and the ultimate strengthof the vessel

material,which is a functionof temperature.This observationshowed that

all of the assumeddebris configurationswith non-quenchedcooling and the

upper bound debris configurationwith quenchedcooling would fail the

vessel. This failurewould be caused by high temperaturesloweringthe

vessel wall ultimate strengthbelow stresslevels caused by reactor system

rressure.The remainingtemperaturescenariosto be investigatedrequired

more detailed analysis in which material creep propertieswere considered.

The most severe of these was the intermediatequenched debris case, which

was the one consideredin this analysis.

The detailed structuralanalysiswas performedusing ABAQUS,a

structuralfinite element code with geometricand material nonlinear

capabilities.Time dependentsystem operatingpressurewas consideredas

wellas the selected temperaturehistory. Material creep behavior and

ultimate strengthpropertieswere derived from data resultingfrom

material tests performedup to 922K (1200°F)(2).

The calculatedvessel wall maximum plasticand creep deformationswere

approximatelyI% strain. These strainswere not large, however, compared

to test data indicatingcreep strainsat ruptureof about 35% and ultimate

strengthelongations _f 25%(3). This points out that even though

temperat,aremagnitudeswere quite high on the inner surfaceof th_,wall

(130OK), severe thermaldamage in the form of material yielding and

creeping was restrictedto a rather localizedarea near the inner

surface. The calculationsindicatethat the averagevessel wall

temperatureswould not have resulted in significantcreep during the

selected temperaturetransient. Some redistributionof the "loadingfrom

the region ;iearthe inner surfaceto the outer, cooler regionsof the

vessel wall did occur, however,causing plasticdeformationon the outer

surfaceof the wall and at points near the midsurface.
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Major findings based on these initialstructuralcalculationsinclude:

I. Even though the wall inner surface temperatureis important,

average wall temperaturesare more critical to the structural

capacity of the vessel.

2. Additionalcalculationsshould be made to correlatethe

margin-to-failureof the vessel (structuralcapacity)

with possible vesselwall temperaturehistories.

3. Prior to such calculations,material test data at temperatures

beyond those presentlyavailablemust be performed to provide

more accurate high-temperaturematerialproperties of the lower

head.

4. The nozzle penetrationsare not expectedto significantlyreduce

the ovcrall capacityof th_ lower head, but this is an area

requiringfurther study before more definite conclusionscan be

made.
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1.0 INTRODUCTION

The TMI-2 accident resulted in extensivecore damage. The defueling

" e'Ffortof the reactor vessel by EG&G Idaho has shown that about 40% of the

original core achievedmelting temperaturesand approximately20 metric

- tons of molten core material relocatedfrom the core region and settled on

the lower head of the reactor pressurevessel (RPV)(I). The high

temperaturesin the RPV wall resultingfrom this relocationhave caused

questionsto be raised about the margin of safety between the actual

accidentconditionsand those requiredto breach the vessel.

The usage of simplifiedmethodologyfor answeringthese questions is

preferrablesince the informationneeded to calculate structuralcapacity

of the vessel is not now, nor may ever be, well defined for TMI-2.

However, simplificationof a complex structuralresponse requires

assumptionsand approximationswhich must be verified in order to provide

a reasonableestimate of margin-to-failurefor vessel rupture. The

objectivesof this investigationwere to establisha method by which

safetymargin could be assessed,performscopingcalculationsto provide

insight into the mechanismsof failureand parameterscriticalto their

cause, and provide some assessmentof the validity of using simplified

techniquesfor predicting safetymargin of reactor vessels in such severe

accidents.

Since the exact scenarioof core relocation is not known, bounding

assumptionswere made in the finite elementhe_t transferanalyses

modeling the energy transfer from the molten debris to the vesselwall.

- The results of these bounding analyseswere temperaturedistributions

which could result from the variousdebris configurationsand cooling

assumptions. Some of these distributionswere identifiedby simple

analyses as being able to fail the vessel.The remainingones required a

more detailedevaluation for margin-to-failuredetermination.



Subsequently,a structuralfinite element stress analysis was

performedconsidering:a plausible temperaturedistributionhistory,

operatingsystem pressure,material temperature-dependentplastic and

creep properties,and nonlinearstructuralresponse. From this analysis,

insight is offered upon the possible failuremechanismsand the

appropriatenessof simplifyingassumptionsfor margin-to-failure

determination. Additionally,areas of needed research for improvedmargin
,.

estimates are discussed.

Section 2.0 of this report describesthe characteristicsof the lower

head of the RPV. Section3.0 discussesthe logic for determining

margin-to-failureand for using th_ selected temperaturedistributionin

the detailed analysiswhile Section 4.0 describesthe heat transfer and

structuralmodeling for this investigation. Section5.0 providesresults

of the analysis and Section6.0 draws conclusionsand makes

recommendations.



2.0 DESCRIPTIONOF THE VESSELLOWERHEAD

r

The TMI-2 RPV is a skirt supportedvessel designedby Babcock and

. Wilcox. A cross section of the vessel arrangementis shown in Figure I.

The cylindricalportion of the RPV has an inner radius of 217 cm (85.5

in.) and a wall thicknessof 24.1 cm (9.5 in.) while the sphericalbottom

head has an inner radius of 222 cm (87.25 in.) and a minimum wall

thicknessof 12.7 cm (5.0 in.) The skirt thickness is 5.1 cm (2.0 in.),

The vessel has a stainlesssteel liner of 18-8 weld overlay with a nominal

thicknessof .48 cm (3/16-in.)and a minimum thicknessof .32 cm

(I/B-in.). The lower head contains 52 instrumentpenetrationnozzlesmade

of Inconelthrough which the in-core instrumentassembliesaccess the

reactorvessel.

The lower head is constructedof an axisymmetricforged section in the

region of the vessel-skirtjunction which is indicatedin Figure I. This

: forging is constructed of SA508-64,Class 2,material. The lower section

of the head is constructedof SA533 Grade B, Class I, plate material. A

circumferentialfull penetrationweld connects the forgingto the plate

sectionof the head near the shell-skirtjunction. For this analysis,the

debris was assumed to have settleduniformlyon the bottom head. This

limits the region of the vessel undergoingthermalattack to the bottom of

] the vessel,well away from the full penetrationweld but in a region where

numerous instrumentassemblypenetrationsare located.
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3.0 DISCUSSIONOF LOWERHEADMARGIN-TO-FAILURE

Margin-to-failure determination requires knowledge of the vessel

head's structural capacity and the loading actually applied to the head.

Becauseof a lack of physicaldata on the debris bed and no measurements

of vessel w.alltemperaturesduring the fuel relocationperiod, the thermal

loading on the head was envelopedutilizinglimited informationknown

about thedebris bed, assumptionsin the characterof the debris bed, and

finite element heat transfer analyses. The mechanicalloads were limited

to operatingsystem pressure,which was monitoredduring the relocation.

Material propertiesare not completelydefined for temperaturesin the

upper bound temperatureprofile. Therefore,estimates in propertieswere

made in the structuralfinite elementmodelsin order to determinevessel

capacity.

The followingsubsectionsdescribethe thermaland mechanical loading

and discuss the method for making initialestimatesof capacity and

subsequentselectionof temperatureprofilesfor refinementof these

estimatesby using a structuralfinite elementmodel.

3.1 Bo,lndingVessel Wall Thermal Histories

A lack of physicaldata on the lower head debris bed has caused

uncertaintyin the understandingof the actual rate of heat transferfrom

the debris to the vessel wall. This affectsthe wall temperature

distributioncalculatedin the heat transferanalysis and its subsequent

effect upon the vessel head's structuralanalysis. Therefore,a study

aimed at bounding the possiblevessel thermal response has postulated

three debris bed configurationsas shown in Figure 2. This study was

based upon informationfrom the preliminaryinspectionof the debris bed.

J
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Figure 2. Bounding Debris Configurations



Figure,2(a) illustratesthe debris bed configurationthoughtto result

.q in an upper beund thermal load in the vesselwall, This consists of a

porous debris bed with regions adjacentto the vesselwall having

intersticesfilledwith molten controlrod material,resulting in a

, consoiidatedmetallic/ceramicsublayer. This sublayer is assumedto

transmitheat 'Lothe vesselwall very rapidly. The lower bound case shown

in Figure 2(b) is assumedto consist of a layer of solidifiedcontrol rod

material aHjace._tto the vesselwall which had relocatedprior to the

major core relocation. This layer was then covered with porous debris

f_'omth_ core. In this case_ the layer of solidifiedcontrol rod material

acts as a heat sink and additionalthermalresistanceto heat transfer

between the debris and the vessel wall.

The cooling of the debris and transfer of heat to the lower plenum

coolant is another importantuncertainty. Debris cooling was estimated in

-- the calculatior,s by boundingassumptionscn the heat transfer ard

quenchingrates of the debris. An upper bound on the ratp of debris

cooli.;gwas assumed to result fro,T,.;aterpenetrationinto the debris bed

and resulted in coolingof the debris within 20 minutes. A lower bound

: assumptinnon the rate of debris cooling assumedno water penetrationinto

the debris bed, thus limitinghe_t transfer from the debri._to" conduction

throughthe debris, surfaceconvectionto the coolantat the upper debris

surface,and convectionand conductionto the vessel wall at the

c1ebris/vessel Interface.

Figure 3 iilustratesthe resultsof the heat transfer analyses. The

inside vessel wall tempera'Lures,labeled "I.S.",and outside wall
-

"O S."; tempe;'atures, . , are indicated. The vesselwall temperaturesfor the

assumptionof no liquid penetrationand quenchingof the porous debris,
t

are shown as solid lines while the temperatures assuming quenching of the
=

porous debris are denotedby dashed lines.
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3.2 MechanicalLoads

Figure 4 shows the variation in the operatingsystem pressureduring

and after the relocation. This pressure,which was monitoredby pressure

. transducersduring the accident,was the major contributorto the

mechanical loads on the lower head. The combined pressure on the lower

, head resulting from water in the RPV and the weight of the core material

distributedover the lower head amountedto about .07-.14MPa (10-20psi)

compared to operatingsystem pressuresas high as 11 MPa (1600 psi) during

the relocationperiod. The weight of the reactorvessel is transferred

through the cylindricalportionof the RPV down to the skirt supportwhich

is well away from the high temperatureregion. Therefore,the system

transientpressurewas the only significantforce causing primarystress

in the lower head.

This type of stress is not self-limiting,i.e., it does not reach a

limit as strainsincrease. Therefore,this load must always be carried by

the lower head vesselwall to maintain structuralintegrityof the RPV. A

simple calculationof the tangentialstress in the lower head, a uniform

stress through the wall resultingfrom the system pressure, indicatesa

minimum stress resultingfrom system pressureduring the transientof 74

MPa (II ksi).

3.3 Vessel MarQin-to-Failure

The effects of creep on a structure'scapacity are quite complexand

not easily determinedwhen temperaturesare not uniformly distributed

. throughoutthe structure. This structuralcharacteristicaccompaniesthe

material'sultimate strength at temperaturesabove 700°F for carbon

. steels such as is found in RPV's. However, since ultimate strength is a

" temperature-dependentbut not a time-dependentmaterial characteristicas

is creep, it can be used to screen some temperaturedistributionsout of

the list of possibilities,consideringthat the vessel capacity was not

exceeded during the accident.
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Inspectionof Figures 3(a), 3(b), and 3(c) shows the dry cooling

assumptionin each debris configurationcauses temperaturedistributions

through the wall whose averagetemperaturestrend linearlyupwardbeyond

2000 s after the core relocation. If one extends the ultimatestrength

curve of SA533 Grade B Class I, the material in the vesselwall under the

settleddebris,the ultimate strengthis approximately69 MPa (10

, ksi)(2) at 1144K. This is about the minimum stress induced in the

vessel wall by operating pressureduring the early stages of the

relocationwhen the vessel wall temperatureswould be highest. A_ can be

seen in Figure3, the temperaturedistributionsresultingfrom the dry

debris coolingfor all of the configurationseither exceed this

temperaturethroughoutthe wall within the first 2000 s of the transient,

as in the case of the upper bound: or indicatesa trend in which minimum

w;Jlltemperatureswould exceed 11t.4Kwithin 7000 s of the transientin thr

intermediateand lower bound debris configurations. This would indicate

that the dry porous debris cooling assumptionsdo not appear to be
m

crediblewithout a vessel breach,which does not appear to have happened.

By the same reasoning,the upper bound configurationwith quenched porous

debris coolingwould also have low probabilityof occurrence.

This essentiallyleaves the intermediateand lower bound

configurationswith the quenchedporous debris cooling assumptionbeing

the more probable temperaturescenarios. In both cases, the inside

temperaturewould be temporarilyhigh enough to reduce the ultimate

z strengthon the inside below expectedpressure stresses;however, the

outside temperatureswould be low enough that ultimate strengthcould

easily exceed expected prima_y stresses. Therefore,these scenarioscould

not be screenedout for having low probabilityof occurrence in the

. simplisticmanner discussedabove. Thus, these scenarioswere ones

requiringcloser scrutinywith a detailed structuralmodel.
z

.
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4.0 MODELING OF THE DEBRIS HEAT TRANSFER

AND THE VESSEL WALL STRUCTURALRESPONSE

The screeningprocesswas performedto focus on the more probable

temperaturehistoriesin the accident. The gross assumptionof neglecting

the effects of thermalbending in the wall did not allow a determination

with high certaintyof the possible failuremodes of the accident, lt

only produced a place to start the analysis. By use of the detailed

stress analysis,insightinto the effectsof thermal bending, creep, and

plasticitywas anticipated.

The intermediatelevel debris configurationwas chosen as the

transientto investigatesince it was the more stringentof the two

remainingplausibletransientswhen vessel creep responsewas considered.

4.1 Heat TransferModel

Figure 5 shows a schematicof the axisymmetricfinite element heat

transfer model of the lower head and relocatedcore material. The

illustrationindicateslocations,or stations,along a meridian of the

lower head for which radial temperaturedistributionsare defined for the

structuralmodel of the lower head. This particularmodel is a

modificationof the original model by Moore(I) using the

COUPLE/FLUID(4) finit_ element code to providea radial temperature

distributionat five points through the wall correspondingto nodal

locationson the structuralmodel. This heat transfer code solves the two

dimensionalenergy transportequationusing quadraticelements.

°
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The heat transfermodel of the debris and lower head of th_ vessel

assumesaxisymmetricbehavioraround the RPV centerline and consists of a

porousdebris region of 121 elemeptsand a vessel wall region of 44

elements. The outer surfaceof the vessel wall simulatedheat transfer

throughthe thermal shieldto the interiorof the RPV support pedestal.

The containmenttemperaturewas assumed to be 311K (tOO'F)and the

initialtemperatureof the head was 559K (547"F)while the initial

debris temperaturewas assumedto be 2500 K (4040°F). A quench time

of 20 min was used and the quench front was assumedto move radially from

the outer edge of the debris bed towards the vessel centerline. A

constantenergy removal rate from the debris was assumedto determine the

radial quench front locationwith respectto time for the analysis.

Figures6 through 11 plot the temperaturehistoriesat the five radial

points throughthe wall at stations I, 2, 3, 13, 14, and 15 with inner

surface temperaturesbeing initiallyhottest. These temperaturehistories

correspondto the analysisof the intermediatelevel debris configuration

with quenched cooling° The quench front, i.e., the coolingwave moving

from the edge of the debris to the centerlineof the vessel, is

_*epresentedin Figures6 through 11 by the abrupt drop in inner surface

° temperature. The first three stations (indicatedon Figure 5) range from

the RPV centerlineoutwardwhile the last three stationsshow temperature

distributionsnear the outer edge of the relocateddebris. Stations 4

through 12 are not plottedbut offer intermediatevalues in temperatures

and quench front times. The rest of the structurewas assumed to remain

at a constant temperatureof 559K throughoutthe structuralanalysis.

14
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4.2 Structural Model

An axisymmetricmodel of the "lowerhead, skirt,and a cylindrical

portion of the RPV was made using the ABAQUS(5) nonlinear structural

, finite element code. An eight node, axisymmetriccontinuumelement, the

ABAQUS CAX8 element, was the primary element used in the model. This

. element uses a biquadraticinterpolationwith 3 x 3 integration. The CAX6

element, a six node version of the continuumelement,was used in the

model where triangularelementswere required. The model is shown in

Figure 12. The critical portionof the model, the sphericalhead region

below the skirt junction,was modeledwith two elementsthrough the

thicknessand ten along the meridian of the lower head up to the skirt

junction. Symmetricalboundaryconditions (fixedhorizontaltranslation)

were applied at the RPV centerlinedegrees of freedomwhile boundary

conditionsof continuity (fixedvertical translation)at the degrees of

freedomon the cylindricalportion of the RPV axisymmetricmodel were

imposed.

Since the scope of this analysis was limited to an axisymmetric

response of the lower head to the core relocation, the plate material,

SA533, Grade B Class I, was the primary material of concern.

High-temperature elastic-plastic and creep properties for SA533 Grade B,

Class I material have been documented by Reddy and Ayres (3) from tests

peFformed up to 922K (1200°F). Such properties beyond this

temperature are not available at this time. The ABAQUSmodel uses the

922K properties for any higher temperatures encountered at the element

integration points.

. Appendix A contains plots of the followingdata at various

temperaturesup to 922K (1200°F)as extractedfrom Reference3"

stress-straincurves, Young'smodulus and proportionallimit stresses, and

material creep properties. Also includedin this appendix are mean

coefficientsof thermalexpansioras derived from this referenceand used

in the analysis_

21
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The creep strain plots from Reference3 compare test data with an

analyticalconstitutiveequation developedto representthat test data.

That equation relatescreep strain to temperature,effectivestress,and

time in the followinggeneral form:

= AB o C tB

_m _

where" Ec = creep strain

A, B, and C = functionsof temperature

t = creep time

o = effectivestress

d

om = function of effectivestress and temperature.

The actual form of the equation and its associatedparametersas

stated in the referenceare also listed in Appendix A. Inspectionof

these comparisonplots show that the actual test data for the higher

temperatureswas limitedto smallerstress ranges. As will be discussed

" later in more detail,some effectivestressesencounteredin the TMI-2
_

analysiswere beyond these stress ranges and the constitutivelaw was used

as an extrapolationto this test data to approximatecreep strainsat the

higher stresses.

ABAQUS provides the option of either using a creep law supplied

o directly in the ABAQUS coding or a user-suppliedcreep law subroutine.

For this analysis,the ABAQUS creep law was used and, even though of

. slightly different form, was typically within about 10% of the creep

strain calculated by Equation (I) when appropriate parameters were used.

This was acceptable for these scoping calculations. The ABAQUScreep law

(in time hardening form) is as follows"

z
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(2) Ec : mA on tm+1
m+1

where" Ec = creep strain

A, m, n = functionsof temperature

(_ : effective stress

t = creep time

Comparisonof Equations(I) and (2) show them to be quite similar in

general form with the exceptionof the variableam in equation(I)

which is jointly dependentupon effective stress,o, and temperature.

However,by adjustingthe temperaturedependentparametersat discrete

temperaturesof 672K (750°F),755K (900°F),83gK (I050°F),and g22K

(1200°F)and at discrete effectivestressescorrespondingto those of

the test data of Reference3, plots of Equations(I) and (2) agree quite

weil. Figure 13 shows a comparisonof the two equationsat 839K and

effectivestresses of 68.95 MPa (!0 ksi), 137.9 MPa (20 ksi), and 206.35

MPa (30 ksi).

In actuality, ABAQUS cannot use the creep law 'irithe form of (2) but must

formulatethe law into an incrementalform. This is done by first

determiningthe creep rate from (2)"

z

(3) dE = A an tm

and then expressing the creep in incrementalform"

(4) AEc = A on tm At

where" t = creep time

At = time step

24 =-

. .==



25



In creep analyses,there are two generallyaccepted forms o# the creep

law. The first is the time hardeningform as shown in (3) where creep

strain rate is expressed as a functionof temperacure, stress,and time.

The second and more widely acceptedform, called the strain hardening

form, expressescreep strain rate as a functionof temperature,stress,

and accumulatedcreep strain. The strain hardeningform is developed by

solving for t in (2) and substituting that result into (3). The strain m

hardening form of the creep law was used in this analysis.

The temperaturedependent stress-straincurves of Caference3 which

are illustratedin Appendix A were used in the model in tabular form. !n

the same manner, the temperaturedependentmean coefficientsof thermal

expansion, Young'smoduli, and yield stresseswere also tabulated in the

model. ABAQUS interpolatesbetweenthese discrete tabulationsto arrive

at the variousparameters,as needed:during the thermal time history

analysis.

As was discussed in Section3.0, time varying temperatureswera

applied at all nodes in the vessel wall in the debris region of the

structuralmodel. The remainderof the model nodes were kept at a

constant 560K (547°F).

Since isoparametric finite elements were used in this analysis,

i elementalpropertiesare determinedas a functionof element integration

point temperatures. These temperaturesare determined via an

interpolation,or shape, functionwhich is dependent upon the chosen

element type. A quadraticpolynomialis used to interpolatenodal

temperaturesof each element to get integrationpoint temperatures. This

interpolation causes a significant difference between the inner wall nodal

temperatures and the inner most integration point temperatures in the

" structural elements. This seems justifiable since, for the given

= temperature scenario, the extreme temperatures are highly localized in thel

region of the inner surface of the vessel wall. Thus, the affected region

26



would load up, stress relieve, and redistribute load on the inner elements

in a smoothing manner similar to the effect of interpolation. This is an

approximation which seems app,_opriate since increased accuracy of the

temperature representation at the elemental level would require a very

large increase in model size. As a result of this temperature

interpolation, maximumintegration point temperatures encountered in the

structuralmode'(were approximatelyIO00K (1340°F)which is only

slightly higher than temperaturesfor which material creep and ultimate

strenqth test data are available.

In addition to the temperatureloading,the reactor system operating

pressure time historyof Figure 4 was appliedat all elements on the

inside surface of the structuralmodel. This pressure ranged from a

maximum of 11.6 mPa (1683 psi) to a minimum of 9.7 mPa (1406 psi) during

the e.nalysis.

The structuralanalysiswas broken into three sequentialsteps. The

first step broughtthe structureto a staticequilibriumstate at 9.7 MPa

(1407 psi')internalpressure and a uniform temperatureof 559K

(547°F). The_'ewas no nonlinearstructuralbehaviorduring this

step. These were the conditionsprior to the relocationtransient. This

- condition produced an average effective stress (von Mises stress) in the

wall of 86.9 MPa (12.6 ksi) which agreed with the calculation"

_

(s) a : pz
2t

_

where" _ = tangentialstress in a sphere

. p = internalpressure

• r = mean radiusof the sphere

t = wall thickness

=

_
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This stress changed very little throughoutthe region of the model under

the debris indicatingvery little influenceresultingfrom boundary

effects in this criticalregion for uniform pressure loading.

The second step of the analysis kept the internalpressure loading at

a constant 9.7 MPa but increasednodal temperaturesin the vessel wall

under the debris to the initialvalues of the temperaturetransientwhich

is partially illustratedin Figures6 to 11. The structuralmodel

incurredplastic deformationbut had no material (time-dependent)creep

propertiesin this step.

The third and final step utilized the end state of the second step for

initialconditions and added material creep propertiesto the structural_

model. This third step analyzed the time-dependentnonlinear structural

response of the lower head to the internal pressureloading exhibited in

Figure 4 and the nodal temperaturehistoriesexemplifiedin Figures 6 to

11. This analytical step extendedover the first 1600 s of the loading

transients.
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5.0 RESULTS

The resultsof the creep analysisare summarizedby the through-wall

stress gradients in Figures 14 and 15. Both plot the tangentialstress

componentgradientsof all three analysissteps described in Section 5.0.

Stresses are plotted at integrationpoints distributedradiallythrough

, the wall thickness. Figure 14 plots the stress distributionthrough the

wall near the RPV centerlineand Figure 15 plots the distributioncloser

to the edge of the debris bed at station11 as designated in Figure 5.

Step I, the elastic step, is designatedas "SI" while step 2, the

elastic-plasticstep, is labeled"$2". The gradientsfrom the

elastic-plastic-creepportion, step 3, are plotted from response stress

componentsat various times throughoutthis step. Each gradient in this

step is labeledwith the time in secondsof the visco-elasticanalysis at

which the gradient occurred. Only one of the tangentialstresseswas

plottedbecause both componentswere approximatelyequal throughoutthe

analysis• Integrationpoint stresseswhich indicatedyielding in step 2

are labeledwith a "Y" while integrationpoints in step 3, which indicated

plasticresponse occurringat the time of the gradient, are designated

with an "AY" (activelyyielding).
c

Inspectionof these two figuresshows that the stress gradient

i throughoutthe accident is dominatedby the temperatureeffects even

though the maximum integrationpoint temperaturewas only about IO00K

• "$I" in each(1350°F) Comparisonof the pressurestress gradient, ,

locationwith the subsequentstressgradients illustratesthis point.

Step 2 resulted in a high thermalbending stress gradientwhich produced

yielding throughouta major portionof the inner half of the vessel wall.

. As the analysisproceededthrough step 3, creep relaxationof the inner

= surface stresses caused a redistribution of the load to the center and

outer portions of the wall. Enoughof the "load was shifted to the outer

portion of the wall to achieve someplasticity at the outer surface. Once

the outer surface yielded, the load was again redistributed so that the

middle portion of the wall temporarily carried more of the load. However,

- 29

#



VESSEL WALL STRESS - RPV C.L.
inside Part̂ outside

500 i4o0 AY

_oo- Y Av __-4_AY
AY

"_-', 200 ;"
0
11.

"" 100 - 13 --- - _

0-_ ,
_ -loo -
e.

_ -2oo-
y Y = Yielding

-_oo- AY = Actively Yielding

'400 J y-_00 _ _I ........ i I _ ! i _ " I ...... i..... i .... w _i _ _-1-----"
0 2 4 6 B 10 12

VonmolWall Location (cre.)
rl Sl + 52 0 t-47 _, t-1 O0 X t-277

VESSEL WALL STRESS - RPV C.L.
Part B

5oo AY

4OO _ .

300 -

"-" 100 '
It

• , \,.\ .......

_" -1 O0
° _
¢ -2oo- ¢

A¥
-3O0 -

-400 - j,

-500- I i -'I - i ' i "'_ .......t' I ' ' ' I I----'t J......
0 2 4 6 O 10 12

VuuA Wall Location (cre.)
rl t--4.92 + t--1070 <> t-- 1200 Z_ t--1600

Figure 14. RPV Wall TangentialStress Distributions

at the Vessel Centerline

3O



VESSEL WALL STRESS - RPV STA. 11
inside poreA outstde

500 -

400-

A¥
_oo- y

.

,_ 200 -0

:=
v 100 -

" I ' _I¢I11

m 0-

. _
c -100 -

C

_ -aoo -

-300 -

-400 - y

--_00 -- : ::i--: -i -- i ..... I- :"3 ..... i : i .... I ! T .... l--'--'r--'---
0 2 4 6 B 10 12

Vos=selWall Location (cre,)
n SI + $2 • t-_7 & t--1 O0 X t-277

=

VESSEL WALL STRESS - RPV STA. 11
Port B

500 -

400-

3OO -

,_ 200-
rL

_ -IOO-
r-

-200 -

: ' -300

!

-400
'f

-_00 -- 'i .... _.... 1 ..... ,......... ] " _ '- 1 i --- -F .... _...... i-_:-:F _ --
0 2 4. 6 B 10 12

Vemm=iWatt LocatJon(cre.)
!:3 t--492 + t-1070 0 t--1200 & t--t600

Figure 15. RPV Wall TangentialStress Distributions

at Station ]I

31
-



by this time (t _ 277 s) the temperaturedifference across the wall at

all locationsunder the debris had reduced significantlyand the quenching

effects from the wall sectionsout at the edge of the debris bed started

to take effect. This resulted in temporarycompressivestress across most

of the wall thickness at the RPV centerline at a time of 1070 s. At the

same time, a general reversalof the thermal stress gradient (from the

initialcondition of step 2) occurredas the quench front moved from the

outer edge of the debris towardsthe RPV centerline. After this reversal,

the Same process of load redistributionoccurred as it had before. The

inner surfacewall stressescreep relieved in wall sectionsahead of the

quench front and redistributedthe load to the center and outer portions

of these sections. Some yielding,even in the center portion, resulted

from this redistributionas seen at a time of 1600 s at 'theRPV

centerline. Wall sectionsthroughwhich the quench front had already

passed did not creep relieve becauseof the lower temperaturesbut the

thermal stress gradient reduced as the temperaturedifferencethrough the

wall reduced at the RPV centerline.

Even though yielding did occur at various times at locations

distributedthroughout the wall thickness,the inelasticdeformationswere

rather small. Maximum elasticstrains, includingthermalexpansion,were

of the order of 2% while maximum plastic and creep strainswere each

approximatelyI%.

From this picture of the structuralresponse to the given temperature

history, a list of critical parametersto the severityof stress in the

wall can be made. They are as follows:

I. Thermal conductivitythrough the vessel wall

2. Heat capacityof the material

3. Quench front velocity

4. Contact temperatures
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5. Creep and plasticityproperti_';_S_:_fthe wall material above 922K

(1200°F)

6. Creep propertiesin the 672K (750°F)to 922K at high stress.

The first four parametersaffect the,severityof the thermal loadingwhile

the last two affect severityof material deformation.
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6.0 CONCLUSIONSAND RECOMMENDATIONS

The state of stress through the vessel wall is quite complicated. The

overall stress gradients are dominated by the thermal gradients in the

vessel wall under the debris bed. Plastic and creep deformations occur

causing redistribution of stress throughout the wall thickness. Stress

gradients also undergo reversals over the life of the transient. Plastic

deformations occur at various locations throughout the wall thickness at

various times during the transients. Both compressive and tensile

yielding occur on the inner half of the wall while primarily tensile

yielding is exhibited in the outer portion. Even though plastic

deformation was widely distributed, it was not very high. Maximumplastic

and creep strains were each in the I% range. Reference 3 reports creep

rupture strains at 783K (950°F) of about 35% and elongations at

ultimate strength and 783K (9500F) of about 25%.

Inelasticmaterial test data for SA533 Grade B Class I material are

presentlyonly availablefor temperaturesup to 922K. This transienthad

a brief period in which a highly localizedportion of the vessel wall

inner surfaceexperiencedtemperaturesas high as 1255K (1800°F).

Because of the elementalshape functions,the highest integrationpoint

temperatureswere about IO00K (1350°F). lt is estimated that

inclusionof these properties,if they were known for the higher

temperatures,would increaseplasticdeformations in the majority of the

wall only a minimal amount becauseof the highly localizeddistributionof

these high temperatures.

The conclusiondrawn from these scopingcElculationsis that rupture

of the lower head resultingfrom large temperaturedifferencesacross the

vessel wall is not very probable. The temperaturedistributionused here

restricts the high temperatures to the inside surface and the transient is
really not long enough to mobilize any significant creep in the wall which

would lead to rupture. For this type of temperature distribution, creep

only causes the high thermal compressive stresses on the inner surface to

relieve rather quickly and cause the wall to carry load in its outer

portions.
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Because a large thermalgradient across the vessel wall does not

appear to cause rupture,the more probable failuremode for rupturewould

occur at high uniformtemperaturesin the wall. When a significant

, portion, such as half of the vesselwall thicknessor more, experiences

• temperaturesat which ultimatestrengthof the head material is

approximately68.95 MPa (I0 ksi) and this temperaturelevel occurs over a

fairly large area of the lower head, rupturewould more likely occur. A

moY,_definitiveestimate of the requireddistributionof high temperatures

to cause rupturewould require furtheranalysisand additionalhigh

temperaturestestingof the SA533 material.

The part of the lower head which could cause vessel wall ruptureand

which is more susceptibleto creep than the SA533 material is the full

penetrationweld connectingthe forgingwith the plate material in the

head. This is because the welding process reducesductilityand, thus,

allowablecreep strains in the heat affectedzone(6). However, this

weld is higher on the head and, based on this analysis and the postulated

length of relocationtime, it does not appear that high enough

temperaturescould be reachedthrough a large enough portion of the wall

to cause substantialcreep strain in the weld.

Another area of concern for creep rupture is around the lower head

= penetrations. These penetrations consist of Inconel nozzles with sleeves

fitted through holes approximately 2.54 cm (I in.) in diameter bored inl

the lower head and welded at the nozzle base to the vessel inner surface.

If rupture of the nozzleoccurred,molten material could possibly flow

down through the penetrationuntil lower temperaturesin the penetration

walls froze the material in the tube. Again, because of the highly

• , localizedtemperatures,the effect in penetrationswould also seem to be

localizedbut further investigationinto the effect on the penetration

assembly should be evaluated in more detail.
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APPENDIXA

HIGH TEMPERATUREMATERIAL DATA FOR SA533

This appendixcontains experimentaldata results from Reference3
which were used in this analysis. FigureA-I plots stress-straincurves
from the tensiletests performed. Young'sModulus and proportionallimit
stress for various temperaturesdetermined in these tensile tests are
shown in Figure A-2.

FiguresA-3 through A-6 comparecreep strain test data with the
constitutivecreep law developed in Reference3. This creep law was
determined by curve fitting the test data to a power function having
parameterswhich are a function of temperatureand stress. Figure A-7
shows this creep law as extractedfrom the referencedreport. Comparison
of this creep law with the law as modeled in ABAQUS is discussed in
Section 5.0 of this report.

Coefficientsof thermal expansionreported in the referenceare
instantaneousvalues. Mean values from an ambientreferencetemperature
were calculatedfrom these instantaneousvalues and are listed in Table
A-I. These mean values were used in the model.

J

A-i



Contents

Figures

A-I - Stress-StrainCurves in the Range of lO - 1200"F
Temperature, 0 - 5 percentstrain for SA533 Material...........A-I

A-2 - Young'sModulus and ProportionalLimit Stresses for
SA533 Material in the TemperatureRange of 0 - 1200°F...........A-2

A-3 - Comparison of AnalyticalExpressionsand Test Data for
SA533 Material Creep Propertiesat 750°F........................A-3

A-4 -Comparison of AnalyticalExpressionsand Test Data for
SA533 Material Creep Propertiesat 900°F........................A-4

A-5 - Comparisonof AnalyticalExpressionsand Test Data for
SA533 Material Creep Propertiesat I050"F.......................A-5

A-6 - Comparisonof Analytical Expressionsand Test Data for
SA533 Material Creep Propertiesat 1200°F.......................A-6

A-7 - Creep Law from Reference3......................................A-7

Table

A-I - Mean Coefficientsof l'hermalExpansionin the Range
of 70 - 12000F..................................................A-8

A-ii

+_



A-.1



32 _ 80

28 _ -'-"_" E _ 70

'o 24 _ 60 ._,

x

U,J "J

16 _ 40 ""0
= 'E"1:3
o _

12-- 30 £
c_

= 8-- -- 20o
>-

4 _ -- 10

0_i I 1 1 1 l l I ....1 I 1 o
0 1 2 3 4 5 6 7 8 9 10 11 12

Temperature X 10.2 (°F)

Figure A-2 - Young's Modulus and Proportional Limit Stresses for

SA533 Material in the Temperature Range of 0 - 1200"F

A-Z



; 2.8 /_ = 2.008 z- = 6.0 E+8 min. " .----- Power law
m = 10.37 Temperature = 750°F 0 Test data

(7 O"m
2.4

30.0 138,15

45,0 127.72 0
2,0 50,0 124,25 0

55.0 120.77 0 0
60.0 117.30 0

-- _ O'

X 1.6 0
,'- 0
_- 0= 0

0 0
0 0 0 0: r"

•_ 1.2 0-: -,-, 0 0
co 0 0

: 13.

,.- 0.8
. 0 0 0

0 0 0 0 0

0.4 0 0 0

0000 O0 0 0 0 0 0 0 0

o oI o oI o
0=

: 0 8 16 24 32 40 48_

Time (h)

=- Figure A-3 - Comparison of Analytical Expressions and Test Data for

SA533 Material Creep Properties at 750'F

q •

'V



4,0 _. = 1.252 r = 6.0 E+8 min, -----.- Power law
m = 5.52 Temperature = 900°F o Test data

dr 6"m

3,2 --'14.0 75.27
10,O 72.49 0
22.0 69,71
26.0 6693

"" 30,0 64.15
x 2.4 -- 35.0 60.67
¢:
< -40,0 57.20
C
L..-=. 44,0 54.42
c"

co 1.6 m
13.
&}

L_

(.,)

0.8

0 | ..... I 1

0 8 16 24 32 40 48
Time (h)

FigureA-4 - Comparisonof AnalyticalExpressionsand TestData for

SA533 Material Creep Properties at gOO'F

A-4



b

-- o era o1m = 3,37 Temperature = 1050°F 0 Test
or O'rn 0

10 -- 10,0 18.56 0
14.0 15.78
18,0 13,00 0

C'3

8 20,0 11,61 0
"" 22.0 10,22
X
-_ 0
_-- 0

6 0
.__.= 0
L

co 0
0

4 0
0

2

0

0 8 16 24 32 40 48

Time (h)

Figure A-5 - Comparison of Analytical Expressions and Test Data for

SA533MaterialCreepPropertiesat I050°F

' w#

A-5
z



i

7 p. = ,904 r = 6.0 E+8 min, ---.-,, Power law OI
m = 2.36 Temperature = 1200F 0 Test data l

6 _t a'm . 0

2.0 5,51
3,0 4.82

5 4.0 4,12
0 5,0 3.43
,- 0
X 6,0 2.73

_4 o o
._ 0 0

_- 0 0
0 0.,-,3

(I) 0
0

0 0
0 0

°2 0 0 0
0

0 0 0
0 0

1 0

' 0 0 0 0 O. 0 0 0 0

0 I l I l
0 8 16 24 32 40 48

Time (h)

Figure A-6 - Comparisonof AnalyticalExpressionsand Test Data for

SA533 Material Creep Properties at 1200°F

J

A-6



I m I

•- T ( Ct)C
C

Orl.I ,

where: _ : creep strain, in/inC

T = 6.0 X I0 B, min.

= stress, psi

t : time, min.

and:

I
lOglo (i--_) :- .1999429E+01 + .302001RE-O2(T)

- . 1322426E.O5(T) 2

m

lOglo (+T-T-_): .1276977E+01- .9858174E-O3(T)

om : a - .695(0)

, lOglo a : .1507683E+02- .3434874E+Ol(log10T)
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Figure A-7 - Creep Law from Reference 3_
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Table A-I

Mean Coefficientsof Thermal Expansion

in the Range of 70-1200"F

w

Temperature Mean Coefficient

(°F) (x 10-6 in./in./°F)

547 7.13

600 7.20

800 7.63

1000 7.98

1200 8.35
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