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ABSTRACT

This document presents the results from a U.S. Nuclear Regulatory
Commission-sponsored research program to investigate the mode and
timing of vessel lower head failure. Major objectives of the analysis were
to identify plausible failure mechanisms and to develop a method for
determining which failure mode would occur first in different light water
reactor designs and accident conditions. Failure mechanisms, such as tube
ejection, tube rupture, global vessel failure, and localized vessel creep
rupture, were studied. Newly developed models and existing models were
applied to predict which failure mechanism would occur first in various
severe accident scenarios. So that a broader range of conditions could be

'

considered simultaneously, calculations relied heavily on models with
closed-form or simplified numerical solution techniques. Finite element
techniques were employed for analytical model verification and examining
more detailed phenomena. High-temperature creep and tensile data were
obtained for predicting vessel and penetration structural response.
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EXECUTIVE SUMMARY

This document presents the results from a U.S. Nuclear Regulatory Commission (USNRC)-
sponsored research program to investigate the mode and timing of vessel lower head failure.
Major objectives of the analysis were to identify plausible failure mechanisms and to develop a
method for determining which failure mode would occur first in different light water reactor
(LWR) designs and accident conditions. Failure mechanisms, such as tube ejection, tube rupture,
global vessel failure, and h>calized vessel creep rupture, were studied. Newly developed models
and existing models were applied to predict which failure mechanism would occur first in various
severe accident scenarios. So that a broader range of conditions could be considered
simultaneously, calculations relied heavily on models with closed-form or simplified numerical
solution techniques. Finite element techniques were employed for model verification and
examining more detailed phenomena. High-temperature creep and tensile data were obtained for
predicting vessel and penetration structural response.

1

Thermal Analysis Results|

Thermal analyses were performed to obtain boundary conditions, such as event timing and
temperature distributions, for failure analyses. Order-of-magnitude estimates for pressurized
water reactor (pWR) and boiling water reactor (BWR) response indicate that a PWR transient
will proceed more rapidly (by as much as a factor of two) than a BWR transient. These results
were attributed to higher ratios of BWR structural mass per heat generation rate, larger initial

| BWR water inventories, and thicker BWR lower heads.

!

| Scoping calculations were performed to investigate the state of the melt and arrival
l conditions upon the lower head for situations involving localized release of a melt stream from a ,

crust-confined molten pool in the core region. Althougl several computer codes are available for
predicting melt / water interactions, there is considerable uncertainty in code results because of
limited data for validating these models. Hence, calculations concentrated on the effects of lower
plenum geometry and structures in plant designs. In PWR designs, the presence of Dow plates
was found to affect jet impingement strongly. For Babcock & Wilcox (B&W) plants, the Dow
plates accumulate the melt and form multiple jets, which reduces the jet velocity and the fraction
of initial jet energy that can impinge on the vessel lower head. Unlike the flow plates in a B&W |
plant, Dow plates in Westinghouse and Combustion Engineering (CE) plants do not generally ,

'

accumulate melt, allowing " straight shot" jets to occur through any horizontal structural plates.
Although relocating melt is not impeded by any horizontal plates, the General Electric (GE)
BWR lower head is protected by a water pool that is deeper than water pools in PUR lower
plena.

Thermal analysis results emphasize the importance of geometrical parameters and material
composition in predicting in-vessel tube ablation and meli migration through failed tubes. In-
vessel tube melting is governed by the tube.to-debris mass ratios in the lower head, and most

| penetrations are predicted to reach melting temperatures rapidly if surrounded by molten debris.
Melt penetration distances through failed tubes or tubes with no in-vessel structures were|

estimated by applying two models: (a) a conduction model, where a crust is assumed to form
along the tube surface, so that conduction heat transfer through this crust dominates melt
behavior, and (b) a modified bulk freezing model, where turbulence within the melt is assumed to
prec:ude crust formation, so that turbulent heat transfer dominates melt behavior. The bulk
freezing model applied in these calculations was modified to consider the effects of coolant that is

xv i NUREG/CR-5642
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present in some lower head penetration Dow paths. Results for a case with gravity-driven melt
now indicate that melt penetration distances predicted by the conduction model are considerably
longer than those predicted by the modified bulk freezing model. In fact, melt is predicted to
trascl below the lower head through all LWR penetrations if the conduction model is applied;
whereas melt is predicted to travel below the lower head only for penetrations having larger
effective areas for melt flow and/or penetrations that are ablated near the vessel inner surface if
the modified bulk freezing model is applied. Experimental data are needed to determine which of
these models is appropriate for severe accident analysis.

Failure Analysis Results

As noted above, this study concentrated on four vessel failure mechanisms: tube ejection,
tube rupture, global vessel failure, and kicalized vessel creep rupture. Other failure mechanisms,
such as vessel ablation from a coherent jet relocating to the lower head and thermal shock
following external flooding in a containment cavity, and interactions between various failure
mechanisms were not considered because of uncertainties related to their potential for occurring.
For example, the formation of a crust between the lower head and the jet or the formation of a
relatively deep molten pool may preclude vessel ablation, and external Dooding has not yet been
accepted as an accident management strategy.

For depressurized reactor vessels. ex-vessel tube failure was assessed by applying thermal
equilibrium calculations to provide order-of-magnitude estimates for minimum debris
requirements, such as the debris relocation temperature and the debris heat flux, necessary to
induce ex-vessel tube failure. Results indicate that tube geometry and material are important
parameters in predicting tube failure. Although additional data are needed to quantify ultimate
strength behavior for the SA105/SA106 material used in BWR drain lines, results indicate that
this lower head penetration is more susceptible to ex-vessel tube rupture than other LWR
penetrations. Results indicate that heat Duxes characteristic of a mostly ceramic slurry (i.e., in

2
excess of 0.05 MWim ) are needed to induce failure in a BWR drain line tube, which is composed
of SA105/SA106 steel and has a relatively large cross-sectional area for melt Dow. However,
higher heat Duxes characteristic of a high temperature and molten ceramic debris (i.e., as high as

20.2 MW'm ) were not predicted to fail any of the other LWR penetrations.

For higher pressures (between ~0.1 and 16 MPa), analytical models with closed-form
solutions were applied to compare the potential for tube ejection, tube rupture, and global vessel
rupt ure. Failure maps were generated that indicate relative pressure bearing capacities of vessel
heads and their penetrations based on ultimate strength. Failure maps considered three types of |
debris beds: a primarily metallic debris. a primarily ceramic slurry, and a primarily ceramic molten
pool. Failure curves for tube ejection and tube rupture plot at the same location, near the tube
material's melting temperature. For the case of a mohen ceramic pool in a BWR vessel, model
results indicate that tube failures will occur at lower temperatures than vessel failures for any
system pressure. Except for the BWR case with a molten ceramic pool. model results indicate
that global rupture is the controlling failure mode in BWRs or PWRs with system pressure above
approximately 2 MPa. Although model results indicate that penetration tube failures control
failures below 2 MPa, uncertainties in the ultimate strength data at high temperatures for
penetration materials do not allow a clear distinction of the controlling failure mode in this
pressure range.

E
;
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| A new model, based upon Reissner's theory of shells with finite deformation, was applied to

| the problem of localized creep rupture on a corium-loaded lower head. This new model was
| applied to determine how localized debris heat sources impact vessel failure times and what

conditions are necessary for the formation and failure of a localized bulge or cusp to occur. Two
types of thermal loads were investigated. The first set of loads used contrived, steady-state
temperature profiles to demonstrate the range of behaviors possible under localized hot spots. It
was found that a localized hot spot does not always produce a bulge or cusp as it fails. The
failure geometry depends on the creep rate of the balance of the shell relative to the hot spot. If
the magnitude of the peak temperature is small, the failure geometry is elliptical, and the hot spot
assists or accelerates a failure that looks like global failure. If the magnitude of the peak
temperature is large, the hot spot is punched out of a comparatively stiff vessel, and the failure

! geometry is cusped. The second set of problems used transient thermal loads from applied heat
fluxes associated with different debris characteristics. All failure geometries in these problems 1

were localized because it was assumed that the background heat flux was benign and that the I
balance of the vessel remained cool. As with the contrived problems, times to failure were very |

istrong functions of applied pressure and peak heat flux.

Finite Element Thermal and Structural
Analysis Results

More detailed numerical methods were applied to a BWR design to gain insight into the
importance of two-dimensional effects in special geometries where simplified analytical techniques j
may be insufficient to study the roles of thermal stress plasticity and creep in vessel failure. To I;

! complete this analysis, an interface was created so that temperatures from the COUPLE thermal I

analysis model of SCDAP/RELAP5 could be input into the structural analysis code, ABAQUS. !
Analyses considered the effects of debris composition, debris porosity, debris-to-surface gap
resistance, reactor coolant pressure, and heat transfer conditions on the outer surface of the drain
lin,; and vessel.

If melt travels through the drain line to locations below the vessel outer surface, thermal
analysis results indicate that drain line failure will not accur in cases where metallic debris
relocates to the lower head. In cases where ceramic debris relocates to the lower head, drain line
temperatures peak near values where failure may occur within the first few minutes of the
transient; whereas vessel failure temperatures do not occur until several hours into the transient.
Sensitivity study results indicate that high porosity in a debris bed or high heat removal rates from
the vessel and drain line outer surface, such as might occur in a flooded containmera cavity, can
;cnificantly affect predictions for peak drain line and vessel temperatures. In fact, neither drain

he nor vessel failure temperatures are predicted to occur in the ceramic debris cases that assumet

h gh porosity debris or high exterior drain line and vessel surface heat removal rates.
.

4
y in the event that drain line failure does not occur, structural analysis results indicate that

wissel creep rupture can occur as early as 4 hours after debris relocation. For ceramic debris with
a '7-MPa pressure, creep strains and accumulated creep damage remain relatively low for the first

q 2 hours, after which both increase quite dramatically until failure is predicted between 3.5 and
V 4 hours. In the case of metallic debris at lower pressures, failure was not predicted for more than

24 hours because effective creep strains were less than 0.59. In both cases, plastic deformation
was minimal (less than 0.59 ).

9
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Application of Models to Various Debris Conditions |
and Reactor Designs

Although a detailed analysis is required to obtain quantitative answers about event :

progression, results documented in this report were used to make qualitative judgements about |
which failure mechanisms are possible and which failure mechanism will occur first during severe
accidents. Three types of debris configurations were studied: a metallic slurry; a primarily
ceramic slurry; and a high temperature, molten ceramic material that relocates to form a molten
pool. Results for four representative plant designs are summarized in Table ES-1. Failure

,

analysis results are presented as a function of vessel inner surface temperature and system
'

pressure. However, it is emphasi:cd that these temperatures and pressures should only be considered
as apprmimate values because there is considerable uncenainty associated with these values.

Results in this document indicate that most debris will relocate incoherently in a B&W plant
because oflower plenum flow plates that accumulate melt and form multipic jets. Calculational
results indicate that all types of melt may lead to in. vessel tube ablation. If conduction heat
transfer dominates, all types of melt are predicted to travel through an instrument tube to
kications below the lower head. Ilowever, if tmbulent heat transfer dominates, melt is not
predicted to travel below the lower head. Thermal analysis results indicate that peak vessel and
penetration temperatures following rek> cation of a metallic slurry remain below values where
vessel or penetration failure occurs. Ilence, neither vessel nor penetration failure is predicted to
occur following relocation of a primarily metallic slurry in any of the LWRs considered. At
pressures above approximately 2 MPa, both global and localized vessel failures are possible in the
B&W plant for either the ceramic slurry or the high temperature ceramic melt that forms a pool.
110 wever, additional information about relocation mass, debris bed configuration, and accident
pressure history are needed to determine if a k)calized failure will occur before a global vessel
failure. At pressures below 2 MPa, tube failures are possible if the vessel inner surface
temperature exceeds 1(m K.

Westinghouse plant results in Table ES.1 are similar to those for the B&W plant with the
exception of debris arrival state. In a Westinghouse plant," straight shot" paths for rek>cating
material are possible. Ilence, higher fractions of melt are estimated to arrive as a coherent jet for
this plant. The potential for larger fractions of ceramic debris to arrive coherently upon the lower

,

head in the Westinghouse plant suggests that a kical failure might occur before a global vessel
failure. 110 wever, additional scenario-specific information, such as relocation mass, debris bed
configuration, and accident pressure histary, are required before more definitive conclusions can
be drawn concerning these failure modes.

Results for the CE plant in Table ES-1 differ from the B&W plant for two reasons. l'irst, I
the CE plant has no lower head penetrations. Ilence, tube failures are not possible. Second, as |

observed in the Westinghouse plant, " straight shot" paths for rek>cating material are also possible
in this plant. Ilence, higher fractions of melt are also estimated to arrive as a coherent jet for this
plant.

Results for the GE BWR in Table ES-1 differ from any of the PWR plant results for several
reasons. Some melt is predicted to arrive coherently on the BWR lower head because rekicating

,

melt is not impeded by any horizontal plates.110 wever, the GE BWR lower head is protected by |

coolant in the lower head. which is deeper than the coolant level in PWR lower plena. IIence,
i

coherent melt fractions listed in Table ES-1 fer the BWR are much smaller than those predicted
!
1
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Table ES-1. Dominant failure nuxles for various debris conditions and reactor designs.

Debris
Fadure mode

lleactor type com;w aition Debris arrwal state

pWR

11& W Metallic incoherent. coolable None

l#calized or global f ailure for pressures abwe -1.5 MPa and vessel mner surface temperatures aNwe -1000 K tubeCeramic slurry Incoherent
failure for pressures less than -1.5 MPa and vessel inner surface temperatures aNwe ~1600 Ka

Cc mmic Pool Coherent (10 207)b locahied or global failure for pressures aNwe 2.5 MPa and vessel inner surface temperatures aNwe 1200 K; tube failure
for prenures less than 2.5 MPa and voset inner surface temperatures atee 1910 K.

Westmghouse Metallic Coherent None

I ocabred or global failure for pressures aNwe 1 MPa and sessel mner surface temperatures above 1000 K; tube failureCeramic Slurry Coherent
for prenures los than 1 MPa and venet inner surface temperatures aNwe IN10 K.

C tube
Ceramic Pool Coherent (15 401) 1.ocalized or global vosel failure for pressures aNwe 2.5 MPa and sessel inner surface temperatures abwe 12 twt

f adure for pressures less than 2.5 MPa and vessel inner surface temperatures aNwe 16no K

CE Metalhe Coherent Nonc

Ceramic Slurry Coherent I ocahied or global vessel ladure
{

Ceramic Pool Coherent (45 -NG) localized or global vessel failure

llWR
Metallic Coherent (< 57< ) None

Ceramic Slurry Coherent (< 77) Ircalized or global tailures for pressures aNwe 2 MPa and vessel inner surface tempratures above 1100 K; tube failure
g

for pressures los than 2 MPa and sessel inner surface temperatures aNwe 1600 K.

Ceramic Pool Coherent (< ltn)' Tube failure (via ejection and/or rupture) for all pressure ranges and vessel inner surface temperatures aNwe. -1200 K.

a. Tempcrature and pressure values are approumate because temperature distributions depend on anumptions related to accident pressure history, exterior durfatc neat t.2%fer to the
contamment, debris-to-vessel heat transfer, etc.

b. Approumately 10% of the material arrives as a coherent jet if a central relocation path is auumed, and less than 20% of the material arrives as a coherent jet if a peripheral
2 relocation path is assumed-
C
N c. Vessel mner surface temperatures are higher in the ceramic pool case because failure is predicted to occur dunng the imtial transient heatup stages of the accident.
M
C d. Ilecause there is csmsiderable uncertamty in the ultimate strength of drain ime SA106 material, analyses suggest that it may be possible for drain bne tube failure to occur earher than
~

h global or loca! ired vessel tailures at high pressures.
e
[ c. No coherent Jet reaches the lower head if a central r60calon path is suumed, less than 10% of the material relocates as a coherent jet if a peripheral relocaton path is assumed.
4
tJ
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for the CE and Westinghouse PWRs. Second, the effective diameter for melt flow is relatively
large in the BWR drain line and instrument tube penetrations. Ilence, melt is predicted to travel
below the lower head regardless of whether conduction or' turbulent conditions dominate heat
transfer from the debris to the tube. BWR failure mode results for the high temperature, ceramic
pool also differ from the other plants because tube failures are predicted to occur before either
k> cal or global vessel failures for all pressures if the vessel inner surface temperature exceeds ;

approximately 1200 K. Tube failures control failure in this case because the BWR vessel is nearly
twice as thick as a PWR vessel. Hence, tube failure temperatures oc. cur before the the: mal front
penetrates the vessel.

1
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Light Water Reactor Lower Head Failure Analysis |
|

1. INTRODUCTION AND METHODOLOGY !
;

;

1.1 Introduction and Objective {
The mode and timing of reactor vessel lower head failure during a severe accident have a

controlling effect on subsequent consequences, in particular, direct containment heating (DCH) !
for pressurized water reactors (PWRs) and meltthrough of the containment shell for boiling water
reactor (BWR) Mark-I containment designs. Consequently, the mode and time of lower head
failure have been identified by the U.S. Nuclear Regulatory Commission (USNRC) as important i

tasks (Task 2.5 and Task 3.1) in the Revised Severe Accident Research Program Plan.''' {
!

Previous evaluations of potential lower head failure for selected lower head designs and
accident conditions have been performed in sup ort cf the USNRC-sponsored NUREG-1150,14
Revised Screre Accident Research Program Plan,p4 risk studies, the U.S. Department of Energy

,

(DOE)-sponsored Three Mile Island Unit 2 (TMI-2) Accident Evaluation Program, and the i

industry-sponsored Industry Degraded Core Rulemaking (IDCOR) Program. These evaluations
and other analyses have included the study of molten jet impingement, flow and freezing of
molten corium into tube penetrations, penetration tube ejection, and creep rupture failure. Both

,

experimental and analytical studies were performed. However, a review of the literature indicates
that an integrated assessment should be performed to determine which failure mechanism will
occur first under a wide range of vessel designs and debris conditions.

This document presents results from an integrated assessment of reactor vessel lower head
failure analyses for the ~ full range of reactor vessel designs presently used in the U.S. commercial
nuclear power industry and for a wide range of corium melt progression and debris characteristics.

i Specific objectives of this research are to
)

1. Identify dominant lower head failure mechanisms

] 2. . Develop models needed to predict when it is possible for these failure mechanisms to
occur :

|

| 3. Apply models to determine which failure mechanisms are possible and the relative time
'

when each possible mechanism occurs'in different LWR designs for various debris and
accident conditions.

All major types of vessels used in U.S. light water reactors (LWRs) are considered, and both high-;
'

and low-pressure conditions are addressed for each reactor type. As part of this assessment,
creep and tensile tests on LWR pressure vessel steels and lower head penetration materials at
high temperatures have been performed because such data were typically not available for<

temperatures above 1000 K.

The remainder of this section describes (a) the dominant mechanisms identified as having
the potential to cause lower head failure. (b) the methodology used for determining what failure<

mechanism will occur first in a wide range of accident conditions and reactor designs, and
: (c) high-temperature material property testing performed to supplement this research. Section 2
4 provides a review of presious research pertaining to lower head failure mechanisms, and Section 3

11 NUREG/CR-56422
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Introduction and Methodology
.

describes the thermodynamic and geometric parameters considered in this study. Section 4 |
'presents results obtained from lower head thermal and failure mechanism analyses methods that'

.

use closed-form or simplified numerical solution techniques. Section 5 presents numerically
i obtained results for vessel thermal and structural response. A nomenclature list is located in j

Appendix A. Results from creep-rupture and tensile tests on pressure vessel steels and penetra- j

tion materials at high temperatures are presented in Appendix B. Appendices C through E !.

provide additional information on two models used in these calculations. Appendix F contains !

material property data and geometric dimensions used to perform calculations for these analyses. ;
'

A summary of comments received at an international peer review meeting held to review the
contents of a draft version of this document is included in Appendix G. !

'

1.2 Mechanisms Having the Potential to Cause Lower Head Failure >

;

There are several possible mechanisms or combinations of mechanisms that could lead to j

lower head failure during a severe accident. Because this study represents the first endeavor to :f
,

perform an integrated assessment of lower head failure for a range of plant designs and severe :
'

accident conditions, the report is focused on mechanisms that appeared to be dominant failure !

mechanisms for existing LWR plant designs undergoing a severe accident. Furthermore, the |
potential for interactions between mechanisms was not included in this assessment. An initial
review resulted in the following four mechanisms being identified as dominant failure mechanisms
for consideration:

4

t

Penetration Tube Heatup and Rupture. Corium melt attack on lower head penetratsons.

, may result in melt entering a penetration channel and refreezing, thus causing tube
blockage and potentially tube rupture.

.i

'

Penetration Tube Ejection. Corium melt attack and sustained heating from accumulated.

debris may lead to tube penetration weld failure and subsequent penetration tube
ejection. '

.

,
,

Lower Head Global Rupture. Stress induced by clevated system pressure and/or the i; .

core and structure weight, in conjunction with sustained heating from accumulated j
debris, may lead to lower head glohal failure. .

!
,

Localized Effects //et Impingement. Nonuniform heat sources within the debris bed or a !.
-

) coherent jet of debris impinging directly onto the lower head can cause localized
4 thermal and mechanical loads on the lower head. In addition to lower head failure

from the thermal and mechanical loads, there is also the potential that a coherent jet
,

j can ablate the vessel head.
,

This research project considers all of the above mechanisms to provide a comprehensive
assessment of mechanisms leading to lower head failure.

,

' :

It should be noted that a later, more-detailed literature review of previous analyses (see
Section 2.4) indicated that one of the above mechanisms, the potential for a coherent jet to ablate ;

the lower head, was limited by phenomena such as the formation of a ceramic crust on the vessel |
surface and the formation of molten pools with relatively large depths. Hence, jet impingement

,

analyses in this report concentrate on the potential for a coherent jet to relocate and transfer
energy to the lower head and the subsequent potential for the vessel to experience a localized i
creep failure. i

;

INUREG/CR-5642 1-2
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Introduction and Methodology |

Some failure mechanisms, such as the potential for thermal shock following external flooding
in the containment cavity, were not included in this study because external flooding has not been
accepted as an accident management strategy in existing LWR designs. It is recognized that this t

mecLanism may need further evaluation if external flooding is used in existing reactors or if it is
adopted for advanced reactor designs.

1.3 Methodology

1.3.1 Major Tasks Completed to Evaluate Lower Head Failure

Figure 1-1 illustrates major tasks performed in this program to study vessel failure
mechanisms under a wide range of accident and reactor conditions. As denoted in the Erst block
in the upper left corner, the range of accident conditions and vessel design parameters having the ,

potential to result in vessel failure were reviewed to select reactor design and accident scenario
parameters that are representative, albeit somewhat idealized, conditions for the analysis. Output
from this block (such as the debris decay heat load or the system pressure) provides the basis for
the next task, a thermal analysis to characterize parameters, such as the lower head structure
temperature, for a range of representative reactor designs.

In defining this research program, it was recogniecd that the database for creep and tensile
properties of pressure vessel steel and vessel penetration materials at high temperatures was ,

insufficient (see Section 1.4). Hence, as shown in the upper right corner of Figure 1-1, a task was
i

defined to obtain high-temperature creep and tensile data for these materials.

The new creep and tensile data and results from the thermal analyses, such as the time- and
spatially-dependent vessel temperature distributions, provide input for the next five bk>cks, which
represent the models used to predict vessel failure phenomena, such as localized effects, jet
impingement, tube ejection, tube heatup and rupture, and global vessel failure. Because many
combinations of debris conditions, lower head design, and accident conditions could result in
vessel lower head failure, this research relics heavily on analytical models with closed-form
solution or simplified number solution techniques. Results from these models are developed in
terms of dimensionless parameters. which are varied to determine failure maps that illustrate the
sensitivity to these dimensionless parameters.

Results from these failure maps are compared to determine which failure mechanism will
occur first during a particular set of reactor accident and design conditions (the box in the lower

|
left corner of Figure 1-1). Finally, in cases where more detailed analyses are needed, finite

'

element numerical analyses are applied to evaluate the sensitivity of previous results to
nonidealized geometry and debris conditions.

1.3.2 Application of Lower Head Failure Models to Predict Failure

Figure 1-2 illustrates the procedure for applying lower head failure models to determine
which failure mechanism will occur first during a specific accident scenario. Shaded boxes in this
figure represent analyses that must be performed using models documented in Section 4 of this
report. The user must travel each path starting at the left and working toward the right. If there
are lower head penetrations in the vessel, such as in the Babcock & Wilcox (B&W), Westing-
house, and General Electric (GE) vesseis, all paths are considered. If there are no lower head
penetrations in the vessel, such as in most Combustion Engineering (CE) vessels, only the paths
including the "CE' designation are considered. If the user reaches a box containing a failure

1-3 NUREG/CR-5642
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Figure 1-1. Major tasks performed in the lower head failure research program.
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j mechanism and determines that it is not possible for a failure mechanism to occur, the user is
directed toward the right along the "no" path (labeled with an "N"). If the user determines that it'

is possible for a failure mechanism to occur, the appropriate model is applied to determine the
time at which failure is predicted to occur. Then, the user is directed to continue in the flow
diagram with a "GO TO" statement. After each appropriate failure mechanism has been
evaluated for a particular scenario, failure times are compared to determine which failure
mechanism occurs first and the properties of the debris in the lower plenum at the time of failure.

Starting with the time-dependent results from a code capable of determining the manner in
which debris relocates to the lower head, the user first considers whether the debris relocates as a !

i

coherent jet. If the debris does rekicate as a coherent jet (and if the plant has lower head ' ,

I

penetrations), the user then considers whether the penetration wehi will remain intact. If thet

weld has reached temperatures where failure is predicted, the user then applies the tube ejection
model to determine the time of failure via this mechanism. Proceeding along this path, the user |

'
reaches the "GO TO 1" direction and returns to Point 1.

! !

From this point, the user considers if it is possible for the coherent jet to induce a thermal ;

load to a localized region of the vessel and cause a localized creep failure of the vessel. If the |

i thermal load is sufficient, the user evaluates the time of failure via a localized creep failure from !
an impinging jet. Proceeding along this path, the user reaches the "GO TO 2" direction and
returns to Point 2. |

|
From Point 2. the user considers whether the consolidated debris is in a coolable geometry ;

in the lower head. If the debris bed is coolable, the user stops. If the debris bed is not coolable, i>

the user then applies the g!abal vessel failure model to predict the time at which vessel failure ;

occurs. Proceeding along this path, the user reaches the "GO TO 3" statement.
|

From Point 3. the user considers whether there are nonuniform heat sources present in the |
debris bed. If the " hot spot" in the debris is determined to be sufficient to induce a localized j
vessel failure, the localized creep vessel failure model is applied to predict a failure time. ;

j Proceeding along this path the user is directed to "GO TO 4."

At Point 4, the user is directed to stop if the plant contains no lower head penetrations.
,

Otherwise, the user considers whether the debris contains sufficient heat to induce in-vessel tube |
failure or the debris is capable of traveling through failed penetrations to k> cations below the i

vessel lower head. In cases where debris is not predicted to travel below the lower head, the user |
cvaluates the potential for the consolidated, uncoolable debris to induce weld failure and tube
ejection.

In cases where debris is predicted to travel below the lower head, the user evaluates the
potential for the debris within the tube to weaken the surrounding vessel and induce a k)calized

! vessel failure. After determining the time of a localized vessel failure, the user then proceeds to
evaluate the potential for an ex-vessel tube rupture to occur. After determining the time of an ]
ex-vessel tube rupture, the user proceeds to evaluate the potential for weld failure and tube j
ejection to occur. ;

I
For cases in which failure mechanisms are predicted to occur, failrre times' are compared. |

The failure mode is selected based up(m which mechanism is predicted to occur earlier. The
failure time estimated with the model for this mechanism is used to estimate the mass, composi-
tion, and temperature of the melt at vessel failure. The method depicted in Figure 1-2 is applied
to several examples in Section 6.
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1.4 Material Creep and Tensile Tests of Pressure Vessel Steel and
Penetration Materials at High Temperatures

Calculations of a vessel or penetration material's response to the presence of molten debris
requires knowledge of a material's structural properties at temperatures up to the material's
melting point. In the past, structural properties of materials used in nuclear reactors were
typically determined for use up to reactor operating and design temperatures, leaving a gap in the
temperature-dependent data between those levels and the melting temperatures. High-tempera-
ture creep and tensile tests were performed for these materials so that structural analyses can be
made in much higher temperature regimes than previously possible. Results from these tests are
summarized in Appendix B.

The lower heads of commercial power reactor pressure vessels are generally fabricated from
the plate material SA533B1 or its predecessor. SA302B, which has very similar structural
properties. Before the tests described in Appendix LL no creep and tensile data existed for the
SA533B1 material at temperatures above 922 K. Because this material undergoes a ferritic to
austenitic phase change at temperatures near 1000 K, it was recognized that higher temperature

| data were needed to accurately predict vessel response. Creep tests were completed up to
| 1373 K, and tensile tests were completed up to 1473 K. Relationships were developed for using
'

these data in simpler models with closed-form or simplified numerical techniques and in finite
element structural analysis codes.

l.ower head penetrations., such as instrument tubes, control rod guide tubes, and the drain !

noule are constructed of Inconel NH),304 stainless s'ect, or SA105/SA106B carbon steel. Creep '

tests were performed for inconel 600 and stainless steel material for temperatures up to 1366 and
1350 K. respectively. Tensile tests were performed for these materials at temperatures up to
1373 K. For the SA106B material. creep tests were completed up to 1050 K, and tensile tests
were completed up to 1150 K. Relationships were developed for using these data in simpler
models with closed-form or simplified numerical techniques and in finite element structural
analysis codes.

.

|

Although the new data are beneficial because they extend into temperature regions where
j data were previously unavailable, the data are limited and additional tests are needed to reduce
| the range of uncertainty associated with these data. In particular, data were not previously
I available for the SA106 material at temperatures above 811 K, and extrapolation of previously

available data indicated that the ultimate strength of this material became negligible at 1000 K.
Ilowever, test results indicate that the ultimate str6ngth of SA106B material is considerably
stronger than indicated by previous data. llence, additional SA106B tests are needed so that the
ultimate strength of this material can be predicted at temperatures above 1150 K.

1.5 References

1-1. U.S. Nuclear Regulatory Commission, Revised Scrcre Accident Research Program Plan,
NUREG-1365, August 1989.i

1-2. U.S. Nuclear Regulatory Commission, Severe Accident Risks: An Assessment of Five U.S.
Nur/ car Power Plants, NUREG-1150, June 1989.
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2. REVIEW OF PREVIOUS RESEARCH APPLICABLE TO !

LOWER HEAD FAILURE ANALYSES
i

| A literature scarch was conducted to review previous experimental and analytical analyses
that are applicable to the lower head failure mechanisms considered in this document.
Sections 2.1,2.2,23. and 2.4 summarize the major results from previous analyses pertaining to
tube heatup and plugging, tube ejection and rupture, global rupture, and jet impingement. No
work was found in the available literature on models for predicting localized vessel failure. ;

i

2.1 Tube Heatup and Failure

During a severe accident, one postulated vessel failure mode results from in-vessel tube !
heatup and failure from rekicated melt in the lower plenum. As shown in Figure 2-1, the melt is |
postulated to enter the failed tube and travel down the penetration annulus below the vessel ;

'lower head. In predicting the likelihood of such a failure mechanism, several questions are of
interest, such as the debris temperatures required to cause tube melting and thq melt penetration
distance within a penetration prior to plugging. This section reviews prior research related to
analyzing this failure mechanism. |

2.1.1 Tube Heatup Analyses '

Two references were found in the literature that consider the potential for relocated debris i

to ablate through nozzles in the vessel. Both analyses were performed to evaluate the integrity of !

the TMI-2 nozzles following debris rek) cation. Reference 2-1 reports results from one-
dimensional scoping calculations that were performed to investigate the debris thermal properties

,

needed to induce in. vessel tube melting. The calculations assumed that a tightly packed debris '

bed, with essentially no coolant ingress into the bed, surrounded a penetration nozzle. Assuming
perfect contact between the debris and the nozzle, the one-dimensional heat conduction was
solved to determine the peak debris temperature needed to induce nozzle melting. Results
indicate that debris with temperatures in excess of 1600 K can induce nozzle melting.

I

Failed tube

,
-

4'

i
'

-
- i -r .M

' '
i | / 'N
I I ay.e
*! ! ,,9',

1 | x,9-

1 1

I i

M792.WHT 293 09

Figure 2-1. Melt penetration through failed penetration.
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Reference 2-2 reports results from two-dimensional calculations scoping, which were
performed to evaluate the integrity of the TMI-2 lower head and in-core instrument noules.

2Numerical calculations were performed with the FELCON code -3 assuming an axisymmetric
nodal model based on the following configuration:

A cylindrical column of corium 10.2 cm in diameter and 17.8 cm high was assumed toi .

surround an in-core instrument noule 1.746 cm in diameter by 25.4 cm high.

The corium in the lower head is solid. The surface of the corium in contact with the.

lower head was assumed to be initially at 2477 K, and the remainder bf the corium was
initially at 3033 K.

9

3A corium heat generation rate of 1.48 MW/m was assumed with a debris-to-vessel-

2conductance of 1140 WM/m K.

The only cooling was by radiation and by water boiling on the corium outside surface..

The initial temperature of the noale and lower head was assumed to be 608 K, which.

corresponds to the coolant saturation temperature at 15.2 MPa.

Figure 2-2 shows the physical configuration assessed. 'Ihe noule region was assumed to be
in perfect contact with the corium and lower head. Inside cooling of the naale by water was
neglected, with an adiabatic boundary condition at the inner noale surfacc. Water cooling was
assumed to occur at the outer surface of the corium region (see Figure 2-2). In the calculation,
heat transfer from the water-cooled surface was either by nucleate boiling or by a combination of
film boiling and radiation, depending on the temperature difference between the surface and the
water.11 eat transfer from the bottom of the corium region was by conduction into the lower
head. Contact between the lower head and the corium was conservatively assumed to have a

2conductance of 1140 W/m K.

Figure 2-3 presents calculational results. Although the FELCON code -3 does not consider |2

the corium heat of fusion, which will result in calculated noule temperatures peaking more
rapidly at a lower temperature than in more detailed calculations, the upper in-core instrument
noule reaches temperatures well above melting. These temperatures result from the noule being
surrounded by hot corium without any cooling except axial conduction into the lower head.
Ilowever, results also show that portions of the noule near the lower head are cooler, because
conductive heat transfer to the head provides sufficient cooling to keep the noale from melting.

2.1.2 Melt Penetration Distance

Most analytical and experimental work for predicting melt penetration distance a tube was
performed in support of the liquid-metal fast-breeder rector (LMFBR) program during the 1970s
and early 1980s. This extensive research into molten fuel freezing phenomena was performed to |

understand recriticality potential following a core disruptive accident in the Clinch River Breeder
Reactor. This section describes aspects of LMFBR research that may be applicable to predicting

,

melt behavior within a failed LWR lower head penetration. Table 2-1 summarizes the conditions
tested in melt penetration distance experiments.

'
2.1.2.1 Ostensen and Jackson Bulk Freezing Modeland Experiment. This research,

documented in References 2-4 and 2-5, was performed to assess penetration distances of molten
fuel ejected into LMFBR subassembly structures following a core disruptive accident. An

NUREG/CR-5642 2-2
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Figure 2-2. Configuration for assessing TMI-2 penetration tube heatup and failure potential.2 2

experiment was performed in which 2(K) to 3(M) g of molten UO were injected horizontally into a2

seven-pin steel test bundle at ~35(X) K and -1,5(X) cm/s. The analytical model proposed assumed
| that fuel turbulence would preclude freezing at the wall (i.e., the bulk freezing model described in i

| Section 4.1.2.4). Thus, the melt penetration distance was calculated by determining the length of |
.

| travel required to remove sensible and latent heat from the leading edge of the molten slug. The |

analytical model used a turbulent drag correlation to calculate fuel velocity * and Deissler's !2

correlation '7 for convective heat transfer between the fuel and steel. Analytically predicted2

penetration distances in the pins were found to range between 14% longer and 25% shorter than
the measured results.

1

2.1.2.2 Cheung and Baker Experiments. Parametric experiments were performed to
study the transient freezing of liquids in circular tubes.2 8 These studies included no simulation of

2 to1(9wall melting or fuel-coolant interaction. Liquids with Prandtl numbers ranging from 10
(water, Wood's metal, naphthalene, paraflin wax, and olive oil) were used as the simulant

23 NUREG/CR-5642
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I

materials. Simulant and wall temperatures were varied to test the melt latent heat, sensible heat,
and wall temperature effects on freezing. These studies bracket the estimated Prandtl number of
molten fuel and steel from a disrupted reactor core. Flow velocities varied from 10 to 150 cm/s.
The experimental apparatus consisted of a copper coil immersed in a bath of liquid coolant. The ,

effect of tube diameter on freezing was studied by using copper tubing with two different
diameters (0.47 and 0.79 cm). i

r
I

Aa empirical correlation of the transient freezing data was obtained, and results were -

,

compared with melt distances predicted assuming domination by c:ther conduction heat transfer (a '

conduction heat transfer model based upon information in References 2-10 and 2-11) or turbulent
convective heat transfer (a bulk freezing model based on References 2-4 and 2-5). For a fuel |
velocity of -100 cmis, the bulk freezing model penetration distances were shorter by at least an
order of magnitude than those distances obtained from the empirical correlation; whereas the j

conduction model distances were within a factor of two of the distances obtained from the
,

| cmpirical correlation. Ilowever, as noted in Reference 2-8, applicability of the empirical !

correlation to melt velocitics greater than 150 cm/s is uncertain. i

;

2.1.2.3 Epstein Analytical and Experimental Analysis. In Reference 2-19, results from
the conduction and bulk freezing model were compared with experimental data. A velocity

|
criterion to determine conditions necessary for fuel crust breakup was derived. The ;

experimenters proposed that once crust removal occurs, melting of the tube steel wall becomes '

dominant, resulting in rapid fuel freezing in a bulk manner via turbulent mixing between the steel
wall and hot molten fuel. In fact, they suggested that bulk frecting occurs only after the fuel :
crust growth process is transformed to a steel ablation process. The shiny, frozen debris observed |
at the conclusion of fuel freezing experiments in Reference 2-5 substantiated this suggestion
because the shiny portions indicate the presence of entrained steel.

NUREG/CR-5642 2_4 ;

-_-_-____ ___ _______ _ - - _________________ _ _ _ - _____. - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _



;i t ' ' - i |!||
-

%n<W! om $n5o5 nmG$nW
*

5

w
s

-
-
.

%_
._

m

-
)

-

a w

P
M

n

.

P( 0 2 w

A 2 2
1 0 7,

1 1 0 000 O

-

- 0. 0. 5 333 A
m..- - 0 3 0 31
.

s l
%

c
l

,

a
i r w -

e
t e g

s ei

te )m
r D A ht

e

e I
m C 4

M M. A
tc ia (c 1 0

u

8 A U, d s
-

a ) 5 n w

- - U, M0 U.
D 4r

aa
h 8 7 3 h 5 b 8 ec 3 4 3 3 0 3 5.35 4 4 4 4 :

-

e 0 0 0 - 0 0 0 000 000 0 u
b tau r w
T e wp .

wm) w

K 0 1
t

we
yM
i

T( 0
7 sg

N. m a1
w7 1 1 k w) 2 - - 5 0 t
w4 )

1 - 0 0 507 7 0 0 a
=W29 7

i -I-3 0 7 7 7 6 1 c
1 8 - - 9 5 771 21 2 6 f

eh -n .

l
.

o
s

wn
le
t

e l

m m

-

-

a
= d

tn e 3

1 d
m h

-f n n
i w

t
en
-

v
-

a -

a r f m

h l

p ppp ppp o o -
p o

- I U - - I U UUUUUUD
i aw

wo
ta .

-

e

r
A.

s e ) e e

ic w
t R 0 h

.

:

n0 t
.

ir
1 r es

*. 2 e i

w
te v

- - > > - - - - - - - - o w
.-c

a e
e

r r
_ a uty
_

h

ir "M
t

ac
r

_

le m
1

5

t

k 2 e e
5 p

M V(
1 6

1
3 m

e 6-
1- -

1 4 7 te5
1 9 2 - -

5 303 -
l

a
1 0 1 - 5 < 2 1 5 1 ~ ~ 3 la

w m

d
) n
K h a

_ T(
0

l
t

0 e
_ l

4

w i- 0 0 t l ) 0 00 0 moeA80 0 80 8

s.
3 k. d-
( w '- 5 221 2 la5 5

3 NNN332 3 i3

tm
t i

n e
e h

t

m e n_

i b er u .
e

e T u 5 u 5 n S 55S SS5 S m wcSp S C 5 C $ I S 55 S S S5 S c
t

e
bx 3e 0 e_ c

_
n l

e d = n_ a
_ o ir n n e_ r
.

i e e a h
f
e_

t t

n d ;
t

d

sz d . fa a
t

b ly m
i

M l
l

e L nr

e M ten n.
Aa, b o e ._

e __ t .a e
, e m . ht

p_

_ n o n F e g
e n .

Ae l

e u
ir e

ml
lik r 5

O pal
k

t

te Z , te fe oa r Inp sh
l

e n 0. r P ndh i o
i ,l i

,5 a
t mb e m e te t

t

o o
, n e ir } 2;

OOOOO O''
i

f

.
m

10' 1

lt ,

r i e e e -

p m 4 ar

1
1;h N P O S,

2
v

a al S 1 BS. ce h 5 rn n ar i 0
1 i T UUUUUS U n i d e .

-

e e- m h m_ v h r t

u cf e t e r t

3 .

so e n at

d w n h -

r u h
i dy n t 0
g e

g o = _a o a
iy a d h

_

n s .

n _

a d _r

m t

2
t n a v

_

e r r e . d .

d t a
m _s ta8n se # d s a h e e1 w: _reu m 2 h hr l T 8 ti b e$ c2 e

_ S n e lu I m
l w m

r is f

e k a u ps tp a g B 2'l m n w n u ea
x 5

l r s l. k te lo s w
!

. l i 7
md1 E e I f

f

t

n 2'
I

e R i b m e h a r r2 a#- d " l G 3 i 2' R e
o s e- a

n " I I r wu a
2

- d l i

c e n g i 2' 2 n 2' S4 5 I
S K % M I M Mp A

n 2' a

o n i n a r
I I

6
i K t lt

b
ta lui u u t t_

k n e
h n A1

- e t
l l

e n
r nN 2' - e esi n s u n le tog c 2 2

.
b Y n

uh ie pp tn p R1 E t0,_ a tek e n s e 2 3
m

t

s

T OJ C S f I K S T 1 n [l G l a b c d et f
i

. . . . . e .

_

_
_

C a %W',f&4W
,

0
.

_

|||



Review of Previous Research

in Reference 2-10, an analytical expression for penetration distance of a saturated liquid
through a horizontal tube was developed by using an approximate method for the form of the
instantaneous shape of the frozen layer along the tube wall. In the limit of negligible liquidi

I inertia, a closed-form expression for the liquid penetration length was derived and found to
compare well with experimental results documented in References 2-4,2-5, and 2-10. Although
the expression developed in Reference 2-10 incorporates crust hydraulic effects on melt ;

penetration distance, it is not applicable to cases with either superheated liquid or tube wall
melting.

1

In a subsequent experimental study, Epstein simulated the Ostensen experiments with
! prototypic, fast-reactor steel-clad pins at -1200 K.M' Two different injector inventories were i

used in this experiment to assess the influence of thermite mass on penetration behavior. The
j mohen thermite penetration results using a 0.5-kg thermite load were similar to those obtaine ' in |

References 2-4 and 2-5. Ilowever, when the thermite injector inventory was increased to 2.0 kg,4

the now front penetrated much longer distances. As in previous tests, the penetrating thermite
mixture was observed to ablate the steel pins. Inspection of the frozen front revealed solid steel ;

plugs containing only trace amounts of thermite, compared with the rough, clinker-like debris
observed at the conclusion of the 0.5-kg injections. The experimenters concluded that the
observed penetration behavior was incompatible with a bulk freezing mech:mism and that, while

;

steel ablation rapidly leads to fuel freezing in a bulk manner, bulk freezing does not provide i

4 significant containment capability. Instead, froecn steel is required to stop the flow, and fuel I

penetration is conduction controlled.

2.1.2.4 K61Iig and Grigull Experiments and Analyses. In Reference 2-12, a two- ;

dimensional, finite element model was used to determine the behavior of melts penetrating a
j horizontal cylinder. The model accounts for a crust developing along the outer surface of the

melt and an air gap between this crust and the tube wall, resulting from thermal contraction of,

,

the solidified annulus. :

Casting experiments with pure metals, such as tin, lead, zinc, and aluminum, were performed :
for a range of melt superheats. Experimental results were found to agree with the numerical |
model. !

In Reference 2-12, a closed-form expression to predict melt penetration distance was derived
from the two-dimensional, finite element model described above. This closed-form expression i

includes key dimensionless groups related to the melt superheat; melt and tube capacitance and
'

thermal resistance; solidification enthalpy; and n. cit Prandtl, Reynolds, and phase change numbers.
Constants and exponents for these dimensionless groups were obtained by fitting the expression
to numerical model results from Reference 2-12 with a 10's tolerance.

|

2.7.2.5 Spencer Experiments and Analyses. Reference 2-13 reports results from
thermite injection tests in which two injector sizes, capable of delivering 0.5 and 2.0 kg of melt,
were employed. In one of these tests,2.0 kg were injected into the steci pins at 1200 K, and the
leading edge of the molten material was observed to travel a distance of 140 cm, which agrees

,

,

with the observations reported in Reference 2-11 under similar conditions. However, a much
i

shorter penetration distance (40 cm) was observed in two other tests in which the bundle
"

temperature was initially 570 K. Such a short distance could not be explained by the conduction |
model and was nearly a factor of two larger than distances predicted by the bulk freezing model. t

2.1.2.6 Sandia TRAN Experiments and PLUGM Calculations. The TRAN series '

experiments were conducted at Sandia National Laboratories (SNL) to investigate the

NUREG/CR-5M2 2-6
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characteristics of fuel removal and freezing through the upper axial blankets of an LMFBR during
the transition phase of a hypothetical core-disruptive accident.

He first series of TRAN experiments (TRAN Series I)2 2 investigated basic phenomena
between superheated, pure UO melts injected upward into thick-walled steel cylindrical channels.i 2

I Although the experiments confirmed certain features (e.g., stable crust growth and minimum steel
tube temperatures required for tube ablation), simpic models could not be directly applied to
predict melt netration phenomena, such as penetration length. In the TRAN B (blanket) series
experiments,pu.215.2-t* whose results provided the most applicable data for PWR lower head
failure analyses, molten UO and UO /316 stainless steel mixtures were injected into channels2 2

with complex geometries to investigate the effects of molten steel and complex geometries on fuel
relocation and crust formation. The TRAN G series (GAP series) of experiments investigated
pure UO and UO / stainless steel mixture freezing and ablation behavior in subassemblies with2 2

various gap dimensions.

The TRAN B-1 experiment was performed to investigate the effects of curvature on crust
stability. An annular geometry was selected, because both convex and concave surfaces could be
tested (previous analyses had tested only concave surfaces in which the crust was held in
compression). De TRAN B-2 experiment was performed to investigate the effects of molten
steel on melt rekication. The third of these experiments. TRAN B-3, was similar to the TRAN
B-1 experiment, except that the steel wall temperature was raised 400 K to investigate the impact
of steel tube melting on crust formation. ,

TRAN B experiments were analyzed using the PLUGM code.2 2i The code features include
the following:

Hydrodynamic analysis of the pressure-driven molten-fuel slug, accounting for inertial.

effects, arca-change pressure drops, and friction losses

Bulk melt / wall heat transfer that accounts for stable, conduction-limited crust growth on.

both channel surfaces

Calculation of molten fuel depletion by crust growth and liquid-film deposition at the j.

trailing edge of the fuel flow !

Calculation of enhanced film deposition by Taylor instabilities, using the correct Taylor.

wavelength in both tube (melt chamber) and annulus (flow channel)

. The ability to model both tube geometry (melt chamber) and annular geometry (flow.

channel) in the same problem.

Direct examination and Pl.UGM calculations of the crust thickness and the penetration distance
during the TRAN B-1 and TRAN B-3 experiments indicate that fuel flow and fuel / wall heat
transfer were characterized by stable fuel crusts on both inner and outer channel surfaces.
However, the experimental data indicate that crust formation is less stable on the outside of a rod
than on the inside of a cylinder at later times. Results from the B-2 experiments indicate that

: fuel / steel mixtures with a low steel content behave similarly to pure UO melt.2

2.1.2s7 Sienicki Experiments and Analyses. A series of scoping experiments was
performed to investigate the freezing and plugging behavior of mohen structural materials or
metal alloy fuel during severe accidents in liquid metal reactors.2* Penetration phenomena for

2-7 NUREG/CR-5642
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molten metals are of interest because many metals do not wet the flow channel walls. For these
experiments molten stainless steel and nickel (superheated to between 9 and 2(X) K) were
injected downward and upward (with various driving pressures and vekicities from 195 to
1200 cm/s) into stainless steel tubes (6.4- and 3.3-mm ID) initially at room temperature.

Complete plugs were formed in all the experiments, halting the continued injection of melt.
Neither the molten stainless steci nor the molten nickel were found to have wetted the solid
stainless steel tube walls. However, quite different behavior was observed in the downward and i

upward injection tests. In the downward injection test,71 g of the 110 g of melt injected traveled
the entire 95-cm tube length. Posttest examination revealed that 13 g of the injected steel were
h>cated near the tube entrance, forming a solid plug, followed by a crust. He remaining 30 g of
melt comprised four slugs at distances of 39,43. 51, and 70 cm into the tube. His behavior is
explained by the continuing acceleration under gravity of a draining liquid stream in a tube, in the
absence of wetting. Once liquid slugs form, they can fall through the tube without undergoing
significant heat loss (<10 K, based upon thermal radiation from the slugs to the wall).

In contrast, melt did not penetrate the entire tube length in any of the upward directed tests.
Also, the injected metal in these tests consisted of a relatively long slug encompassing the tube
inlet and plugging the channel followed by a shorter " downstream region" composed of a number
of slugs. The shorter penetration distances observed during these tests may be explained by
noting that gravity acts to decelerate the liquid stream, causing it to fill the channel cross-sectional
area such that conduction heat transfer can occur at the wall, resulting in stable crust formation
upon the wall.

Analysis of the injected mass and plug formation was performed using the EMF-C
(Experiment Modeling Freezing-Conduction) coupled Huid dynamic / heat transfer computer code,
which calculates the conduction freezing controlled penetration of a melt within a freezing!

channel. Freezing is assumed to take place with the growth of a stable solidified layer, or crust,
upon the channel wall (using the stable crust growth / conduction model),2a2-" and plugging
occurs when the crust at some k> cation completely occludes the channel. It should be noted that

.
this analysis assumes that the thermal contact between the crust and the wall is perfect, even
though the melt does not actually wet the tube wall. The agreement between model predictions !

and experimental results for the amount of injected mass that is limited by plugging justifies this
calculational assumption. An analytical expression for predicting steel-ablation-induced freezing
penetration distances is derived and compared with experimental data. Results were similar to,

distances observed in the Ostensen experiments.24 ,

2.1.2.8 CENG GEYSER Experiments and Analysis. A series of tests was performed for
the CEA by CENG (Centre D' Etudes Nucleaires de Grenoble)in the GEYSER facility to
investigate the behavior of molten UO, as it travels through penetrations.2v Results are

,

reported from nine tests performed in the GEYSER facility during the first year of operation. |
Test sections of stainless steel tube were used in all these tests, although the inner diameter of ;

the test sections varied between 0.4 and 0.6 cm. Most of the tests used a pure UO source '

2
melted to an initial temperature of 3273 K, although one test used stainless steel melted to an
initial temperature of 2073 K. The source was injected into the tube at the base so that the
penetration distance was the distance that the melt traveled upward before freezing. A pressure I

difference of 0.3 MPa was applied during all the tests reported.

Experimentally measured penetration distances were found to be smaller than one calculated
by the conduction freezing model and larger than one obtaincd with the classical bulk freezing
model. Microstructure analysis of the solidified melt found equiaxed grains at the leading edge.

'

NUREG/CR-5642 24
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implying that the temperature of the Guid at the leading edge was uniform and less than the
fusion temperature. Thus, results indicate that supercooling of the Guid occurred without tube
ablation because of the resistance between the melt and the tube. Columnar grains were found in
solidified melt in the tube, which indicated competition between the two types of grain growth.

Results from the tests indicate that the now velocity of the melt was fairly constant; thus, the i

classical conduction freezing approach is not applicable. Heat transfer coefficients were obtained
using experimental data and compared with heat transfer coefficients obtained using a Dittus-
Boelter correlation (Nun = 0.023 Re"* Pr 3), which is typically used in bulk freezing model
correlations. Results indicate that the experimentally obtained heat transfer coefficients were an
order of magnitude smaller than those obtained from the Dittus-Boelter correlation. Hence, :he
results also indicate that the bulk freezing approach also falls short for describing experimental
results.

The authors postulate that nucleation theory is necessary to describe melt penetration
distances accurately in these cases becauw of the following:

Iligh cooling rates and disequilibrium associated with the high Reynolds numbers that.

|
occur for melt traveling in such tubes

Turbulence.

! Interfacial resistance that develops following contact between the high Reynolds.

number melt and tubes. i

More recent calculations by CENG are documented in Reference 2-22. The analysis
considers the potential for three materials, steel, UO -ZrO , and silver, to travel through2 2

| instrument tube penetrations at driving pressures up to 18 MPa. To maximize melt penetration
! distances, it was assumed that there was no coolant or instrument strings within the tubes.

Results indicate that the melt can travel through an instrument tube from 3 to 28 m, depending
upon assumptions related to melt initial temperature, melt composition, and driving pressure. !

|

2.1.2.9 ISPRA BLOKKER H Experiments. Melt penetration tests were performed in
circular and rectangular channels in the FARO BLOKKER 11 facility at Ispra.248 For the circular
channel tests, seven stainless steel tubes were tested with diameters ranging from 0.4 to 0.6 cm.
In these tests,3270 K UO melt was injected downward into the stainless steel tubes at an initial! 2

| temperature of 670 K and a pressure difference of 0.6 MPa.

Penetration distances for each tube in the array are listed in Reference 2-18. Experimentally
obtained penetration distances were found to be longer than distances predicted with the bulk
freezing model and shorter than distances predicted with the conduction model.

2.1.3 Tube Heatup Failure Analysis Summary

Few analyses of melt attack on LWR h wer head penetrations were found in the literature.
The only analyses of melt attack on LWR lower head penetrations reviewed in this section were
performed to evaluate the integrity of the TMI-2 lower hee.d and in-core instrument noales.
Although in-vessel nozzle melting was predicted in these calculations, results from a
two-dimensional analysis indicate that portions of the nozzle near the lower head were cooler
because conductive heat transfer to the head provided sufficient cooling to prevent noule and

|
2_9 NUREG/CR-5642
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weld melting. Ilowever, these two-dimensional calculations assumed that the vessel outer surface
was cooled by water.

'

A considerable amount of research related to melt relocation through LMFBR penetrations
exists in the literature. However, this review of experimental and analytical calculations related to
melt penetration in steel tubes indicates that the behavior of molten fuel freezing in tubes and
rod bundles is still not completely understood. The conduction model appears to reasonably

; predict the behavior of simple materials injected into initially empty channels (e.g., initially
'

without water or other materials present) with non-melting walls. Ilowever, significantly shorter
; distances have been observed in certain experiments with thermite entering tubes. It appears that

experimentally obsersed distances are bounded by the values predicted with conduction and bulk
J freezing models.

Previous research did indicate that such factors as melt / tube geometry, material properties,
system pressure, initial melt velocity, initial melt superheat, and observed interactions between the
melt / tube interface provide clues as to which model should be applied to predict melt penetration
distance during a severe LWR accident. In Reference 2-1, scoping calculations were performed
to apply some of the models for predicting melt penetration distance to the instrument tubes in
the TMI-2 vessel. Large uncertainties in input parameters, such as debris composition and heat
transfer properties, resulted in melt penetration distances ranging from 03 to 3 m. Furthermore,
the analysis was performed to maximize melt penetration distances by assuming that the melt4

occupied the entire area within the instrument tube, neglecting the presence of coolant and an <

instrument string inside the tube. Data from TMI-2 nozzle examinations, such as the melt / tube
interface conditions and observed melt pene. ration behavior, may provide insight into whether the

'i

bulk freezing or conduction model is more applicable to severe accident scenarios.

2.2 Tobe Ejection of a Lower Head Penetration

If relocated core debris rests on the lower head, the resulting thermal attack on tube
penetrations can fail the attachment welds. The operating system pressure can then produce a
driving force that could possibly overcome the binding force resulting from differential thermal
expansion of the penetration tube and lower head and eject the tube. That binding force,
however, depends on the mean coefficient of thermal expansion (CTE), which varies as a function
of temperature and material, for carbon steel of the lower head and Inconel or stainless steel of
the nozzle penetration tube. A schematic illustration of this failure mechanism is presented in
Figure 2-4. Prior research to investigate the potential for ejection of a lower head tube
penetration has been performed and reported by SNL and Oak ridge National Laboratory
(ORNL).

,

!2.2.1 SNL Tube Ejection Research

Scoping calculations performed by SNL '23 have indicated that the material shear strength of2
;

a PWR instrumeat guide tube penetration weld need only be on the order of 7 MPa to withstand
an operating system pressure of 17.2 MPa. Ilowever, because the inner wall temperatures of the
lower head of the reactor pressure vessel during the severe accident could be as high as the
melting temperature of the weld material, the effects of differential thermal expansion between
the tube and lower head materials were also evaluated to see if the tubes would bind in the holes
of the lower head. A lower bound estimate of the coefficient of friction between the tube and
vessel hole surface was combined with differential thermal expansion calculations to conclude that
the tubes could not eject under accident pressure conditions unless global sagging of the vessel

NUREG/CR-5642 2-10
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Figure 2-4. Lower head failure via tube ejection.

head occurred. An 8-mm sagging displacement of the vessel at the centerline was calculated.
The displacement resulted from global creep rupture to offer sufficient dilation of the holes to
allow tube ejection. This analysis suggested that differential thermal expansion might be a
dominant mechanism that prevents ejection of the penetration noules.

| 2 24A series of experiments was performed at SNL to substantiate these analytical
calculations. A prototypic instrument tube penetration was set up with the dimensions shown in
Figure 2-5. The experiment apparatus consisted of a press frame, a 12-ton hydraulic ram, an
induction heating coil, and the tube penetration assembly of Figure 2-5. The "zero clearance"
penetration assembly was heated to steady-state temperatures ranging from 473 to 1473 K, and
the required ejecting force was recorded.

In the experiments performed in this facility, the instrument tube was made of SA316
stainless steel and the metal block representing the vessel head was made of a mild steel. Results

2-11 NUREG/CR-5642
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Figure 2-5. SNL tube ejection experiment geometry.

indicated that the force required to punch out the tube when the assembly was heated to 683 K
was equivalent to an internal ejecting pressure af about 107 MPa. This is about 8 to 10 times
greater than the operating system pressure after the core relocation at TMI-2. It is expected that
tubes of Inconel, which have a lower coefficient of thermal expansion, would require a lower
ejecting force.

2.2.2 ORNL Penetration Tube Failure Analysis

2 25ORNL has studied the failure of bottom head penetrations in BWRs. A faRure scenario
was proposed that included dryout of the accumulated debris bed on the lower head. This diyout
would be followed by thermal attack on the control rod drive (CRD) guide and instrument tube
penetrations. Failure of the CRD guide tubes would result in the collapse of the core structure
onto the lower head because it is supported by the CRD guide tubes. Failure of the stub tube
welds that support the CRD guide tubes is expected to occur before failure of the instrument
guide tube welds at the vessel wall because these welds are above the inner surface of the vessel
wall. Ilowever, it is postt. lated that ejection of the CRD guide tubes would not occur because the
CRD housing support under the vessel limits downward displacement to about 3 cm, whereas the
vessel wall thickness is more than 20 cm. Thus, instrument guide tube failure was evaluated.

A transient heat transfer model of the melt, vessel wall, instrument tube wall, and structures
interacting with the instrument tube beneath the vessel has been developed for calculating
temperature distributions in the tube. For a case in which it is assumed that metal 4: melt
relocates to the lower head with no superheat or internal heat generation, temperatures above
1478 K are predicted in the tube. Creep rupture from the combined weights of the ex-vessel
portion of the tube, the solidified debris, and the instrument string is expected within tens of
seconds.

NUREG/CR-5642 2-12
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2.2.3 TMI-2 Instrument Tube Analysis !

The Babcock & Wilcox investigation .2 discussed in Section 2.1.1 also studied the ability of2

the in-core instrument nozzles to carry axial, bending, torsion, and internal pressure loads after
the TMI-2 accident. The instrument noale-to-vessel welds were assumed to be degraded, in that
only a portion of the original weld remained | Simple hand calculations using the material ultimate
strength were employed. Required remaining weld thickness for given temperatures and load
Icvels were calculated.

| The results show that the minimum weld thickness required to hold the in-core instrument
l noale in the lower head, given a 13.8-MPa vessel internal pressure difference, was 0.0178 to

| 0.076 cm at head temperatures of 590 to 1580 K. A minimum weld thickness of 0.076 cm was
,

shown to support 24 kN of axial load,158 N-m of bending moment, or 655 N-m of torque at [
defueling temperature conditions. The report indicated that results have some uncertainties

| because of a lack of material properties for Inconel-600, which is the material used in instrument
| noales for temperatures above 1140 K.

2.2.4 Summary of Tube Failure Evaluations
,

Only a limited set of preliminary calculations and experimental efforts on nozzle ejection !

were found in the open literature. Assumptions concerning different material properties and tube
geometries for the various bottom head penetrations have resulted in conflicting conclusions
concerning penetration tube ejection. In the SNL studies, an assumption of no gap between the i

penetration tube and sessel hole resulted in conclusions of no ejection. In reality, gaps do exist at i

ambient temperature to allow insertion of the tubes into the holes under field fabrication
conditions. Tolerances on the tube outer diameter and the vessel hole diameter contribute to the
bounding gap dimensions.

In competition with the failure mechanism of tube ejection is the possibility of ex. vessel tube
rupture. Once melt is in the tube, certain conditions allow melt to penetrate down the tube and
past the vessel wall before plugging. An assumption of hydrostatic conditions in the melt above
the plug result in a tube loaded by operating system pressure and degraded in structural strength
because of serv high temperatures. Because of this competition, a simultaneous assessment of
both failure mechanisms considering material properties and tube and hole geometries is
necessary.

2.3 Lower Head Global Rupture

i When temperature and stress levels in a significant portion of the vessel lower head wall
! exceed a certain limit. the lower head may fail immediately by uhimate strength failure or over
; time by global creep rupture. A schematic illustration of a vessel lower head collapsing from
t creep rupture failure is presented in Figure 2-6.

This section provides a review of research by SNL Electric Power Research Institute
(EPRI), Idaho National Engineering Laboratory (INEL), and ORNL that investigated the
potential for global lower head failure from creep rupture. The SNL investigations indicated that
thermally induced strains do not significantly affect the time of vessel failure. The EPRI analyses

j indicated that global failure of a PWR vessel could occur between 10 minutes and I hour for ar,
accident having a molten debris pool in a PWR. The INEL calculations focused on the impact of

,
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Figure 2-6. Global collapse of the lower head.

debris configuration and coolability on creep rupture failure during a TMI-2 type event. The
ORNL studies concentrated on the likelihood of creep rupture in BWR designs, where it is more
likely that the vessel will be depressurized and dry prior to vessel failure.

2.3.1 SNL Analysis

A finite-element analysis of a pressurized vessel was performed at SNL by Chambers .24.2 262

who used finite-element computer codes to develop temperature distributions that were then used
in a finite-element thermal stress analysis: COYOTE'2 for a two-dimensional heat conduction2

'

2#solution and JAC for stress analysis. Creep effects were not included in the model.

This analysis examined the importance of thermally induced strains on lower head failure.
Calculational results indicated that even though thermal strains increase the magnitude of the sag
in the vessel head and alter the stress distribution throughout the vessel thickness, they have no
significant effect on the time of vessel failure. Results indicated that the rupture of the vessel
occurs when the hot inner portion of the vessel wall degrades in strength, and the vessel fails

,

when the cooler outer portion cannot withstand the pressure stress.
*

Reference 2-29 documents results from a one-dimensional model that considers melt
i

progression in the debris as well as the thermal and mechanical response of the vessel lower head.
The study was performed in order to identify the parameters that most affect the plenum debris
and vessel failure times resulting from creep rupture.

The thermal model considers a corium bed composed of UO , ZrO , and stainless steel.2 2

The model includes the effects of melt relocation. A uniformly mixed debris bed and a stratified
bed were compared, as were an insulated boundary and a radiative vessel boundary. Debris bed
porosity and particle diameter were varied. The initial temperature of the debris was set equal to
the saturation temperature of the coolant at the pressure of interest for all cases investigated.
The vessel internal pressure was varied from 2 to 15 MPa.
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The creep-rupture failure mode was investigated by using the Larson-Miller * correlation.2

This approach is based on sets of equations that give the time to rupture, given a constant stress
and temperature level. The material data used to develop the Larson-Miller equations were
based on extrapolated lower temperature data.2-31 Because the stress states of the material in the
lower head are transient during accident conditions, a life fraction rule was used to account for
the varying stress and temperature. The life fraction rule assumed that damage to the lower head
was cumulative.

Results of the analysis indicate vessel failure times from 3,3(X) to 6,0(K) seconds (with an
insulated boundary) or 3,6(X) to 7,9(X) seconds (with a radiative boundary), for system pressures of
2 to 15 MPa. Pressure and boundary conditions had the greatest effect on failure times.
Competing effects were found to reduce the sensitivity of analysis results to assumptions related
to debris bed porosity. Vessel temperatures initially increased more slowly for higher porosity
debris beds because of the reduced effective conductivity. However, this effect is offset when
temperatures in the debris bed reach melting because there is more space available for melt
relocation in a higher porosity debris bed. Likewise, the competing effects of effective
conductivity and flow resistance during melt relocation made analysis results less sensitive to
particle size assumptions. A stratified debris composition substantially increased the failure times
over the uniformly mixed bed times reported above.

2.3.2 EPRI Analysis

EPRI's IDCOR Program sponsored a creep rupture analysis of a PWR lower head with no
penetrations.2-32 Thermal response was calculated for an instantly formed molten debris pool on
the vessel lower head using an axisymmetric finite difference model with General Electric's
Transient Heat Transfer Program."33 The M ARC finite element structural analysis code * was j

2

| used to calculate the thermal stresses. Structural material properties for SA533B1 were
'

extrapolated beyond c . ting test data at 922 K, constant internal pressures were varied from 100
to 2500 psi, and a con tutive creep law modeled the visco-plastic response of the lower head to

i

the thermal transient. The corium pool's depth, initial temperature, decay heat generation rate, I

sink temperature at the free surface, and the film coefficient of the vessel outer surface were
varied to offer a qualitative estimate of the expected temperatures and resulting structural
response of the lower head.

Typically, the stress distribution in the wall started with a uniform stress resulting from
internal pressure. The temperature of the hot inner region of the wallincreased from 533 to
1473 K a few seconds after the beginning of the transient, and within a few minutes the entire
vessel wall temperature was above 700 K. As time progressed, the cooler material nearer the

,

outer surface carried an increasing proportion of the load because the capacity of the inner region j
was degrading with the increasing temperature. Finally, collapse occurred when the head could
no longer support the internal pressure load. )

i An approximate solution for calculating times to creep rupture was developed based on the
phenomena discussed above. This solution simply evaluated the ultimate strength at various
locations through the wall for a spatial temperature distribution at a given time, integrated those

| strength values over the entire wall thickness, and compared that maximum membrane load
| carrying capacity to the pressure-induced membrane load. When the head's membrane capacity

was exceeded, the time at which the evaluated temperature distribution occurred in the transient
was considered as the time of rupture. Estimations of rupture time from this simplified
calculation procedure compared very well with the structural finite-element analysis for internal
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pressures from 4.2 to 17.5 MPa. For internal pressures near 0.7 MPa, a caution was made that
complete melt-through of the head may be a competing failure mode.

2.3.3 INEL Analysis

Studies at INEL -35 through 241 addressed characteristics of the relocated core debris bed and2

the vessel response in the TMI-2 accident. In References 2-39 and 2-41, finite-element analyses
are described in which the COUPLE / FLUID" code was applied to model postulated )
configurations of the debris bed and their interaction with the vessel wall. Transient temperature
distributions were developed and input into lower head stress calculations,241 which were
performed with the ABAOUS structural analysis code.242 |

The heat-transfer analysis consisted of an axisymmetric model of the relocated debris bed
and vessel wall. Because of uncertainties regarding the heat transfer properties between the
debris and vessel wall, three possible debris states were considered:

L Upper-Bound Configuration. This depicted an upper-bound thermal challenge to the
vessel. A layer of porous debris was assumed to settle onto the lower head. The
interstices between the debris particles were assumed to be filled with molten control
rod and/or core structural materials, resulting in a consolidated (zero porosity) layer of
metallic /ccramic material adjacent to the vessel. This layer transmitted heat to the
vessel more rapidly than the ceramic material. A porous debris bed was assumed to be
supported on the frozen upper crust of the consolidated region.

2. Lower. Bound Configuration. This represented a lower-bound thermal challenge to the
vessel. It consisted of a porous debris bed separated from the vessel by a layer of
solidified control rod material assumed to have relocated and frozen before the major*

relocation event. In this case, the frozen control rod layer acted as a heat sink and
added thermal resistance to heat flow from the debris to the vessel wall.

3. Intennediarc Configunnion. This consisted of a porous debris bed similar to that of the
lower-bound case; however, control rod material was absent from the debris.

In addition to uncertainties in the debris configuration, uncertainty existed relative to the |

coolability of the various types of debris. Combining debris configuration with coolability
produced six possible debris states.

Lower head rupture was estimated for the various combinations of assumed debris bed ;
2 iconfiguration and quench status "" using an average value of the operating system pressure,

which was measured throughout the accident, a maximum midwall temperature calculated by
COUPLE / FLUID. and a creep rupture criterion developed in Reference 2-40. This creep
rupture criterion was developed from Larson-Miller parameters for SA533B1 and pressure
stresses in a hemispherical head of the TM1-2 dimensions. Table 2-2 summarizes rupture times
estimated in Reference 2-4L

|

a. E. C. Lemon, unpublished research concerning COUPLE / FLUID, a two-dimensional finite-clement
thermal conduction and convection code at EG&G Idaho, Inc. Note that the COUPLE model was later
incorporated into SCDAP/RELAP5, which was applied in the Section 5 finite element analysis.
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Table 2-2. Estimated TMI-2 vessel creep rupture times.

Average reactor Maximum vessel mid- Estimated time
Debris Debris system pressure wall temperature for creep rupture

configuration cooling (MPa) (K) (h)

Upper bound Dry 9.5 1481 <0.1

Upper bound Quenched 9.5 1366 <0.1

Intermediate Dry 9.5 1366 <0.1
Intermediate Quenched 9.5 907 100

Lower bound Dry 9.5 1023 <0.1
Lower bound Quenched 9.5 825 No rupture

Because the TMI-2 vessel did not fail, and, as indicated in Table 2-2, the dry bed scenarios
would have failed the head within an hour, the next most stringent condition, the intermediate
quenched case, was selected for the detailed creep rupture analysis. An axisymmetric finite-
element model of the lower head with no penetrations was developed for the stress analysis.
Thermal creep and plastic material properties were used in the model. Time-varying operating
system pressure, which had been measured during the accident, was applied to the model in i

conjunction with the temperature distribution history provided by the COUPLE / FLUID |
calculation. Operating system pressure was the predominant mechanical load during the accident. |
The maximum total strain (clastic + plastic + creep) developed in the model for the scenario <

selected was about 1G, which is considerably less than the 25 to 30% required to rupture the
pressure vessel steel at the corresponding temperature levels.

|

| 2.3.4 ORNL Analysis
1
i

ORNL has considered lower head failure in BWRs.2~25 Because the BWR Owner's Group
hEmergency Procedures Guidelines direct reactor operators to manually depressurize the reactor

vessel very early in a severe accident sequence, the wall membrane stress in a BWR lower head is
expected to be only about 1 MPa. This stress results only from the weight of the debris and the

| head itself. At this low stress level, vessel wall temperatures would have to be near the melting
| point of the vessel material for vessel failure to occur. The vessel penetrations are expected to

| fail long before this 9s ar; example, a short-term station blackout scenario resulted in

| penetration failure within 10 minutes after debris bed dryout, and global failure of the head about
3-1/2 hours later.

ORNL has recently completed a study to evaluate several strategies for management of
postulated BWR severe accidents.' Drywell Hooding, vessel skirt venting, and vessel j
d(pressurization were considered. The vessel lower head analysis used the Larson-Miller

'

correlation * to evaluate creep-rupture failure. The Larson-Miller parameters were based on the2

b. Available from the General Electric Company and the BWR Owner's Group.

c. S. A. Hodge, Oak Ridge National Laboratory.
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' high-temperature SA533B1 steel data documented in Appendix B of this report. The Hodge ;

; ORNL results showed that a flooded well, with venting of the vessel skirt (to climinate an air i

i pocket at the vessel lower head), significantly increased the time to failure of the vessel. Vessel
depressurization also increased the time to failure.

2.3.5 GRS Analysis

J The German Bundesminister fur Forschung und Technologie (BMFT) supported an effort
by the Gesellschaft fur Reaktorsicherheit (GRS) to compare three analysis me: hods for predicting
PWR lower head failure.243 The load case employed, which simulated a core meltdown scenario, !,

defined interior pressure and inner-vessel-wall. temperature versus time envelopes. The first ;

analysis method involved a modified clastic-plastic approach that used temperature independcat
,

.
values for parameters, such as Young's modulus, Poisson's ratio, and the coefficient of thermal (

J expansion, at high temperatures. These properties were developed from average values of these
properties at lower temperatures. Creep effects were not included. The second method used a
finite-element solution that included the plastic material behavior as well as creep effects. The
third method consisted of a simple analysis that employed the Larson-Miller *" correlation and a2 *

life fraction rule.

The results gave failure times for all three analysis methods from 1,800 to 2,450 seconds.< '

The modified clastic-plastic method gave the shortest failure time (1,800 seconds), which was
considered to be conservative. However. in accident scenarios where creep effects are more

'

significant (where the entire vessel bottom head is above 1000 K), this method would be
excessively conservative. The finite-element model with creep properties and the Larson-Miller
evaluation predicted failure in the middle and upper end of the time envelope.

2.3.6 BCL MARCH 2 Vessel Strength Model
,

;

The MARCil code,2"" developed at Battelle Columbus Laboratories (BCk ), describes the
physical processes governing the progression of core meltdown accidents. It includes a bottom

,

;

head failure model that compares applied stiesses, calculated using a mechanics of materials
'

approach, with the tensile (ultimate) strength of the vessel. Creep failure is not considered. The
,

i
MARCH 2 model also includes an option to allow leakage of gases and water, but not of debris. '

Leakage starts when the head temperature at a user-specified thickness exceeds 891 K (1144'F).

The applied stresses include the effects of dead loads and are calculated at four locations:
(a) the junction of cylindrical and hemispherical parts of the vessel; (b) the point of the vessel j
corresponding to the debris top surface; (c) the maximum longitudinal stress in the cylindrical part

|
j of the vessel; and (d) the maximum circumferential stress in the cylindrical part of the vessel. The

(
tensile strength is calculated assuming either a linear temperaturr. distribution through the wall '

thickness or a bilinear distribution; melted portions are subtracted from the thickness. The
bilinear distribution has a limited definition. The outside wall temperature must be the head
temperature at the start of the calculation. Traversing inward, the tuipcrature distribution must
be flat to a point in the interior, where the temperature increases line.irly to the maximum
temperature (below melt) on the inside wall. !

The M ARCH models are particularly useful in cases with low pressure and large debris or
water volume, where stresses induced by dead loads would be significant compared with stresses
induced from pressure. However, significant error may be introduced in the MARCH calculation
of temperature-dependent tensile strength, given the limitations on allowable through-wall
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temperature distributions and the temperature sensitivity of tensile strength in the 600-1000 K
range.

2.3.7 INEL SCDAP/RELAPS Vessel Creep Model

The SCDAP/RELAP5 code.2m developed at the INEL, gives best-estimate transient
simulation of LWR systems during a severe accident. It includes a bottom head failure model
based on creep rupture theory. Applied stresses resulting from pressure loads are calculated using
a thin-walled, mechanics of materials approach. Through-wall vessel temperatures from the finite-
clement thermal analysis are averaged over user-specified elements. He fraction of the life

"used" for agiven stress or temperature calculation is calculated using either the Larson41 iller2parameter . or the Manson-Haferd parameter.2-" Damage is accumulated using the time
damage model.

This model is particularly useful for cases where temperatures are above half the vessel
material's melting temperature, but pressures are not high enough to cause immediate failure.
Here, time-dependent creep rupture is possible, whereas calculations based only on tensile
strength would not predict failure.

2.3.8 Summary of Global Rupture Analyses

Study of the prior efforts in global head failure indicates that stress conditions in the vessel
lower head tend to be complex and time varying during a general heatup that results from the
decay heat of a debris bed. However, observations of the macroscopic trend in vessel wall 1

response to such heatup tends to indicate that a much simpler, analytic model of structural
capacity may be possible. His simpler model would then allow simultaneous evaluation of global
failure with the tube penetration failure mechanisms discussed previously.

Tying the evaluation of these failure mechanisms together in simple analytic solutions offers
an evaluation of the failure sequence and the development of easily understood failure maps.
This development is discussed in Section 4.

2.4 Jet Impingement

The kicalized attack caused by jet impingement onto the lower head of a reactor vessel is a
potential failure mechanism. Relocating molten material, such as corium or in the early stages of
a severe accident, metals, can fall to the bottom of the vessel and may ultimately lead to its
failure. The failure can be brought about by an active crosion process of the relocating material
in the form of a jet or by localized heating of the vessel from the mass of relocated material.
Several experiments and analyses have been performed to determine the breakup of the jet
material by a fluid and the crosion or ablation rate of a molten jet on the solid vessel wall. Some
of the analvses also consider the effects of breakup and dispersion by a fluid. such as water or gas,
that could be present in the lower vessel during melt relocation.

The review of this research has been broken down into two parts. The first part will present
the analyses that pertain to the crosion and heat transfer processes associated with a jet impinging
onto a solid surface. such as steel, representing the vessel lower head. The second part will
discuss mixing and breakup analyses used to determine the behavior of a molten jet when it enters
and travels through a fluid such as air or water.
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2.4.1 Jet Impingement and Heat Transfer Analyses

The exact composition of a molten jet that could be produced in a severe accident is both
reactor and reactor-accident dependent. Experiments have used varying simulant mixes of metals
as well as corium mixtures of ceramic UO , ZrO , and stainless steel for the jet. Depending on2 2
the plate and jet composition, a liquid melt layer from the plate, a solid crust from the jet, or both
can form and significantly affect the rate of heat transfer from the jet to the solid plate material,
possibly insulating the jet from the solid and preventing any significant plate crosion. Despite the
predicted presence of insulating layers, evidence for the crosion of vessel metal by both corium
and metal mixtures exists. Figure 2-7 is an example of a vertical jet impinging on a horiumtal
solid surface with a crust and a melt layer formed at the interface. |

|

2.4.1.1 Cronenberg Analytical Calculations. Reference 2-47 presents analyses
performed to understand melt relocation behavior of and damage progression to TMI-2 vessel
components. The potential for vessel ablation due to jet impingement was also assessed. The
study found that heatup of the lower head is largely controlled by the time over which jet
impingement takes place and the heat transfer characteristics at the contact surface. It assessed
jet impingement heat-transfer characteristics for two limiting conditions. The first condition was
for a weak jet with conduction-limited heat transfer (through stratified liquid layers), while the
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Figure 2-7. Configuration for analyzing a vertical jet impinging on a horizontal surface.
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second condition was for strong jet forces, where turbulent mixing and mass transfer effects at the:

I impact surface led to convection-controlled heat transfer. No ablation of the lower head is
expected for the conduction-controlled heat transfer because of the relatively low conductivity of
the molten ceramic material (corium) and the high thermal capacity of the large vessel head.
Some ablation is predicted from convection-controlled heat transfer calculations. These
calculations assumed a Dow diameter equal to the hydraulic diameter of the now area in a single
undegraded fuel assembly and 20,(XX) kg of molten material. For a molten core rek> cation time of
75 seconds, a 0.5-inch penetration depth is calculated for the 5.5-inch head thickness.

! Furthermore, based on similar calculations, it was predicted that the lower vessel head for the
TMI-2 reactor was probably not close to failure from ablation. It should be noted that these
calculations treat jet impingement in a simplistic fashion, neglecting jet / coolant interactions and ;

jet / lower plenum structure effects.

2.4.1.2 Powers High Temperature Melt Experirnents. References 2-48 and 2-49 discuss
results of the MC and PLATE experiments performed at SNL and supported by the NRC. The
three MC experiments were large-scale tests consisting of 207 to 222 kg of molten type 304
stainless steel at 1978 to 2003 K impinging upon steel plates. The PLATE experiments were

j small-scale tests with high-temperature melts consisting typically of 3 kg of molten 55 wt9b iron
and 45 wt% alumina at approximately 2673 K impinging upon steel, stainless steel, and urania ,

i

coated steel. One PLATE experiment (PLATE 16) was performed with 5 kg of molten corium !I

'

consisting of 54 wt% UO ,16 wt% ZrO . and 30 wt% stainless steel at -3053 K impinging upon2 2
|a steel plate. Most of the experiments showed rapid erosion of the plates by the impinging jets.

The exceptions were the plates with the urania coatings. The plate with the thickest coating of
urania (2 mm) showed no ablation, which has been attributed to the combined effects of urania's
thermal resistance and higher melting temperature. The velocities of the melt streams were
varied for several experiments, and the rate of crosion was determined at the point of melt |

contact. Thermocouple behavior indicated that a cool layer of sicci was present until just before
penetration. Thus, a thermal ablation process appeared to be responsible for plate crosion and ;

perforation.
'

2.4.1.3 Sienicki and Spencer Reactor Material Experiment Studies. Reference 2-50 :

presents results of three reactor material experiments: Corium-Structure Thermal Interaction
(CSTI)-1, CSTI-3, and Corium-Water Thermal Interaction (CWTI)-11. These corium interaction
experiments impinged a mixture of 60 wt% UO ,16 wt% ZrO , and 24 wt% stainless steel at an2 2

| initial temperature of 3080 K (160 K above the liquidus temperature of the oxide phase) onto a
stainless steel plate 1.27 cm thick. The corium for these three experiments fell 35 cm to the,

| plates. The velocity was increased for CSTI-3, and even more for CWTI-11, by pressurizing the
feed volume. The results of these experiments were studied to investigate the basic mechanisms
of corium-structure interactions, particularly the effect of a crust forming at the interface that
could insulate the structure from the hot molten corium. No significant ablation occurred, but
some pitting of the plates was apparent. This supports the possible existence of a crust because
calculations predict that the plate should not melt in the presence of a crust. The CSTI tests are
similar to the PLATE 16 experiment, where significant ablation was reported. The corium for
that experiment was at a slightly lower temperature (3053 K versus 3080 K), but had 6% less UO2

(and consequently 6% more stainless steel) in the jet mixture. The higher steel content increases
jet thermal conductivity and the amount of heat transferred from the molten pool to the steci
structure (with or without the presence of a crust). Also,5 kg of corium relocated in the PLATE
experiment compared with 2.4 to 3.3 kg for the reactor material experiments. Other possible ;

'

variations that may explain the conDicting crosion results are differing velocities (and now
conditiohs), differing jet diameters, and differing grades of plate steel.
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2.4.1.4 Epstein Model and Experiments. Reference 2-51 presents a laminar-axisymmetric
How model developed to describe melting heat transfer in the presence of jet solidification (crust
formation) during impingement. When molten jet aad walls are immiscible liquids and the fusion
temperature of the jet material is greater than the wall's, simultaneous melting of the wall and
freezing of the flow can occur. This behavior is expected for molten corium jets impinging on
steel vessel walls with lower melting points. The supporting experiments were performed with hot <

water impinging upward and melting the bottom of octane and mercury rods. From the
experiments it was determined that the melting rate of the solid is a function of the difference
between the liquid jet temperature and the freezing temperature of the solid; and consequently,
the melting rate goes to zero as the impinging jet approaches its freezing temperature. The
melting rates observed in the experiment agreed well with the simple axisymmetric melt flow '

model predictions that a circular disk of frozen jet material would separate the water jet from the
melt layer. Such a disk of ice was readily observed at the interface of a melting rod and water for
a water jet around 5 K.

2.4.1.5 Swedish Model and Experiments. Reference 2-52 discusses theoretical and
experimental investigations of a hot water jet impinging on a melting solid surface of ice, octane,
P-xylene, and olive oil. A laminar stagnation How model was successfully used to describe melting
heat transfer in the jet impingement region despite turbulent jet conditions, and the melting rate
measurements were found to agree reasonably well with model predictions. Results are believed
to be useful for determining the rate of ablation of low melting point solids subjected to hot
liquid jets of normal incidence. It was shown that an approximate analytic solution that treats the
melt layer as a thin film is useful for predicting melting rates over a range of jet vek> cities and
temperatures. Despite highly turbulent jet flow, experimental data indicate that a melt layer is
always present and insulates the melting surface from an impinging jet.

2.4.1.6 Furutani Experiments. Reference 2-53 presents a series of experiments that study
the effect of a molten layer on plate crosion during jet impingement. The experiments were
performed with plates made of Wood's metal and two types of parafHn. The liquid jet consisted
of hot water ranging from 333 to 363 K. An analytical solution for predicting crosion was
developed assuming that a thin film of molten material existed at the interface of the jet and solid
plate. The solution was found to be reasonably accurate except wherc large (deep) pools of
molten material collected above the plate's surface. Several effects from the impingement
experiments with these materials were noted. The erosion rate was observed to increase with
both jet temperature and jet velocity, as expected. Erosion rates lowered with increasing ratios of
crosion depth to jet diameter because of the effects of the molten pools formed on the plates.
The decrease in erosion was more significant for cases with higher viscosities of the molten plate
and higher density ratios of the molten plate to the liquid jet. Inclined plate experiments showed
that the erosion rates increased with plate inclination and were close to thin film model
predictions because of continuous removal of molten material allowing no pool buildup. The,

results of these experiments and the thin film model developed for predicting crosion rates are
not applicable to the case of corium impingement onto solid plates where a thin crust of jet
material was determined likely to develop in addition to the thin film of molten plate material."
However, these results are significant for the scenario where molten metal may precede reh> cation
of the molten corium and impinge on the metal vessel, forming a thin film but no crust.
Additional experiments are planned for jets of molten steel by the Power Reactor and Nuclear
Fuel Development Corporation in Japan to validate the thin film model.

2.4.1.7 Saito Model and Experiments. Saito et al. developed a turbulent jet flow
model* analogous to Epstein's laminar jet How model discussed in Section 2.4.1.4. However, in
addition to calculating the crosion rate, the Saito model predicts the crust thickness. molten layer
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thickness, and threshold jet temperature for crust formation. Both freezing of the jet and melting
of the solid are possible when the interfacial temperature is between the freezing point of the jet
and the melting point of the solid plate (a considerable range for typical corium and vessel wall
steel). The model was developed from and compared with results from two sets of experiments.
In one set of experiments, molten salt (Nacl) was impinging perpendicular to a tin plate. An
initial set of experiments using an Al O jet and stainless steel plate was performed, which helped2 3 '

,

check the effects of thermo. physical properties on crosion behavior. Results of the study
emphasized that crust and melting film layers significantly affect crosion rates. It was also
observed that when the ratio of crosion depth to jet diameter exceeded four, the crosion rate
tends to substantially decrease from the interaction between the jet and the stagnant molten pool
effect. This phenomenon was labeled " pool effect" and, though related, it should not be confused
with the pooling of molten material above the plate, which does not necessarily lead to the same
results.

2.4.1.8 FARO facility and BLOKKER I Experiments. Reference 2-55 provides a brief
description of the FARO facility and the state of test programs for LMFBR safety research
conducted there. FARO is a large, multipurpose test facility used to study simulated accident
conditions through out-of-pile experiments. Test programs discussed are the ablation tests for
fuel impact and crosion against stainless steel (BLOKKER I), the metal freezing and blockage in
channels and clusters (BLOKKER II, which are discussed in Section 2.1.2.9), and UOesodium
interaction tests for jet stability and fragmentation (TERMOS, which are discussed in !

Section 2.4.2.7).

Additional discussion of the BLOKKER I test results and analyses can be found in
Reference 2-18. The BLOKKER 1 series of plate erosion experiments impinged around 1(X) kg
of UO onto preheated stainless steel plates. The inclination angle of the plates was varied for2
the series covering 5,45, and 90 degrees with respect to the vertical jet. No ablation occurred for
the 45- or 90-degree inclined plate. However there was moderate ablation of the nearly vertical ;

5-degree inclined plate, suggesting that a large mell-mass exposure of plates to pure UO (at !2

grazing i,ncidences) could lead to substantial crosion. A crust at the interface was found for all |

cases, with the thinnest crust occurring for the 5-degree inclined plate and, naturally, the thickest
for the 90-degree plate. Apparently, the poorly conductive crust of the pure UO for the2

horizontal 90-degree plate prevented ablation unlike that found for the similar PLATE 16
experiment with the more conductive corium mixture (Section 2.4.1.2).

2.4.1.9 KfK Experiments. Experiments were performed at the Kernforschungszentrum
Karlsruhe (KfK) to investigate the crosive effect of oxide material impinging upon a horizontal
steel plate. In the tests, an Al O thermite stream 20 mm in diameter, impinged upon a 40 mm! 2 3

| thick horizontal stainless steel plate through an air atmosphere. Tests were run for initial plate
temperatures of 1173 and 1473 K. Test results, which are documented in Reference 2-56,
indicate that the erosion area on the surface of the plate was increased in the higher temperature
test. However, no macroscopic increases were observed in the crosion depth in the higher
temperature test.

2.4.1.10 Pessanha and Podowski Analysis of inclined Jets. Reference 2-57
summarized analyses of vertically oriented ablation from inclined impinging jets. The authors
have developed two-dimensional theoretical models of simultaneous flow and heat convection in
inclined jets combined with heat transfer across the moving layer of melted wall material. Model
calculations showed good agreement for impingement angles greater than 45 degrees for two sets
of experiments. The developed model uses an approximate solution technique to calculate such
parameters as wall ablation rates and jet to wall heat transfer coefficients.as a function of jet

~
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| inclination angle. While the model developed for this study is more applicable to the ablation of
vertically oriented structures such as core bafile plates, it is useful for extending ablation behavior
to geometries where pooling would not immediately occur. This category might include the
perimeter of the lower head vessel wall, which is sloped.

2.4.1.11 Un!ted Kingdom Atomic Energy Authority Analyses. Results from scoping
calculations to investigate the potential for vessel ablation following debris relocation are

j documented in Reference 2-58. The analysis assumes that the debris rek> cates as a coherent jet
and an empirical correlation for laminar gas jets is applied to predict the maximum heat flux.
Both the case in which a thin, stable crust of debris forms at the vessel wall and the case that the
vessel is directly attacked by the molten debris are censidered. Crust growth and vessel thermal i
response were predicted using models from the MELTPV code *5' Results from a case in which !

the lower head is protected by a ceramic crust indicate that the maximum ablation depth is ;

insignificant (less than 0.60 cm of the ~14 cm thick vessel). In cases without crust formation, i

ablation is still insufficient to fail the vessel (less than 7.2 cm), although the welds holding lower
head instrumentation tubes may be ablated sufficiently to cause vessel failure via tube ejection. It
should be noted that these results were obtained for cases in which a coherent jet attacks the
lower head without any heat losses to coolant or structures that are typically present in the lower
plenum.

2i.1.12 Ablation Analyses Conclusions. Experiments have shown that a potential exists
for significant crosion by molten reactor materials such as corium and stainless steel under certain '

circumstances. Experimental data also indicate that several phenomena will limit the potential for
jet crosion, such as the formation of a ceramic crust on the vessel surface and the formation of
molten pools with relatively large depth to jet diameter ratios.

Experiments indicate that important parameters for predicting ablation behavior include jet
temperature and velocity, crosion-depth-to-jet-diameter ratio, pool depth of accumulated melt,
melt composition. and plate and jet inclination angle. Extensive models describing both heat-
transfer and ablation (crosion) rates have been developed from non-reactor materials. Because
experimental melt results indicate that ablation is dependent on material properties, models need
to be developed in terms of dimensionless parameters. and experimental data should be used to
validate the analytic solutions for model parameters, such as the heat transfer coefficient from
high temperature jets. Then. it will be possible to adequately describe and predict the jet
impingement stage of a severe accident in LWRs.

2.4.2 Jet Mixing and Breakup Analyses

Jet breakup and mixing behaviors are important parameters for determining the ultimate
magnitude of concern for jet impingement as a vessel failure mechanism. As mentioned, some
studies have indicated that certain metals and corium mixes have the potential to ablate vessel
wall materials. The ability of the vapor and liquid, which exists between the effective nonle
(likely to be the huvest core former as in the TMI-2 accident) and the lower head liner surface, to
break up a molten jet could significantly affect the final accident outcome. In terms of localized
lower head vessel failure, three potential effects arise from the presence of a lluid, such as a
vapor or water. First the presence of a fluid could have little effect on the jet, which then has
the potential to ablate the lower head, as previously discussed. Second, the fluid may cause some
breakup leading to an uncoolable pile of debris with the potential to melt through the vessel wall.
Third, the fluid could lead to significant breakup of the jet into coolable fragments with no
concern for ablation or heating through the vessel.
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One indicator used to describe breakup is the jet breakup length, which is the depth where
the jet is completely fragmented. The breakup length is frequently scaled in terms of jet
diameter. It is suspected that much of the base core support structures will remain intact up to
and past the time when core melt relocates to the lower vessel head and, therefore, the jet
diameters will be limited by holes in these structures (about 3 to 10 cm for TMI-2). Thus, for a
10-cm diameter jet draining into a 1.0-m pool, the relocation distance would have to be more than
10 jet diameters to prevent a coherent portion of the jet from reaching the wall.

Another important measure of breakup is the droplet size formed from jet fragmentation.
Studies indicate that the fragmented droplet diameter and, consequently, the erosion rate are
functions of the instability wavelengths along the interface of the jet and surrounding pool, so a
considerable emphasis has been placed on determining the exact role ofinstabilities, such as
Kelvin-Helmholtz, Rayleigh-Taylor, and boundary layer, in crosion and droplet formation. For
situations where the breakup length is greater than the depth of the water, one should be able to
determine the form of the resultant jet impinging on the base from the initial mass rate and the
crosion rate. However, many breakup phenomena models have been formulated from
experiments where the water depth was greater than the breakup length; and the exact effect of a
water depth near the breakup length has not been isolated. Figure 2-8 is an example of a jet
penetrating into a liquid pool, illustrating both the representative jet breakup length and the
reduction in jet diameter due to erosion and droplet formation.

2.4.2.1 Epstein and Fauske Analysis. Reference 2-60 reports the results of a linear
Kelvin-Helmholtz instability analysis used to examine the stability of a steam sheet (film)
generated when molten reactor core material is poured into water. Using thin and thick steam
films as the bounding cases the breakup and mixing of a hypothetical corium melt jet in a water
pool is modeled. Droplet size dimensions and crosion velocity equations are derived based on
instabilities; and ultimately, two jet penetration distance formulas are developed for thin and thick
film limiting cases. The penetration distance for the thin film case is a function of the jet
diameter and the corium to water density ratio. The penetration distance for the thick film case
is similar, but the density ratio is for corium to steam. It was noted that the assumption of surface
instabilities being in phase results in maximum jet breakup rates, and therefore, should
underestimate the molten jet penetration lengths. However, the model neglects any effects of
vapor velocity that could result in underestimating the jet breakup rate.

The report concluded that the surface stability of high-temperature,large molten jets falling
through water is increased by the presence of a thick steam film layer. The variances in results
for each film thickness indicate that parameters, such as pool subcooling that affects the amount
of steam generated to surround the jet, also affect the penetration lengths.

2.4.2.2 Wang, Bloomquist, and Spencer (ANL) THIRMAL Code Development and
Validation. In Reference 2-61, jet erosion was analyzed assuming that Kelvin-Helmholtz type
instabilities dominate the length scale and growth rate of jet / coolant interfacial disturbances. An
analysis was performed considering the bounding cases of a purely viscous and an inviscid vapor
phase. Calculational results were found to agree well with CWTI experimental results (the CWTI
experiments are discussed in Section 2.4.2.5). Ilence, it is concluded in Reference 2-61 that
Kelvin-Helmholtz interfacial instabilities must be considered in modeling molten jet breakup.

Reference 2-62 describes the development of the THIRMAL (Thermal- ljydrodynamic
Interaction and Reaction of Melt and Liquid) code, which is a phenomenological model designed
to describe the thermal and hydrodynamic behavior of a high-temperature mohen jet when it
interacts with a pool of water in a film boiling regime. The nature of the film boiling regime
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Figure 2-8. Configuration for analyzing a jet penetrating into a liquid pool.

characteristics, as well as two other common modes of liquid.to-liquid heat transfer considered for
reactor situations, can be found in Reference 2-63. The model sohes analytically for the heat-
transfer coefficient, vapor film thickness, and net steam generation that are affected by breakup
It was determined from the analysis that the jet breakup is sensitive to initial jet temperature,
water subcooling. and the physical state of the pool (i.e., agitated versus placid). The model was
compared with mixing experiments performed by Gabor et al. at ANL.d The reference
experiments consisted of high-temperature molten jet pours of Wood's metal into water. Model
predictions agreed reasonably well with the experimental values for high-temperature jets (i.e.,
>600 K), below which film thickness and related calculations broke down. Model results were
also compared with results from some of the CWTI experiments (Section 2.4.2.5) for particle
debris size, and no majrr discrepancies were observed. It should be noted that the analytical

I

d. Argonne National Laboratory, August 1987.
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solutions for parameters, such as the heat-transfer coefficient for a high temperature jet, are
necessary to validate the model.

Currently, the TIIIRMAL code is the only code that models Kelvin-I!cimholtz induced
droplet crosion and considers the effects of steam vapor velocity. Although additional validation
is needed, the code has undergone some validation and has been applied to predict the strong
influence of lower plenum melt / water and melt / structure interactions in mitigating the effects of
melt impingement on the lower head for the TMI-2 system.2# For the perceived (at the time)
best-estimate rek) cation path that involved meltthrough into the former core region and drainage
of a large number of jets from the lowermost former core plate, the corium jets were predicted to
completely break up into molten droplets that froze while settling through the lower plenum
water.

An updated version of the T111RMAL code' has been applied to predict the potential for
jet impingement for a range of debris conditions in lower plenum configurations that are
representative of each of the U.S. reactor vendor vessel designs. Results from these calculations
are found in Section 4. A more detailed description of the THIRMAL code is found in
Appendix C of this report.

2.4.2.3 Saito et al. Experiments and Analyses. Analyses reported in Reference 2-65
investigated fundamental physical phenomena on penetration behavior oflarge molten jet pours
into coolant pools. Experiments were performed with relatively hot water jets pouring into
Freon-11 and liquid nitrogen. The experiments and analyses tried to examine the effects of the
density difference between jet and coolant on jet penetration behaviors (vital for applying results
of non-reactor material experiments and resultant correlations to actual reactor accident
situations). It was determined that the penetration or breakup length increases with jet velocity,
jet diameter, and the density ratio between the jet and coolant. Relative penetration lengths can
be correlated well with the Froude number (Fr) ud the jet-to-coolant density ratio. i.e.,
L/D, = 2.1(p/p,)5Fr5 The jet velocity dependence is present in the Froude number. The
correlation also successfully predicted the behavior noted in similar experiments reported by
Spencer et al.2" using Wood's metal injected into a water pool. Though these last comparison
experiments are closer to the actual reactor accident scenarios of corium or heavier metals poured
into water, they still do not verify the applicability of the correlation for the typical LWR accident
situations. The lack of a velocity dependance for later experiment analyses using corium and
water may indicate that it has not been sufficiently tested to date.

2.4.2.4 SNL Experiments and Analyses. As part of,a report on Reactor Safety Research.
Reference 2-67 reports resu.ts from molten fuel-coolant interaction (MFCI) experiments.
Experiments were performed to address the following four phenomena of liquid jet mixing:

1. Jets of molten iron-alumina and air

2. Jets of water falling through air

3. Jets of molten iron-alumina falling through water

4. Isothermal Freon jets falling through water.

c. S. K. Wang and J. J. Sienicki, Argonne National Laboratory, September IW1.
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| Experimental results indicate that for jet temperatures well above the pool liquid saturation
temperature, jet breakup is alrected by the generation of steam and related heat-transfer
phenomena associated with a vapor film interface. Water subcooling was also observed to affect i;

the time when a jet mixing region forms and the extent of jet fragmentation. llence, it is
'

recommended that neither the liquid-gas and isothermal liquid-liquid jet data be directly
iextrapolated in predicting corium and water mixing. Unfortunately, the only large-scale tests

performed in this series consider'ed isothermal liquid mixing. Reference 2-67 also reports on
initial development of the Integrated Fuel-Coolant Interaction (IFCI) code being developed at
SNL to model interactions observed in these experiments.

2.4.2.5 CWTl Experiments and Analyses. The corium-water thermal interaction (CWFI)
tests performed at ANL are reactor material experiments with a strong emphasis on ex-vessel
I.henomena (i.e., in the reactor cavity). Many of the experiment processes are important for i

reactor vessel as well as reactor cavity accident progression issues, such as the mixing of jets and
water. Reference 2-68 summarizes five of the CWrl experiments. In Reference 2-69, ANL c

presents the results of reactor material experiments CWTI-1 to -10. The report provides a
complete description of the Corium Ex-vessel Interaction (COREXIT) facility and a full
discussion of the objectives for the CWrl test program. Several models were discussed to assist
in interpreting the experimental data on heat-transfer processes, including ; quenching model.

Reference 2-70 presents detailed results of two CWTl tests (9 and 10) where molten corium
with a composition of 60 wt% UO ,16 wt% ZrO , and 24 wt% stainless steel at 3080 K (-160 K2 2

above liquidus oxide phase) was poured at roughly 4 m/s into a pool of water about 32 cm deep.
The subcooling for these tests was varied (6 and 74 K for CWTI-9 and -10, respectively) to
determine the mixing behavior, corium-to-water heat-transfer rates, and characteristic sizes of the

'

debris bed particles. The different degrees of subcooling greatly affected the outcome for the two
different experiments, with vigorous steam generation causing boilup of the pool and considerable
agitation for the low subcooling experiment (CWTI-9). Consequently, more quenching occurred
during the fall stage (-41% versus 22%), and a smaller resultant debris size (0.1 to 1 mm versus 1
to 5 mm diameter) for the CWTI-9 experiment as opposed to the CWTI-10 experiment.
Pressurization and water heatup data indicate two distinct quench and heat-transfer rates for the
jet fall stage and the debris bed stage, with the former being far greater. For both experiments,
most of the corium collected as a melt layer on the base. Along with only a partial quenching of
the jet and the results of boundary case analyses performed, the melt layer indicates that neither
jet was entirely eroded or broken up. Therefore, the corium breakup length, for a 2.2 cm

,

diameter jet, was shown to be greater than 15 diameters for both pour experiments into water.
Finally, it was observed that, despite penetration of the reduced jet through the water, no pitting
or erosion of the steel base was apparent.

2.4.2.6 CCM Experiments and Analyses. The objective of the Corium-Coolant Mixing
(CCM) experimen's, which were performed at ANL., was to establish a data base using actual
reactor materials to study the fragmentation and quench behaviors of corium melts in water,
which are similar to the postulated events from the TMI-2 accident, as then perceived. The three
important scaling parameters considered for the CCM tests were the coolant-depth-to-jet
diameter ratio, the fuel-to-coolant-mass ratio, ar d the vessel ambient pressure. ;

Reference 2-71 reports on the CCM-1 through -6 experiment descriptions, test results, and .

recent analyses. Attempts were made in the analyses to explain some of the dif fering results ;

between the CCM tests and related liquid-liquid mixing analyses, including Epstein and Fauske's i
film analysis (Section 2.4.2.1) and Saito et al.'s study of hot water jets entering Freon-11 and )
liquid nitrogen (Section 2.4.2.3) for breakup-length-to-jet-diameter ratio model predictions.
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For the CCM tests, breakup length was determined from the depth at which the penetration
velocity slowed to a value consistent with free falling drops. The values found for the breakup-
length-to-diameter ratio for the CCM tests ranged from 10 to more than 25, with the lowest ratio
values possibly limited by the mass poured. For the jet mass and diameters investigated in the
CCM-5 and CCM-6 experiments, the jet length was apparently comparable to, if not less than, the
breakup length.

The CCM test studies provided several important conclusions. For the most precise
expcoment data, the jet breakup length ranged from approximately 10 to 19 jet diameters, with at
least the :ower values being determined by the mass of jet material poured. He quench fraction
was higher for greater subcooling. Quench fractions for the corium fall stage of 55 to 72% were

j measured for the subcooled experiments; and quench fractions of 20 to 45% were measured
during the saturated water experiments.i

Again, vessel pressurization data indicate a two-stage quench process with high heat transfer
occurring in the jet fall stage and considerably lower heat removal from the debris layer. The
multi. jet geometry test (CCM-2) showed a reduced quench fraction. The jet surface area in film
boiling contact with the water appears to have been reduced as a result of the volume between
the jets being highly voided. Ilowever, the shallowness of the pool for this test may also have
contributed to the lower quench fraction. Except for CCM-2, a debris bed of solidified and
substantially quenched particles was formed on the vessel bottom. These particles were |

characteristically from 1 to 5 mm in diameter and showed a log-normal distribution by mass.

Ultimately, the CCM test results report concluded that the most important parameters for
corium stream breakup and quenching are (a) jet geometry (i.e., single versus multiple jets),

,

j (b) water subcooling, and (c) depth of water. The effect of multiple jets is also important because ;

| multiple paths are available for rek>cating corium once it reaches the lower support structure in
| an LWR. More recent studies by ANL indicate that the total mass of debris relocating may also
, impact results because both the CWTl and CCM experiments used smaller amounts of corium
| than expected to rek>cate during a severe accident.

2.4.2.7 FAROITERMOS Experiments and Analyses. Reference 2-55 includes reports of
a TERMOS test involving a stream of 110 kg of UO falling into 130 kg of sodium. The results2

Iwere compared with computer code JENA calculations to describe jet-sodium interaction |
phenomena. The code was found to show reasonabic qualitative agreement, but was '

quantitatively imprecise, indicating a need for improved modeling to describe hydrodynamic heat- ,

transfer phenomena. These jet interaction studies may prove useful for LWR type interactions
because sodium is near the density of water, and density appears to be a dominant parameter for
describing breakup lengths. However, another important parameter is the vapor film formed at
the interface that requires heating the sodium to around 1273 K, which is much higher than the
boiling point for water.

Reference 2-72 provides additional experimental data on the above-mentioned TERMOS
test and on a similar test that had slightly more UO injected (140 versus 110 kg) with a greater
jet diameter (8 versus 5 cm) and, consequently, twice the mass delivery rate. The penetration for

,

both experiments measured under 1 m, resulting in breakup lengths less than 20 and 12.5 jet !

diameters for the two experiments, respectively.

f. L Biasi and L Castellano, Joint Research Centre, ispra, Italy, March 19%
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Additional LWR accident sequence tests planned under the FAROTTERMOS program
should prove more relevant than the previous experiments, which used molten fuel and sodium.
The primary objective of these experiments is to measure the effects of molten fuel-coolant
thermal interactions, specifically, melt quenching and fuel-structure interactions under ccmditions
in which the water depth is of scale (although the mass poured into the water is much lower than
predicted for severe accidents). The FAROffERMOS facility currently has the capability of
melting and heating a urania/zirconia mixture of 150 kg to 3200 K and combining it with
zirconium for delivery into a pool of water up to 2.5 m deep at pressures up to 100 bar.

2.4.2.8 Jet Mixing and Breakup Conclusions. The breakup and mixing of a ict in a pool
has been found to be a function of many parameters. The jet-to-coolant-density ratio, the jet :

diameter, and the degree of subcooling have been shown to be the dominant parameters |

controlling the degree of mixing and breakup for film boiling heat-transfer regimes. Other
parameters, which have been shown to be of influence, or are related to the above, are the jet
vek> city, state of motion for the pool, the depth of water (i.e., greater or less than the physical ,

breakup length for the jet), and jet temperature, particularly with respect to superheat. One of
the less understood phenomena for mixing is the depth of water with respect to the ideal jet
breakup length. Another parameter requiring more understanding is the state of the pool when ;

mixing is occurring. The state of the pool is particularly important when multiple jets enter the !
'

pool (the expected event in an LWR relocation accident stage) because these multiple jets can
significantly enhance agitation, as observed in the CCM-2 experiment. ;

2.4.3 Conclusions

Research has indicated that ablation of steel walls by molten core material is possible; and t

furthermore, that for many common reactor dimensions, a jet can penetrate lim.ted depths of
water for a reduced chance of vessel ablation. For cases where the depth of water is greater than
the jet breakup length, it is expected that the jet will be broken up into fragments and droplets,

,

which appear to be on the order of millimeters in diameter, removing the threat of crosion of the
pool base plate. Most of the experiments and model predictions for the breakup length have :
been under 20 diameters. This implies, for a maximum jet diameter of 10 cm as in the TMI-2 I

case, that a depth of water greater than 2 m would prevent jet crosion of the vessel head. Depths
of water greater than 2 m from the lower vessel head to the bottom of the active core region are
common for typical LWRs. Ilowever, the depth of water above the lower head varies in different
reactor designs and accident situations. Also, in the experiments reviewed, the resultant jet
fragments were sufficiently quenched and dispersed to prevent any immediate threat to the pool
base (lower vessel) by heatup. For cases where the pool depth is less than the jet breakup length. I

and a coherent jet reaches the base, no crosion (such as pitting or ablation) was detected.
Ilowever, extensive research has not been performed for cases where the pool is significantly less
than the jet breakup length or for cases where large quantities of corium relocate.

From the tests and analyses performed, it appears that the major parameters describing both
the erosion and mixing phenomena have been defined. Furthermore,it may be possible from
current models to determine how jet impingement can lead to localized lower vessel head failure.
Ilowever, some discrepancies in testing results and modeling, particularly for mixing phenomena,
may prevent a complete definition of the role of jet impingement for vessel failure. These
impediments may be removed by the results of ongoing and planned experiments, such as the

,

expanded FAROTTERMOS experiments (Section 2.4.2.7). This progress would then lead to a
more complete assessment of jet impingement failure.

i

|
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3. THERMODYNAMIC AND GEOMETRIC CONDITIONS
FOR CONSIDERATION

1

| A literature scarch was conducted to determine the range of thermal-hydraulic conditions
| and geometric parameters that should be considered in lower head failure analyses. Results from

this literature search, which corresponds to the first step in Figure 1-1, provide input to
subsequent aspects of lower head failure analyses, such as appropriate values for reactor pressure
that are input into thermal and mechanical response analyses. Section 3.1 reviews vessel thermal-
hydraulic conditions predicted in previous severe accident analyses. Of particular interest in
reviewing these accident analyses was the reactor pressure and power history, the water inventory,
the lower head thermal history, the debris state during the transient, and design features within
and external to the vessel that could impact heat transfer from the vessel. Material and
geometrical properties of structures within and external to various reactor designs are compared
in Sectica 3.2. Appendix F summarizes the geometric parameters for the lower head failure
analyses described in this document.

| 3.1 Reactor Coolant System Thermal-Hydraulic Conditions ;

A review of literature describing scenarios leading to vessel meltthrough revealed that a wide
range of conditions has been evaluated. The types of internally initiated transients considered
may typically be grouped into the following categories: ,

Station blackout (SBO).

'Anticipated transients without scram (ATWS).

i

Steam generator tube rupture (SGTR).
;

!

i Loss-of-coolant accidents (LOCA) (small and large break). ||
.

;'

Table 3-1 summarizes characteristic thermal-hydraulic parameters predicted for these categoriesi ,

l from some reactor analyses results found in the literature. More detailed descriptions of these ,

| conditions are found in the followmg sections.
|

|
i

3.1.1 Pressure
'

Reactor system pressure prior to vessel meltthrough is important because it impacts vessel
internal loading prior to failure (and thus, the likelihood of global creep or tube ejection failure)
and the manner in which debris is ejected following failure (and thus, the likelihood of
phenomena such as direct containment heating). The system pressure predicted prior to vessel
failure is dependent upon the reactor type, the scenario, and the phenomena considered in the
analysis. This section describes the pressure response predicted in several analyses for various
reactor types and scenarios. Differences observed when certain phenomena were included in the
analyses are noted where possible.

Results from NUREG-1150. Severe Accident Riskr An Aucumentfor Five U.S. Nuclear
Power Plants.1 indicate that during SBO and ATWS scenarios, it is more likely for one of the .j
BWR plants considered (the Peach Boitom Unit 2 UWR/4 plant) to fail at pressures above |

1 A MPa (200 psia). In the remaining BWRs considered (the Grand Gulf Unit 1 BWR/6) and the |
PWR power plants considered (the Zion Unit 1 four-loop plant, the Surry Unit 1 three-loop

'
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Table 3-1. Scenario summary description.

Power Water Reactor
bScenario level" Pressere inventory * type Section 3 references

Station blackout (SBO)
dWithout Full liigh High APWR-CE ?

I depressurization BWR-GE 17,20,21,23.25,41
PWR-W 1,3,4,5,9,10,11,12,13,21

|i Low Iligh - PWR-B&W 22
! BWR-GE 23 !

PWR-B&W 22 |
dWith Full Low low APWR-CE 7 |

depressurization BWR-GE 1,16,18,19,21
;

PWR-W 1,3,4,8,13,14
i

'PWR-B&W 22

!
dAnticipated Full Low Low APWR-CE 7 !

transient.without BWR-GE 21

scram ( ATWS) liigh liigh BWR-GE 1,12,21
g

PWR-W 1

low liigh Ifigh BWR-GE 23 j
Low h)w BWR-GE 23,25,26 :

!
j Steam generator Full liigh fligh APWR-CE 7 id

; tube rupture i

i (SGTR) !

!

j Loss-of-coolant accident (LOCA) j

dLarge break Full Low Low APWR 7
BWR-GE 1 [
PWR-W 1,21 .'

Low Low biw BWR-GE 23 !
Small break Full High liigh APWR-CE 7 i

BWR-GE 1 i

PWR-W 1,21 i

Low Low Low BWR-GE 23
-

,

,

. a. The power level at the time of accident initiation.
i

b. The pressure at the time of vessel meltthrough: high is greater than -1.4 MPa (-200 psia);
low is less than or equal to 1.4 MPa (200 psia).

'

Water inventory at the time of melt relocation.c.
i

i

d. Calculations performed as part of the Advanced Reactor Severe Accident Program
; (ARSAP) indicate that hot leg nozzle failure or a manually initiated reactor coolant system (RCS) '

depressurization should occur prior to reactor vessel lower head failure via creep rupture for an
Advanced PWR (APWR), although both cases were analyzed. !

!

: i
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plant, and the Sequoyah Unit I four-loop plant), the results in Reference 3-1 indicate that a
higher probability exists for the vessel to fail at pressures below 1.4 h1Pa (200 psia).

The relative likelihood of a pressurized BWR vessel failure differed between the two BWR
plants considered in Reference 3-1 because plant-specific differences increase the likelihood of
long-term station blackout for the Peach Bottom plant. During a long-term station blackout, the
vessel is predicted to fail at high pressure because the diesel power needed to recharge batteries
is unavailable. These batteries provide the de power required to maintain the automatic

,
depressurization system (ADS) relief valves open. In the Peach Bottom ATWS scenario, high-

| pressure vessel failure is predicted in cases where the operator fails to open the ADS relief valves
| (after the operator has previously inhibited the ADS and actuated the standby Liquid Control

System for an inadequate high-pressure core cooling event). Ik> wever, it should be noted that
these results are specific to the Peach Bottom plant. As discussed by Hodge," design features of
the Grand Gulf plant, as well as features in many other BWR plants, result in a greater likelihood
of vessel failure at low pressures.

For each of the accident scenarios considered in Reference 3-1, a substantial fraction of the
PWR vessels were predicted to fail at low (<1.4 MPa) pressures becatise it was considered more
likely that the vessel would first depressurize via mechanisms such as a stuck-open relief valve, an

operator depressurizing the reactor system, or failures of hot leg pipingg- 'ressurizing surge line, or
coolant pump scal. Recently performed PWR severe accident analyses ' support this
conclusion. However, the reactor system pressure at the time at which vessel failure is predicted
has been found to be dependent upon pilot-operated revief valve (PORV) capacity, reactor
coolant system (RCS) pump design, and assum; ens related to melt relocation phenomena.

Results from the Seabrook Station probat listic safety assessment" by Pickard, Lowe, and
4Garrick, Inc. (PLG) show that for a total core t ' cit frequency of 2.7 x 10 per reactor-year (based

on mean values). about 99% of the scenarios a: e at moderately high [2.07 to 6.89 MPa (300 to
1,000 psia)] to Ngh [6.89 to 16.55 MPa (1,000 o 2,400 psia)] pressure at the time of core melt.
Most of these, b2% of the total, occur at mo& ate pressure with successful steam generator

34cooling. However, a later PLG cvaluation of the Scabrook Station during a TMLB' [ loss of

| both on- and off-site ac power, with early (immediate) failure of the steam-driven auxiliary

| feedwater pump] sequence, which is a dominant contributor to core melt, concluded that it is
! more likely that the primary system is depressurized during this event. This new result was

attributed to the inclusion of additional phenomena, such as pump seal LOCAs and the operator
acting to open the pressurizer PORVs,in their analysis.

The TMLB' sequence in the Seabrook plant was also investigated at the INEL." Results

|
indicate that depressurization by the PORV will reduce the time to the onset of core damage, but

| expedite accumulator injection. Hence, it was concluded that depressurization has the potential
l to delay the time to core relocation.

Analyses with the DOE version of the Modular Accident Analysis P_rogram (MAAP)
36computer codc for vessel meltthrouch events have been performed for the Advanced

Pressurized Water Reactor (APWR)c" Although the geometry and size of the reactor vessel

a. S. A. Hodge, unpublished repcrt on accident management for critical BWR severe accident sequences,
Oak Ridge National Laboratory,199a

b. D. Knudsen and C. Dobbe," Assessment of the Potential for High Pressure Melt Ejection Resulting
from a Sorry Station Blackout Transient (Draft)," NUREG!CR-5949. EGG-2M9, November 1992.

!
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cavity differ in the APWR design suggested by ARSAP, the internal vessel configuration is similar
|

to that of existing PWRs. For SBO and ATWS events, it was predicted that the vessel is more
j likely to be depressurized, via hot leg failure or operator-initiated RCS depressurization, prior to
i bottom head mehtbrough. For example,in an SBO event, the hot leg nozzle was predicted to fail

30 minutes after reactor trip when the vessel reaches 1(XXI K. Thus, the vessel would
'

depressurize prior to the predicted vessel meltthrough time of 2.5 to 3 hours.

Several analyses performed for the Surry Unit 1 PWR during an SBO event using
MELPROG/ TRAC, MARCll-2. and the Source Term Code Package (STCP) with MARCH-3
have been documented.ma>1pua-12 MARCH-2 analyses predict reactor vessel bottom head

i failure in about 3 hours if the reactor is pressurized. MELPROGfrRAC analyses indicate that ;

the event was dramatically changed when depressurization was included as a result of a pump seal |
LOCA. The time to vessel failure was increased to 10 hours, and the pressure at vessel failure

i decreased from 16 MPa to 0.27 MPa. :

Sensitivity studies ~33M were also performed using the SCDAP/RELAPS code,3'" to [
3

'determine the effects of natural circulation and induced depressurization by a surge line failure
upon core damage progression following a TMLB' event in the Surry Unit 1 plant. Analyses in
Reference 3-14, which include the effects of natural circulation on plant response, indicate that
the transient will progress more slowly than indicated in NUREG-1150 calculations and that ;

localized reactor coolant system pipe heating from natural circulation Hows will result in failure
outside of the vessel prior to bottom head failure. Creep rupture of the surge line was analyzed [
in Reference 3-13 because it was found to be the most probable failure fbr the plant under these

3

conditions, failing the vessel between 160 and 170 minutes. Although the time for core damage '

3

initiation was shortened by ~45 minutes in cases where the reactor was depressurized, the lower f
pressure caused the accumulators to actuate, delaying further cladding heatup by 200 minutes. !

Rek> cation of molten core materials into the lower plenum was calculated to occur between 6.5 !
; and 7.5 hours after the loss of power. The size of the molten pool varied from 49 to 77% of the |'

core, depending on the assumptions made concerning core behavior.
1 ;

i

Several MELCOR Source Term Code Package (STCP) with MARCil-2, and BWRSARC i

; analyses for BWRs undergoing SBO events have been documented.340'U3G3"2623 !
'

BWRSAR analyses indicate that the Peach Bottom vessel will be depressurized prior to global ;
vessel failure during both long-term and short-term SBO events. BWRSAR results predict that ;

failure of lower head penetrations (such as the 185 control rod guide tubes, the 55 instrument :

guide tubes, or the drain nozzle) will result in steam and debris exiting the vessel belbre the time I
that the vessel bottom head wall failure is predicted. Ilowever, debris is not predicted to exit the !

vessel via the control rod guide tubes because the catcher devices, approximately 2.54 cm (1 in.) i

beneath the vessel, would prevent the mechanisms from clearing the vessel wall even if the welds |
holding them in place failed and the assembly length broke near the debris bed. The BWRSAR i

code predicts a longer time for BWR vessel failure than for other BWR analyses. This longer j

predicted time for BWR vessel failure results from the BWRSAR modeling assumption that the ;

water in the lower head will be boiled away before penetration welds are heated to failure; -

temperatures.,

/ ,

,

In summary, more recent PWR and BWR analyses indicate that low pressures are more !
likely to exist within the vessel at the time of failure because it seems more likely that the vessel i

.

c. Unpublished report of S. A Hodge and L J. Ott, Oak Ridge National Laboratory. February 1,1989. |
, e

'

!
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first depressurizes via mechanisms such as operator action, pump seal failure, hot leg piping,
pressurizer surge line failure, or lower head penetration failure. However, the potential for high
vessel pressure during certain sequences, such as long-term SBO BWR events, requires that both
high- and low-pressure conditions be considered in these preliminary vessel failure analyses. Note
that on-going individual plant examination (IPE) endeavors should guarantee the availability of
ADS and thereby preclude high-pressure BWR vessel failure events. Hence, high-pressure BWR
scenarios could be omitted if plant modifications make their probability negligible.

3.1.2 Power Level

Although most severe accident calculations are performed for reactors that are at full power
at the accident initiation, several anahses for reactors operating at low power (-25% power) were
also identified in the literature.3 223damasas Generally, the lower power level te.sded to
reduce the severity of the event. For example, analyses for the Shoreham BWR operating at low
power 333* were generally found to have less severe consequences because capacitics of
mitigating systems were significantly greater than the amounts required for a 25% power case and
because more time was available for the operator to diagnose the accident correctly and
implement restorative actions. However. Reference 3-25 predicted that somewhat higher amounts :

of hydrogen |836.36 kg (1,840 lbm) for a 25% power case versus 736.36 kg (1,620 lbm) for a,

'

100% power case] would be generated in the Shoreham reactor during a loss of injection event.
This prediction resulted from the calculated result that the zircaloy channel boxes are heated
more slowly with the reactor at 25% power, which, allowed more time for the channel boxes to

| oxidize before melting temperatures were reached and relocation occurred according to the j

models used in these calculations. However, more recent data from experiments, such as SFD 1-3 )

and DF-4, indicate that relocated material and material in partially blocked channel boxes will ;

i continue to oxidize.3 2733 [
;

t

| Sensitivity of melt progression to power level during a TMLB' event in the Bellefonte PWR
'

was tested by Chambers using an early version (the SCDAP/MODl/VO) of the i
'

SCDAP/RELAP5 Code.3* For this event, it was predicted that higher temperatures, hydrogen i
production rates, and fission product release rates occur at higher power levels. However, the
increases observed were muc ._aler than the increases observed in cases with increased

,

amounts of available steam.
,

3.1.3 Water Level / Inventory

The presence of water influences the manner in which the debris exchanges energy, the

i debris oxidation, and the formation of hydrogen. This section describes the quantitics and effects
; of water present in the vessel for the accident analyses reviewed. Water volumes that are

contained in different LWR vessel designs during normal operation are discussed in Section 3.2,
and estimates are listed in Appendix F.

In the BWR analyses of TMLB' events reviewed,343 "*347"3*3* the large quantity of
water in the bottom head af a BWR is expected to be more than sufficient to quench an entire
mass of molten core and associated structural material. However, calculations using the
BWRSAR code &fer from previous analytical approaches because of the conte.ition that the
water in the lowei head will be boiled dry before vessel penetration weld failure will occur.
Hence, in the BWRSAR analyses, the lower head is dry at the time of vessel failure.

Reference 3-26 presents results from sensitivity runs performed with MAAP 2.0 to
investigate the impact of actions to control core water level on core damage progression. Results

3-5 NUREG/CR-5642
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confirm that operator actions, such as throttling of the emergency core cooling system (ECCS)
|
! pumps, can significantly delay or avert core damage.

i
'

The impact of water level was also assessed by Chambers -22 and by Bayless et al.3* for the3

Bellefonte PWR plant during a TMLB' event. In Reference 3 22, an early version (SCDAP/
MOD 1/VO) of the SCDAP/RELAP5 codc '35 was used to predict fuel bundle response during3

TMLB' events with and without steam. Results indicate that the temperature, hydrogen
production rate, and fission product release rate increase significantly; and melting and material
relocation occur earlier in cases with steam available for cladding oxidation. Integral calculations
of system thermal-hydraulic response and core damage -2' were performed using the |

3

SCDAP/RELAPS code.3'15 In the calculations that considered the addition of liquid through :
failed pump seals and natural circulation, steam starvation was not predicted to occur; and, in a
case where a high-pressure injection pump was able to provide coolant, no core damage was

'

predicted.

3.1.4 Lower Head Thermal History1

in most of the analyses reviewed in this section, water is predicted in the lower head at the
time debris melts and relocates downward through lower support structures into the vessel bottom
head. llence, the lower head temperatures are initially cool, corresponding to the temperature of
the water, which in turn is dependent upon thermal-hydraulic conditions within the reactor vessel.

IAnalyses using the BWRSAR code for SBO, ATWS, and loss of injection
3-M"3#'*25events predict that temperatures within the lower head increase as the transient

progresses. In these BWR analyses, it is predicted that the debris would cause the water in the
lower head to boil dry. llence, molten debris would be in contact with dry structures within the
vessel lower head, eventually causing the penetration weld to heat to failure temperatures.-

The configuration, quantity, and composition of the debris also impacts lower head
'3temperature. Sensitivity studies * illustrate the importance of debris configuration on long-term

vessel temperature response during the TMI-2 event. In cases using more cunservative
assumptions related to the configuration and quantity of the debris and the presence of water in i

the debris, the vessel temperatures were predicted to reach failure temperatures within one hour. :
(Additional discussion of the analyses from Reference 3-30 is found in Section 2.3).

.

3.1.5 Expected Debris States

The quantity of heat transferred from the molten debris to the reactor vessel is dependent ;
on factors such as the amount of decay heat in the debris, the debris composition, particle size, i

and configuration. This section resiews observed debris states and postulated debris states during >

meltdown accidents. In addition, this section discusses calculations performed for the TMI-2 >

PWR accident and an SBO event in the Shoreham BWR/4.

Video inspection ~3' of the TMI-2 lower head region indicates that -15 to 20 metric tons of3

previously molten core material rek>cated to the lower head in an irregular configuration with !

various particle sizes. The height of the TMI-2 debris bed on the lower head is estimated
between 0.7 and 0.9 m.3'323 35 Particles less than 1 cm have been observed near the center of the
vessel; larger pieces of debris (up to 0.2 m) have been observed at the periphery of the debris bed
in the south quadrant of the vessel; and a wall of lava.like, consolidated debris exists at the north

,

quadrant. Samples have been found to consist primarily of previously molten ceramic (U,Zr)O ,2
with transition metal oxides in the grain boundaries. Based on the presence of the previously )
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,

1

molten (U,Zr)O,, it is estimated that the material in the lower plenum reached temperatures of .

about 2800 K prior to relocation.3N |

The decay power in the debris is related to the fission products retained in the core material. |
During the TMI-2 accident, significant release of the volatile fission products (noble gases, i

cesium, iodine, and tellurium) occurred. For example, in the lower plenum, it is estimated that
only 3% of the iodine and 13% of the cesium were retained.3'35 The reductions in total core i

decay power as a result of the release fraction of volatile fission products are shown in |
Figures 3-1 and 3-2 for a generic PWR (33,800 mwd /tU) and the TMI-2 fuel inventony,
respectively.'

;

As discussed in Section 2.3, References 3-30,3-36, and 3-37 describe scoping calculations i

that were performed using bounding assumptions pertaining to debris configuration in the TMI-2
lower vessel head. Results indicate that global vessel failure occurs in cases where the debris is
not quenched or in cases where a consolidated mass of core and molten control rod material
exists on the bottom head without water or penetrations between the consolidated mass or the
vessel wall. Because the vessel did net fail at TMI-2, the analysis concludes that it is more likely ,

that the debris was porous or that solidified material existed below molten debris, insulating the
'

vessel from decay heat produced in the fuel. )
I

r
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Figure 3-1. Reduction in total core decay pov.cr as a result of volatile fission product release
fraction for a generic PWR.

d. C. S. Olsen et al., unpublished results from the examination of debris from the lower reactor head of
the TMI-2 reactor, EG&G Idaho, Inc., April 1987.

c. B. G. Schnitzler, unpublished research concerning the fission product decay heat modeling for disrupted
fuel region (FDECAY). EG&G Idaho, Inc., December 1981.
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Figure 3-2. Reduction in total core decay power as a result of volatile fission product release ,

fraction for TMI-2. i

|
*

The coolability of a debris bed is also dependent on its porosity. Reference 3-38 discusses
modeling considerations for analyzing porous debris bed thermal characteristics. Reference 3-38,

'
also recommends using a porosity of 0.4 in debris bed thermal analyses.

Reference 3-39 presents results from MAAP 2.0 simulations of the TMI-2 accident. Results
from times prior to core reflood were found to agree well with accident data. Ilowever, for times

, ,

after core reflood, calculational results were found to be extremely dependent on debris and core ;

configuration assumptions.
;

The composition of a debris bed in the Shoreham and Peach Bottom BWR vessels after an,

j SBO event has been postulated.3~3W"343 As discussed previously, these BWR analyses assume ;

that the debris would enter the lower head as a solid because core plate failure subsequent to i

vessel depressurization and dryout of the core region would preclude retention of a large molten ,

mass within the core region before relocation. The composition of the quenched debris bed was
,

predicted to vary with height, which was typically assumed as ~0.1 m. Irwermost in the bed
would be mostly metallic debris (control blades, canisters, candled cladding, and dissolved fuel) I

that had either accumulated on the core plate before local core plate failure or subsequently ,

rek>cated downward above the core plate failure locations before fuel pellet stack collapse.373
The collapsed fuel and ZrO from the central region of the core would be higher near the middle !

regions of the bed.

3.1.6 Summary |

Information in this section illustrates that a wide range of accident thermal. hydraulic |
'

conditions and debris configurations has been studied to determine the progression of core melt

1
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and timing of vessel failure. Table 3-2 summarizes key parameters characterizing melt progression
for some severe accident analyses that were found in the literature. As shown in Table 3-2, the
analyses tend to concentrate on a limited number of events (such as SBO, ATWS, and small |
LOCA) and plants (such as Surry and Peach Bottom). Furthermore, as discussed in this section,
the results for a particular event in a particular reactor may vary because of differences in the
phenomena modeled and assumptions related to the event's progression (e.g., the failure of a
pump seal or vessel penetration, the inclusion of natural circulation, operator response, and debris
bed composition and configuration). For example, the time predicted for vessel failure can vary
significantly if phenomena, such as penetration tube failure and pump seal failure, are included in
the analysis. Hence, even for a particular event or reactor type,it is difficult to, draw general

| conclusions from existing literature related to reactor thermal-hydraulic conditions prior to and
! during vessel failure. i

t

3.2 Important Plant Design Featuresi

i

Design features within and surrounding the reactor vessel affect the response during a
severe reactor accident. Hence, a review of plant-specific features affecting vessel failure, such as
vessel internal structures, vessel penetrations, and vessel cavity configuration, has been performeda

to characterize the heat-transfer resistances and the likelihood of various vessel failure
mechanisms during severe reactor accidents.

To comparc design features of reactor vessels, typical designs were reviewed from each of
the four major U.S. vendors: Babcock & Wilcox, General Electric, Combustion Engineering, and
Westinghouse. This section emphasizes plant design features that are important in assessing the |

likelihood of vessel lower head failure during severe reactor accidents. Areas where vendor plant j
designs differ are noted, where possible. This section is primarily based on information found in
vendor Final Safety Analysis Reports (FSAR), plant design drawings, Reference 3-42 (a detailed
plant configuration comparison), and conversations with plant personnel. In addition, vendor
reports describing other plants with similar designs have been used. This section provides plant
parameters typical of each vendor's design to elucidate the discussion. A detailed list of plant
parameters used in lower head analyses can be found in Appendix F.

3.2.1 Reactor Vessel Lower Head Design'

The following sections discuss the geometry and material composition of each reactor vessel
and the major internal structures through which the molten debris would pass prior to contacting
the lower reactor vessel. Estimates are provided for the mass and material composition of corium
that could reach the lower vessel head during a complete meltdown and the water inventories in
the reactor vessel at heights of interest for lower head analyses.

3.2.7.7 Babcock & Wilcox Lower Head Design. The principal design parameters of the
reactor vessel for the TMI-2 plant, which has been selected as a typical B&W reactor, are
summarized in Appendix F-2. The reactor vessel consists of a cylindrical shell, a cylindrical
support skirt, a spherically dished bottom head, and a ring flange to which a removable reactor
closure head is bolted. The reactor closure head is a spherically dished head welded to a
matching ring flange. The cylindrical shell is composed of three shcIl courses: upper,
intermediate, and lower. Three 120-degree steel plate segments are welded together to form each
shell course. Full thickness welding is used to assemble the shell courses. The bottom head is
constructed of several peel segments and a dome section, all formed from plate material, which
are welded together to form an elliptical head. Typical weld k) cations for a PWR vessel are
illustrated in Figure 3-3.
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Table 3-2. (continued).|
l

Event timing Temperature --
(h) (K)

Initial
Reactor / p mer Vessel Core Corium RCS Vessel Section 3

8 hrndor livent level pressurc uncmtry relocation dryout failure Debris Vessel Tube illdg C4xilant Methodology reference

Seabrook $B0 Full thgh 2.0 - - 3.5 - 650- - 400 (e)- MAAP 3 0H 4

(4 lawip)/W 1000 800 1050

580 Full liigh 1.8 3.2 2.2-2.5 - 2900 - - - >$65 RELAPS/ 5

MOD 2 &
SCDAP/
MODI

,

Sequoyah Small Full - 1.3 - 2.73.3 - - - - - - MAAP 2.0B 26

(4 Ivop)/W LOCA

Small Full liigh 4.5 6.5 - 6.8 2550 - - 310 - STCP 21
,,

LOCA'

-

j500 Full lam 8.6 13.1 14.3 16.4 2550 - - 310 - STCP 21

n
500 Full liigh 1.6 2.3 2.5 2.5 2550 - - 310 610 STCP 12 m

9
Surry SBO Full fligh 2.2 2.4-2.8 2.8 2.9 - 480- - - :- MARCll-2 11 O

10m N(3 loop)/W m

h.Full tow 2.2 8.3 6.5 10 1650 298W) - - - - MELPROG/ R

TRAC g

Full liigh 2.2 3.3 3.6' 4 - - - - - MELPROG/ 9,10 $
TRAC G

O
Full liigh 1.8 2.8 2.9 2.9 2550 - - 310 630 STCP 12 n

Full tow 2.3 6.5-7.5 - - 1000-3500 - - - - SCDAP/ 13 5
RELAPS 2

;c
m Futi tow 2.2 2.7-3.0 - - - - - - - SCDAP/ 14

RELAPS Oh
O 8
~ a

-

.
u -.

O@ 34 m
. tJ

i

!
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C Table 3-2. (continued). m-
W 4
m a

| C Eventtiming Temperature - O

h (h) (K) .k
so E

Initial g,

& Reactor / ptmer Venel Core Corium itCS Vessel Section 3 .

by vendor Event level' pressure uncovery rekration drvout failure Debris Vessel Tube Illdg Conlant Methodology reference
; =

G
.

O( Advanced 511 0 Full thgh - - - 2.7 - - >1000 320- - MAAP-DOE 7
'

PWR (SYSNO)/ 1080 O
CE 8C

l'ull tem - - - 3.e, - - >1000 320 - MAAP-DOE 7 n
900 0,

n
j TMI-2/Il&W Full 12m 1.7- 1.9 - - - 581 2800 - - - 550-922 SCDAP/ 3031.36 Q
'

REl.APS. 3739 C
| 3Analytical. at

COUPLE / 3:
FLUID. O

*p MAAP 2.0 3
-
N

a. Ptmer level at initiation of accident.

b. Pressure at time of global vessel failure or end of analyses: high is greater than -1.4 MPa; low is less than or equal to 1.4 MPa.

c. Design evaluated in ARSAP pmgram.
,
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~
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-

Lower head '' . "
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Lower head disc to'

meridional welds ,

M166-WHT-1090-44

Figure 3-3. Weld location on a typical B&W PWR reactor vessel.

The TMI-2 vessel is composed of manganese-molybdenum-nickel steel plates (SA533B1) and
manganese-molybdenum-nickel-chromium steel forgings (SA508-64, Class 2). 'Ihese materials are
typical of those found in reactor vessels constructed after 1970.343 During the mid-1(X4)s, the
increasing size of nuclear components required that vessel materials have increased hardenability.
Hence, nickcl was added in quantities between 0.4 and 0.7 wt?c. Before this time, vessels were
composed of either carbon-silicon or manganese-molybdenum alloys.

Figure 3-4 illustrates the arrangement of components in the reactor vessel. This
arrangement is typical of vessels used in B&W lowered-loop plant designs, in which the steam
generators extend to a elevation lower than the reactor vessel lower head. Later B&W plants,
featuring raised-loop designs, have larger vessels and omit the internal vent valves, which are
opened during a cold leg break accident to vent steam from the core and promote rapid core
reDooding. Based on information from References 3-42 and 3-44, the volume of water required
to reach selected heights has been estimated for the TMI-2 vessel. These volumes are listed in
Appendix F-2.
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Figure 3-4. Arrangement of reactor vessel components in a typical B&W.

As shown in Figure 3-4, internal components of the TM1-2 reactor vesselinclude the plenum
assembly and the core support assembly. The core support assembly consists of the core support
shield, internal vent valves, core barrel. lower grid. How distributor,52 in-core instrument guide
tubes. a 0.05-m (2-in.) thick thermal shield, and three surveillance holder tubes. To minimize

;

i
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lateral deDection of the core support assembly from horizontal seismic loading, integral
weld-attached, deflection-limiting guide lugs have been welded on the reactor vessel inside wall.
These lugs are also designed to limit core vertical drop to less than 0.01 m (0.5 in.) if a Dange,
circumferential weld, or bolted joint fails.

The fuel assemblics with stainless steel end fittings are supported on each end by support
plates. A bafue wall with horizontal support plates maintains the sides of the assemblics. The
support plates are welded to the core barrel and baf0c wall and extend around the bafHe wall
perimeter.

| An enlargement of the configuration for the lower plaum support structure is shown in
Figure 3-5. The uppermost plate of the lower grid plate supports the fuel assemblics and is
estimated to have a diameter of 2.56 m (140 in.), with 0.15-m (6-in.)-square openings through ,

0.18 m (7.2 in.) of stainless steel. Debris originating within the fuel assemblics, after passing

| through the slotted lower end fitting, would pass through this plate that provides for major
coolant passage.

| The grid plate is itself supported by columns that are approximately 0.10 m (4 in.) in ,

diameter and 0.30 m (12 in.) high. At the column's half-height, between the two grid plate

Lower grid
Plate thickness: - - - - - - - - - - - - - - -

'

._ ___.__._..- ____ y _.__w_ .

18.4 cm - 1 -

/ \.

Lower grid - >-! !*- 15.24 cm
flow distributor

i -i2.5 cm ,

-H jw- 8.89 cm i

Lower gr.d forging -H I4- 16.51 cm
'

1
|

34.3 cm -

_

5.1 cm j 1

incore instrument / \
lsupport plate Flow hole (15.24 cm)f

d>N
x. ___

f y /5.1 cm
s

-[ ' ',
,

Flow -

distributor k
fGusset j\

|

N i
-

13.7 cm -

,

Reactor
" l penetrationand cladding
noz e

M519-WHT 292-10

Figure 3-5. Inwer head structures in a typical B&W PWR.
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structures, is the lower grid distributor plate, which is approximately 0.03 m (1.0 in.) thick with
0.09-m (3.5-in.)-diameter holes. The columns are welded to a 0.34-m (13.5-in.)-thick lower grid
forging and a 0.05-m (2-in.)-thick in-core instrument support plate, which has square channel
openings with sides that are 0.17 m (6.5 in.). He flow distributor, consisting of a flat plate and a
dished head, is below this lowest grid plate. The flow distributor is approximately 0.05 m (2 ir,.)
thick, with 0.15-m-(6 in.)-diameter holes. Additional information on B&W lower plenum
structures can be found in Section 4.2.1.

In Reference 3-42, the mass of material that could enter the lower head during a complete
core meltdown accident for the Thil-2 plant was estimated. Appendix F.2 compares the values
obtained for the Thil-2 plant with other vendor plant results. The Thil-2 vessel meltdown masses
included the thermal shield, the core barrel, baffle wall and former plates, support ring, end
fittings, distributor and grid plates, support columns, fuel, cladding, control rod poison, and
Inconel spacer grids.

3.2.1.2 Combustion Engineering Lower Head Design. The major design features of a
typical CE PWR reactor vessel are also summarized in Appendix F.2. The construction and
material composition of this vessel are similar to those described above for the TMI-2 vessel.
Figure 3-6 illustrates the arrangement of structures in the reactor vessel. Noticeable differences
between the B&W design and the internal structure of a CE vessel are the lack of a thermal
shield and lower head nozzles for instrumentation tubes in the CE vessel. Reference 3-42 i

indicates that ahhough most CE vessel designs are similar to this vessel design, certain variations
exist. For example, the Maine Yankee vessel includes a thermal shield and instrumentation
guide tubes that penetrate the vessel lower head. Water inventories required to reach heights of
interest within a typical CE reactor vessel have been estimated, using information from
References 3-42 and 3-45. Results in Appendix F-2 indicate that the estimated volumes of water
are similar to those values estimated for the TMI-2 vessel.

The components of the reactor internals are divided into two major parts:' the upper guide |
structures assembly and the core support structure. The flow skirt, although functioning as an
integral part of the coolant flow path, is separate from the internals and is affixed to the bottom
head of the pressure vessel.

The core support structure consists of the core support barrel and the lower support
structure. The 0.08-m (3-in.)-thick core support barrel rests on a ledge within the pressure vessel.
In turn, the core support barrel supports the lower support steue.ure upon which the fuel
assemblies rest. He lower support structure supports the core by means of a 0.05-m (2-in.)-thick
stainless steel core support plate, which rests on columns mounted on support beams that transmit i
the load to the core support barrel lower flange. The core support plate supports and orients the >

lower ends of the fuel assemblies and contains flow distribution holes. The core shroud, which
provides a flow path for the coolant and lateral support for the fuel assemblics,is also supported;

7

| and positioned by the core support plate. The lower end of the core support barrel is restricted '

from excessive radial and torsional movement by six snubbers that interface with the pressure
vessel wall. Additional information on CE lower plenum support structures can be found in
Section 4.2.1.

The flow skirt is a right-circular, Inconel cylinder, perforated with flow holes and reinforced
at the top and bottom with stiffening rings. The skirt is supported by nine equally spaced
machined sections that are welded to the bottom head of the pressure vessel.

i
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Figure 3-6. Arrangement of reactor vessel components in a typical CE PWR.

Masses of vessel materials that may be included in a major meltdown of a typical CE plant
are listed in Appendix F-2.342 Included in this estimate are masses of the fuel, cladding, control
rod material, guide tubes, flow skirt, and the structural support steel, including the core barrel.
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| lower cylinder, and lower support plates (Table F-2.1 includes the masses of all structural items

| below the upper core support plate).

3.2.7.3 General Electric Lower Head Design. Major design parameters for two reactor
vessels from GE-designed BWR nuclear power stations are listed in Appendix F-2. The
construction and material composition of these vessels are similar to those described above for the
TMI-2 vessel. Ilowever, the BWR vessels are larger than the PWR vessels listed in Appendix F-2
because BWR vessels must accommodate steam separators, dryers, and (in the case of most

i

BWRs) jet pumps, in addition to the reactor core. The inventories required to reach heights of ;
'

interest in both BWR plants have been estimated from information found in References 3-42,
3-46,3-47, and 3-48. The water volumes listed in Appendix F-2 indicate that th.c water required
to cover the core in BWR reactor vessels is at least four times that required for the reference
PWR designs. J

l

I

The BWR vessel cylindrical wall |0.13 m (-5 in.)] is generally thinner than a PWR wall
[0.23 m (-9 in.)] because a BWR operates at a lower pressure [ typically 6.9 MPa (1000 psia)]
than a PWR [ typically 15.5 MPa (2250 psia)]. :However, a BWR lower head thickness is greater
[0.2 m (~8 in.)] because the lower head must accommodate over 200 penetrations, some of which
are significantly larger than the penetrations found in a PWR vessel (see Section 3.2.2).

The different BWR designs are classified into product lines, designated BWR/l through
BWR/6. The differences in the product lines are basically in the nuclear steam supply system
(NSSS) and enginected safety features (ESFs) and include variations in water volumes, coolant
flow, reactor vessel dimensions, and emergency core cooling systems (ECCS). However, there are
different, sizes of reactors and vessels within the same class. For example, Duane Arnold (a
538-MWe plant with a 4.65-m-ID reactor vessel), HATCII 1 (a 753-MWe plant with a 5.54-m-ID
vessel), and Peach Bottom 2 (a 1051-MWe plant with a 6.38-m-ID vessel) are all of the BWR/4
design. A major difference between the BWR/4 and later plant designs is the addition of
recirculation valve flow control. The majority of operating BWRs are BWR/4 designs. The
newest generation of BWRs is the BWR/6, which was introduced in 1972. There are two
standard BWR/6 designs,238 and 251, where the number refers to the reactor vessel diameter in
inches. The BWR/6 incorporates numerous changes in design, including improved ECCS
performance and solid-state electronics in protection systems. The BWR/1 and BWR/2 reactors
are similar to the BWR/3, except that they have recirculation loops instead of jet pumps.

Internal structures in the reactor vessel are shown in Figures 3-7 and 3-8. The BWR core
support structure consists of the shroud, shroud support, core support, fuel support pieces, and
control rod guide tubes. The 0.05-m (2-in.)-thick core shroud is a stainless steel, cylindrical
assembly that provides a partition to separate the upward flow of coolant through the core from
the downward recirculation How. The lower shroud is welded to the reactor pressure vessel
shroud support, which is a circular plate welded to the vessel wall. The shroud support is
designed to carry the weight of the shroud, shroud head, peripheral fuel elements, neutron
sources, core support plate, top guide, steam separators, and jet pump diffusers; it also laterally
supports the fuel assemblies.

The core plate consist of a 0.05-m (2-in.)-thick, stainless steel plate with 185 large holes
[0.28-m (11-in.) ID] to accommodate the passage of the control rod guide tubes and 55 smaller
holes |0.05 m (2 in.)] to accommodate the in-core instrument guide tubes. Unlike PWRs, a BWR
core plate provides only vertical support to the 24 outermost fuel assemblics (of the
764 assemblies that make up the core). Four-lobed and orificed fuel support pieces are used by
each of the 185 control rod guide tubes to support most of the fuel assemblies (four fuel

NUREG/CR-5642 3-18
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assemblies are supported by each control rod guide tube). In contrast. the peripheral fuel support
pieces are seated in the core plate. S. A. Hodge' at Oak Ridge National Laboratory investigated
the role of a BWR core plate during normal and accident conditions.

| The core plate is supported around the outer periphery (bolted to a ledge on the core
| shroud)., in addition, significant central support is provided by the stiffener plates and stiffener

| rods (see Figure 3-8). Additional information on GE lower plenum configuration is found in
Section 4.2.1.
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Masses of material that ma melt during a complete core meltdown accident in BWR plants
are compiled in Appendix F-2.3.yA3a2 Major components included in this estimate are the UO2
fuel, zircaloy cladding and channel enclosures, Inconel springs and clips, control rod poisons, and
steel materials below the active fuel height, such as support plates; control rod structures (guide
tubes, drive housings, etc.); supports for the fuel, core, and shroud; jet pumps; and the shroud
below the top of the active fuel. As shown in Appendix F-2, approximately twice as much

| zircaloy is'available for relocation in a GE BWR than in a PWR, This increase is from the
| zircaloy associated with the BWR fuel assembly channel enclosures.

3.2.1.4 Westinghouse Lower Head Design. Appendix F-2 lists the major design
parameters for the vessel of a typical Westinghouse four-loop PWR plant. The construction and
material composition of this vessel are similar to those described above for the TMI-2 vessel.;

| Figure 3-9 illustrates the lower core support structures found in this reactor vessel. Comparisons

| of Westinghouse plants in References 3-42,3-43,3-49, and 3-50 indicate that most of the reactor

|
vessels are similar in design, although the size of the vessel increases with the number of coolant

; loops, and some earlier Westinghouse plants do not have instrumentation guide tubes penetrating
the bottom head. The inventories of water required to reach heights of interest in this'

Westinghouse vessel have been estimated from information found in References 3-42,3-49, and

| 3-50. As shown in Appendix F, the estimated inventories are similar to the values estimated for
! the other reference PWR vessels.

The major components of the Westinghouse vessel's lower core support structure are .

I
neutron shield pads, the core barrel, the core bafne, the lower core plate and support columns,

,

| and the core support, which is welded to the core barrel. These structures are primarily
composed of 304 stainless steel. The thermal shield pad assembly consists of four pads that are

,

| bolted and pinned to the outside of the core barrel. These pads are approximately 1.23 m (48 in.)
wide by 3.79 m (148 in.) long by 0.07 m (2.8 in.) thick. Within the core barrel are an axial bafDe'

:

and a lower core plate, both of which are attached to the core barrel wall and form the enclosure |
'

periphery of the assembled core. The 0.05-m (2-in.)-thick lower core plate, through which now
distribution holes for each fuel assembly are machined, is positioned at the bottom level of the
core below the bafDe plates and supports, and orients the fuel assemblics. The lower core I

support structure is supported at its Dange by a ledge in the reactor vessel head flange, and its
lower end is restrained in its traverse movement by a radial support system attached to the vessel 4

wall. |

The in-core instrumentation support structures consist of an upper system to convey and
support thermocouples penetrating the vessel through the head and a lower system to convey and

| support Dux thimbles penetrating the vessel through the bottom. Reactor vessel bottom port j

| columns carry the retractable, cold-worked, stainless steel flux thimbles that are pushed upward
into the reactor core. Section 4.2.1 provides additional information on Westinghouse lower
plenum structures.

Masses of material (including fuel, cladding. control rod material, burnable poisons, guide |

accident in the Westinghouse reactor are also listed in Appendix F-2.3'ga complete meltdown
tubes, in-core and lower core support structures) that could melt durin

3.2.2 Reactor Vessel Lower Head Penetrations '

The size, type, and number of penetrations may also impact the probability of vessel failure
during a core melt accident. The parameters for penetrations in the vessel lower heads vary from

|

|

3-21 NUREG/CR-5642

_ _



Thermodynamic and Geometric Conditions

--~

~x,/ g .s

x
!/ 'N

-\ -

Internals g

support ledge M'O ^d 4'
%' M' Upper core

[ barrel
/ /

,

;fs5 n =- n & y/C
M f- G _ ,~ % ' , Q,

n
f, _. m. ,

. . . .

//**

,'.+r
-'- .g,

, . .

I h
. . . . . .

(' .. ...

ss I
'

Thermal shield i{ (' '/ - /
\ i

... n'. . . . .

x0
..

L- i Lower core-

9 4' Ipif / barrel
1:i

~~"*
.... ....

}. ,

- .* ,

Irradiation l. : _.

Former
-

i

specimen guides j
. .- -

e-j. . . . . .

y1j,

,,

-,

! !

:jp r; f Baffle. . . . .
.

,,

/Access port
..[

-

, X
E,/ Lower core; ,, ,- Ax'q

|

:

4. - ~ .s%s%z..-.=*-
.. 9,

6- * *

ra . pla,es,

n- .

/'-s |. F '4,~P M 3# 5 & N.. ?,#a
Lower support x e r1 -r-se: W-ga

,

column 4 ,esests:reses

:sp s,e sh:b,::;v.s:st s: stas%
-

q ;pg psp
,e s. a r s e s. A-4,+ .s. ,

s ~ s.:s,es.m,r.psy s.e s r.sz.m
as sw a;p

Diffuser plate
. : s s.sps.e s a. -

A f,.gjg&g gg- }!

djiai'y/N@c,d6
'' Core support

(%jf, ge,.4
u

c-- . ^7 * # for9in9'an y{ o .'s' .n; c yf
.

h' ' "&Q.0
'! Po( ^|i"fSecondary
. y'l.,

! pj9 )?[Qlj'
Jsupport assembly -

Instrumentation;

[" thimble guides
[tI fs

s

,

.J }'
p e-3

~

^

m
j'sv ,

Figure 3-9. Arrangement of reactor vessel components in a typical Westinghouse PWR.

NUREG/CR-5642 3-22

__ _ _ __ - _ . . _ - __- -- - - _ - _-- _ __ ____ _____



1

Thermodynamic and Geometric Conditions

vendor design to design. For example, the number of bottom head penetrations varies from none
in typical CE PWRs to over 200 penetrations in typical GE BWRs. Penetrations for each
vendor's vessel lower head are discussed in the following sections. A detailed list of penetration
dimensions is located in Appendix F-2.

3.2.2.1 B&W Vessel Penetrations. All vessels in B&W plants have instrumentation tube
,

!penetration noules that penetrate the vessel through the lower head. Figure 3-10 illustrates the
general arrangement of an instrumentation tube noule penetrating the B&W TMI-2 vessel.
Made of Inconel-600,52 in-core tube instrumentation noules 0.02 m (0.75 in.) in diameter
penetrate this reactor vessel.

Instrument guide tube penetrations are made by boring vertical holes into the vessel lower
i head, inserting a tube through the hole, and welding a noule to the tube and vessel inner surface.

To facilitate the insertion of the tubes into the holes in the vessel head, tolerances for the outer
diameter of each penetration tube and the diameter of each hole in the vessel head are set by
design. These dimensions result in a radial gap range that must be considered in penetration ;

failure analyses. Typically, instrument tubes are mounted between 2 to 3 m below the exterior of
the vessel. Then, these tubes are curved along their horizontal run toward the seal table in the
containment cavity.

An instrumentation string, whose cross section is shown in Figure 3-10, is inserted into
instrumentation tubes. The inner channel of this string through which a thermoluminescent
dosimeter probe or miniature ion chamber is inserted, is filled with containment air at
atmospheric pressure. The outer diameter of this string is approximately 0.7 cm smaller than the i

inner diameter of the instrument tube. Thus, in addition to the air-filled channel within the
string, there is also an annulus filled with RCS water at system pressure available for melt flow if
an in-vessel tube failure occurs during a severe accident.

|

| 3.2.2.2 CE Vessel Penetrations. Although some of the operating CE plants (such as the

| Maine Yankee plant) and the new CE APWR System 80 design use bottom-entry instrumentation
tubes, most CE reactor vessels have in-core detector assemblics that pass through the upper
reactor vessel head.11cnce, there are no vessel lower head penetrations in most operating CE
plants.

3.2.2.3 GE Vessel Penetrations. The BWR is the only LWR system that employs
bottom-entry control rods. A GE BWR vessel is also penetrated by guide tubes for in-core flux
monitors and a drain noule. Both reference GE plants have vessel lower heads with 185 stainless

i

| steel control rod penetrations 0.15 m (6 in.) in diameter,55 stainless steel in-core guide tube
! penetrations 0.05 m (2.0 in.) in diameter, and one carbon steel drain noule 0.05 m (2.0 in.) in

diameter. Figure 3-11 illustrates the arrangement of typical BWR penetrations.

A BWR instrument tube, whose cross section is shown in Figure 3-11, is inserted in each 304
stainless steel BWR instrument guide tube. Similar to a PWR instrument tube penetration. RCS
coolant fills the 2.0 cm gap between the outer diameter of a BWR instrument tube and the inner
diameter of a BWR instrument guide tube, and air at atmospheric pressure surrounds monitors
within the instrument tube.

The drain penetration, which is located in the bottom of the reactor vessel 15.24 cm off the
centerline, directs now to the reactor water cleanup system to aid in the removal of suspended

; solids, to provide a temperature measurement of water in the bottom head area, and to minimize
| cold water stratification in the bottom head area. It consists of a SA105 Class 11 carbon steel

; 3 23 NUREGiCR-5642
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nonle and SA106 mating pipe. Unlike BWR control rod and instrument guide tube penetrations,
the drain line does not have any in-sessel structures nor contain any internal structures.

The 304 stainless steel BWR control rod guide tube penetrations are formed by boring the
hole for the guide tube, drilling a countersink for a stub tube that surrounds the guide tube on

,

the vessel inner surface, inserting the guide and stub tubes, and welding the guide tube to theI

stub tube. The control rod drive system within each guide tube consists of a cylinder containing
several tubes. As illustrated in Figure 3-11, cooling water flows between these tubes.t

3.2.2.4 Westinghouse Vessel Penetrations. Most Westinghouse vessel lower heads are
penetrated by instrumentation tubes. The type, size, manufacturer, and number of
bottom-mounted instrumentation tubes found in Westinghouse plants are compared in
Reference 3-51. As discussed in this reference, the number of bottom instrumentation tube i

penetrations in the Westinghouse reactor vessels, which were produced by five different vendors, |
varied from none (in the Yankee Rowe and San Onofre Unit 1 plants) to 55 (which is typical of
more recently designed plants).

,

For the reference Westinghouse plant, there are 55 instrumentation tube penetrations ;

through the lower vessel head, which are 0.05 m (2.0 in ) in diameter. These penetrations are for
port columns that carry the retractable, cold. worked stainless stect Oux thimbles. (Thermocouples
are routed through port columns on the upper head of the reactor vessel.) Each penetration
noule consists of a tubular member made of Inconel. Each tube is attached to the inside of the
Sottom head by a partial penetration weld. Figure 3-12 illustrates the general arrangement of a
typical Westinghouse in-core penetration tube. As shown in the figure, an Inconel pad is
sometimes placed along the vessel outer surface to aid in instrument guide tube repair. However,

I this pad is not attached to the instrument guide tube. Instrument strings, similar to the geometry
shown in Figure 3-10 and described in Section 3.2.2.1, are inserted in these instrument guide tube ,

'

penetrations.

3.2.3 Radiative / Convective Boundary Conditions.

| lnis section describes structures and conditions exterior to the vessel that may innuence
heat transfer from the reactor vessel during a core meltdown accident. The geometry of the
containment and reactor vessel cavity is described to provide an estimate of the heat transfer ;
conditions that would be present outside the vessel during a core melt accident. Parameters
important for predicting heat transfer rates from the vessel. such as the insulation thickness and
distance between the insulation and the reactor vessel, are summarized in Appendix F-2.J

Descriptions of the reactor vessel cavity geometries and surfaces within the cavity are found in the
following sections.

3.2.3.1 B&W Boundary Conditions. The containment building used for the B&W
reference plant. TMI-2. is a reinforced concrete structure lined with carbon steel designed by the
plant's architect-engineer. Bechtel Group Incorporated. Below the reactor vessel is a 3.69-m,

'

(12-ft)-diameter cylindrical volume with a height of 3.23 m (10.5 ft). The net free volume of the
lower reactor cavity (i.e., the net free volume from the cavity Goor up to the basemat fk)or) is

3 3estimated as approximately 124.52 m (4400 ft ). The in-core instrumentation tubes pass through
sleeves consisting of steel tubes that penetrate through the primary shield wall (the concrete>

cylinder that surrounds the reactor vessel). Annular openings in the primary shield wall between
each guide tube and its sleeve allow seepage of water into the cavity. These openings would,

allow water to enter the cavity if the containment noor were fk>oded.
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The majority of the B&W plants examined bad cavity designs similar to that of the TMI-2
plant with the cavity Door levels being close to the same elevation as the basemat floor. This

i
similarity was attributed to the fact that Bechtel was the architect-engineer for many of the B&W ;

plants. However some of the B&W plant containment buildings were designed to prevent water
flow into the cavity.

The TMI-2 reactor pressure vessel is a skirt-supported vessel. The skirt, located around the
bottom head. is 0.05 m (2 in.) thick. The vessel-skirt junction is constructed of SA508-64 Class 2
material. Reactor coolant system components are insulated with 0.08-m (3-in.)-thick, stainless

I steel, metal reflective type insulation units.
1

3.2.3.2 CE Boundary Conditions. The containment system of the reference CE plant was
designed by the plant's architect-engineer. Ebasco Senices Incorporated. The reactor building for
this plant was designed so that water will enter the vessel cavity during accident conditions. The
lack of instrumentation tubes penetrating the lower vessel head (see Section 3.2.2.2) affects the
way in which lower cavities of plants are designed. The reactor vessel rests closer to the floor
than in designs with in-core instrumentation through the reactor vessel. lower head because,

| clearance for the bending instrumentation tubes is not required. For example, the reactor vessel
rests about 1.83 m (6 ft) above the cavity Door; whereas in CE designs with lower head in-core
instrumentation penetrations the vessel is located approximately 4.58 m (15 ft) above the cavity
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floor. Consequently, the net free volume of the reference plant reactor cavity, estimated as
45.19 m (1,614 ft ) in Reference 3-42 is 209 smaller than the cavity of a CE plant with lower3 3

head in-core instrumentation penetrations. Furthermore, most CE reactor buildings do not have
the instrumentation tunnels that are included in designs with lower head instrumentation.

Thc' CE reference plant reactor vessel uses supports under each of the four reactor cold !cg
nozzles. Ilowever. newer CE System 80 vessel designs use keys at the bottom of the vessel, as
well as supports under the cold leg nozzles.

Reflective insulation, built of stainless steel panels, surrounds the reactor vessel. He
2 2reference plant FSAR3# provides an estimate of 213.9 m (2,300 ft ) for the surface area of

insulation surrounding the reactor vessel, including the head and supports.

3.2.3.3 GE Boundary Conditions. BWRs are also characterized by the containments.
Most operating BWR plants use multibarrier pressure suppression type containments, designated
Mark I,11|I11.8 All three types have dual barrier systems that are designated as the primary and
secondary containments. The primary containment, which is of concern in analyzing lower head
boundary conditions, includes the drywell that encloses the reactor vessel and recirculation system,
a pressure suppression chamber that stores a large volume of water, and a connecting vent system
between the drywell and the suppression chamber. The reference BWR/4 plant in this section
uses a Mark I design, and the reference BWR/5 uses a Mark 11 design. The Mark Ill ;

containment design is the most recent GE product line and is used only in conjunction with
BWR/6 reactors.

All BWR/2, BWR/3, and most BWRi4 plants use a Mark I containment design. This design
is shaped like an inverted light bulb with a torus-shaped suppression pool. For the reference
BWR/4 Mark I design, the in-pedestal region has an inside diameter of 6.2 m. The reactor
pressure vessel sits approximately 8.6 m above the Door, giving the in-pedestal region a volume of

3-260 m . The in-pedestal region is connected to the drywell by a 2-m-high doorway. During a
severe accident it is possible for the in-pedes'tal region to fill with water up against the trapped air
pockets within the vessel support skirt. The drywell (portion outside the reactor pedestal) can be
filled to the level of the vent lines.

The Mark 11 primary containment is an over-and.under, steel-lined, post-tensioned pressure
suppression system. The Mark 11 containment reactor cavity is designed to remain dry during
normal operation. However, it is possible for water to enter the drywell during a pipe break
accident. The area beneath the reactor is separated into two areas: (a) the ccmtrol rod drive
(CRD) area, which is in direct contact with the 0.OS-m (3-in.)-thick pressure vessel insulation
plate, and (b) the pedestal area, which is the area inside the reactor pedestal in the suppression
pool. A concrete Door about 1.2 m (4 ft) thick separates the CRD area from the pedestal area.
The net free volume within the CRD area of the BWR/5 Mark 11 reference plant containment is

3 3
estimated to be ~129 m (-3200 ft ).

The Mark Ill containment systems are the only BWR containments that are not inerted.
Although two types of secondary containment designs are found in the Mark III systems, the
primary containment designs of these plants are similar. The Mark Ill drywell is a cylindrical shell
of reinforced concrete. Large-diameter horizontal vent openings penetrate through the lower
section of the drywell. These openings are used to conduct steam during a loss-of-coolant

g. The one exception is Big Rock Point (BWR/1,67 MWe).
.
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accident to the suppression pool. The reactor pressure vessel is ~0.71 m above the cavity, which
3has a net free volume of 249 m . CRD openings and a CRD access doorway are located in this

cavity at a lower elevation than the weir wall. Hence, it is likely that the cavity will fill with water
during a pipe break accident.

Each of the BWR reference plant reactor vessels is mounted on a support skirt. As shown
in Figure 3-7, this skirt is bolted to a concrete-and-steel cylindrical vessel pedestal that is integral
with the reactor building foundation. Hence, only the portion of the BWR bottom head that is
below the support skirt would be in tension (and subject to creep rupture) during a depressurized !

severe accident.
,

|

All lower head BWR reactor vessel insulation is of the stainless steel reflective type.
According to plant personnel from the BWR/4 Mark I plant, there is a minimum of 0.038-m
(1.5-in.) annular. clearance between the reactor vessel and the insulation. The bottom head
insulation, which encloses the volume immediately below the reactor vessel, is bounded by flat
horizontal panels [0.076 m (3.0 in.) thick] that are connected to a cylindrical shcIl [0.076 m
(3.0 in.) thick] covering the inside of the reactor support skirt.

3.2.3.4 Westinghouse Boundary Conditions. A carbon-steel-lined, prestressed concrete I

containment designed by the plant's architect-engineer, Sargent & Lundy,is used in the reference !
Westinghouse plant. The vessel is k>cated about 4.27 m (14 ft) above the cavity floor. The
reactor vessel cavity leads to an instrumentation tunnel. The net free volume in the reactor cavity ;

and instrumentation tunnel (from the cavity floor to the containment basemat) is estimated to bc |

254.7 m'(9,000 ft ) for this plant.3423

,

The primary shield wall, which is the circular cylindrical structure surrounding the reactor
vessel, forms the reactor vessel cavity. The reactor vessel is supported at the coolant noules by
steel pads that rest on steel base plates in the primary shield. Above the reactor support, the
shield wall is 1.37 m (4.5 f t) thick; and below the reactor support, the shield wall is 2.57 m (8.5 ft)
thick.

342A review of containment and cavity designs identified several other designs used in
Westinghouse plants; for example, a flat-bottom, steel-lined, prestressed concrete containment was
used in the South Texas Project (STP) plant. This flat-bottom containment is similar to the |
TMI-2 containment, except that the STP containment was designed to prevent water contacting |

the bottom of the reactor vessel during an accident.

Reactor coolant system components are insulated with a minimum of 0.076-m (3-in.)-thick
stainless steel, metal-reflective-type insulation consisting of two 0.038-m (1.5-in.) layers. The
insulation is self-supporting from the reactor vessel noules. Discussions with Westinghouse plant !

personnel indicate that insulation panels are placed at angles that follow the curvature of the j

lower head, with a minimum distance of 0.024 m (0.94 in.) between the lower head and the j
'

insulation.

3.2.4 Summary ;

In summary, a BWR vessel is larger and heavier than a PWR vessel because a BWR vessel i
Imust accommodate steam separators, dryers, and, in most cases, jet pumps, in addition to the

reactor core. Data for the reference plants indicate that more water is required to reach heights
of interest (e.g., the top of the core) in a BWR vessel. A PWR wall [-0.23 m (~9 in.)] is typically
thicker than a BWR wall [0.13 m (-5 in.)] because a PWR operates at a higher pressure [ typically
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15.2 MPa (2250 psia)] than a BWR | typically 6.8 MPa (1,(XXI psia)]. Ilowever, the lower head for
a BWR vessel is thicker because it must accommodate over 2(X) penetrations, some of which are
significantly larger than the penetrations found in the PWR vessels.

Support structures in the lower vessel varied between vendor designs as well as within the
different plants offered by a vendor. These differences may impact melt progression, as illustrated
by results from jet impingement calculations documented in Section 4.2.1.

i

To illustrate the maximum amount of mass that could relocate during a severe accident, ;

scoping calculations were performed using characteristics of each vendor's design. Results !
indicate that the material composition entering the lower plenum would be similar for the |
reference plares if the maximum amount of mass were to relocate during a severe accident
(indicating that the corium will contain approximately 40-50% UO;,,30-40% 304 stainless steel,
10-20% zircaloy, and less than 2% Inconel).h fligher quantities of zircaloy were found in the
BWR design because of the fuel assembly channel enclosures. The amount and type of control
rod and burnable poisons were found to be dependent upon reactor design, although they were
estimated as <4%.

The number and type of penetrations of the lower head also varied significantly between and
within vendor vessel designs.110 wever, the penetrations of the BWR vessel are generally larger
and more numerous because there are control rod drive tubes and a drain nozzle in addition to
penetrations for in-core monitoring guide tubes.

The gece : iry of the reactor containment cavities also varied. Although many plant-specific
differences exist among containment cavity designs, there are three major types at PWR reactor
cavities: flat-bottomed, sunken cavities, and sunken cavities with an instrumentation tunnel.
Likewise, three types of BWR reactor vessel cavities were identified, corresponding to the Mark I,
II, and III types of containments, although many variations exist within each of these types. Two

,

additional design features, which were found to differ between the plants and may impact heat
removal from the vessel during a severe reactor accident, are the ability of a vessel cavity to
become flooded and the close proximity of steel support structures and stainless steel insulation
material to the reactor vessel.

In conclusion, various plant-specific features will impact heat transfer during a severe reactor
accident. To simulate phenomena properly, such as heat transport occurring within the vessel and
from the vessel to the containment surroundings and the likelihood of vessel failure at a1

penetration, design-specific features must be considered. Section 4 presents results obtained by
applying the approach described in Section 1.2 to reduce the large number of parameters
characterizing these design-specific features and the range of heat-transfer conditions into a
workable set of parameters that can be incorporated into a simplified approach for modeling the
vessel lower head during a core melt accident.
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4. CLOSED-FORM AND LESS-DETAILED NUMERICAL TECHNIQUES
FOR PREDICTING LOWER HEAD FAILURE 4

1

The procedure used in this study for determining which failure mode will occur first during a |
severe accident is depicted in Figure 1-2. Questions related to debris relocation and vessel !

!

response in Figure 1-2 may be answered by applying methods described in this section. A brief
description of these models, along with key assumptions used in the models, is provided in

! Table 4-1. Note that models consider both the thermal and structural response of the vessel and
; lower head penetrations. In addition to describing these simpler methods, this section also
i presents results obtained from these methods and summarizes general insights into vessel failure

that have been gained from applying these models.
i

As discussed in Section 1, these methods use closed-form and less-detailed numerical
,

solution techniques because of the large number of reactor design and severe accident parameter
combinations that can result in lower head failure. Thus, a major uncertainty in model results is i

due to some of the simplifying assumptions required to obtain solutions for these models. Other
uncertainties in model results are discussed in Table 4-1.

i,

Models are discussed this section based on their solution technique. Models that use closed- !.

form solution techniques are discussed in Section 4.1, and models that use simplified numerical |
solution techniques are discussed in Section 4.2. Within each of these categories, models that ;

consider thermal response are discussed first. General insights obtained from applying the models
'

,

are summarized in Section 43. !

|

4.1 Models Using Closed-form Solution Techniques !

Because of the large number of reactor design and severe accident parameter combinations'

that can lead to lower head failure, this study has relied heavily on models that use closed-form ;

solution techniques. As illustrated in this section, these models allow a larger number of cases to j

be considered more rapidly and provide general insights into how different reactor designs .

!respond to different accident conditions.

!~ 4.1.1 Event Timing and Vessel Heatup

Thermal analyses provide boundary conditions, such as event timing and temperature
distributions, for lower head failure analyses. By applying mass and energy equations to simplified
geometries, closed form solutions have been obtained in this section to predict event timing and
one-dimensional vessel temperature distributions.

H

4.1.1.1 Application of Energy and Mass Conservation Equations to Predict Event
Timing. A nondeformable control volume, representing the corium and coolant in the reactor
vessel at the calculation initiation, is shown in Figure 4-1. Conservation of energy and mass were

,

applied to this control volume from an arbitrary beginning state (denoted by the superscript b) to
1 an end state (denoted by the superscript c) to obtain the following equations:

I Q - M$ = A Md

1

J

j
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3 Table 4-1. Summary of malcis discussed in Section 4. 7
b;

'

@,a w$ Model description Assumptions llange of applicability Uncertainties g.
b
wm - W7 Itek, cation time as a function of No coolant in core wgion Applicable for cases with Model is expected to give order of b.

$ melt rek) cation temperature IIcat losses from core to coolant are magnitude estimates for melt relocation j.

gi negligible no coolant in the core region times. "e

Oxidation energy is negligible near adiabatic heatup I. e

IIcat knses from vessel to emironment heat losses from the corium to Uncertainties in model results are due E. .

are negligible the coolant and from the vessel to uncertainties in cortum material
~

No coolant leaves or enters the vessel to the emironment are much less properties and corium composition. e7.

Con tant decay heat equal to one percent than the decay heat in the y.

of the initial core power level corium. 3
Coolant boiloff time as a function . No coolant makeup water available Applicable for cases where Model is expected to give order of
of coolant miume . Unrestncted mass kws from the vessel magnitude estimates for coolant boiloff

Oxidation energy is negligible near perfect thermal contact times.. e

IIcat losses from sessel to emironment between the debris and the.

are negligible coolant exists Uncertainties in model results are pri-
Debris and coolant are in perfect thermal changes in coolant properties. marily attributed to assumptions, such. e3

k contact over the range in pressures and as isobaric and isothermal conditions
Debris quenches during relocation temper-atures that occur during and the debris being in perfect contact.

Coolant boiloff can be modeled assuming depressurization are negligible with the coolant..

isothermal and isobarie conditions heat losses from the corium to.

Constant decay heat equal to one percent the coolant and from the sessele

of the initial core power level to the emironment are much less
than the decay heat in the
corium.

One-dimensional time-dependent Constant heat flux Applicable for cases where Model is expected to give order of.

vessel temperature distribution One-dimensional heat conduction magnitude estimates for vessel thermal.

equation is applicable a nearly uniform and constant response.
'

.

IIcat removal from the vessel to the con. heat source is applied to the en..

tainment by a comtant heat transfer tire vessel lower head Uncertainties in model results are
coefficient heat removal from the vessel to primarily attributed to assumptions,.

Vessel thermal properties remain the containment is nearly such as constant vessel materiale

constant comtant properties, constant and uniform heat
source, and constant heat removal.
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Table 4-1. (continued).

Model description Assumptions Range of applicabihty Uncertainties

Tube heatup time Good debns-to-tube surface contact Applicable for cases where Models are expected to grve order of

Isothermal tube and debns magnitude estimates for tube thermal(time for thermal front .

good thermal contact exists respome times.Tube thermal response can be modeledpenetration and time for tube ..

melting) one<timensionally between the debris and the tube
no coolant is in the kmcr head Uncertaintics in model results areNo coolant in the lower head ..

primarily attnbuted to uncertaintics in
estimates for the tube phase change
constant.

Good debris-to-tube thermal contact Applicable for cases where Model is expected to give order ofDcbns thermal requirements to .

Isothermal debns and tube magmtude estimates for debns thermalinduce in-vcuci tube melting .

debns completely surrounds the requirements to induce tube mciting.No coolant in the lower head ..

/cro porosity in relocated debns tube Note that results from this model will.

debris has zero porosity be mmimum values because it is.

good thermal contact exists assumed that there is no coolant in the.s
0 between the debns and the tub: lower head and an infinite time is

no coolant is in the lower head available for heat transfer..

Uncertaintics in model results are
primanly attributed to the assumption
of isothermal debris.

Melt Dow is steady Applicable for cases where Model is expected to give order of 7Terminal melt vekrity from a .

No heat is transferred from the debris to magnitude estimates for melt vekrity Spenetration as a function of .

melt vchrity is steady through a penetration tube. {pressure, tube effective diameter the tube (adiabatte Dow) e

heat losses from the debris 'o in- g-The melt vckrity outside the tube isfor melt ihm and inussel tube ..

length much less than the tube exit vekrity vessel tube structures is negligi. Uncertaintics in model results are 02

Constant debris thermal properties ble primarily attributed to uncertaintics in {.

melt Dow through a tube is estimates for melt thermal properfics, 5:Melt now is turbulentZ ..

Mclt Dow area cam be characterized by an turbulent (analysis indicated that the Fanning friction factor, and Q{ .

cffective diameter this is true for all the cases entrance kns coefDefent. y
Q considered) ga E
d T
:D

Ei:dr,

$ N

,
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C E;c Table 4-1. (continued). E.~

Cim
O 5'
h Model desenption Assumptions Range of appheability Uncertaintics "

?
th 5@ hicit penetration distance Constant thermal properties lhe conduction model is applicable Models are expected to give order of ri

.

tO through a tube (modified bulk Melt flow area can be charactertred by an for cases where magnitude estimates for the upper and 1e

freeting model and conduction efIcctive diameter lower bounds that melt will travel g
model) Melt flow area within a tube is constant debns is near its melting pomt through k)wtr head penetrations. Ee e

(i.e., debns does not thin or " neck down" changes in thermal properties aree q
as it travels) negligible Uncertaintics in the conduction model E:]

good thermal contact between are pnmanly attnbuted to uncertaintics I:e

Conduction Model the debris and the tube exists in the melt sohdification constant and n
the impact of coolant w1 thin the tubes.

transient freezing is goserned by crust.

buildup at the channel wall, where
conduction heat transfer governs melt
sohdification
the melt velocity is constant as it travelse

[ through the tube
no convective heat exchange occurs at thee

melt < rust interface

Modified flutk I'reezing Model lhe modified bulk freezing model is Uncertainties in modified version of the
applicabic for cases where bulk freezing model are primanly

turbulence within the melt precludes a attributed to uncertainties ir. heate

stable crust from forming along tube the initial temperature difference transfer correlations between the debrise

walls between the debris and its and the tube.
coolant within the tube can escape as it is melting point is much less thane

heated the initial temperature difference
heat is transferred from the debris to the between the debris and the tubee

coolant only in the radial direction changes in thermal properties aree

changes in the average temperaturr of negligiblee

the debns are negligible as the me.t good thermal contact exists+

proceeds dpwn the channel between the debris, tube, and
(miant

e melt flow is turbulent

_ _ .- _ _ . _ _ _ , . _ - - . _ , _ . . . - . . - . . - _ - - , -. ._ ._ . _ _ _ _ _. _ _ - _ _ _ - - - - - . _ _ _ _ _ _ _ _ - - _ __ - - . . . - -
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Table 4-1. (continued).

hiodel description Assumptions llange of appicability Uncertaintics

l'.x4essel tube rupture at km Gtwxt debris-to-tube thermal contact Applicable for cases where Models are expected to give order of.

One-dimensional heat transfer from the magnitude estimates for kver boundpressure .

(tube equilibrium temperature melt to the tube changes in thermal properties are debris therma! requirements to inducee

and tube steady-state Mcit fills the entire area available for negligible ex-vessel tube rupture..

temperature) melt ikm within a tube good thermal contact exntse

lhermal properties remain constant between the tube and the debris Uncertaintics in model results are.

An infinite time is availabic for heat a long time is available for heat primarily attributed to uncertaintics in. e

transler transfer estimates for melt thermal properties.
liffects of insulation around the vessel melt fills entire flow area avail- tube emissivity, and tube materiale e

have negligible impact on heat kmes able within the tube ultimate strength behavior at high
from penetrations temperatures.

lix4cswl tube rupture at high Creep effects are negligible 1(esults for a wide range of temper. Model is expected to give order of.

Molten debris has traveled within a penc- ature levels are included in Section magnitude estimates for upper boundp pressure .

u tration to distances bek)w the kmr head 4.1.3.1he appropriate failure map values of pressure and temprature
Tube end effects are negligible should be selected based upon the combinations where tube rupture will.

A steady-state or transient temperature expected vessel temperatures at the occur..

distribution exists in the vessel inner wall surface, pressures, and the
De tube midwall temperature at the conditions (debrts decay heat flux to tincertainties in model results are.

mner surface of the vessel wall is equal to the vessel and vaset-to<ontainment primarily attributed to uncertaintics in
the vessel inner surface temperature heat transfer coefficient) required to high temperature tube material y
He difTerence between the tube produce vessel temperatures. properties, ;;.

temperature at the inner surface of the 9,
vessel and the tube temperature at the llecause creep effecis are neglected, @,
outer surface of the vessel is much model results will be more accurate y
smaller than the difference between the for cases where tubes rapidly reach
vessel inner and outer surface failure temperaturcs. h
temperatures j

x '
m KO E
?5 "
?u,' 2

=
w a

. . .. .. . . . . . . . . . . . . . . .

., ... .. .. .. . . . . .
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C o
y Table 4-1. (continued). E
m P

E-.O
h Model descriptn>n Auumptions Itange of applKability Uncertaintics W

N
dn 5
o Tube ejectn>n Model is expected to g ve order of ri ;

ti magnitude estimates for upper bound [ |
Weld temperature is constant with llecause creep cfIccts are neglected, values of pressure and temperature pa. Weld failure .

location model results are more accurate for combmations where tube ejection will c: I

llaw metal material ultimate strength cases where the vessel rapidly occur.e

properties are used for the wcld reaches failure temperatures. c:
Weld area associated with wcld buildup Uncertaintics in model results are @.

ahn-e the cladding is ignored pnmanly attnbuted to uncertaintics in R
Wcld dimensions are ASME code estimates for high temperature tube.

mmtmum, except for the ll&W design, and vessel material properties.
where lengths were obtained from plant
drawings
Weld defects are not considered.

Creep effects are negligible Ilesults for a wide range of temper-b. Ilinding .

Molten debns has traveled within a pene- ature distnbutions are included inf* .

# tration to distances below the kwer head Section 4.13. The appropriate
The wcld holding the tube to the vessel failure map should be selected based.

has failed upon the expected vesselinner wall
. Sufficient heat has tren h>st from the temperatures, system pressures, and

leading edge of the melt to cap the debns the conditions (debris decay heat flux
or there is a bend in tne tube to the vessel and vessel-to-
No sup;vrt outside of the vessel resists containment heat transfer.

tube ejection coefficient) required to pnxjuce
A steady-state or transient spatial temper- vessel temperatures..

,

'ature distnbution exists in the vessel
The tube midwall temperature in the.

radial direction is constant and equal,
near the vessel wall inner surface, to the
vessel inner surface temperature
The difference between the tube.

temperature at the inner surface of the
vessel and the tube temperature at the
outer surface of the vessel is much
smaller than the difference betwren the
vessel inner and outer surface
temperatures

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____-
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Table 4-1. (continued).

Model description Assumptions llange of app.scabihty Uncertainties

Global vessel rupture Cccep clfects are neghgible Results for a wide range of temper- Model is expected to give order of.

'lhermal stresses are self reheving ature distrit>utions are included in magnitude estimates for the pressure.

Successive inner layers lose strength as Section 4.13. 'lhe appropriate and temperature combinations wheree

temperatures elevate failure map should be selected based global vessel rupture will occur.
Collapse predicted when membranc upon the expected vessel inner.

strength capacity is exceeded ty pressure surface temperatures, system Uncertaintics in model results are
stress pressure, and conditions (debris primarily attributed to uncertaintics in

decay heat flut to the vessel and high temperatures, vessel material
vessci-to-containment heat transfer propertics, and the accuracy of
coctficient) required to produce predicting failure stress progression.
vessel temperatures.

Because creep effects are neglected,
,

model results are more accurate for '

b
cases where the vessel rapidly"
reaches failure temperatures [

Debris relocation through kver 'Ihc ANL-developed TillRMAIA) model Appheable for cases where Model is expected to give order of
plenum structures (jet used in this study assumes- magnitude estimates for comparing the jimpingement) a k)cabred failure occurs in a effects of kiwer plenum geometry and.

melt is r(leased from the core as a coher- solid crust that surrounds a structures on melt relocation in
.

ent circular stream molten pool within the core different plant designs. y
surf ace crosion of the melt stream is driv- region R

.

en by Keh1n-licimholtz instabihties melt is reicased from the core Characterization of uncertaintics E.

the diameter of croded droplets and as a coherent circular stream requires comparisons with experiment @,
.

particles is equal to the inverse of the that is not small enough (e.g., data to provide usefulinformation on j
fastest growing wave number about 0.5 cm) to cauw melt stream breakup and particic
croded droplets / particles interact with breakup from capillary effects formatk>n. h.7

g coolant inside a finite-radius cylindrkal or large enough (e.g., tens of fy interaction zone centimeters) to cause the melt "
rT1 multiphase flow inside the interaction break up from Taylor Z.

O zone can be modeled with one- instabihties Od dimensional axial, mass, and energy G
? conservation equations together with dnft [u flux correlations$ =
w 6

a
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Z m
C R
W Table 4-1. (continued). 9.
m 2
O 5'
h Motici description Assumptions Range of applicability Uncertaintics %

f
tn 5:g Imihred vessel failure Algorithm solves displacement-based, finite Vahd for finite deformations, but Model predictions are very sensitive to g
to deformation equihbrium equations, allowing based on engineering (rather than larson. Miller parameter correlations

hfor creep, plastic, and thermal strains, but true) strains. firrors will grow as and failure criteria.
assuming strains exceed 10-201 m

T
radial stresses are negligible compared E..

with membranc stresses E'
normal strains vary linearly through the E.

thickness
shear strains vary parabohcally through.

the thickness

?
z

d

i
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Figure 4-1. ' General control volume for modeling conditions prior to vessel failure.

M' - M[ = [' ( rh,, - rhoo,)dt (4-2)

M|u' - M$u$ + M*u' - M[u[ =a

f[(Da + km - D )dt + [[(rh,,h,, - rhoo,h ,)dt (4-3)s oo

Each of the variables in the above equations, which are identified in Table 4-2," is a function
of one or more accident and/or reactor design parameters, as indicated in Table 4-2? Because of
this complexity, it is not possible to directly obtain an analytical solution to these equations for the
severe accident scenarios reviewed in Section 3. However, by identifying all possible variab!cs and
climinating variables based on assumptions for specific accident scenario conditions, it is possible
to reduce these equations into a series of parametric curves, as illustrated in the following
examples. Results from these analyses should be viewed as order-of-magnitude estimates, and
assumptions used in the analyses should be reviewed before assuming that the results are
applicable to a particular accident scenario.

4.1.1.1.1 Time Until Corium Relocation During a Dry Adiabatic Heatup-To
illustrate the application of the process described, a simple case was considered in which a reactor,
initially operating at full pows r, has depressurized such that the core region is dry and the decay
heat goes entirely toward structure heatup. The control volume and assumptions used for this
case are illustrated in Figure 4-2. Makeup water is assumed to be unavailable, and the mass

a. A complete nomenclature list is provided in Appendix A.

b. Note that enthalpy is used in describing the energy from mass entering and leaving the system, but
internal energy is used in describing initial and final system states. This simplification is allowed because
the control volume has a constant volume (see Reference 4-1).

49 NUREG/CR-5642
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Table 4-2. Parameters impacting variables within system energy balance.

Symbol Description * Parameters impacting value

| Q (3)
Power produced by debris Material composition of corium debris (melt fuel ;

fuel decay heat (J/s) fraction), initial core power level, fraction of
fission products released from debris, debris
geometry <

Q"'( t)
Energy production rate Transient system temperature, pressure, water

*

from oxidation (J/s) inventory

Q'(g) Energy loss rate from the Transient ability of steam generator to remove '

vessel (J/s) heat, vessel exterior structural geometry *

(floodable cavity configuration, insulation k> cation
and thickness);

a Corium internal energy Initial reactor power (for beginning conditions);u

(J/kg) debris composition and temperature (for enda

conditions)

Coolant internal energy Initial reactor power (for beginning conditions);uc

(3/kg) system temperature and pressure (for end
conditions)

h Coolant inlet enthalpy Initial reactor conditions, design specifications I
m

(J/kg)
*

h, Coolant exit enthalpy Transient system pressure and temperatureou

(J/kg)

M Debris mass (kg) Reactor design specifications, vessel internal '
o

structure geometry

M Coolant mass (kg) Reactor design specifications (for beginningc

conditions); transient k>ss of coolant (for end
conditions)

m, Coolant inlet mass flowrate Ability of emergency systems to provide coolant,
(kg/s) RCS makeup

m Coolant crit mass flowrate Depressurization area, transient system pressure,ou,

(kg/s) RCS letdown

a. A complete list of nomenclature is provided in Appendix A.

NUREG/CR-5642 . .jo
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Figure 4-2. Control volume for modeling adiabatic heatup.

loss from the vessel is negligible (i.e., m,n = m ,3,
= 0.0). Furthermore, the energy from fuely

oxidation and the energy loss from the vessel are negligible (i.e., Q, = Q, = 0.0). For the
duration of the analysis. the rate of decay heat production is assumed constant and equal to 1%

of the initial reactor power level (i.e., Q = 0.01 Q,,).C The fraction,0.01, was obtained by3

iterating between the calculated times until relocation and a time versus decay power level curve
from Reference 4-2. j

1

| Given the above conditions Equation (4-3) reduces to

| M (f - u) = {m Q e M4g a o

and the time until corium debris relocation, t,cp can be estimated using

M (u' - u$) M Au3 a 3 g

t ''' = =

O.01 Q,, 0.01 Q,,
'

(4-5)

| which is simply a ratio of the change in corium (fuel and structure) internal energy to the decay
power produced in the system.

i

The initial average corium temperature was assumed n 875 K. Because the temperature at
which relocation of corium occurs is not knoxn precisely, Equation (4-5) was evaluated for a

, range of corium end-state temperatures using material property data and design information from

( Appendix F. Results, which are shown in Figure 4-3, indicate that the time until corium
relocation for the reference BWRs is nearly a factor of two longer than for the reference PWRs.

|
i

|
|
'

c. Although the decay power varies somewhat over the solution times predicted, a constant value was
assumed so that an order-of-magnitude answer could be obtained using a closed-form solution technique.

1
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Figure 4-3. Time until melt relocation, assuming a dry adiabatic heatup.

This time difference results from the higher ratio of the structural mass to the initial power level
of the reference BWRs (typically over 100 kgS1Wt for the reference BWRs versus less than
76 kgM1Wt for the reference PWRs).

4.1.1.1.2 Boiloff Time Assuming Relocated and Quenched Debris-As a second
example, this process was applied to determine the impact of transient and design parameters on
vessel dryout times. The control volume and assumptions used for this~ case are illustrated in
Figure 4-4. As in the first example, the reactor is assumed to be initially operating at full power,
Makeup water is assumed to be unavailable (i.e., rii = 0.0). However, mass loss from the vesselm

is unrestricted. As in the previous example, the energy from fuel oxidation and the energy loss

from the vessel are neglected (i.e., Q, = Q, = 0.0). Because the analysis is concentrating on ;
the effects of transient thermal hydraulic conditions and reactor design parameters on coolant
boiloff time predictions, the debris and coolant are assumed to be in perfect thermal contact for
all cases. The debris is assumed to quench during relocation; and for the duration of the analysis, ;

the rate of decay heat production is assumed to be a constant value equal to 1% of the initial
t

power level (i.e., Qg = 0.01 C )/ The fraction 0.01, was obtained by iterating between theo ,

calculated boiloff times and a time versus decay power level curve from Reference 4-2.
,

d. Although the decay power varies somewhat over the solution times predicted, a constant value was
assumed so that an order-of-magnitude answer could be obtained using a closed-form solution technique.

NUREG/CR-5642 4-12
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Figure 4-4. Control volume and Pv diagram for modeling boiloff times, assuming debris has
initially relocated to the lower plenum.

Given the above conditions, Equation (4-2) reduces to

-0.01 Q,,dtt
- M , = jc (4-6)

c
'c c

h,,(t)b

I

where h,g represents the enthalpy change as coolant transfers from a nuid to a gaseous state.
From the above relationship, it can be deduced that the coolant boiloff time, tim, is dependent on
the change in coolant mass, the change in coolant thermodynamic conditions, and the decay
energy produced by the fuel. Although the actual depressurization time is dependent on the
initial and final pressures within the system (see Figure 4-4), if an isothermal and ischaric process
is assumed in Equation (4-6), the following equation for estimating boiloff can be obtained

1 %

1 1
' V' h'8-(M'c - M[') h,, v, v

g,,

0.01 Q,, 0.01 Q, (40)'"

4-13 NUREG/CR-5642
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where the ratio of the coolant volume to the coolant fluid or vapor-specific volume, V/v, or
V/v , has been substituted for the initial liquid mass and final steam mass, respectively.g

Results for Equation (4-7) are plotted in Figure 4-5, assuming the reference BWR/4 and
B&W PWR coolant inventories from Appendix F and an initial pressure equal to each reference
plant's relief valve setpoint pressure. In addition, Equation (4-6) was evaluated for cases in which
the final pressure was lower than the initial pressure. Results for all cases indicate that th;

BWR/4 boiloff times are longer, which is primarily a result of the larger initial water inventory in3the BWR/4 plant (416.6 m of liquid is in the BWR/4 versus 335.4 m in the B&W PWR).'
However, the lower operating BWR coolant temperatures and pressures in BWRs (typically,
550 K/6.9 MPa for the BWRs versus 580 K/15.5 MPa for the PWRs) also impact the results
shown in Figure 4-5, since more energy is required to vaporize water at lower temperatures and
pressures. Shorter dryout times are predicted for transients approaching isothermal conditions at
full pressure because less energy is required to vaporize water at higher temperatures and ;

pressures. 1

4.1.1.2 Transient Vessel Temperature Distribution' Assuming Constant Debris Heat
Fiux. Although more complex methods are required to determine detailed transient temperature
distributions, an analytical solution to the one-dimensional form of the conduction equation can i

be used to compare the effect of parameters, such as debris heat flux to the vessel and the heat |
|

8,
i

?
t
i
F

6 - -

m

b
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Figure 4-5. Boil-off time, assuming relocated debris.

c. Reactor system coolant inventories neglect water availabic in plant emergency core coolant systems. !

For example,if PWR accumulator inventories are included, PWR boiloff times could increase by 20 to 1

30'7e (see Reference 4-3). I
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transfer coefficient from the vessel to the containment. The method for obtaining this solution is
documented in this section and several sample temperature distributions are provided. These
temperature distributions are input to failure analyses in Sections 4.1.3 and 4.1.4.

For the vessel geometries shown in Figure 4-6, the applicable form of the one-dimensional
transient heat conduction equation for predicting the vessel temperature, T (x,t), at distance, x,y

and time, t, is

"tv8Ty _ { (4,g)
a.a

where a,y is the vessel thermal diffusivity. To obtain analytical solutions to the one-dimensional
transient heat conduction equation for the vessel geometries shown in Figure 4-6, the transient
was divided into two regimes: (a) the period required for the temperature front to penetrate
through the vessel and (b) the period required for the vessel temperatures to reach steady-state.4~4
Solutions to each regime are described in the following sections.

4.1.1.2.1 Period Prior to Temperature Front Penetrating Vessel-Using lxibnitis'

Rule" and integral solution techniques with appropriate boundary conditions, the following I

vessel temperature distribution, T,(x,t), at distance, x, and time, t, is obtained from Equation (4-8)
,

|

T,(x.t) = T , (0) + 4a(0)(5 - x)2
2 (6 (4-9)y

where T,(0) is the initial outer vessel wall temperature, k is the vessel conductivity,4a is they

debris heat Oux, and 6 is the thermal front penetration distance. The temperature distribution
becomes directly dependent upon time when the following relationship between time, vessel
thermal diffusivity, a,,, and thermal front penetration distance -4 is applied:4

6 = /6 a t (4-10).y

!

!

|Equations (4-9) and (4-10) are used to obtain representative PWR and BWR temperature
distributions in Section 4.1.1.2.3.

Using the following dimensionless groups

T (0.t) - T,, ,y ,

T_ a,nd ti = 6t a /u- ,s
qa(0)t,/2k,

a dimensionless vessel temperature distribution can be obtained. At x = 0, this distribution is

TL = (4~ll)

4-15 NUREG/CR-5642
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(a) Configuration for predicting time for temperature
front to reach vessel outer wall.
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(b) Configuration for predicting time for vessel wall
temperature to reach a steady-state distribution.
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Figure 4-6. vessel and debris configurations for analytically predicting vessel transient
temperature distributions.
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As shown in Figure 4-7, removal of plant-specific material and geometrical parameters from
Equation (4-11) allows multiple plant vessel distributions to be collapsed into one curve. By

i inputting appropriate parameters for a specific plant, this curve can be used to estimate a
parameter, such as the time required for a thermal front to penetrate a vessel, the maximum
temperature difference through a vessel, or the decay heat llux, when all the remaining
parameters are known.5

:

1 4.1.1.2.2 Period Prior to Steady-State Temperature Distribution-Applying |
Leibnitz's Rule -5 and integral solution techniques with appropriate boundary conditions, the4 l

following temperature distribution is obtained from Equation (4-8)
,

; i

, ,,

1 - exp - (t - t )
, , ~

T (x.t) - T, 1 x (4-12)jy x

43@)tA
__ 1 _x yp,

+_ __= +_
2 t,>( 3 Bi ri !y, y y .,

,
. .

|

where t is the vessel thickness. T, is the containment temperature, Bi is the vessel Biot number
'

,
y y

(h tA). h:y is the convective heat transfer coefficient between the vessel outer surface and then
containment atmosphere, t is the thermal front penetration line [(Equation (4-10) with 6 = t,], i

vp
andt is the time constant, given by<

y ;

I
'

!
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Figure 4-7. Normalimd dif ference between the vessel inner and outer wall temperatures before
the thermal front reaches the vessel outer surface. ;
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I
'

1 + Bij3
4 x" = .

h,)p,e t,p
i
n

Equation (4-12) is used to obtain representative PWR and BWR temperature distributions in
Section 4.1.1.2.3.

'
!

A dimensionless temperature distribution can also be obtained from Equation (4-12), using
the following dimensionless groups:

,

T.(0 t) - T" and t: = (t - t,l')/t' .
!

T|, = '
-

4,(0)/h,, '

! :
At x = 0, this distribution is '

(4'I3)T|, = 1- exp(- tj)

Equation (4-13) has been used to obtain the dimensionless plot shown in Figure 4-8, that may be !
'

applied to a wide range of vessel geometries and debris conditions to obtain quick estimates for a .

parameter, such as the time required for a steady-state temperature distribution, the maximum !

temperature difference in a vessel, the debris decay heat flux, or the heat transf'er coefficient, '

when all the remaining parameters are known. i

r
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Figure 4-8. Normalized difference between the vessel inner and outer wall temperatures before
steady-state vessel wall temperatures occur.

,

j

;

NUREG/CR-5642 4.j g j

:
'

_ _ _ . _ _ _ _ _ _ _ _ - - _ - -



r
!

Predicting Lower Head Failure
:

4.1.1.2.3 Comparison of Vessel Thermal Response--Sample temperature ,

distributions are provided in this section using the equations derived in Sections 4.1.1.2.1 and
4.1.1.2.2. In these examples, melt is assumed to relocate to the lower head as a noncoherent jet
and form a homogeneous debris bed. The thermal responses of a B&W PWR and a GE BWR/4
are compared for three postulated debris conditions. Case I debris properties were selected to !

represent material that is a primarily metallic slurry; Case II debris properties were selected to ;
represent material that is a primarily ceramic slurry; and Case III debris properties were selected

'

!

to represent a molten pool of primarily ceramic debris. Typical debris heat fluxes for each of
these cases were estimated btsed upon SCDAP/RELAPS results from Section 5 and
Reference 4-6. Initial calculations were performed assuming a vessel-to-containment heat transfer
coefficient of 50 W/m K, which is representative of the combined convective and radiative heat2

transfer expected to occur for cases in which the containment cavity is not Hooded. However, ,

sensitivity calculations were performed to consider upper and lower bound estimate; namely, heat' ,

2 2transfer coefficients of I W/m K and 100 W/m K. i

!

Results for Cases I through Ill, shown in Figures 4-9 through 4-11, indicate that the time for !

thermal front penetration and the time for a steady-state temperature distribution to occur is
| shorter in the PWR than in the BWR. BWR vessel response time predictions, which are typically

,

twice as long as values predicted for the PWR vessel, are primarily a result of the larger BWR !

l lower head thickness. As indicated in Figures 4-9 through 4-11, the magnitude of the heat flux
from the debris also impacts vessel response time. For example, the factor of four increase in the
heat flux between Case 11 and Case III is predicted to cause more than an order of magnitude
decrease in the time for the vessel inner surface to reach melting. Figure 4-12 illustrates that
assumptions related to heat removal from the vessel to the containment significantly impact vessel

| thermal response, because melting temperatures are predicted for Case 11 within 4 hours for the
2nearly adiabatic 1 W/m K case (Figure 4-12a); whereas vessel temperatures are predicted to

2remain below 1200 K for the 100 W/m K case where high heat losses are assumed
i

| (Figures 4-12c).

4.1.1.3 Summary. Section 4.1.1 discusses analytical models that can be used for estimating
the thermal response of the vessel during a severe accident. These models were developed by
applying mass and energy equations to simplified geometries for which analytical closed-form
solutions may be obtained to predict the relative timing for PWR and BWR severe accident
progression. Models were applied to obtain order-of-magnitude estimates for PWR and BWR
vessels using values typical of depressurized severe accident conditions. Results from these
models, which are summarized in Table 4-3. indicate that a PWR transient will proceed more
rapidly (by as much as a factor of two) than a BWR transient. These results were attributed to
higher ratios of BWR structural mass per heat generation rate, larger initial BWR water

! inventories, and thicker BWR lower heads. When results from analytical solutions were plotted in
terms of nondimensional groups, curves were obteined that can be applied to any PWR or BWR,

| given that the appropriate reactoi- and accident-specific parameters within the dimensionless

| groups are specified.

i
4.1.2 Penetration Tube Heatup and Failure'

Analyses have been performed to calculate characteristic tube heatup times, melt velocity and
penetration distance, and in-vessel and ex-vessel tube failure. The results represent a range of
melt compositions (bounded by a metallic melt based on stainless-steel properties and a ceramic
melt based on UO properties) and penetration geometrical parameters (based upon PWR and

| BWR penetrations described in Section 3). Material properties and penetration dimensions used
for these calculations are given in Appendix F.
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,

Table 4-3. Summary of Section 4.1 analyses results.

Incremental time required '

for event to occur !
(hours)

j Event PWR BWR :

i ,

'

Melt relocation ;

(assuming Twi = 2400 K 1.(L1.4 1.9-2.1
,

Coolant boiloff
(assuming P = 0.1013 MPa and all RCS coolant is released)r '

4.4 5.5

Temperature front penetrates vessel"
0.1 0.3

Steady-state vessel temperature distribution" 11.0 18.0

'
a. Values are quoted for a case in which it is assumed that a ceramic slurry relocates to the lower head t

2with a debris decay heat flux of 0.05 MW/m and that the vessel-to-containment heat transfer coefficient is
250 W/m K. i

i

i ,

4.12.1 Tube Thermal Heatup Time. An order-of-magnitude estimate for in-vessel tube
heatup time can be obtained by applying the expression for thermal relaxation time.' For,

conditions of good debris-tube surface contact and conduction heat transfer, the time for thermal
front penetration (t,p) through the tube wall thickness (t,) is given by"

:

2
t'

,

t'P
(4-14)

'
=

4a. u j

,

where a is the thermal diffusivity (k,/p,c ,) of the penetration tube. In cases where then p
instantaneous debris-to-tube cratact temperature exceeds the tube material's melting temperature, ;

the tube latent heat of fusion (1,) must be taken into account. The thermal relaxation time for !

tube melting (tim) is approximated using a solution for two semi-infinite regions," !
,

t'2
i

>

(4-15)9 t = >

Im o

bla

where 1, is the tube phase change constant, which is dependent upon the material properties and
.

!
1

initial temperatures of the debris and the tube. The solution for 1, largely depends on system
4

f. Thermal relaxation time, t,p. is defined as the time required to transmit a temperature-forcing function
at the surface of a heat-conducting body through the tube wall thickness.1,.
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boundary conditions and the number of regions that may experience phase change. A system of
transcendental equations was developed in Reference 4-8 to determine the melting and
solidification constants for a solid in contact with a molten material. Applying the material data
for either ceramic or metallic melt in contact with PWR Inconel-600 and BWR stainless steci
penetrations, tube melting constants for both materials are nearly identical, although assumptions
related to melt conditions cause the tube melting constants to range from 0.05 to 0.2.

Assuming an average tube melting constant of 0.1, Figure 4-13 illustrates relaxation times for
thermal front penetration and for tube melting calculated for debris in contact with the range of
lower head penetrations with in-vessel structures: a GE instrument tube (GE IT); a GE control
rod guide tube (GE C/R); a B&W instrument tube (BW IT): and an instrument tube from two
Westinghouse plants. W IT I and W IT 2). As shown in Figure 4-12, all thermal front
penetration times are short, ranging from I second for GE BWR stainless steel instrumentation
penetrations to 17 seconds for the thicker portion of a B&W Inconelinstrumentation tube nozzle
(see Figures 3-10 through 3-12 for penetration tube diagrams). Tube melting times are longer,

|

| 10 ' _
-

| E gaxation Times 3
| [ Thermal Front Penetrat:on j
j - - - - Inconel

-
y

| - - Stainless steel

'U'
-~

s" - d
-

s steei y#
: m===- 3 i

3= r 4

'
| -

1
a

5t

0 102$ d
.E E 5
_ _ -

H - q-
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10' 6 .
-== :-=.
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g . ::- n - g
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Figure 4-13. Estimated thermal response time for lower head penetrations in contact with j
debris.
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ranging from 3 minutes for a GE BWR stainless steci instrumentation tube to 25 minutes for the
thicker portion of a B&W Inconel penetration tube. The response times for Inconel tubes are
somewhat longer than those for stainless steel tubes because of Inconel's lower conductivity and
thermal diffusivity.

; 4.1.2.2 Debris Thermal Requirements to Induce In-vessel Tube Melting. The short
time constants estimated in Section 4.1.2.1 indicate that rapid tube heatup can be expected when'

lower head penetrations are in contact with corium melt. However, these analyses do not
consider the thermal requirements necessary for tube melting. A detailed calculation for
predicting tube melting requires knowledge of convecti<c heat transfer as melt travels past a
penetration, conduction heat transfer through any solidified debris that forms outside the
penetration, and the magnitude of decay heat within the debris. Ilowever, an order-of-magnitude
estimate of the minimum debris thermal requirements to induce tube melting may be obtained by
neglecting the presence of coolant in the lower head and applying a heat balance to a penetration
tube surrounded by a constant temperature, nonporous debris using the idealized geometry shown
in Figure 4-14, as follows:

A pa p303 = A,p,c ,0' (4-16)
eo p

In this equation the variables O and 0, represent effective temperatures for the debris and tube,a

which are given by

0 = T (0) - T for solid deiris with T s T (0) < T y ,' or
3 o mpn mp3 o mp

3 L
for molten debris with T (0) 2 T and03=T@)-T +

o mpye m p,,

id

L
0, = Tmp., - T,(0) + _ ':c,p

Am/1
Ks A e

( Tube
vt

k
Debrp

t/792-WHi-293-13

Figure 4-14. Idealized geometry of penetration surrounded by corium for predicting minimum
debris temperature requirements to induce tube melting.

.
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where c represents the specific heat capacity, p represents the density, A represents the area, L |p

represents the latent heat of fusion. and T,p represents the tube melting point of the debris or
tube (denoted by the subscript d or t).

<

Equation (4-16) may be rewritten as follows:

,

O c , p, A, _ c, M,g _ p p

p3 po A c M H@ ;0, c o pd o
;

.

'

where M, represents the mass of tube material buried in debris of mass, M . The aboveo
relationship indicates that lower temperature debris is capable of causing tube melting when the i

ratio of abe-to-debris mass per unit length is low. Although the presence of coolant was
neglected in this analysis, the debris temperatures required to induce tube melting for cases with
coolant would increase because heat would be lost to the coolant.

Curves in Figure 4-15 represent Equation (4-17) evaluated for several debris and tube
material combinations. The region above the boundary lines separating the failure and intact
regions corresponds to cases where the effective debris-to. tube temperature ratio can induce tube
melting. Mass ratios are plotted on the lower x-axis for reference PWR and BWR lower heads.
These ratios were calculated using a unit cell approach, where the area without penetrations is
assumed to be full of debris. A range is specified because the penetration pattern is irregular in *

lower heads. Because the length of the debris is equal to the length of the tube surrounded by
the debris, mass ratios were then obtained by multiplying the area ratios by appropriate densities
for the debris and tubes. Bounding values for the mass ratios, MAf , were found to range fromo

0.0039 to 0.053 for a PWR and from 0.15 to 0.30 for a BWR. BWR values are significantly
higher because BWR lower heads are penetrated by instrument tubes and control rod guide
tubes; whereas PWR lower heads are penetrated only by instrument tubes. ,

| As shown in Figure 4-15, relatively low debris temperatures may cause tube melting in
PWRs, such as the B&W plant, which have only instrument tube lower head penetrations. For
example, ceramic debris temperatures in excess of 1700 K are required to induce melting of the

| B&W Inconel penetration tubes, whereas ceramic debris temperatures in excess of 2000 K are
I required to induce tube melting in GE stainless steel penetration tubes. The curves in

Figure 4-15 also show that somewhat lower debris temperatures can cause melting if the melt is
primarily retallic material or if the penetrations are stainless steel.

| Figure 4-15 was generated assuming a debris that is either ceramic or metallic with zero

| porosity. Temperature independent values for tube and debris thermal properties were assumed
'

(the debris is at its solidus temperature and the tube is initially at 560 K) using data in
Appendix F. Ilowever, similar failure maps could be generated for other initial reactor thermal

,

hydraulic conditions and for porous debris beds by appropriately modifying the tube and debris
thermal properties. Figure 4-15 considers Inconel and stainless steel tube materials because these
materials are the only ones present in LWR penetrations with in-vessel structures (i.e., the BWR

_

carbon steel drain line does not have any in-vessel structures).

Horizontal cross-hatched bands corresponding to 0 /0, for an initial tube temperature ofo

560 K and initial debris temperatures of 3113 K (the melting temperature of UO ) and 2400 K2

(the average of UO and stainless steel melting temperatures) are included in Figure 4-15. Bars2

are required. rather than individual lines because the bars consider both Inconel and stainless
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Figure 4-15. Debris thermal requirements to induce penetration melting.

steel tube material properties. As shown in Figure 4-15, both reactors * penetrations are predicted
to melt at these temperatures for cases where coolant or voids are absent from the lower head
debris bed.

i

4.1.2.3 Melt Velocities for Gravity and Pressure Driven Flow. The preceding
calculations indicate that in-vessel tube melting is possible if bottom entry penetrations are in
thermal contact with corium debris. Penetration tube failure can create an open pathway for melt
relocation through the lower head via the breached penetration tubes. A governing parameter
that affects ex. vessel melt / tube interaction is melt flow vek) city. 'Ihe section provides estimates
for characteristic values for terminal melt vekicities.

Figure 4-16 illustrates the geometry used to model viscous melt drainage in an open channel.
As discussed in Section 3.2.2, most Dow paths through LWR penetrations contain RCS coolant at
system pressure, so there is no prer.sure difference between locations 1 and 2 affecting melt Dow.
Ilowever, the inner channel within LWR instrument tubes contains air at containment pi cssure.
lience, there are some melt pathways through LWR penetrations where a pressure gradient will
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Figure 4-16. Illustration of melt flow through a penetration.

exist. Neglecting any decay heat that may be present in molten debris traveling through a lower
head penetration, the energy equation for steady, adiabatic flow in a tube gives

1

: 2

3 oi PP v v (4_1g)d

_ + 7 + g y, = ht + _po + 7 + g ypa - -

where P represents the pressure, v represents the velocity, and y represents the vertical locationa
of the debris at the tube entrance and exit (denoted by a subscript 1 and 2, respectively). The ;
loss due to friction, h , is calculated by applyinge

"' 8 (4-19)hL= 4f +K
rd, 2

where fr represents the Fanning friction factor,I, represents the distance required for melt to
travel to locations within the tube below the vessel lower head (i.e., the distance from the break
location to the vessel outer surface) K represents the entrance loss coefficient, and vo
represents the average velocity across the tube area at the exit. Note that an effective (Yow !

|diameter for melt, d,, is used in Equation (4-19) so that annular flow paths within penetrations,
such as the flow path between LWR instrument guide tubes and instrument strings (see
Figures 3-10 and 3-11), can be considered. Recognizing that v 2 > > Voi, and that yi - y2 = I-d n

Equation (4-18) can be simplified to

2

$ +gi'= 4f b + K + 1 3 (4-20)
p, 9, 2

1
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which can be solved for v , to obtain
o

2 A P/pg + 2 g1,
(4 21)v,=g-

3 4 f, I,/d, + K + 1

1

The Fanning friction factor and entrance loss coefficient are dependent on Reynolds number.'

,

The solution to Equation (4-21) requires iteration between f and va: a friction factor must bc |g

assumed to calculate the ve' i y, and then the Reynolds number is calculated to confirm that the |t

| appropriate friction factor o .a loss coefficient were selected using a Moody diagram" and an !

entrance loss coefficient diagram.*"'

Figure 4-17 compares terminal melt vek> cities for the range of pressure gradients possible in
BWR and PWR reactor vessels. Pressure gradients were selected to compare maximum melt
velocities

70 , , , ,
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Figure 4-17. Velocities for melts driven by gravity and pressure.
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| Predicting Lower Head Failure

through penetrations of depressurized reactors (O MPa) and the vessel design pressure for BWRs
(8.6 MPa) and PWRs (17 MPa). Ceramic and metallic melt compositions were bounded by using
thermal properties for UO and stainless steel evaluated at the liquidus temperature for each2

material (see Appendix F).

The lower x-axis in Figure 4-17 displays appropriate ranges for the tube length over the tube
effective diameter of the LWR penetrations listed in Appendix F: a GE instrument tube
(GE IT), a GE control rod guide tube (GE C/R), a GE drain line nozzle (GE DN), a B&W,

Instrument Tube (B&W IT), and instrument tubes from the two Westinghouse vessels (combined;

into the range indicated by W IT). A lower bound for the value of 1, in each of these ratios was,

estimated by recognizing that the minimum distance that the melt must travel is the vessel
thickness. Upper bounds were estimated by considering the point where debris is more likely to
ablate through each penetration tube. These estimates were obtained by considering points

'

where tube narrowing occurred (such as where the B&W instrument tube nozzle narrows) and by
considering where the hotter portion of debris beds would occur (in cases where no tube |
narrowing occurs).8 Note that only a single value is displayed for the drain line because there is !

no in-vessel structure associated with this penetration. |*

Results indicate that system pressure has the most in0uence on melt vek> city predictions. At
higher pressures, results are displayed as velocity ranges and melt velocities are approximately
10% higher if the melt is metallic rather than ceramic. At lower pressures, the influence of melt
composition becomes negligible because the density dependence is tied to the pressure difference

'

j term in Equation (4-21). In fact, for a depressurized severe accident, melt velocities are predicted
'

] to range between 1.8 and 2.6 m/s for the LWR lower head penetrations listed in Appendix F. {

j Hence, gravity-driven melt velocity predictions are relatively low for all of the melt material |
i properties and penetration geometries included. |

4.L2.4 Melf Penetration Distance. As discussed in Section 2.1.2, previous LMFBR
'

experimental analyses did not prove conclusively that melt penetration was governed by turbulent
heat transfer (as predicted with the " bulk freezing" model first advanced by Ostensen and j

Jackson * *12) or conduction heat transfer through the crust which forms along the channel wall |

(as predicted with the " conduction layer" model of Epstein*23 *"). However, experimental data !
'

indicate that melt penetration distances are bounded by the distances predicted by the bulk
freezing and conduction layer models. Although more complex models have been developed to
simultaneously evaluate convective and conduction heat transfer phenomena and other
phenomena affecting melt solidification, a modified version of the bulk freezing model and an
original version of the conduction model are applied in this section to obtain upper and lower
bounds for order-of-magnitude estimates of the melt penetration distances. Figure 4-18 illustrates )
the geometry assumed for applying each model.

.

Although the entire area within some LWR penetrations, such as the BWR drain line, is
available for melt Dow, many penetrations contain inner structures, such as LWR instrument
tubes (see Figures 3-11 and 3-12). creating an annular area for melt flow. In order to consider
both types of melt Dow paths in these models, an effective diameter has been incorporated, which
for an LWR instrument tube is given by

g. Upper bounds for debris bed heights in previous severe accident analyses were based upon information
revicwed in Section 3.

4ai NUREG/CR-5642"

-

- ., _ -_ ,. s..w. - . . - , -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

| Predicting Lower Head Failure
!

Instrument string

[Tube wall Solid fuelg
V,&;YAMM27///bV//27/Af/'////fnA}
- r e o

d;_. .-. . -. -_. . - - - + -

V/4M3W4'/''A$$n0$'/ WOA'?f'4 gSO
\ oolantC, Penetration distance, X-p

(a) Modified Bulk Freezing Model
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(b) Conduction Layer Model

Figure 4-18. Comparison of the " bulk freezing" and " conduction layer" models for the prediction
of melt penetration distance through a cold tube.

d, = fdf - d[,

where d, is the inner diameter of the tube and d,<,is the outer diameter of the instrument string.
For a channel without any internal structures, d,n is set equal to zero, and the effective diameter
reduces to the tube inner diameter.

I
A modified version of the bulk freezing model is used to estimate the penetration distance |

of molten debris into vessel penetrations containing coolant. The model assumes that turbulence
!

in the flowing melt prevents a stable crust from forming at the channel wall (see Figure 4-18a). |
!

In this study, heat transfer coefficient correlations for turbulent liquid metal flow are used to !
model both metallie and ceramic debris. Because the Prandtl number for either metal or ceramic '

melt is less than 0.4 and the Reynolds number for either metallic or ceramic debris in even the
lower velocity, gravity-driven cases, is well above 2300, these correlations are considered to be

j
appropriate. A conservative turbulent liquid metal heat transfer coefficient correlation for flow in

!40long circular tubes is
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Nu = = 0.625 Pc"4' *

d

|

An appropriate correlation for turbulent liquid metal flow in concentric annuli is"

, 0.3r

Nu = 5.25 + 0.0188 Pe*8
'

d

He Peclet number, Pe,in both of the above equations is defined as |

' ' * P'Pc = .

d

He penetration distance is conservatively estimated by assuming that the melt stops when
the entire amount of debris in the tube has solidified. The model uses a heat balance to equate
the amount of heat removed as the debris solidifies with the convective heat transfer between the ,

melt and the tube wall and between the melt and the coolant. Assumptions made in the {
derivatioh of the equation include allowing coolant to escape from the tube as vapor upon
heating and limiting heat exchange between the debris and the coolant to the azimuthal direction. ,

Heat transfer from the leading edge in the axial direction is neglected. A separate heat balance
around the coolant in contact with the debris allows the debris <oolant heat transfer coefficient
in the first heat balance to be replaced by terms accounting for the change of energy stored in the
coolant. ,

Because several final coolant conditions are possible, three cases are considered. At the
time of solidification the coolant in radial contact with the debris is modeled as either subcooled
liquid, saturated vapor, or superheated vapor. Ietting a lower case x represent the fraction of the
available effective area containing melt, the dimensionless penetration distances for a case in ;

which the final coolant temperature is subcooled (i.e., T, = sulxxx) led, but at a temperaturei

above the initial temperature, T,) are given by the following relationships
|

i

Circular tubes

d d ~ mPld d ~
~

Ebub PI !sub ~ 'i) (4-23)
* #

X Pd "P
P = 0.4 Pc"* ' '

(T - T,)d, - d.o pc d

|
|

Annular Tubes

ICp (T - T,p,a ) + L ) - g,,c , f,,,, - T )-1 p
Pd p h 4-24)

g gx
= 0.25 Pc '

' '

d, - d , ,y3,y

[.g(T-T,} 5.25 + 0.0188 Pc"8pdc o
. .

For the case where the coolant in contact with the debris becomes saturated vapor, the relations

are
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|
Circular tubes

,

f %

X Pd Iced (T -T,pf,) + L )- -1 (pg,c , fi_, - T,,) + p ,h,)o o r )p
0P = 0.4 Pc * -

d -d pog(T-T,)3 e c o

Annular tubes
I

f

Pd d-Tmp/d)*LI-
'

-I I Pi Cpifi ,4 ) + Pgo, h ,1X Pd C a 1
3

go o
P = 0.25 Pe '

d - d, , g,' (426)
'

3 ,

i d
pd(T -T,) 5.25 + 0.0188 Pe *0

Pd C o
w, a

i

If the coolant becomes superheated the equations are modified as, !,

Circular tubes !

I i
i X +

p

d, - d,
f

ICpd(T -T,p,o) + L ) - - 1 ( p,u,c , {T , - T, ) + p,q,h,, + p,,,pc ,{T - T ,))Pd o o p i gpu
0.4Pe ' s

N(T-T,)pdc d (4-27) ;

!

Annular tubes I

*
,

I

P _ ,

d, - d,

P {cg(T -T,p,g)+ L 1- { p,ut p, fi,, T,, ) + p,u, hrg + P ,op pgfg,,p-T,u,p
-1 c - Cd o o g

;0.25 Pe ' '

, , ,

r >03

popo(T-T,)c 5.25 + 0.0188 Peos (4-28)o

. . .

For the case where no coolant is present, the heat balances yield

|

|

.
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Circular tubes

L
*d~ mP/d (4-29)X

P = 0.4 Pc" N-
d, - d T - Tjm d

;

Annular tubes >

,

L
(T ~ T*P'd ^

dX
P = 0.25 Pc Pd

d, - d (4-30)
' '

m , o.3,d
(T - T,) 5.25 + 0.0188 Pc"8 [o

+ ,

!

In the above equations, changes in the mean temperature of the melt are neglected as the melt
proceeds down the channel. This assumption is valid provided"3

|(T - T,p,o)/(T - T,) < < 1.0 .o o

| Typically, this ratio is around 0.25.
|
,

The " conduction layer" model assumes that transient freez.ing is governed by crust buildup at
| the channel wall, where conduction heat transfer governs melt solidification. Once the frozen
'

layer closes at the channel center, flow ceases and the remaining melt inside the channel freezes.
The model also assumes a constant penetration melt velocity into a thick-walled channel. Because
the molten material is assumed to be at or near its melting point, no convective heat exchange
occurs at the melt-crust interface, and crust solidification is assumed to be independent of melt
flow dynamics. For all times, t, the crust thickness is zero at the leading edge and maximum at i

ithe channel inlet (see Figure 4-18b).

The conduction model predicts a square root dependence for the crust thickness, o,, as a
function of time, t, in a semi-infinite wall channel"3

o,(t) = 2 A ( a,o t )" (4,33)c

|

where A represents the solidification constant for the debris and a d represents the debrisc i

| thermal diffusivity. As discussed in References 4-8,4-13, and 416, the solidification constant is
i found from different approximations of boundary conditions and the number of regions that may
'

experience phase change. Using the methodology described in Reference 4-8, the solidification
constant for molten ceramic debris in contact with either Inconcl44X) or stainless steel
penetrations is estimated to have a value of -0.75. Likewise, the solidification constant for
molten metallic debris in contact with either inconel44)0 or stainless steel penetrations is
estimated to have a value of ~0.2. There are no data for quantifying the solidification constant
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for melt contacting coolant. Hence, it is not currently possible to use the conduction model to
quantify the effect that coolant within a tube has on melt penetration distances.

1
~

Substituting the criteria for melt freezing (o, = d,/2) and the relationship between time and
penetration distance (t = X /v ) into Equation (4-31), the following relationship is obtained forp o
predicting a dimensionless melt penetration distance:

X 1 i

_P = Pe . (4-32)
d 161,e

This equation may be rearranged in terms of the difference of the diameters in place of the ;
effective diameter to obtain

X Pe d+dp i m

d, - d_ ,
16 lh d, - dw m

Figure 4-19 compares the results from the modified bulk freezing and conduction models for
ceramic and metallic debris compositions at their respective liquidus temperatures. Dimensionless
penetration distances are plotted as a function of Peclet number, which is dependent upon the
melt vek> city, the melt thermal diffusivity, and the effective diameter for melt flow. The modified
bulk freezing model takes debris superheat into consideration, along with the state of the coolant,
if present, at the time of debris solidification. The condue:.*on model curves are independent of
debris temperature, but account for debris solidification. Debris was assumed to fill the entire
effective area available for melt flow in both models.

The penetration distances predicted by each model are given as ranges for each model to
,

account for the various types of penetration tubes. Debris penetration in a GE control rod guidea

tube represents the upper bound for the conduction model, and the GE drain line represents the
lower bound. Ilowever, the GE drain line represents the upper bound for the modified bulk
freezing model, and a GE instrumentation tube produces the lower bound. Conduction model
results indicate that for a given penetration diameter, metallie melts travel further than ceramic ;

melts; whereas similar penetration lengths are predicted for ceramic and metallic melt with the i
modified bulk freezing model. Because of its larger thermal diffusivity (k/pe ), metallic melt has ap
smaller Peclet number for a given vekicity and temperature in a given penetration. However, the
smaller Peclet number for the metallic melt is overshadowed by a much smaller melt solidification
constant in conduction model predictions, and is balanced by superheat effects in modified bulk
freezing model predictions. Hence, the ability of metallic debris to conduct heat more rapidly is
offset by its smaller solidification constant and by its much higher superheat for a given
temperature.

t

Imcations on the secondary horizontal axes of Figure 4-19 indicate the Peclet number for
various penetrations based on a velocity of 1 m/s. As discussed in Section 4.1.2.3, this vekicity is
an order-of-magnitude prediction for melt traveling through penetrations with no pressure head.
The penetration distances corresponding to the Peclet numbers on these grids represent minimum
values; longer distances would be predicted for pressure-driven cases. The horizontal region
labeled 1,/(d,-d ) in Figure 4-19 represents the upper and lower bound for the distance that mustm

be traveled by debris to reach the vessel outer surface through a gap of d,-d , based on various
reactor lower head thicknesses and possible ablation heights oflower head penetrations. The
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(Locations on lower x-axes assume a melt vek> city of 1.0 m/s and an initial melt relocation

| temperature of 2400 K.)

minimum for this range corresponds to a GE drain line nozzle, which has no in-vessel structure,
and the BWR vessel thickness; whereas the maximum for this range corresponds to the maximum
debris height expected in a lower head during a severe accident and a Westinghouse instrument
tube gap thickness.

3Results from the conduction model calculations show that for a Peclet number range of 10
5to 10, debris will flow out of the lower head regardless of the penetration type. However, debris

modeled with the modified bulk freezing equations is predicted to flow out of the lower head only
for cases where the tube is ablated near the vessel / tube interface and where the tube has a
relatively large effective diameter for melt flow. For example, melt is predicted to travel below
the lower head through a GE drain line penetration that has no in-vessel structures and a
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relatively large effective diameter for melt flow. Note that Figure 4-19 results were obtained
assuming that there was no pressure head driving the melt flow liigher velocity melts would be
predicted to travel to distances below the lower head through more of these penetrations.

As discussed above, Figure 4-19 shows that distances predicted with the conduction model
are orders of magnitude greater than distances predicted with the modified bulk freezing model,
even without considering the effects of coolant. The presence of coolant within a tube, coupled
with a reduced flow area, would lower the penetration distances predicted by both models. The
effect of coolant in the conduction model would be incorporated through differences in values for
the solidification constant. However, the solidification constant, which typically has a value <1,"

would have to increase by an order of magnitude before the conduction model would predict
distances comparable to results of the modified bulk freezing model.

The effect of coolant on modified bulk freezing model predictions is illustrated in
Figure 4-20. This figure presents dimensionless penetration distance predictions for the modified
bulk freezing model as a function of the ratio of the Peclet number to the Nusselt number.
Calculating penetration distance based on a Pe/Nu ratio enables both annular and non-annular
types of penetrations to be analyzed with one set of curves. Both ceramic and metallic debris are
represented in Figure 4-20. For the cases that involved coolant, debris was assumed to DS one-
quarter of the effective area available for melt flow in the tube.

The initial temperature of both melt compositions was assumed to be 200 K above their
respective solidification temperatures. The tube wall temperature was assumed to equal the initial
temperature of the coolant. The final temperature of the coolant in the subcooled state was set
50 K above the initial temperature, which would allow the temperature to remain below
saturation. A superheated temperature 200 K above saturation was selected because this
temperature difference allowed results to be distinguished from the penetration distances
predicted with saturated vapor in the tube. The curves in Figure 4-20 show that debris travels
farthest if the tube is void of coolant. The presence of coolant decreases the penetration distance
because of the heat transferred from the debris to the coolant.

:

A range of Pc/Nu for each tube is given on the secondary x-axes of Figure 4-20. The low
end of each range corresponds to debris filling one-quarter of the effective area. The high end
corresponds to a cross section filled with debris. A velocity of 1 m/s is used to determine the ratio
of Peclet number to Nusselt number for each penetration tube. The upper and lower bounds for

3

the distance that the debris must travel to exit the vessel lower head are also represented in
Figure 4-20 by the horizontal region labeled 1,/(d,-d ). Thus, modified bulk freezing model resultsm
indicate that debris inside both Westinghouse instrument tubes and the GE control rod guide
tube will remain within the lower head for the two debris compositions considered in Figure 4-20.
Tubes with larger effective diameters for melt flow will allow debris to flow out of the lower head

|if the tubes are ablated close to the surface of the vessel.

|

A number of parameters affect the penetration distance, including the coolant condition, the
melt composition. effective area, initial temperature, and velocity. The debris composition
appears to have the greatest impact on penetration depth, as shown in Figures 4-19 and 4-20. As
the area of debris increases, effects of coolant state decrease. The initial temperature of the i

debris gr'eatly influences the distance predicted if coolant is absent from the tube. However, I
debris temperature effects decrease with the introduction of coolant and as more heat is
transferred to the coolant. A change in coolant state from subcooled to superheated for debris
encompassing one quarter of the effective area has less effect on penetration distance than
changing the debris effective area from one-half to one-quarter.
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Figure 4-20. Modified bulk freezing model results illustrating the effects of coolant on the
dimensionless penetration distance |X,/(d;-d )] predictions as a function of the ratio of Peclet tom

Nusselt number (v pa gh,). (Locations on lower x-axes assume a melt velocity of 1.0 m/s and anco

initial melt relocation temperature of 2400 K.)

As discussed in Section 2.1, previous LMFBR work did not prove conclusively which of
| these two models is more appropriate. However, previous work did show that penetration )
| distances were bounded by these two models. There are large discrepancies between the two

'

l models' predictions. For the low pressure cases considered in Figure 4-19, melt is predicted to
travel below the lower head if the conduction model is applied; whereas, if the modified bulk
freezing model is applied, melt is predicted to travel below the lower head only for penetrations
having larger effective areas for melt flow and/or penetrations that are ablated near the vessel
inner surface. Experimental data are needed to determine which of these models is appropriate i

for severe accident analysis.
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4.1.2.5 ThermalInduced Ex-vessel Tube Mechanical Failure. Using the geometry
shown in Figure 4-21, two methods were applied to assess the potential of ex-vessel thermal.
induced tube failure:

1. A heat balance between melt heat loss and melt / tube wall heat transfer

2. A steady-state heat transfer model that considers melt decay heat and tube wall
radiative heat loss.

These methods are examined to define the heat transfer parameters influencing thermal-induced
mechanical failure in ex-vessel tubes. Both methods assume one-dimensional heat transfer from
the meh, which is assumed to fill the entire effective flow area, to the tube. Thermal properties
are evaluated at the initial temperatures assumed for the debris and tube. An infinite time is
assumed to be available for heat transfer. Thus, these analyses provide a lower bound for
conditions, such as debris relocation temperature and debris heat Dux, necessary to induce
ex-vessel tube failure. The appropriateness of assumptions utilized in these analyses is evaluated
using finite element techniques in Section 5.

To determine if tube failure by thermal means is possible, a simpic heat balance was written
for the geometry illustrated in Figure 4-21, where the sensible and latent heat transferred from a
molten melt plug is equated to the heat gained by the tube wall

O A p, cg
(4-33)

g - tx

0, A pcgg g

/['l

f '& /
'f//g l,/ ' /

/ff)y
'

%' ' '

T - ,
-

a

E2 L
n d f|,n%A n= 4e -

\A = g(d! - d2)tx

MB45-WHT 493-17

Figure 4-21. Melt Dow and refreezing through lower head via breached penetration tube.
!

|NUREG/CR-5642 4 40

|
,

---.



Predicting Lower Head Failure

where s is equal to the effective debris temperature, which is defined aso

O = T (0) - T,3 for solid debris with Tg s T (0) < T,pg oro o o

for molten debris with T a TO = T (0) - T + ly/cpo o mpoo o g

and 0, designates the temperature increase from the initial tube temperature to the tube failure
temperature, T , which for ex-vessel failure calculations is assumed to occur wher theg
temperature of the tube reaches the point at which the tube's ultimate strength is less than the
average stress in the tube from the system pressure. Ultimate strength behavior of penetration
tube material (Inconel, stainless steel, and SA105/SA106 carbon stecl) is not well defined at high
temperatures. In fact, before the NRC Irwer Head Failure Program, high-temperature data for
these materials were limited, if nonexistent, for temperatures above 1000 K. As discussed in
Appendix B, a small number of high-temperature tests for penetration tube materials were
completed. Although results from these tests are limited, calculations were performed using the
new data to estimate ultimate strength behavior at high temperatures. Curves illustrating the
ultimate strength behavior assumed in these calculations are found in Appendix F.

Eqtlation (4-33) was evaluated for metallic (stainless steel) and ceramic (UO ) based melt2

debris in contact with the reference plant penetrations. Figure 4-22 presents results obtained
when the initial tube temperature is assumed at 550 K and the final tube temperature is assumed
equal to the temperature where the ultimate strength of the tube material is less than the stress
in the tube from system pressure. Results in Figure 4-22 illustrate that a higher debris
temperature is required to induce failure if the debris is metallic. This phenomenon may be
understood by noting that for the temperatures of interest, UO has a higher heat capacitance2

3(for example,2400 K values in Appendix F indicate that pc for UO is 4.2 MJ/m K: whereas pep 2 p
3

for stainless steel is 3.9 MJ/m K). -

Horiiontal bands corresponding to G /0, for debris temperatures of 3113 K (the meltingo

temperature of UO ) and 2400 K (the average of UO and stainless steel melting temperatures)2 2

are included in Figure 4-22. As shown in Figure 4-22, ex-vessel tube failure is predicted for only
the BWR drain line and some of the instrument tube penetrations because of their larger
effective diameters for melt How and their relatively thin walls.

To determine an order-of-magnitude estimate of the debris heat Hux required to induce tube
failure, a heat balance can be applied between the containment at temperature. T,, and the tube
with exterior surface area, nd l , containing debris with ex-vessel length, l , equivalent diameter,oo o
d., and heat flux,4o. Writing the resulting expression in nondimensional terms yicids
t

sd 1 4-N
'

c oT djd T'4
o

(4-34)8 a 8

Assuming a containment temperature of 400 K and using tube material properties in Appendix F,
Equation (4-34) was evaluated to construct the failure map shown in Figure 4-23. The failure
region is separated from the intact region in Figure 4-23 by boundaries that are dependent upcm
tube material composition. As previously discussed, there are limited data for predicting tube
material ultimate strength at high temperatures. Hence, subregions in Figure 4-23 indicate
possible lower boundaries for each tube material's failure region. Note that uncertainty related to
the boundary for SA105/SA106 is largest in this figure because there are no data for this material
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Figure 4-22. Dimensionless temperature plot from heat balance between penetration and debris.

above 1150 K.h IIence, there is more uncertainty in predicting the ultimate strength of this
material at high temperatures than for stainless steel and Inconel, for which tests at 1373 K were
performed. Upper bounds for estimating failure boundaries are based on tube material melting !
temperatures. On the lower x-axis, the ratio, d/d , has been evaluated using the penetration |o
dimensions from Appendix F. As shown in Figure 4-23, larger heat fluxes are required to fail
thicker walled tubes with smaller effective diameters for melt flow, such as instrument guide tubes
in Westinghouse plants and the BWR control rod guide tube. Furthermore, results in Figure 4-23
indicate that the BWR drain line may be more susceptible to ex-vessel tube failure because of its
relatively high dgd ratio and because of uncertainty related to ultimate strength behavior for theo

drain line SA105/SA106 carbon steel.

i

|

|
h. INEL SA106 tests were not performed for temperatures above 1150 K. This temperature was well |

above the 1(XK) K value where previous data indicated that the ultimate strength of this material becomes
negligib!c. However, test results (see Appendix B) indicate that the ultimate strength of SA105/SA106
material is 60 MPa at 1150 K. Although there was no higher temperature data available for the
SA105/SA106 steel,its ultimate strength was extrapolated based on some data for SA533B steel.
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Figure 4-23. Dimensionless plot illustrating melt heat fluxes required to induce tube failure.

Horizontal lines are plotted in Figure 4-23 that correspond to the three postulated debris
conditions considered in Section 4.1.1.2.3: (a) Case I debris properties were selected to represent
material that is a primarily metallic slurry; (b) Case II debris properties were selected to represent
material that is a primarily ceramic slurry; and (c) Case 111 debris properties were selected to ;

represent a molten pool of primarily ceramic debris. Typical debris heat fluxes for each of these
cases were estimated based upon SCDAP/RELAPS results from Section 5 and Reference 4-6.
Results in the failure map indicate that penetration failure is predicted only for the GE drain line
penetration and for cases with heat fluxes higher than Case II (i.e., hcat fluxes must exceed

4 25 x 10 W/m ),

4.1.2.6 Penetration Tube Heatup and Failure Analysis Summary. The thermal
response of lower head penetrations in contact with molten corium debris has been characterized j

using simplified models and closed-form solutions to assess governing thermal conditions. !

Analyses were performed to identify important trends and governing conditions leading to
in-vessel tube failure. Although results are preliminary, they do provide insight into the timing of
in-vessel tube failure, melt velocity, penetration distance through a failed tube, and requirements j

| for ex-vessel tube failure. Reactor-specific differences in the potential for tube failure have been !

'

identified, where possible.
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Based upon these analyses, the following conclusions can be drawn:

Thermal Relaxation and Tube Afelting Times. The time required for the thermal front.

from the hot debris in a tube to penetrate lower head tube walls is less than
~20 seconds. Tube melting times are somewhat longer, ranging from 3 to 25 minutes, !

depending on tube thickness.
|

In-Vessel Tube hielting. The ratio of the tube-to-debris mass in the lower head governs.

in-vessel tube melting. Since BWR vessels have a larger number of penetrations,
higher temperature debris is needed to cause in-vessel tube failure. For example, in
cases where no coolant is present in the reactor vessel lower head, ceramic debris
temperatures greater than 1700 K are required to induce tube melting in a PWR,
where only instrumentation tubes penetrate the lower head; whereas ceramic debris
temperatures in excess of 2000 K are required to induce tube melting in a BWR lower
head.

Gravity- and Pressure-Driven hiels Velocities. For cases in which only gravity forces act*

upon melt in a penetration tube, melt velocities between 1 and 3 m/s are predicted,
with higher velocity melts being predicted for a BWR drain line penetration tube
because of its larger effective diameter available for melt flow. For cases where a
pressure gradient exists such as in the air-filled channel at atmospheric pressure within
a BWR instrument tube, velocities of nearly 45 m/s are predicted to occur.

Afelt Penetration Distance. Two models were used to predict melt penetration distance:.

a modified bulk freezing model, which assumes that melt flow is sufficiently turbulent to
preclude crust formation so that convection heat transfer dominates; and a conduction
model, which assumes crust formation occurs along the tube outer wall so that
conduction heat transfer dominates. Model results differ for certain cases. For cases j

where melt velocities are affected only by gravity, the conduction model predicts that !

melt will travel below the lower head for all LWR lower head penetrations; whereas
the modified bulk freezing model predicts that melt will not travel below the lower
head unless the tube has a fairly large effective diameter for melt flow and/or the tube
has been ablated within the vessel at the point near the vessel inner surface. However,
both models predict that melt will travel below the lower head for the GE drain line
penetration, which has a fairly large effective diameter for melt flow and no in-vessel
structures. Furthermore, both models may predict that melt travels bekiw the lower
head through other penetrations if the tubes are ablated near the vessel and if the melt
is driven by a large pressure gradient, such as the pressure difference between RCS
operating pressure and the inner channel within instrument tubes.

Er-Vessel Tube Failure. For depressurized conditions, thermal equilibrium calculations.

indicate that thin-walled penetrations with larger effective diameters for melt flow, such
as the GE BWR drain line penetration, are more susceptible to failure after melt
penetrates beyond the vessel outer wall. Higher debris temperatures are required to
induce tube failure if the debris is metallic rather than ceramic. Although additional
data are needed to quantify ultimate strength behavior for the SA105/SA106 material
used in BWR drain lines, longer term steady-state temperature estimates indicate that
this lower head penetration is more susceptible to ex-vessel tube rupture than other
LWR penetrations. Results indicate that heat fluxes characteristic of primarily ceramic

2debris (i.e., in excess of 0.05 MW/m ) are needed to induce failure in a BWR drain line
tube, which is composed of SA105/SA106 steel and has a relatively large cross-sectional
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} area for melt flow. Heat fluxes characteristic of molten ceramic debris (i.e., as high as
20.2 MW/m ) were not predicted to fail any of the other LWR penetrations.

In summary, models with closed-form analytical solutions have proved successful in
predicting trends for melt progression and tube heatup. Section 5 presents results from finite

1 element calculations, that were performed to determine if simplifying assumptions used in these
analytical models are adequate for predicting penetration response. Examples illustrating the
application of these failure maps are also presented in Section 5.

4.1.3 Penetration Tube Ejection and Rupture

Penetration tube failure can be divided into the two categories: tube ejection out of the
vessellower head and rupture of the penetration tube outside the vessel. Tube ejection (see
Figure 4-24) begins with degrading the penetration tube weld strength to zero as the weld is
exposed to temperatures that range up to melting and then overcoming any binding in the hole in
the vessel wall that results from differential thermal expansion of the tube and vessel wall. Tube
rupture, (see Figure 4-25) assumes the debris bed has melted the instrument tube inside the
reactor and melt migrates down into the tube to a location outside the vessel wall where a
pressure rupture can occur, thus breaching the pressure boundary.
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Figure 4-24. Penetration tube ejection mechanism.
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Figure 4-25. Penetration tube rupture mechanism.

This section looks at the conditions required to achieve these failure modes based on the
temperature-dependent degradation of the tube material's ultimate strength. Both of these failure
modes are caused by exposure of the penetration tube concurrently to molten debris bed
temperatures and reactor system pressure. Since consideration of material creep under these I
conditions can result in lower failure capacities that are dependent on particular scenarios of time
duration at elevated temperature levels, this analysis should be considered an upper bound on
component failure capacity and should be used to offer general insight into the relative
pressure / temperature failure levels of these penetrations and the vessel itself. -

4.1.3.1 Methodology. Most reactor pressure vessels (RPVs) designed by three major
,

nuclear steam supply sptem (NSSS) vendors (Westinghouse, B&W, and GE)' have penetrations
in their lower heads. All three designs have in-core instrument guide tube penetrations, while
GE's BWR vessels also have control rod guide tube penetrations and a small external nozzle that
is attached to a drain line outside the vessel. Figures 3-10 through 3-12 show sections of lower
head penetrations.

Typically, the instrument guide tube penetrations consist of a tube inserted through a
vertical hole in the lower head and welded to the vessel at the inner surface of the RPV. In the

i. As discussed in Section 3, most CE reactor vessels have no lower head penetrations.
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case of B&W plants, a thickened internal nozzle is welded to the penetration tube at this weld
location while the other plant designs have a continuous tube extending up into the lower plenum
region of the vessel.

Control rod guide tube penetrations in BWRs are typically formed by boring the hole for the
guide tube, drilling a countersink for a stub tube that surrounds the guide tube on the inner
surface of the vessel, inserting the guide and stub tubes, and welding the guide tube to the upper
end of the stub tube. Control rod guide tubes provide much of the support of the BWR reactor

i core. Ejection of these tubes is precluded by a support system below the reactor that is engaged
once the tube has displaced about 3 cm. Thus, ex-vessel tube rupture is the only failure mode to
be considered for the control rod guide tubes.

A BWR drain line nozzle is welded on the outside of the vessel. Hence, ex-vessel tube
rupture is also the only failure mode to be considered for the drain line nozzle.

To facilitate the insertion of the tubes into the holes in the vessel head, tolerances are set by
design for the outer diameter of each penetration tube and the diameter of each hole in the
vessel head. He resulting radial gap range must, therefore, be considered in tube ejection
analyses. Typically, the instrument guide tubes for PWRs av Inconel, while those of BWRs are
stainless steel. The BWR control rod guide tubes are also stainless steel, and the drain line is
SA105/SA106 carbon steel. Geometric and material data used in the model are included in

'

Appendix F.
i

Figure 4-26 illustrates the thermal and mechanical loading and the generalized geometry of
the tube and vessel wall. It is assumed that the tube is breached and that internal pressure acts
on the tube walls. Downward axial loads are imposed from pressure acting on solidified debris, a {

'

tube elbow or tube end. In order for the tube to eject, this downward force must first overcome
the resistance of the weld connecting the penetration to the vessel. Assuming the weld fails, the
downward force must then overcome frictional resistance from the interference fit between the
tube and the vessel for ejection to take place.

Instantaneous weld failure occurs when the wek! cffective stress exceeds its ultimate
! strength. It should be noted that time-dependent creep rupture can occur at lower loads than

ultimate strength. Because the pressure area for a downward tube load is small and the tube weld
is relatively large, low stresses are expected in the weld, making instantaneous failure most likely

,

at very high temperatures in a region where structural material data must be extrapolated.
'

.

Initially, resistence to tube ejection arises from the penetration weld. It is assumed that the
weld carries this downward load in shear. Figure 4-27 shows a schematic of the weld geometry, 1

applied loads, and resultant shear stresses in the weld. Here, it is conservatively assumed that the !
!tube melts off at the inside surface of the vessel inside cladding. As such, pressure area

calculations use the outer diameter of the tube, and shear area calculations neglect the material ;
Iassociated with the weld buildup above the vessel cladding surface. Weld dimensions in the axial

direction, which are taken from plant drawings or from ASME code minimums,* are listed ini

Appendix F. )

|

|

j. Babcock & Wilcox drawing, October 4,1991.
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Figure 4-26. Idealized penetration tube and RPV wall with temperature.

In Table 4-4, Equations (1) through (3) are applicable to the weld failure analysis. Shear
stress is calculated from the pressure, pressure area, and shear area. Effective, or Mises, stress
(o,) is calculated assuming pure shear and compared with the temperature-dependent ultimate
strength. If weld failure does not occur, penetration ejection is precluded. However, if it is
concluded that the weld fails, then the only mechanism resisting the ejection is the expansion of
the tube in the hole, which causes a friction force buildup through the vessel wall.

Figure 4-28 illustrates the free body diagram of the ejection forces acting on the tube. The
resulting equilibrium equation provides a means of measuring ejection, which is achieved when
the following inequality is true:

2p, x r , > y, (4-35)

where

f4 vdx .V' = J o
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Figure 4-27. Schematic of instrument tube penetration showing applied loads, shear stress and
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Table 4-4. Equations of the tube ejection / rupture and lower head global rupture models.

Weld Failure Equations

1. Shear stress on the weld

,

Pirr|, pyo
7" = =

2rr l, 2 L,.o

2. Effective stress

T,O =g

3. Weld Failure

o, (failure )o 2c
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Table 4-4. (continued).

Tube Eiection Ecuations

4. Free thermal expansion of tube and hole"

A r[ = r a, - (T, - T,,, ) Trci = 294 K (70 F) ia. o

b. Arh=Th *b*(h ~ re!) ref * (

'

5. Pressure expansion of tube *

p p, r rf(2-v,)o

E I, 2' !

(r -r|o i

6. Total expansion of tube

Ar = A r[ + A r[o

7. Tube-hole radial gap at temperature and pressure

6, = (r3 + A r ) - (r +M)n o o

where + - gap

- - interference

S. Tube-hole interface pressure"

t *
, , .

6 E (r; - r[,13

r, r[ h - v,) + r,E (1 + v,{6, < 0 P,3 = lesser of <
9 r
~ "

- o in
.d,

_

I
L6

6,20 P,3 = 0 ;

;
1

9. Incremental thermal binding shear"

( A v), = (f, - P,3 2 :: r Al,),o
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Table 4-4. (continued).

10. Total thermal binding shear

20

V.r * E ( A V)n
n-i

11. Ejecting pressure force

2F - pi nrp o

12. Ejection

F > V.rp

Tube rupture equation

b13. Tube rupture

t %

2 rop, 2 - o, In -

N 'i ,.

Global head rupture cauations

14. Ultimate membrane capacity for vessel wall

20

N, = { (o, At ), |y

n.1

15. Membrane load on vessel wall caused by internal pressure, pi

R,
N = p,p

16. Lower head global rupture ;
J

Np>Nc

a. Material properties are evaluated for the temperature of the component (tube or vessel head) at the
radial location of the increment, n. The incremental in-vessel length of the penetration tube is t,1,.

b. Ultimate strength evaluated at the extreme outer increment of the vessel wall, n = 20.

4 51 NUREG/CR-5642



Predicting Lower Head Failure

P,

I i

1 A1
/ \ /,\

Y
X

P,

l

| ! l

.,~ , -

)

M519-WHT 29212

Figure 4-28. Ejection model free body diagram.

Here the frictional shear, v, is a function of internal pressure, hole and tube temperature,
hole radius, tube inner and outer radius, friction coefDcient between the tube and hole,
coefficients of thermal expansion. Poisson's ratias, and clastic moduli of the head and tube
materials. Some of these parameters vary significantly with temperature, which varies radially
through the vessel wall and, therefore, causes the frictional shear function to vary radially.
Because instrument guide tubes are quite long and Ocxible outside the reactor vessel, no support
of the tube outside the vessel wall is assumed to resist nozzle ejection. Control rod guide tubes,
which cannot totally eject, are not considered for this mechanism. The total frictional shear force
available to resist tube ejection, V, (MPa) in Figure 4-28, is the integral of differential shear
forces, vdx, across the vessel wall thickness.

This differential shear force is simplistically assumed to be the result of an interference
pressure developed between a short leng& of thick-walled cylinder (the tube) and a surrounding
rigid jacket (the vessel wall). Each expar...; separately because of the local temperature and, for
the tube, pressure loads. Penetration hole dilation resulting from pressurization of the lower head
is not considered here because its effect on the results, as will be seen, is sinall. Closed-form
solutions * are then used to calculate interface pressures required to force the outer diameter of

i

the tube to conform to the diameter of the hole in the vessel wall after free expansion. However, j

this pressure is limited to the pressure required to cause compression failure of the tube material
throughout its wall thickness.4 " When this pressure limit is reached in a given segment of the
tube (calculations are made at 20 segment locations along the axis of the tube in this model), that
segment is no longer assumed to contribute to the tube's resistance to the ejection force.
Pertinent equations used in the model are listed in Table 4-4.
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Ambient temperature (294 K) dimensions are used as reference values for calculations of [
thermal expansion on each increment. This assumption is equivalent to slicing the tube into
20 short segments, or rings, and determining the total force required to push those rings out !
through the hole in the vessel wall. Expansion calculations at each increment are based on mean
wall temperatures in the tube and the local vessel temperature at the corresponding wall depth. ,

Although the model will allow these two component temperatures to be distributed in any fashion
along the axis of the tube, the calculations for developing the failure maps in this section used a
linear distribution for the tube temperatures, T,, and a radial distribution representative of steady-

istate heat transfer out of the head, T . for the vessel wall material. From the thermal analyses3

described in Section 4.1.1 for the anticipated range of accident conditions, it is seen that the ratio
of the inner wall to the outer wall temperature of the vessel, T /T , remains somewhat constant3 33

over the duration of the accident history. With this in mind, this analysis varies the inside vessel
wall temperature and defines an outside wall temperature such that T gn; remains constant and i3

I characteristic for the given accident addressed. Failure maps in this section were developed using
T /T characteristic of :he molten pool, ceramic slurry, and metallic debris bed temperature ;|

3 hi
distributions obtained in Section 4.1.1. Those ratios are listed in Table 4 5.

'

;

| The ultimate strength and clastic modulus of the tube material and coefficients of thermal i

| cxpansion of the tube and vessel are temperature-dependent material properties. These material ,

'

| properties are not always available for elevated temperatures. The model linearly extrapolates
from known property values, when necessary, to estimate those at elevated temperatures. For >

example, the ultimate strength data are extrapolated linearly to zero strength at melting from
highest known temperature data points. The frictional coefficient is not a function of
temperature, but is related to the roughness of the sliding surface. This parameter is highly
variable, but one source" indicates that it could be about 0.27 for high. temperature, oxidized
conditions.

The model calculates any radial gap (+) or interference (-) between the outer radius of the
tube and the hole radius, calculates the pressure at the interface required to make the tube
conform to the final hole radius, and multiplies that pressure by the incremental surface area of
the interface and the assigned friction coefficient for that increment to arrive at an incremental
friction force. Checks made at each increment show if the compressive interface pressure is
greater than that required to cause complete plasticity throughout the tube wall. Interface
pressures are not allowed to exceed that value. Finally, all 20 incremental forces are summed and
compared with the force resulting from internal pressure acting on the outside surface of the
tube.

The tube rupture equation is Equation (13) in Table 4-4. The model calculates the internal
pressure required to rupture a cylinder, the tube with end effects ignored, whose material ultimate
strength is evaluated at the local tube temperature near the outer radius of the vessel lower head,

Table 4-5. T & , ratios used to develop failure maps.3o 3

Debris bed PWR BWR

Molten pool 0.73 0.63

Ceramic slurry 0.88 0.83

Metallic 0.94 0.91
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T ,, in Figure 4-26. This rupture pressure is then compared with the system operating pressure,u
which is an input parameter for the model, to determine whether conditions are sufficient to
rupture the tube outside the vessel wall.

| 4.1.3.2 Tube Ej : tion / Rupture Failure Map Developrnent Penetration failure modes
can be subdivided into two categories: (a) penetration tube ejection and (b) ex-vessel rupture of
the penetration tube. Because the tube ejection failure mode requires that the penetration weld
fail first, an evaluation of that weld's capacity was performed first. Weld failure curves were
developed for typical instrument guide tubes designed by B&W, Westinghouse, and GE. Because

t drawings were readily available for TMI-2, the specified weld length was used on the B&W weld
! analysis, while minimum ASME code weld lengths, which are listed in Appendix F, were used for i

the Westinghouse and GE plant calculations.4 Calculations for constructing weld failure curves |
7

were performed using the equations listed in Table 4-4 and temperature-dependent ultimate j

strength data listed in Appendix B of this report. The entire weld was conservatively assumed to i

be at the inner vessel wall temperature. 1

Once weld failure bounds were evaluated, the ability of the tube to bind in the vessel
penetration hole was considered to see if ejection could be restrained beyond those limits.
Failure curves were developed using the equations in Table 4-4 and the methodology discussed in
the previous subsection for typical in-core instrument guide tubes designed by B&W,
Westinghouse, and GE. The weld failure curve and the tube binding curve were then compared
to determine the upper envelope of the two. This upper envelope, which composes the
instrument tube ejection curve, was then compared with the failure cuve of instrument tube
rupture. The lower envelope of tube ejection and tube rupture ther, kcame the instrument
guide tube failure curve that is compared with vessel global rupture m the following section.

The failure maps were developed by assuming a rsdial temperature distribution (with respect
to the vessel head) in the vessel head just outside the tube that represents a steady-state heat
transfer distribution through the head for the metallic melt and the ceramic slurry debris bed i

conditions and a transient distribution for the molten pool condition, given some wall inner
surface temperature. Concurrently, that same inner surface temperature was msumed to be the
average radial temperature of the penetration tube wall at the inner radius of R c vessel, Tu
(Figure 4-26). A linear distribution along the length of the tube through the msel wall was
assumed with the temperature in the tube at the outside radius of the head being 30 K lower (see
Figure 4-26). Given this combination of temperature profiles, operating system pressure and
temperature at the vessel inner wall were varied until the tube was ejected according to the
inequality in Equation (4 35) and the tube ruptured according to Equation (13) in Table 4-4.
Tube rupture was evaluated at temperatures corresponding to those in the tube at the outer
radius of the vessel head. Instrument guide tube failure curves have been plotted with lower head
global rupture curves for each corresponding reactor type and, for the BWR vessel, the drain line
and the control rod guide tube failure curves. As discussed .in Section 4.1.3.1, failure will occur
only via tube rupture for these latter two penetrations. This comparison of failure curves maps
the failure and safety regions in terms of the vessel wall inner surface temperatures and the
operating system pressure, which are the critical parameters affecting all these failure modes.
Further discussion for these failure maps is deferred to the following section on global rupture. I

During the course of this analysis, several obsenations from parameter studies indicate the
sensitivity of the problem to various parameters involved in the calculation. Before this exercise,
tube ejection was expected to be mghly sensitive to the coefficient of friction used in the analysis.
Ilowever, variation of this parameter from 0.27 to 0.6 typically changed the positions of ejection
failure curves less than 5% along the temperature axis of the failure map. AH tube failure modes
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are insensitive to vessel head thickness. Tube weld failure has little or no dependence on head
thickness because the temperatures in the weld analysis were those of the inner surface of the
vessel wall only. Because of the small axial temperature differential assumed in the tube for the
ejection analysis (30 K), temperatures in the tube closely tracked the inner vessel wall surface
temperature, no matter what the vessel thickness. For the same reason, tube rupture analysis
temperatures also closely tracked the vessel inner surface temperatures and desensitized vessel
thickness effects on the failure cun>e.

Tube failures occur as a result of the ultimate strength reducing, because of the higher
temperatures, to a point at which it is exceeded by the, albeit low, pressure-induced stresses. ;

There is some uncertainty in the actual ultimate strength values to be used at these high
temperatures. It is estimated that strength data could vary enough to result in an uncertainty
band of 200 K about the tube failure cunes developed. The GE tubes show the most sensitivity
to pressure, which can be attributed to their lower rjri (values for this parameter are listed in
Table 4-6). Variation of the gap size within the tolerance ranges affects only the temperature at ,

which tubes can wedge in the vessel. Because the weld has to melt before binding need be
considered, the relevant tube binding analysis temperatures are very high. Small gaps are closed,
but tube strength is degraded by temperature so severely by then that very little margin is gained
by considering binding in the hole.

Tube ejection does not seem to vary with respect to the shape of the radial temperature
distribution in the vessel wall. Figure 4-29 indicates the shape of the temperature distributions for
the vessel wall, or hole. The profile was modified to that shown in Figure 4-30 to reflect the
shape expected in the wall at some time before steady-state heat transfer ccmditions are reached :

in the lower head. Comparison of failures developed with these two sets of conditions indicated
little change in the tube failure curves. This is because the binding force is caused primarily by
the thermal and pressure expansion of the tube. Axial tube temperature was assumed to vary
little because the debris temperature inside the tube was not expected to vary significantly over
the length of tube penetrating the vessel wall. The most sensitive parameters in these tube i

ejection calculations are the lower head inner wall temperature and the ultimate strength of the ;

tube material, which limits the binding force between the tube and vessel head.
'

For this analysis, Young's modulus and ultimate strength values (which are temperature
dependent) were linearly extrapolated beyond existing test data to zero at material melting
temperatures. Plots of these data are included in Appendix F. The tube ejection curves and the I

ltube rupture curves tended to form near the tube material melting temperatures.

Table 4-6. Dimensionless parameters for penetration tubes analyzed.

Vendor Material rdri

In-core instrument guide tube B&W Inconel 1.71

W Inconel 4.16

GE Stainless steel 1.32

Control rod guide tube GE Stainless steel 1.23

Drain line nozzle at safe end GE Carbon steel 1.41
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4.1.4 Lower Head Global Rupture

Previous severe accident analyses for lower heads, in whien plastic and creep response of
vessel lower heads were calculated with finite element models, have suggested a simpler approach
to calculate vessel rupture based solely on radial temperature distribution in the vessel wall and
the ultimate strength of the head material at temperature. This simplified approach, discussed in
Section 2.3, is incorporated into a model of global head failure to provide some means of
comparison between the penetration tube ejection / rupture failure modes and the global head
failure mode.

4.1.4.1 Methodology and Failure Map Developrnent. Chambers performed a finite
element calculation *23 of the vessel lower head to assess the effects of thermal stresses on global
head rupture. This calculation did not include creep effects that would affect vessel rupture
times. However, Chambers concluded that the failure from sagging and rupture of the lower head
could be characterized as a progressive degradation of the hotter inner portions of the vessel wall
until the cooler outer portions could no longer withstand the operating system pressure. An
EPRI creep rupture study *22 discussed in Section 2.3, made this same observation when a creep
law was included in its finite element analysis. The EPRI study also suggested a simple approach
to estimating time-to-rupture based solely on radial temperature distribution in the vessel wall and
the ultimate strength of the head material at temperature. This simplified approach was discussed
in Section 2.3 and incorporated into this model of global head failure to compare the penetration
tube ejection / rupture failure modes and the global head failure mode.

Three debris configurations are analyzed with parameters from Table 4-5. Because the
molten pool reaches temperatures beyond the failure levels for the penetrations in the transient
phase of the accident scenario, transient temperature distributions are used in the molten pool
calculations. Steady-state heat transfer temperature distributions are used in the other t vo debris
bed configuration analyses. The ultimate strength for SA533B1, as a function of temperature, and
the radial temperature profile are used to determine the ultimate membrane load capa:ity of each
of 20 increments of the wall thickness. All ir.cremental ultimate load capacities are Vien summed
to develop a total membrane load capacity for the vessel. This load capacity is ther compared
with the membrane load generated by the internal pressure, which is an input para:neter for the
tube ejection / rupture calculation.

The ultimate strength curve for the SA533B1 material comes from an ASTM test *23 with
additional INEL high-temperature data reported in Appendix B and a linear extrapolation beyond
that data to a value of zero at the melting point. Figure 4-31 compares these ultimate strength
data with extrapolations used in an IDCOR RPV analysis.*: Note that the ASTM data show2

higher material ultimate strengths at temperatures below 800 K than assumed in the IDCOR
analysis. However, the INEL high-temperature (950-1473 K) ultimate strength drops off much
faster than the IDCOR assumptions. Therefore, at high temperatures the RPV lower head has a
lower membrane ultimate load capacity than calculated in the IDCOR analysis.

4.1.4.2 Comparison of Global Rupture and Penetration Tube Failure Maps. Global
rupture failure curves are compared with the tube ejection / rupture failure curves in Figures 4-32
through 4-34. Three failure curves are plotted for each vessel considered, using the temperature
distribution parameters outlined in Table 4-5 that simulate conditions for a molten pool, ceramic
slurry, and a metallic based debris bed. Global failure is predicted by this model in the
temperature region above each failure curve.
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For the PWRs the global rupture failure mode dominates for all but the lowest of system
pressures (2 MPa or less), as can be seen in the B&W and Westinghouse failure maps in
Figures 4-32 and 4-33. At higher pressures, all three postulated debris conditions result in global>

rupture of the vessel head. At failure, steady-state wall temperatures, of the inner vessel wall at
failure range from about 1600 K at 2 MPa to 1050 K at 14 MPa. To offer a time frame for
achieving these inner vessel wall temperatures during the three accidents considered, the molten
pool thermal analysis predicted a temperature of 1600 K within 0.7 hour, the ceramic slurry
analysis,10(X) K at 1.5 hours and 1600 K within 8 hours, and the metallic debris bed analysis
reached a maximum of 900 K at 11 hours.

Instrument tube rupture and ejection failures tended to occur within a 100 K range at low
temperatures and to be dominated by the material strength near the tube material melting
temperature. However,it should be noted that the estimated uncertainty band in this analysis

Iindicates that no failure mode clearly dominate at the lower pressures.

Comparison of the penetration tube and global failure curves for the three different debris
conditions in the GE BWR indicates a different picture of the dominant failure mode. Control
rod guide tube and drain nozzle failures map quite closely to one another throughout the system
pressure range. Therefore, a mean of those two cuives is plotted here for map simplicity. Except
for a slightly lower level at the lowest pressures (less than 2 MPa), failure of the penetrations>

does not control for the ceramic slurry and the metallic debris bed conditions. Weld failure of the
instrument tube controls at the low pressures; however, the uncertainty in the analysis would
indicate no clear dominant tube failure mode here. For the molten pool debris bed condition,
failure is controlled by penetrations throughout the pressure range. However, for the other two :
debris bed conditions, global rupture of the vessel would dominate.

To offer some sense of timing of the temperature levels reached at the inner surface of the
vessel, the molten pool thermal analysis predicted a temperature of 1600 K within 1 bour; the
ceramic slurry analysis,1200 K at 4 hours and 1600 K at 9 hours; and the metallic debris bed
analysis reached a maximum of 950 K at 30 hours. |

|

4.1.4.3 Conclusions and Recommendations from Failure Map Analysis. Simple [
models for global failure of the lower head and penetration tube failure have been analyzed to
offer an estimate of vessel and tube capacity in terms of anticipated accident temperature
distributions. The failure maps for tube ejection / rupture and global rupture of the lower head
provide insight into predicting lower head failure in severe accidents. From analysis of these maps
the following conclusions can be made:

1. The failure maps indicate relative pressure-bearing capacities of vessel heads and their
penetrations based on ultimate strength. These are expressed as safe operation regions
based on reactor system pressure and the inner wall temperature to which a lower head
can be exposed in an accident.

2. Except for the molten pool debris bed configuration in a BWR vessel head, global
rupture is the controlling failure mode for accidents of higher system pressures (above
2 MPa)in both PWRs and BWRs. While the analyses indicate that penetration tube
failure controls below 2 MPa, uncertainties in the analyses do not allow a clear
distinction of the controlling failure mode in this pressure range.,

<

3. Tube rupture and tube ejection are highly dependent on the temperature at which the
ultimate strength of the tube material reduces to zero, or at least a very small strength
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value. The maximum safe temperature for the inner surface of the vessel wall ranges
from 1500 to 17(X) K for vessel penetration tubes.

4.2 Models Using Simplified Numerical Solution Technique

The phenomena of melt relocation through lower plenum structures and of localized creep
rupture have been considered in this study using models with simplified numerical solution
techniques. Although these phenomena were considered too complex to consider using closed-
form solution techniques, the models described in this section are sufliciently simple that a large
number of plant design and reactor thermal condition combinations could be rapidly evaluated.

4.2.1 Jet Impingement

Molten corium is often envisioned to be released from the core region in the form of a
cylindrical jet. Melt draining from the core region in a jet mode will break up, disperse, and
quench because of interactions with water and the structure present inside the lower plenum. As
a jet penetrates through water, it will progressively break up into droplets as a result of
hydrodynamic instabilitics arising from melt interactions with the surrounding water. This change
in form will decrease the amount of melt relocating in a jet mode. In specific instances, the jets
may break up completely. The droplets formed by the breakup processes lose energy as they fall
through the water and may freeze to become solid particles.

In addition to melt / water interactions, the state and conditions of relocating melt are
dependent on melt interactions with the structures found in the lower plenum. The lower plenum
region of a light water reactor contains steel structures that distribute the coolant flow, support
the weight of the core, and protect in-core instrument lines or control rod drive lines. Pressurized
water reactors incorporate perforated horizontal plates that span across all or a significant fraction
of the width of the core. Depending on the particular plate hole size, melt will be intercepted
and collected by the plate. As the local depth of melt on the plate builds up, melt may spread
horizontally and drain through nearby flow holes in the plate thickness (see CCM test results
discussed in Section 2.4.2.6). As a consequence, melt that is collected by a plate largely as a
single jet can drain from the plate in the form of several jets. The formation of multiple jets in
this manner can further enhance the breakup of melt as a result of the formation of greater jet
surface area. This process will also modify the jet diameter. Boiling water reactors do not use
plates inside the lower plenum, but contain numerous vertical control rod guide tubes and ccmtrol
rod drive housings. Thus, it is possible for melt to relocate from the core pool to the lower head
without directly interacting with the guide tubes and housings. However, their presence might still
influence arrival conditions by restricting the lateral flow of coolant into the interaction region
immediately surrounding the melt and by providing surface area for melt freezing.

Of specialinterest are situations in which a portion of the released melt impinges upon the
lower head in a jet mode. The high forced-ccmvection heat fluxes realized in the impingement
zone of a melt jet could potentially result in heatup and melting-induced erosion of weld or lower
head wall material located beneath the impingement zone. The impingement heat flux is
dependent on the impinging melt jet temperature, diameter, vehicity, and composition. These
conditions, in turn, reflect the effects of the various melt / water and melt / structure interactions
undergone by the melt in the process of relocating from the core region to the lower head.

As discussed in Section 2.4. the strong influence of lower plenum melt / water and
melt / structure interactions in mitigating the effects of melt impingement on the lower head were

4-61 NUREG/CR-5642



. . - . . -

| Predicting Lower Head Failure

first demonstrated by analyses of the TMI-2 accident.d* That analysis was carried out usin
TIIIRMAL/0 melt / water interaction code developed at Argonne National Laboratory.d*g theThe
TMI-2 THIRMAL/0 analysis was performed for melt release conditions representative of the
TMI-2 core relocation event as determined from plant data recorded during the accident and
subsequent modeling of the accident. IIowever, the analyses documented in this section consider
a broader range of potential melt release conditions. The lower plenum interactions are also
dependent on the particular lower plenum configuration, which is a reactor design-specific
feature. Given the multiplicity of LWR designs employed in the U.S., the effects of lower plenum
melt / water and melt / structure interactions must be investigated for specific reactor system designs.
To analyze the lower head thermal and mechanical response to jet impingement, it is necessary to
have a basis for the selection of impingement conditions to determine the thermal loading applied
to the lower head wall. The TIIIRMAL/0 code, which has been further improved since its
original application to the TMI-2 accident, can calculate melt arrival conditions and jet j

impingement conditions that account for lower plenum interactions in the various reactor systems, l

given the conditions of melt release from the core as a coherent jet. |

!

Scoping calculations were performed to investigate melt arrival conditions for situations
involving a localized release of melt from a crust-confined molten pool in the core region. There
are several computer codes available for predicting melt / water interactions. Ilowever, there is
considerable uncertainty in code results because of limited data for validating these models (see
Section 2). In light of this uncertainty, calculations documented in this section used the
THIRMAL/0 code to investigate the effects of plant lower plenum geometry rather than to study
differences in models for predicting jet / water interactions.

,

The objectives of this work are to

1. Provide calculations of melt arrival conditions on the lower head that accounts for melt
breakup and quenching resulting from melt interactions with water and structure inside ,

the lower plena of representative U.S. LWRs

2. Investigate the dependency of the melt arrival conditions on the conditions of melt
assumed to be released from the core region

3. Identify those conditions of melt release for which a portion of the melt is calculated to
impinge on the lower head surface in a jet mode and characterize the conditions of the -

impinging jets
i

4. For those cases involving jet impingement, estimate the heat flux and energy delivered |
to the lower head surface inside the impingement zone

5. Provide results in a non-dimensional fashion, where possible, recognizing the inherent
complexity of the lower plenum interaction processes.

The calculations investigated the effectiveness of water in the lower plenum together with
the lower internal structures in breaking up and quenching the melt such that conum typically
collects at the head as a high-solid fraction slurry or particle bed. The potential for the lower
plenum water and structures to avert the threat of a melt stream's impinging directly on the lower
head or, if impingement occurs, decreasing the impingement liquid mass, was als'o investigated.
Calculations did not investigate phenomena such as steam explosions, debris crust formation upon
contact with the lower head, or the heatup and remelting of debris particles upon the lower head.
Although results from these calculations could be used to estimate the potential for vessel
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ablation, which may subsequently enhance the potential for vessel failure, the relatively large
upper bound of relocation masses assumed (100% of the corium material) in these scoping
calculations in conjunction with the omission of investigating debris bed behavior after rek> cation
would make the results from such calculations somewhat unrealistic.

4.2.1.1 Methodology. The THIRMAL/0 code was applied to calculate lower plenum
melt / water and melt / structure interactions and to predict melt arrival conditions on the lower head
over a broad range of core release conditions. To assist the reader in understanding the scope of
THIRMAL/0 and the modeling incorporated therein, a description of the code is provided in >

Appendix C.,

1

Four reference plants were selected as representative of the various lower plenum
configurations used in U.S. reactor designs. For each individual reference system, melt release
conditions from the core region were defined. Although a broad range of melt relocation paths
and compositions were considered, most analyses concentrated on conditions that enhanced the
likelihood that melt would impinge on the lower head as one or more jets. These conditions were

,

generally defined to enhance the likelihood that melt would be calculated to impinge on the lower
head as one or more jets. In particular, in all cases, melt is assumed released as a single coherent
jet. This would apply to situations where a molten pool surrounded and insulated by a solid crust
forms in the core region followed by localized crust failure or melt through, giving rise to release
of melt into the lower plenum as a single jet. The present analysis does not consider other melt
release modes. As noted earlier, during the TMI-2 accident the melt has also been assumed to
subsequently enter the former core region and drain into the lower plenum as a large number of
small diameter jets from flow holes in the former lowermost core plate. Although less likely
because of its multiple supports, the structure immediately below the core pool might also be
envisioned to fail and allow the molten pool mass to fall downward suddenly in a global sense
over its lateral extent rather than drain by means of a localized release. Failure of the structure j

| immediately below the core pool might also be envisioned to allow the molten pool mass to
suddenly fall downward in a global sense over its lateral extent rather than drain by means of a'

| k>calized release. However, the analysis of these other release modes lies beyond the scope of
the current work, which is focused on jet impingement.

Because of the uncertainty associated with the size of the stream draining from the core
pool, it has been postulated in the analyses performed here that this draining stream size may be
represented by an equivalent circular stream with a 10-cm diameter. His 10-cm diameter is
considered representative. Obviously, in cases where impingement is predicted for a 10-cm jet,
impingement would also be predicted for larger diameter jets. Furthermore, if it is possible for
smaller diameter jets of a given superheat to impinge on the lower head coherently, the heat flux
for the smaller diameter jet will be higher than the heat flux from a jet with an jnitial diameter of
10-cm. Thus, the energy transferred to the vessel from a 10-cm jet is expected to be

l representative of the energy transferred from a broader range of jet diameters.

A reference melt mass equal to the total mass of molten core material was assumed to be
distributed over the core cross-sectional area. The resulting melt depth was used to define the
reference jet initial vek> city as the velocity corresponding to the initial gravity head. The velocity
was assumed to remain constant without decrease throughout the calculation. Most cases were
carried out for melt having the reference proportions,80 wt% UO - 20 wt% ZrO . This pure2 2

oxide composition has a high liquidus temperature of 2860 K. A reference initial mohen
superheat of 250 K was assumed representative of the magnitude of superheat nominally
predicted for released melt during the TMI-2 core relocation event. In the reference melt;

release, melt was assumed released from the periphery of the core region where the total water
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depth to the lower head is lowest relative to central release locations. The reference water state
was also assumed saturated, thereby minimizing the enhanced quenching effects associated with
water subcooling. Finally, the reference primary system pressure was taken equal to the nominal
operating value. Melt thermophysical properties were based on data found in Appenaix F.

For the GE and B&W reference systems, a large number of cases were calculated
investigating the sensitivities to the initial jet diameter, jet velocity, melt composition, melt
superheat, water depth (i.e., release location), water subcooling, and system pressure. In
particular, the consequences were determined for: reducing the jet diameter from 10 to 5 cm;
reducing the jet velocity to values representative of a molten pool height reduced to 50 and 10%
of a total core pool; changing the melt composition to successively 20 wt% UO - 80 wt%2

stainless steel and 100% stainless steel; raising the melt superheat to 400 K; moving the melt
release location from the core periphery to the core centerline; increasing the water subcooling to
a value equivalent to the nominal operating cold leg inlet value; and decreasing the primary
system pressure down to one atmosphere. In specific instances, the effects of varying two
variables, such as release location and melt composition, were examined. In addition, consistent
with the approach of defining conditions that would enhance the likelihood of impingement, a
case was defined that combined all of the single variations of conditions that were found to
enhance the potential for impingement.

For the Westinghouse and CE reference systems, few cases were calculated. The conditions
for these cases were defined as those expected to most likely result in impingement based on the
results of the B&W system calculations.

Key results from these analyses consist of the proportions of melt arriving on the lower head
as molten jets, molten droplets, and solid particles, as well as the temperature of each of these
phases. For cases involving jet impingement, the number of impinging jets, jet temperature,
diameter, and velocity were determined. Additionally, the local impingement heat flux
corresponding to the jet impingement conditions was calculated using an appropriate impingement
heat transfer correlation. In calculating the heat flux, frozen core material was assumed to be
present as a solid crust layer between the impinging melt and underlying lower head substrate.
Plots showing the disposition of melt at successive times as it relocates through the water and
collects upon the lower head were also produced.

An attempt was made to display selected results in a non-dimensional format. A rough
preliminary correlation for the jet breakup length non-dimensionalized by the initial jet diameter
was studied and compared with the results of the TlHRMAL/0 calculations. Results for the
impingement zone heat flux and energy deposition were also presented in a non-dimensional
fashion.

The remainder of this section is organized as follows. Section 4.2.1.2 presents detailed
THIRMAL/0 calculation results for two scoping cases. Section 4.2.1.3 summarizes the major
conclusions from sensitivity studies. Non-dimensional studies of the jet breakup length and
impinging heat Hux are presented in Section 4.2.1.4. Appendix C provides a description of the
THIRMAL/0 code.

4.2.1.2 Results for Scoping Cases. Two scoping cases based on the GE and B&W
reactor configurations were first defined and carried out assuming the conditions shown in
Table 4-7. The dimensions of the lower plenum configurations assumed for these two plants are
found in Appendix F.
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Table 4-7. hielt release conditions of scoping cases.

Scoping Case gel Scoping Case BW1

Reactor type GE BWR/4 B&W (ThtI-2)

hielt composition Ceramic (807c UO -207c ZrO ) Ceramic (807c UO -20% ZrO )2 2 2 2

Alelt superheat. K 250 250

5 5
hicit mass, kg 3.14 x 10 1.70 x 10

2hiolten pool cross-sectional area, m 17.8 (100?c of core cross-sectional area) 9.9 (100?c of core cross-sectional arca)

y Jet diameter, m 0.1 0.1
v.

Initial jet vek> city. m/s 6.2 6.1

Relocation path Central vessel region Central vessel region

Water depth, m 5.3 2.2

Water subcooling. K 0 0 m

Vessel pressure, h1Pa 6.94 (full system pressure) 14.9 (full system pressure)
Il
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4.2.1.2.1 Scoping Case GEf-The arrangement of the lower head structu es for the
reference GE BWR/4 reactor vessel is shown in Figure 4-35. A large portion of the flow area in
the lower head region is occupied by control rod guide tubes and control rod drive housings, as
shown in Figures 4-35 and 4-36. An effect of the closely-packed control rod guide tubes is to
limit the lateral propagation of the dispersed melt dropicts and particles during the melt jet / water
interaction. As a result, the water region in the midst of the control rod guide tubes is more
likely to become void because of a higher melt droplet concentration. When the void fraction in
this region becomes large enough, a continuous liquid coolant phase may not exist near the jet
and the jet surface crosion could be reduced. Thus, a longer jet penetration distance and,
possibly, jet impingement could occur. The effects of the instrument tubes on the jet / water
interaction are neglected because of their smaller diameter. j

!
In the TilIRMAL/0 code, the lateral inhomogeneity of the flow conditions, such as the |

radial void distribution, is accounted for by using a mixing zonc representation (see Appendix C). '

The mixing zone is roughly a cylindrical volume that contains the jet column, dispersed droplets, '
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Figure 4-36. Cross-sectional flow area beneath BWR/4 core.4~27

steam, and water. Outside the mixing zone, the flow is assumed to consist of single-phase water |

without any melt or steam. The volume of the mixing zone is determined based upon the lateral
'

migration of the dispersed droplets / particles. In Scoping Case GE1, the cross-sectional area of I

the water region in the middle of the control rod guide tubes (and the control rod drive housing) |

is treated as a circular area with an equivalent diameter that yields the same cross-sectional area. j
During the interaction, the mixing zone may expand or shrink depending on the variation of the ;

steam generation rate. The code allows water to flow into the region between the control rod i

guide tubes through the gaps between the guide tubes and housings when the steam generation i

decreases and the pressure drops as a result of the different gravity heads that cause the mixing I

zone to shrink.

In the TillRMAL/0 code, a correlation based on the experiment data of Sato et al."is
applied to evaluate the heat flux when jet impingement occurs. As shown by Sato et al., the
Nusselt number for a turbulent jet impinging upon a melting substrate surface can be represented
by

N u = 0.0155 Rc"''" Pr"H (4-36)

4
This correlation was obtained using data valid for 0.095 < Pr < 0.20 and 4.1 x 10 < Re

5< 4.9 x 10 .

The results of the melt / water interaction calculations of Scoping Case gel, as predicted by
the T111RMAL/0 code, are shown in Table 4-8. The following is a brief discussion of the results.

The jet breakup length is defined as the depth at which a coherent jet column ceases to exist
as a result of dispersion or fragmentation of the corium stream. Jet breakup length is usually
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y Table 4-8. Results of TIIIRMAL calculations for scoping cases gel and BW1.
C y
;c ;;

c.m Case GE1 Case BW1 s-e s-o ac Jet impingment No Yes g{ Breakup length, UD 44.6
Extent of jet breakup g

-

y

Z
EAspects of heat transfer if jet impingement Number of jets - 4 --

occurs on lower head Max. impinging jet diameter, m 0.026 g-

Max. impinging jet superheat, K 176 y-

Max. impinging jet velocity. m/s - 2.28

Duration of impingement, s 380-

2Max. heat transfer coefficient, MW/m K 0.077-

2Maximum heat flux. MW/m 13.6-
a,

g Integrated heat flut MJ/m 5.2 x 10'2
-

Melt accumulation state upon lower head Impinging jet, % 0 10.0

Molten droplets, Fc .0 4.7

Solid particles,7c 100 85.3

Temperature of accumulated melt on lower Impinging jet. K - 3036
head Molten dropicts, K 3000-

Solid particles, K 1598 1700

Debris particle size distribution
Median diameter, mm 3.5 3.2
Standard deviation, o 2.0 2.0

-. . . - . - . - - . - - - . _ _ _ _ - _ - _ _ _ _ - - _ _
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, expressed in terms of the jet diameter. The volume fractions of the jet column and the melt
| droplets / particles in the mixing zone during the interaction are shown in Figure 4-37. Thus, the
| physical state of the accumulated melt on the vessel bottom can be predicted. As shown in

Figure 4-37, the deepest distance that the jet can penetrate without being completely fragmented
is predicted to be around 45 initial jet diameters (i.e.,4.5 m) below the core support plate, which
occurs -2 seconds after the commencement of jet Dow. After ~2 seconds, a quasi-steady breakup
behavior is attained when a roughly constant melt dispersion rate, as well as a coherent jet
column of a constant length, is achieved. For the reference Case GE1, jet impingement is not
predicted to occur because the depth of the water in the lower head is greater than the predicted
jet breakup length.

Corresponding to Figure 4-37, the variations of temperature for each phase in the mixing
zone at successive times are shown in Figure 4-38. The melt superheat of the jet column is
predicted to decrease -30 K. It is predicted that all the dispersed droplets are solidified when
they collect on the lower head with an average temperature of -1600 K. Note that the solid

,

particle temperatures do not vary linearly with elevation from the lower head (e.g., a temperature !
drop in particles occurs at 4.5 m for 0.5 seconds and at 0.2 m for 2.0 seconds in Figure 4-38).

'

These discontinuities result from variations in heat removal and particle travel time that are
associated with particle size. For example, a larger particle will fall more rapidly to the lower
head at a higher temperature because such particles have smaller surface area to mass ratios and I

'

smaller travel times for heat removal. The size of the mixing zone (i.e., the nelt/ water / steam
mixture) is shown in Figure 4-39. The mixing zone expands radially and vertically until a stable ;

Isize is obtained after -2 seconds and a quasi-steady state is reached.

The local void fraction averaged over the mixing zone is shown in Figure 4-40 at different
times. In general, the void fraction in the mixing zone is high, especially when jet breakup occurs.
According to the THIRMAL/0 predictions. Dow dispersion always occurs from the core plate to
-3 m below. Therefore, the dominant breakup mechanism is the melt erosion from steam flow in
the mixing zone in the region where water is dispersed. ;

l

As predicted by THIRMAL/0, the melt starts to collect on the vessel bottom at |
-1.5 seconds, and 100% of the accumulation is composed of solid particles. The prediction of the '

dispersed particle size distribution for Scoping Case GE1 is shown in Figure 4-41 on a logarithmic
probability graph. A log-normal distribution plots as a straight line on a log probability graph. As
shown in Figure 4-41, the debris of Scoping Case GE1 is predicted to show a roughly log-normal
size distribution with a mass median particle size of ~3.5 mm. The standard deviation, o, of the
particle diameter characterizes the range over which the particles are distributed around the
median. In particular,689 of the total debris mass is composed of particles ranging from

U/o to o3. where H is the median diameter.

4.2.1.2.2 Scoping Case BW1-The B&W reference reactor vessel contains various
core structures in the lower plenum, such as the flat distributor plate, grid forging, instrument
support plate, and elliptical flow distributor plate, as shown in Figure 4-42. The effects of the
structures on the melt jet breakup are mainly to collect the melt on the plates and to form
multiple jets after the accumulated melt drains through each plate. As illustrated in Figures 4-42
and 4-43, the relocated melt jet would interact with water in Regions I,11, Ill, and IV. A
" straight-shot" jet of significant diameter cannot exist in this geometry.

During the relocation, melt is assumed to accumulate on the flat flow distributor plate, the
grid forging, and the elliptical flow distributor plate. A quasi-steady Dow situation is assumed to
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Figure 4-37. Melt volume fractions in mixing zone for reference case GE1 at 0.1,0.5,2, and |5 seconds (void and water fractions are not included in figures). j

|

|

|

NUREG/CR-5642 47o
:



. - _ -

Predicting Lower Head Failure

4000 4000.i. .i- .i. i. , .i. .i. .. .i. .,.

Scoping Case GE 1 Scoping Case GE 1
THIRMAL Simulation THIRMAL Simulation
Temperature of melt in mixing Temperature of melt in mixing
zone at t = .1 seconds zone at t = 0.5 seconds

$3000 - - $3000 - ' ' ~ ' -

e r- e i c- ;

a a f I

E E '

E E I
a a

2000 - - 2000 - -

Jet column Jet column
- - Molten droplets - - - Molten droplets

- - Solid particles --- Solid particles
'- '- '- '- ''- ''- '- ^'' ''- '-

1000 1000
0 1 2 3 4 5 6 0 1 2 3 4 5 6 i

{
Elevation from lower head (m) Elevation from lower head (m) 1

4000 .. ...r. i-
.-4000 .- ... .. i. ...

Scoping Case GE 1 Scoping Case GE 1
THIRMAL Simulation THIRMAL Simulation
Temperature of melt in mixing Temperature of melt in mixing
zone at t = 2 seconds zone at t = 5 seconds

$3000 - C - $3000 - /- - -
- - ' ' -

o r. - - - - - - - e /--- ---'

5 .' 5 '

% ; E |5 I b ,

a a.

|
-

f2000 ,1
-2000

1
Jet column Jet column

- - - Molten droplets - - - Molten droplets
- - - Solid particles - - - Solid particles

'- '^ '- '- '- '- '- '- '-
1000 1000 '-

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Elevation from lower head (m) Elevation from lower head (m)

M463-WHT-119130-33

Figure 4-38. Temperature variations of melt in mixing zone for reference case GE1 at 0.1,0.5, |
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Figure 4-41. Dispersed particle size distributions for Scoping Case gel.
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; .

| develop where the rate of corium arrival upon each plate is equal to the rate of drainage through !

! the various plate openings. The freezing of melt on the plate steel is neglected, as this is ;

i expected to represent only a small portion of the released mass. The potential melting and '

j erosion of the phte steel by the impinging corium is also neglected. The diameters of the jets
| draining from a plate reDect the size of the holes passing through the plate thickness. For a
j sufficiently small hole size relative to the arriving melt, the new jets formed will have diameters t

i initially equal to the hole size. Ilowever, in many instances, the hole size exceeds the diameters

) of the arriving corium jets. In this case, the size of the newly formed jets depends on the nature !
! of the melt flow surrounding the various openings. As melt collects on the plates,it will flow :
! toward the nearby openings and freely fall into them. Thus, how the melt flows over the upper ;

surface of the plate and freely falls into the holes is of interest. j
!
1

Assuming that the arriving, spreading, and draining melt has reached a quasi-steady state, the |
j drainage conditions of the melt passing through each plate are assumed to satisfy the following ,

j equation: !

! |

| p, N ,,c nd,,,U,N WD irh =
. 3

!

I wherc
< .

!

1 i
! |
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m = melt rek> cation rate

number of holes covered by the accumulated melt on each plateN,,,ic =

( d ,ic diameter of holes=ry

critical depth of melt flowing horizontally and draining through holeh, =

|

U, = [ critical velocity of melt flowing towards the edge of holes=

melt density.=p;

Figure 4-43 illustrates the formation of multiple jets on the flow plates. The melt flowing into
each hole is modeled as a free overfall in open channel flow. The free overfall can be described
in terms of the depth at the brink and the subsequent form of the freely falling nappe (see
Figure 4-44). The depth must pass through the critical depth, h , at which the flow vek> city is U ,c c

as the flow accelerates into the supercritical free fall. From Reference 4-29, the flow depth at the
brink is a fraction (0.715) of the critical depth, h , for a level channel.c

!

_ ,

1_

4e -
|

~_

e
- N Arriving I|

g ' core material
|
|

_ Nappe i

i
i

s
s :,

U A
'

Flowingh k .715h accumulated melt
'

4

'

'c

hc !i

T T { \
f' \'

//,,
- //V', , ,7/ / / p,

, ,

,/'/ /; / 'o . /

'.,'/,' / .,/,//. 7,,/,/,
,

,- /,
' ,, ! '|f f','' | / ._'s .c ,

, , ,f
.

' f * j f

:/W('/f: * - d w,- > /// /t Y'? /'4 //- .

'

; '/);,,q'. ,p/ , :/,,/:/> , ~, ,/' ' '

/

< Dr n
_Reaggiomeratedy

circular j,et
U .,

M577-WHT-492-01

Figure 4-44. Illustration of formation of multiple jets through flow holes in core support
struct ure.
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j Resulting from the acceleration of the melt flowing to the holes between the location of
critical flow and the rims of the holes, the melt jet vek> city at the exit of the hole increases by a
factor of 1/0.715 such that

Uj = 1.4 (gh )E .c

The melt flowing into each hole is assumed to reagglomerate to form a circular jet in the center
of each hole. From conservation of the flow rate, the diameter of the multiple Jets formed by
each plate satisfies the following equation:

!
i,

,

rh = pj Nholex DJ Uf4 (4 38) j1

i

b |
| where

.

diameter of multiple jets .D; =

!
U; jet velocity.=

4 .
' Combining Equations (4-37) and (4-38), the diameter of each jet immediately below the plate can :

be expressed as i

i

D, = 1.155 df,(
. '1S7

*
(4-39) i

P) Nuone g
|,

, ,

; *

?*

A straight-shot pathway through the central part of the lower plenum structure does not exist in |
1 the B&W reference configuration. Thus. melt draining vertically downward from the flat !

distributor plate will impinge on and collect on the underlying grid forging steel (i.e.. melt jets will {
not pass directly through the large holes in the grid forging). Similarly, jets draining vertically t,

downward from the grid forging will be intercepted by the steel of the elliptical flow distributor !
plate without passing directly through its large holes. ',

!
For the purpose of evaluating the potential for jet impingement, it is conservative to assume ;

i that only the holes near the impinging jet are covered by the melt spreading on the plate.
,

Therefore, four jets are assumed to form when a single jet impinges on the first plate (i.e., the flat j
flow distributor plate). It is possib!c that more than four jets could be formed on the grid forging j

as a result of the impingement of four jets from the flaw' distributor plate on the vessel lower i

head, but the number is limited to four in the current analysis. This choice is expected to !

represent a conservative assumption with regard to impingement on the lower head. Again, note j
that the initial melt accumulation on each plate is ignored. Instead, a quasi. steady melt drainage [

,

is assumed to occur immediately after melt relocation starts. Thus, the melt thickness on each' i

flow plate is assumed to have reached a constant value, and the flow rate if the melt mass is
conserved at each plate.

i
i Based on the melt release rate (i.e.,440 kg/s in Scoping Case BW1), Equation (4-39) yields a |

jet diameter of 0.12 m for the four jets formed from the flat distributor plate. This is larger than '

the diameter of the holes on this plate. Therefore, the flat distributor plate hole size of 0.089 m I

(3.5 in.) determines the jet diameter. Assuming that four jets drain from the grid forging, ;
; Equation (4-39) again predicts a jet diameter of 0.12 m. Ilowever, this is smaller than the hole
#

.
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size such that the jets form with a 0.12 m initial diameter. Similarly, assuming that four jets drain I
from the underlying elliptical now distributor plate, an initial jet diameter of 0.12 m is calculated.

,

I

The results of Scoping Case BW1 are shown in Table 4-8. In Scoping Case BW1, the j

melt / water interaction is assumed to be composed of four stages (see Figure 4-43): (I) a single jet j
of 0.1 m diameter relocates from the bottom of the molten core to the flat flow distributor plate; *

(II) four jets of 0.089-m (3-1/2 in.) diameter relocate from the flat Dow distributor plate to the
grid forging; (Ill) four jets of 0.12-m diameter relocate from the grid forging to the elliptical flow
distributor plate; and (IV) four jets of 0.12-m diameter relocate from the elliptical plate to the j

vessel lower head.

In Stage I, the melt impinges and starts to collect on the flat now distributor plate shortly f

after of relocation begins from a high initial jet velocity (i.e.,6.1 m/s) and a short travel distance
of 0.32 m through water. As predicted by the THIRMAUD code, the melt jet reaches the now ,

distributor plate at -0.1 sec. The melt / water interaction quickly reaches a quasi-steady state, as t

shown in Figure 4-45 where the melt volume fractions (in terms of coherent jet, molten droplets,
and solid particles) are plotted after the system has reached a quasi-steady state. In general, only
a small fraction of the relocated melt has been dispersed into molten droplets, and ~79% of the
accumulated material on the flat distributor plate is composed of the melt of the impinging jet
column. Also shown in Figure 4-45 are the variations of the melt volume fraction, void fraction, j
and the radius of the mixing zone when a quasi-steady state is reached. The average temperature
of the jet column is predicted to be 3108 K (-248 K superheat) when it impinges and
accumulates on the flat distributor plate. Therefore, an initial temperature of 3108 K is assumed
for the multiple jets formed from the bottom of the flat distributor plate. >

t

in Stage II, the initial vekicity of the four jets is calculated to be 1.04 m/s based on a critical !

melt thickness of 0.056 m, as predicted by Equation (4-37). The water depth in this region is
0.133 m, as illustrated in Figure 4-42. As a result of the short traveling distance between the Dat
distributor plate to the top of the grid forging (0.133 m), the multiple jets quickly reach and start
to collect on the grid forging at -0.2 second. Similar to the interaction in Stage I, the melt ;

dispersion and quenching reach a qaasi-steady state after -1 second. The melt volume fractions,
melt temperatures, void fraction, and the mixing zone boundary for each of the multiple jets are
shown in Figure 4-46. Also similar to Stage 1, the portion of the melt impinging in a jet mode
consists of -61% of the accumulated material on the grid forging. This reflects a short travel ;

distance for a significant melt jet crosion process to occur. The average temperature of the jet
columns is 3101 K (241 K superheat) when they impinge and collect on the grid forging. Thus, ,

an initial temperature of 3101 K is assumed for the multiple jets formed from the bottom of the '

grid forging. Here, the heat loss and the melt dispersion are neglected when the melt relocates
through the 0.165-m (6.5-in.) diameter,0.41-m (16 in.) long openings in the grid forging to yield !

a conservative energy and mass content for the multiple jets formed at the grid forging.

|
In Stage III, the diameter of the four jets formed from the bottom of the grid forging is

estimated to be 0.12 m, as discussed above, and the initial velocity is calculated to be 1.06 m/s
based on Equation (4-38). The water depth in this region (i.e., Region 111 of Figure 4-43) is
0.5 m. Compared to Stages I and 11, the multiple jets suffer more heat loss and melt dispersion
because of a longer vertical distance of travel. The multiple jets are predicted to reach and start
to accumulate on the elliptical now distributor plate at -0.5 second. After -1 second, the system
reaches a quasi-steady state for melt dispersion and quenching. Figure 4-47 shows the melt
volume fractions. melt temperatures, void fraction, and the mixing zone radius when a quasi-
steady state is reached. The impinging jet consists of only 36% of the material that collects on
the elliptical flow distributor plate because more breakup and dispersion occurs in the greater
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Figure 4-45. Melt volume, fractions, melt temperatures, and void fraction in mixing zone and
radius of mixing zone for Stage I of Scoping Case BW1.
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Figure 4-46. Melt volume fractions, melt temperatures, and void fraction in mixing zone and
radius of mixing zone for Stage II of Scoping Case BW1.
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Figure 4-47. Meit volume fractions, melt temperatures, and void fraction in mixing zone and !
radius of mixing zone for Stage III of Scoping Case BW1.
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,

distance of water. The average temperature loss of the jets is 15 K in this stage. Thus, the initial
temperature of the multiple jets formed from the bottom of the elliptical flow distributor plate is ;

assumed to be 3084 K.
'

i

In Stage IV (i.e., m the region below the elliptical flow distributor plate), the four jets suffer |
significant breakup and heat loss because of the greater water depth of 0.74 m. Similar to
Stage Ill, the initial velocity and diameter of the multiple jets are 1.06 m/s and 0.12 m,
respectively. Jet impingement is predicted to begin at -0.8 second. The melt volume fractions,
melt temperatures, void fraction, and the mixing zone radius when a quasi-steady state is reached
are shown in Figure 4-48. In general, a superheat of 176 K is predicted for the jets when they
impinge on the lower head. The impinging heat transfer coefficient, as correlated by

2Equation (4-36), is predicted to have a maximum value of 0.077 MW/m K. If a melt crust with a
freezing temperature equal to the oxide melting temperature is formed on the lower head

*

immediately after the jet impingement occurs, the impinging heat flux from the jet to the * crust"is
213.6 MW/m in the impinging zone. Over the duration of melt relocation, the integrated heat flux

is predicted to be 5.2 x 10 MJ/m .
'

3 2

.

The accumulated melt on the lower head is predicted to arrive with -10% in the form of
four impinging jets,4.7% as molten droplets', and 853% as solid particles with average
temperatures of 3036 K,3000 K, and 1700 K. respectively. The particle size distribution is shown
in Figure 4-49. The median size is about 3.5 mm. As discussed in Section 3.1.5, TMI-2 debris ;

contained particles less than 1 cm diameter as well as larger pieces of rubble nearly 20 cm in
diameter. However larger pieces of debris may have been generated during reflood or defueling ;

operations.

4.2.1.3 Sensitivity Studies. In order to evaluate the effects of melt release conditions on
the melt arrival and jet impingement conditions, a series of calculations with variations in the i

release conditions was carried out. Twelve additional cases for the GE and B&W plants were i

performed to determine the effects of melt composition, melt superheat, jet diameter, release
location (i.e., water depth). jet vekicity, water subcooling, and system pressure. The initial and
boundary conditions of Cases GE2 to GE13 and BW2 to BW13 are listed in Tables 4-9 and 4-10,
respectively. The results of the melt / water interaction calculations of Cases GE2 to GE13 and
BW2 to BW13 are summarized in Tables 4-11 and 4-12. Sections 4.2.13.1 and 4.2.13.2 contain a
brief discussion of the results for these two plants. The plots of the melt volume fractions, melt ;

temperatures, void fractions, and mixing zone are presented in Reference 4-30. Selected
calculations were also performed for plants designed by the other U.S. LWR vendors:
Westinghouse and Combustion Engineering. Results are discussed in Sections 4.2.133 and
4.2.13.4.

4.2.1.3.1 Results for General Electric Cases-Results from sensitivity studies for the
GE plant design are summarized below. Since no jet impingement is predicted to occur for
scoping case gel, in which it is assumed that corium relocates through the central core region,
Cases GE2 through GE13 are compared to a case with melt and reactor conditions similar to
gel, but with relocation occurring through a peripheral core region (Case GE6).

Mixed Oxide Melt Composition (Case GE2)

In Case GE2, a metal-oxide melt mixture material is assumed using material thermophysical

| properties from Appendix F. This material represents a melt that is at a higher temperature than
pure metal because it contains some ceramic fuel and a melt that is able to conduct almost as well

|
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Figure 4-48. Melt volume fractions, melt temperatures, and void fraction in mixing zone and
radius of mixing zone for Stage IV of Scoping Case BW1.

.

:

NUREG/CR-5642 4 82

.-_ ________ _ - _.



Predicting Lower Head Failure

!_ 99.99 i i i i ,,,i, , , i , , , , i

d gg*g Scoping Case BW 1 .

.ITHIRMAL Simulationm
cp

E 99 ,

E |
.m 95 '

" 0 - i90
V

'

o 80
m 70 .

30 - [[ -

;
l.E 40

c
cc 20 -

i

6 0
- !jo

$ 5
(D O -n
[ y O _

C

8
- !0.1g

Q- ' ' ' ' ''''' ' ' ' ' ' ' ' '
0.01

I 0.1 1 10 '

| Particle diameter (mm)
M463 WHT.1191-18

|

Figure 4-49. Dispersed particle size distribution for Scoping Case BW1.

Table 4-9. hicit release conditions of General Electric reference system cases.

Case no. Initial and boundary conditions different from scoping Case GE 1

GE2 hielt composition = cutectic; water depth = 4.0 m

GE3 hielt composition = metallic; water depth = 4.0 m

GE4 hielt superheat = 400 K; water depth = 4.0 m
|
| GES Jet diameter = 5 cm; water depth = 4.0 m

GE6 Peripheral relocation (i.e.. water depth = 4.0 m)

GE7 Total melt mass = 50% of total mass; water depth = 4.0 m

GE8 Total melt mass = 10% of total mass; water depth = 4.0 m

GE9 Water subcooling = 70 K; water depth = 4.0 m

GE10 System pressure = atmospheric; water depth = 4.0 m

GE11 hielt composition = eutectic

GE12 hicii composition = metallic

GE13 , hielt superheat = 400 K; water depth = 4.0 m; system pressure = atmospheric

! 4 83 NUREG/CR-5642
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Table 4-10. Melt release conditions of Babcock & Wilcox reference system cases

Case no. Initial and boundary conditions different from scoping Case BW1

i

BW2 Melt composition = cutectic; water depth = 1.7 m

EW3 Melt composition = metallic; water depth = 1.7 m

BW4 Melt superheat = 400 K: water depth = 1.7 m

BW5 Jet diameter = 5 cm; water depth = 1.7 m

BW6 Peripheral relocation (i.e., water depth = 1.7 m) i

BW7 Total melt mass = 50% of total mass; water depth = 1.7 m j

BW8 Total melt mass = 10% of total mass; water depth = 1.7 m

BW9 Water subcooling = 50 K: water depth = 1.7 m

BW10 System pressure = atmospheric; water depth = 1.7 m

BW11 % Jt composition = eutectic

BW12 Melt composition = metallic

BW13 Melt superheat = 400 K; water depth = 1.7 m

,

1

e

as a purely metallic mixture. The melt is assumed to consist of 20% UO2 and 80% stainless steel.
For Case GE2, jet impingement is predicted to occur with a maximum heat Dux of 40 MW/m , ;2

Compared to Case GE6. the metal oxide melt material suffers less crosion during melt / water k

| interaction and results in a higher impinging heat flux than a purely ceramic melt jet. [

Metallic Melt Composition (Case GE3)

,

In Case GE3, a purely metallic melt is assumed in order to represent a low temperature melt
with a high thermal conductivity. The melt is assumed to be composed of 100% stainless steel.
The thermophysical properties assumed for this material were obtained from Appendix F.

For Case GE3, jet impingement is predicted to occur with a maximum heat flux of
2

38 MW/m , which is slightly lower than predicted for the metal-oxide melt jet (i.e., Case GE2). |

However, the maximum heat Dux is still considerably higher than predicted for purely oxidic melt
jet (i.e., Case GE6). Compared to Case GE2, less solid particle formation is predicted for Case
GE3 because the heat of fusion of stainless steel is higher than for the metal-oxide melt. A lower
average temperature of the collected solid particles (i.e.,850 K) reDects the effects of the lower i

initial relocation temperature. !

|
Increased Melt Superheat (Case GE4)

|

In Case GE4, the melt superheat is increased to 400 K. The effect of the melt superheat is
to increase the impinging heat flux when jet impingement occurs. For Case GE4, a maximum ;

2heat flux of 45 MW/m is predicted which is 70% higher than predicted for Case GE6 due to the
higher superheat of the impinging jet. Ilowever, the state of the accwnulated melt i, similar to

;
Case GE6. I

NUREG/CR-5642 4.g4

. . _ -- -__ _ ___



__ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ - _ _ _ _ - _ . _ _ _ _ _ _ _ _ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _

Table 4-11. Results of THIRMAUO calculations for General Electric cases.

Extent of jet breakup - Aspects of heat transfer if jet impingement occurs on lower head

Maximum Maximum Maximum Max. heat

Ilreakup impinging jet impinging jet impinging Duration of transfer Maximum Integrated
a

Jet length Number diameter superheat jet vekxity impingement coefficient heat flux heat flux
2 2 2

Case no. impingement (11D) of jets (m) (K) (m/s) (sec) (MW/m K) (MW/m ) (MJ/m )

Glil No 44.6 - - - - - - - -

4
1 0.031 235 4.29 870 0.17 40 3.48 x 10GE2 Yes -

4
Gli3 Yes - 1 0.028 241 3AS 870 0.156 38.0 3.31 x 10

4
GE4 Yes - 1 0.033 372 4.45 700 0.118 45.0 3.15 x 10

Gli5 No 62 - - - - - - - -

4. 4

& GE6 Yes - 1 0.023 226 4.45 700 0.I19 26.9 1.88 x 10
u

Gli7 No 26 - - - - - - - -

Gli8 No 17 - - - - - - - -

G E9 No 35 - - - - - - - -

?
4

GE10 Yes - 1 0.043 218 4.52 700 0.124 27.I 1.9 x 10 Q
M'
g-Gell No 42 - - - - - - - -

m
pGE12 No 39 - - - - - - - -

52 4
C GE13 Yes - 1 0.06 362 4.49 700 0.127 46.1 3.2 x 10 q
W ,

L

[T1 a. Maximum beat flux from impinging jet (MW/m') integrated over duration of impingement (s).
0C "

?5 'T1W c:
, ::
t.n

fD '
tV
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-@ Table 4-11. (continued). h.
%

? Melt accumulation state

k,$ upon kywer head Temperature of accumulated melt Debris size distribution
u -

Z
Impinging Molten Sohd Impinging Molten Solid Count median @

jet droplets particles jet droplets particles particle diameter Number standard ~

Case no. (%) (%) (%) (K) (K) (K) (mm) deviation [
$
E

GE1 0 0 100 - - 1598 3.5 2.0

GE2 6.8 23.3 69.9 2635 2460 2250 2.5 1.7

GE3 4.9 56.8 383 1911 1670 850 2.8 2.0

GE4 7.8 82.0 10.2 3232 2860 1330 3.0 2.0

$ GE5 0 41.4 58.6 - 2860 1350 3.7 2.5

GE6 3.8 83.4 12.8 3086 2860 1320 3.0 2.0

GE7 0 0 100 - - 2000 3.5 2.0

GE8 0 0 100 - - 1600 3.5 2.2

GE9 0 26.3 73.7' - 2860 1150 2.5 2.0

GE10 3.7 %.3 0 3078 2980 - 2.2 1.7

GEI1 0 0 100 - - 1500 2.5 2.0

GE12 0 19 81 - 1670 1450 3.0 2.0

GE13 26.1 64.5 9.4 3222 3090 2850 1.5 2.0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _. - -- _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ - _ _ _ _ _ - _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ __ _ ___

Table 4-12. Results of THIRMAIJO calculations for Babcock and Wilcox cases.

Extent of
jet breakup Aspects of heat transfer if jet impingement occurs on lower head

Maximum Maximum Maximum
Ilreakup Maximum impinging impinging jet impinging jet Duration of heat transfer Maximum Integrated

a
Jet length Number jet diameter superheat velocity impingement coefficient heat flux heat flux

2 2 2
Case no. impingement (1/D) of jets (m) (K) (m/s) (sec) (MW/m K) (MW/m ) (hU/m )

3
IlW1 Yes - 4 0.026 176 2.28 380 0.077 13.6 5.17 x 10

IlW2 No 4.3 - - - - - - - -

IlW3 No 3.8 - - - - - - - -

3p IlW4 Yes - 4 0.027 332 2.28 380 0.077 25.0 9.50 x 10
oo
* IlW5 No 2.6 - - - - - - - -

1
13W6 Yes - 4 0.036 197 2.23 380 0.075 14.8 5.62 x 10

11W7 No 4.2 - - - - - - - -

IlW8 No 2.6 - - - - - - - -

*C
llW9 No 3.9 - - - - - - - - E

9.
IlW10 No 3.3 - - - - - - - - 2

5'
IlW11 No 3.5 - - - - - - - - 03

IlW12 No 3.8 - - - - - - - -

7
3 NIlW13 Yes - 4 0.027 332 2.28 380 0.077 25.0 9.50 x 10

Tm
2a. Maximum heat flux from impinging jet (MW/m ) integrated over duration of impingement (s).

T
N. c:
th O

h
aw
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'z m
C R
W E.
m Table 4-12. (continued). 3.O a
h *

h Melt accumulation state

$ upon kiwer head Temperature of accumulated melt Debris size distribution k
A m
tJ ,

a
impinging Molten Solid impinging Molten solid Count median 2,

jet droplets particles jet droplets particles particle diameter Number standard ~

Case no. (4) ('?) (4) (K) (K) (K) (mm) deviation [
:::

E
n

llWI 10 4.7 85 3 3036 3(KX) 1700 3.2 2.0

llW2 0 0 1(M) - - 852 3.5 2.2

IlW3 0 5.2 94.8 - 1670 750 3.5 2.2

11W4 10.9 5.5 83.6 3192 3170 16(K) 3.7 2.5

$ llW5 0 0 100 - - 1100 4.5 1.8

IlW6 18.9 3.8 773 3057 3030 1780 3.2 2.0

IlW7 0 0 100 - - 1490 3.7 1.8

IlWS 0 0 100 - - 1050 4.7 2.0

llW9 0 0 100 - - 700 3.2 2.0

| IlW10 0 41 59 - 2900 2860 2.0 1.5

llWl1 0 0 100 - - 840 3.4a 2.58

8 8llW12 0 7.8 92.2 - 1670 910 3.0* 2.0

11W13 10.9 5.5 83.6 3192 3170 1600 3.7 2.5

a. Accumulation on ellipticalike distnbutor.
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Decreased initial Jet Diameter (Case GE5)
i

In Case GES, the initial jet diameter is assumed to be 5 cm. It is predicted that complete jet !

breakup occurs after the jet has penetrated a distance of 62 jet diameters in water. Compared to i
Case GE6, the reduction of the jet diameter climinates the occurrence of jet impingement.

Reduced Water Denth (Case GE6)

' In Case GE6, melt is assumed to relocate through the peripheral region of the core. A
peripheral relocation path differs from a central relocation path (i.e., Cases GE1 and GE2)
because there is a reduced water depth on the vessel periphery and because the peripheral
surface upon which the jet impinges is angled. However, the angle at which a jet from the core
would impinge upon the vessel surface is expected to be less than 45 degrees from the horhontal;
and data from several references +31.o32 indicate that the differences in impinging jet heat transfer
resulting from surface angle are less significant for a surface angle less than 45 degrees. Hence,
these THIRMAIJO calculations have focused on the impact of reduced water depth on impinging
jet heat transfer. As discussed in Section 4.2.1.2.1, the jet breakup length is -45 initial jet
diameters (i.e.,4.5 m) for Case GE1 and therefore, jet impingement occurs in Case GE6. The
maximum impinging heat flux is predicted to be 26.9 MW/m'.

Fifty Percent Melt Mass (Case GE7)
)

In Case GE7, only 50% of the total core mass is assumed to melt and relocate to the lower
head. Since the cross-sectional area of the molten pool is still assumed to be the whole cross-

"

sectional area of the core, the effect of the reduction of the melt mass is to decrease the height
I of the molten pool. As a result, the initial jet velocity is reduced. In Case GE7, an initial jet

velocity of 4.33 m/s is estimated. The jet is predicted to break up completely within a distance of
26 jet diameters (i.e.,2.6 m). The accumulated melt is predicted to completely consist of solid
particles with an average temperature of 2000 K. The effect of the jet velocity on jet breakup is
further discussed in Section 4.2.1.4.

'

Ten Percent Melt Mass (Case GE8)

In Case GES, the relocated melt is further reduced to 10% of the total core mass and the
corresponding initial jet velocity is reduced to 1.94 m/s. Similar to Case GE7, the jet is predicted

'

to break up, and the jet breakup length is 17 jet diameters (i.e.,1.7 m). By comparing the
breakup lengths of Cases GE1, GE7, and GE8, the jet breakup length found is roughly
proportional to the jet initial velocity. A non-dimensional analysis of the jet breakup length is
given in Section 4.2.1.4. The accumulated melt is predicted to consist of 100% solid particles with
an average temperature of 1600 K. Compared to Case GE7, the lower debris temperature
predicted for Case GE8 is simply due to a longer settling time for the droplets and particles to
reach the lower head.

Increased Water Subcooline (Case GE9)4

In Case GE9, the water temperature is assumed to be the same as the cold leg inlet
temperature corresponding to a water subcooling of 70 K. The effects of the water subcooling on
the melt / water interaction are: (a) enhancement of heat transfer and quench of the melt,

'

(b) reduction of the steam generation, and (c) reduction of the void fraction in the mixing zone.
It is predicted that the jet is more likely to break up completely in subcooled water because in
subcooled water, flow dispersion is less likely to occur in the mixing zone, at least at the lower

4.g9 NUREG/CR-5642
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portion of the jet column. As a result, more surface on the jet volume would be covered by a
thin vapor film in which the steam velocity could be much higher than that occurring in the
surrounding mixing zone.o25 Therefore, the jet volume experiences more erosion in the region
where a thin vapor film exists at the melt / water interface and a shorter jet breakup length is
predicted. For Case GE9, the jet is predicted to break up with a breakup length of 35 jet
diameters (i.e.,3.5 m), which is considerably shorter than predicted for saturated water (i.e., Case
GE1). Compared to Case GE6, more solid particles with a lower average temperature are
predicted for Case GE9 with subcooled water.

|

Reduced System Pressure (Case GElo) i
,

in Case GE10, the system pressure is assumed to be atmospheric during the melt / water
interaction. It is recognized that the most important effect of the reduced system pressure is to
cause the specific volume of the steam to be more than at the elevated pressure conditions

'
;

increasing the vapor volume flux flowing through the fuel / coolant mixture. However, the steam
density increases roughly linearly with the pressure. As discussed in References 4-25 and 4-26,

2the driving force of the melt surface erosion is the steam inertia, pU , and the effects of the
2system pressure are thus dependent upon the variation of pU versus pressure.

For Case GE10 at atmospheric pressure, jet impingement is predicted to occur as for Case
GE6. The maximum impinging jet diameter is predicted to be 0.043 m, which is greater than
predicted for the full system pressure, indicating a lower extent of breakup at lower system
pressure. However, since the jet is predicted to impinge on the lower head with a lower
temperature than predicted for Case GE6, the resulting impinging heat flux is roughly the same as
predicted for Case GE6.

Mixed Oxide Melt with increased Water Depth (Case Gell)

Case Gell is similar to Case GE1 except for the melt composition, in Case Gell, the melt
is assumed to consist of 20% UO and 80% stainless steel, and the water depth is the same as2

Case GE1. The breakup and quench behavior of Case Gell is similar to Case GE1. No jet '

impingement is predicted to occur.

Metallic Melt with increased Water Depth (Case GE12)

Case GE12 is similar to Case GE1 except that the melt is completely composed of stainless
steel. Similar to Case GE1, no jet impingement is predicted to occur. However, unlike Case
GE1, some molten droplets are predicted to accumulate on the lower head mainly due to a '

relatively greater heat of fusion for stainless steel.

Conservative Estimate for Jet Impinecment (Case GE13)

Based on the calculational results of Cases GE1 to GE12 Case GE13 was defined so that ,

'

the boundary and initial conditions would be expected to yield a conservative estimate of the
impinging heat flux over the range of the calculational matrix.

In Case GE13, an impinging jet 0.06 m in diameter with 362 K superheat is predicted. The
resuhing heat flux is 46.1 MW/m', which is not much higher than predicted for Case GE4 because
the only difference between Case GE4 and Case GE13 is the system pressure. This result further -

indicates ihat the impinging heat flux is not sensitive to the system pressure.

:
'
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4.2.1.3.2 Resuffs for B&W Cases-The results of the cases run for the B&W |

reference system are listed in Table 4-12. In general, the effects of the melt release conditions on
jet breakup, quench, and impingement are similar to those predicted for the GE reference system
cases. However, noticeable differences include the following:

1. The jet breakup lengths predicted for the B&W cases in which jet brpakup occurs are
much shorter than predicted for the GE cases. This is because when the jets break up
in Region IV (Region III for BW11 and BW12), the initial jet velocities for the jets
formed from the elliptical plate (grid forgirig for BW11 and BW12) are too low (i.e.,
-1 m/s) for the jets to penetrate a considerable distance before breakup occurs.

2. The maximum impinging jet vek> cities are lower for the B&W cases also because of a
slower initial jet vek> city for the jets formed from the elliptical plate.

3. The maximum melt superheat for the impinging jet is lower for the B&W cases. This
results from a longer travel time for the jets before they impinge on the lower head
even though the water depth in the BW lower p!:num is shallower than that for a GE
lower plenum. )

i

4. The resulting impinging heat Dux is lower than that predicted for the GE cases. This I

show that the core structure plates have an important effect in mitigating the heat Dux I

on the lower head when jet impingement occurs. |

5. Comparing Cases BW6 and BW10, the extent of breakup is less significant for a higher
system pressure (i.e.,14.7 MPa), contrary to what was predicted for the GE cases. This 1

indicates that the THIRMAUD model predicts a non-monotonic relation between the
2steam inertia, pU , and the pressure.

4.2.1.3.3 Results for Westinghouse Ca'ses-For the Westinghouse reference plant
design, the major lower plenum structures are the lower core plate, core support, upper tie plate,
lower tie plate, and secondary core support, as shown in Figure 4-50. If molten material from a
fuel element is assumed to drain through the lower core plate, it is likely that the melt could
accumulate on the horizontal plates (i.e., core support, upper tie plate, lower tie plate, and
secondary core support). The core support has a 0.40-m diameter hole in the center,92 holes
0.24 m in diameter, and 16 holes 0.18 m in diameter. The upper tie plate and the lower tie plate

| both have roughly a ring shape with some irregularly shaped holes. The secondary core support
has a square shape with a square hole 0.57 x 0.57 m. As shown in Figure 4-51, a " straight-shot"
jet relocation is possible if the melt is rek>cated from the central region of the core. For
peripheral rek> cation, the melt can either penetrate one of the 0.24-m diameter holes on the core
support or accumulate on the core support and drain from the adjacent holes. The jet (or jets)
from the core support may not be intercepted by any of the horizontal plates below the core
support for peripheral rek> cation (see Figure 4-50).

Based on the configuration of the horizontal plates in the lower plenum, it is assumed that a
0.1 m diameter jet interacts only with water in the lower plenum for both central rek> cation and
peripheral rek> cation because a " straight-shot" jet can exist in both the central and peripheral
regions. The dimensions of the lower plenum configuration used in this work are listed in
Appendix F.

Based on the calculational results of the B&W cases, jet impingement is predicted to occur
in Cases BW1, BW4, and BW6. Therefore, three corresponding cases (i.e., WI, W4, and W6)

4-91 NUREG/CR-5642
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were carried out for the Westinghouse reference system. In order to evaluate the effects of the
accumulation of the melt and the formation of multiple jets due to a non-straight through
relocation, an additional case, W4a, in which four jets were assumed to form from the core
support was also carried out. The melt release conditions for these cases are listed in Table 4-13.

The results of the Westinghouse cases are shown in Table 4-14. Jet impingement is
predicted for all of the Westi,ghouse cases except for Case W4a in which credit is taken for
accumulation of the melt and formation of the multiple jets with lower superheat and lower jet
velocity. In general, the impinging jets predicted for the Westinghouse cases have larger
diameters than predicted for the B&W cases, in spite of a deeper overall water pool residing in
the Westinghouse lower plenum. This is because the multiple jets formed from various flow
plates in the B&W lower plenum have much smaller initial jet velocities (resulting in relatively
longer travel times for the jet column to shrink and break up). Also, the predicted impinging jet
diameters in the Westinghouse cases are larger than those in the GE cases because of the smaller
water depths in the Westinghouse plant lower plenum. However, for Case GE6, a larger
integrated heat aux is predicted than for Case W6 despite the smaller impingement jet diameter.

.

This is because the larger BWR core mass results in a longer time for melt relocation and
impingement.

4.2.1.3.4 Results of CE Cases-For the CE reference system, the major lower
plenum structure is the core support assembly as shown in Figure 4-52, The core support
assembly is composed of two horizontal plates (i.e., the core support plate and bottom plate of

Table 4-13. hielt release conditions of Westinghouse cases.

W1 W4/W4a W6

Melt composition Ceramic Ceramic Ceramic

Melt superheat, K 250 400 250

5 5 5
Melt mass, kg 1.84 x 10 1.84 x 10 1.84 x 10

(100% of total mass)

| Jet diameter, m 0.1 0.1 0.1

1

Initial jet velocity, m/s 5.9S 5.98 5.98

Relocation path Central Peripheral Peripheral

Water depth, m 3.09 2.53 2.53

System pressure. MPa 15.3 15.3 15.3

(Full system pressure)

Water subcooling, K 0 0 0
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Z mC
;c Table 4-14. Results of TIIIRMAUO calculations for Westinghouse cases. "E,
m nO . E'f) Aspects of heat transfer "
? Extent of' jet breakup if jet impingement occurs on lower head {% $

ktu Maximum Maximum Maximum Maximum -
Ilreakup impingmg jet impinging impinging Duration of heat transfer Maximum Integrated @

Case Jet length No. diameter superheat jet velocity impmgement coefficient heatflux heat flux ga

/ 2 2 2no. impingement (I/D) of jet (m) (K) (nts) (s) (MW/m K) (MW/m ) (MJ/m ) 5

WI Yes - 1 0.G16 220 4.46 425 0.129 28.3 1.2 x 104

W4 Yes - 1 0.072 373 4.58 425 0.128 47.6 2.02 x 104

W4a No 5.6 - - - - - - - -

W6 Yes - 1 0.0 M 227 4.58 425 0.126 28.5 1.2 x 104

k

,

a. Maximum heat flux from impmging jet (MW/m') mtegrated over duration of impingement (s).

| Melt accumulation state Temperature of
on lower head accumulated melt Debris size distribution

!

Count median
, Impinging Molten Solid Impinging Molten Solid particle Number

Case jet droplets particles jet droplets particles diameter standard
; no. (%) (%) (%) (K) (K) (K) (mm) deviation

WI 15.8 1.2 83.0 3080 3078 1200 2.5 1.5

W4 39.7 6.8 53.5 3233 3150 1800 2.4 1.6

W4a 0 0 100 - - - 3.5 2.0

W6 31.4 4.6 64.0 3087 3080 1400 2.5 1.5

_ _ . - _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ - _ .- - . . _ . . , _ - - -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ __ -
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Figure 4-52. Lower plenum structures of reference CE vessel jet impingement calculations.*33

the core support assembly). Beneath the core support assembly of this particular CE plant, the
Maine Yankee plant,is the instrumentation guide tube support plate. Although most operating
CE plants have no lower head penetrations, the Maine Yankee plant was analyzed because of
design information availability. The dimensions of the core lower plenum structures used in this
work are listed in Appendix F. Based on the calculational results of the B&W cases, three
corresponding cases (i.e., CEl, CE4, and CE6) were carried out for the CE reference design.
The melt release conditions for these cases are listed in Table 4-15.

If the melt is assumed to relocate from the bottom cf the core (i.e., from the core support
plate), the bottom plate of the core support assembly and the instrumentation guide tube support
are the only plates where the melt can possibly accumulate. However, because the flow holes on
the bottom plate of the core support assembly are closely spaced and densely packed (e.g.,
25 0.076 diameter holes are located on a 0.49 x 0.49-m area near the center region of the bottom
plate), a much larger fraction of the plate cross section corresponds to openings than in the other
plant configuration. Thus a 0.1-m diameter jet relocating from the bottom of the molten core
region would be expected to penetrate the bottom plate without undergoing significant dispersion
by the plate structures. Therefore, corium emerging from the bottom plate is modeled in a
different manner than in the previous calculations. In particular, the melt is not assumed to
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Table 4-15. Melt release conditions of Combusti.on Engineering cases

CE1 CE4 CE6

Melt composition Ceramic Ceramic Ceramic

Melt superheat, K 250 400 250

5 5 5Melt mass, kg 1.86 x 10 1.86 x 10 1.86 x 10

Jet diameter, m 0.1 0.1 0.1

Initial jet vek) city, m/s 6.50 6.50 6.50
i

Relocation path Central Peripheral Peripheral !

Water depth, m 2.81 2.02 2.02

System pressure, MPa 15.3 15.3 15.3

Water subcooling, K 0 0 0

spread along the upper surface of the bottom plate, but to penetrate directly through those
openings in the path of the jet. Since the 0.076-m hole diameter is less than the 0.1-m jet
diameter, it is assumed that the plate transforms the melt into one 0.076-m diameter jet
surrounded by four smaller jets corresponding to the melt passing through tne four nearest
adjacent holes.

.

The next horizontal plate below the bottom plate is the instrumentation guide tube support
plate. On this plate,82 flow holes 0.254.m in diameter are also closely spaced. Therefore, it is
reasonable and conservative to assume that the multiple jets formed from the bottom plate would
make a " straight-shot" penetration without being significantly impeded on the instrumentation
guide tube support plate.

The THIRMAL/0 calculation results for the CE cases are listed in Table 4-16. Jet
impingement is predicted for all cases. Only the middle jet of Case CE1 impinges on the lower
head, while all five jets of Cases CE4 and CE6 impinge on the peripheral region of the lower
head.

4.2.1.4 Non-dimensional Analysis of Jet Breakup and Jet Impingement. In this
section the important combinations of variables that characterize the behavior of jet breakup and
jet impingement are investigated using dimensionless groups in order to enhance the utility of the
calculational results.

4.2.1.4.1 Jet Breakup Length-A liquid mass moving in a different ambient fluid will
break up into drops. The jet breakup length is the distance the jet can pe.;etrate before complete
fragmentation occurs and can be expressed as

.
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Table 4-16. Results of THIRMAIJO calculations for Combustion Engineering cases.

Extent of jet breakup Aspects of heat transfer if jet impingement occurs on k)wer head

Maximum Maximum

Breakup impmgmg Maximum impmging Maximum impinging Duration of heat transfer Maximum Integrated
8

Case Jet length No. jet diameter superheat jet vek) city impingement coefficient heat flux heat flux
2 2 2

no. impmgement (11D) of jets (m) (K) (m/s) (s) (MW/m K) (MW/m ) (hU/m )

3
CEI Yes - 1 0.059 218 3.72 390 0.107 23.4 9.12x10

4
CE4 Yes - S 0.068 377 3.81 390 0.106 39.8 1.55x10b

3
CE6 Yes - S 0.064 228 3.81 390 0.106 24.4 9.52x10b

2a. Masimum heat flux from impingmg jet (MW/m ) integrated over duration of impmgement (s).

i'

$ b. Impingement ctmditions apply to large centrally located jet in cluster of five jets.

Melt accumulation state on lower head Temperature of accumulated melt Debris size distribution

Impinging Molten Solid Impinging Molten Solid Count median Number @,

Case jet droplets particles jet droplets particles particle diameter standard E
no. (%) (%) (%) (K) (K) (K) (mm) deviation 5'

W

(

f CE1 46.9 4.7 48.4 3078 3026 1867 3.2 2.2

CE4 63.8 20.5 15.7 3237 3118 2855 3.0 2.0 I

CE6 56.5 5.4 38.1 3088 3083 2067 3.2 2.2
,

;P? =
m

o
to
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L-U;t (4-40)

where

L jet breakup length=

U3 jet velocity=

breakup time.r =

The breakup time, t, is approximated by

D, |
r ~ __ (4-41) i

U
|n

|
where

|

D; jet diameter=

Un crosion vek) city on jet surface.=

As discussed in References 4 25 and 4-26, the crosion vek> city is the perpendicular component of
the velocity of the croded material with respect to the jet surface. For a high-temperature melt
surface in a film boiling regime, the crosion vek) city has been shown to be a function of the jet
density;, p jbelow. ~,j et vek> city, U , coolant vapor density, pc,, and coolant vapor vekrity, U , as given3 y

i

in

i Pcg p, (U, - U,),' - o; k (K pc, + p;)-K
p 3 (4-42)U,: _

'

N pc, + p,

where K = (1 + cosh k b )/ sinh k b ; and the most probable wave number, k , isi p y p y g

2pC8 U,2 K1k (4-43).
P 30;

where

o, surface tension of jet material=

o vapor film thickness.=
y

When the void fraction is high enough fen; a dispersed flow regime to occur, the thin vapor
film would not exist and the jet surface would be subjected to a global steam flow in the vicinity
of the jet. The crosion vek> city, as express in Equation (4-42), is obtained simply by setting the
vapor film thickness to a large number under this condition.

Thus, Equation (4-42) becomes
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,ig,

~U k (4-44)Ecg v J p
,

PJ, ,

and

= . (4-45)k '8 '

P 30;

It is interesting to note that Equations (4-44) and (4-45) are the same as obtained by Irvich *4

for the erosion at the boundary between the media with nonzero relative velocity.

Combining Equations (4-40), (4-43), (446), and (4-47), the jet breakup length expressed in
terms of the jet diameter, D , can be approximated by3

1~C J (4-46)
D k D;3 3 p

where

2
Wed = U 3 p; D /o3, the jet Weber number3

C = a constant.

Based on Equation (4-46), the jet breakup lengths predicted by THIRMAIJO in the present
investigation are plotted in Figure 4-53. As shown in Figure 4-53, the predicted breakup lengths

|

| are very roughly correlated by the Weber number. The value of the constant, C, is very roughly
equal to unity.

The correlations of jet breakup length predicted by some of the previous investigators are
also shown in Figure 4-53 for comparison. These previous correlations will also be briefly

445discussed. Taylor predicted that the breakup length of a low-melting-point metal jet (implicitly
assumed to be atomizing) in water obtained using a linear analysis of the Kelvin-Helmholtz
instability should depend on the jet-ambient fluid density ratio,

1-5 $ (4-47)
,

D, s p,

where a denotes the ambient fluid (i.e., water). This relation was later' derived by Ixvich.4* In
general, Equation (4-47) agrees well with experiment data for liquid jets in immiscible liquids
without significant vapor generation.

Another extreme breakup mechanism results from the capillary stresses on the jet column.
The capillary instability of an inviscid liquid thread was first analyzed by Rayleigh and the jet
breakup due to capillarity is often called " Rayleigh breakup." It has been shown * that the dropsd

generated by capillary breakup will have a diameter of 1.89 D (i.e., nearly twice that'of the3

l
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Figure 4-53. Non-dimensional jet breakup lengths calculated in current investigation versus
various simple correlations.

undisturbed jet). According to Weber's analysis,*37 the breakup length of a viscous liquid jet in a
gas atmosphere can be expressed as

L 3We
3~ 13 /We, (4-48)+

D, Re,
i

where

We;= jet Weber number

Re, = jet Reynolds number.

Epstein and Fauske*" analyzed the Kelvin.IIcimboltz instability on two parallel interfaces
of the vapor film between a melt jet and the ambient water. By ignoring the steam vek) city in the
vapor film, they suggested that the jet breakup length is given by

.

r ,< sta
L , /f . Peg PJ; [449)U 2J Pj , , Pcs;,

where the subscript, g, denotes steam in the vapor film.
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Although not compared in Figure 4-53, it should be noted that Epstein and Fauske ~3' also4

suggest that data for water jets in air or water can be correlated using
r ' 1/2

L
_ = 6.25 _P;
D pj ,q

where the subscripts J and I denote the jet and the continuous phase (air or water), respectively.

From experiments with water jets penetrating Freon-11 and liquid nitrogen, Saito et al.,d#
obtained the following correlation for the steady state jet penetration length:

b = (2.1) Fr /2 PJt (4-50)
D, 3 p3

where the Froude number, Fr = Uj/g D , and the subscripts J and I denote jet and continuous3

phase (i.e., liquid), respectively.

Based upon THIRMA.L/0 predictions, many factors can affect the jet breakup length, such
as the initial jet vek> city, melt temperature, water subcooling, system pressure, and vessel
configuration. Equation (4-46) only suggests a qualitative estimate of the jet breakup length. An
accurate estimate can be obtained only when all the factors mentioned above are considered.

4.2.1.4.2 Impinging Heat Flux and Energy Deposition-In order to evaluate the
effects of the coolant and the lower plenum structures on mitigating the thermal loading from the
impinging jets, the extent of reduction of the impinging heat flux and the local energy deposition !

on the impinging zone are expressed in terms of O!Qo and E,/E,o, respectively. O/O,is the i

ratio of the impinging heat flux to that which would be calculated for the initial coherent jet
without any melt / water and melt / structure interactions. E,/E,o is the ratio of the total energy
deposited on the impinging zone by any of the impinging jets to that which would be. deposited by
the initial coherent jet without any melt / water and melt / structure interactions. Therefore, the
ratio E,/E,o would give an estimate of how the local thermal load is reduced by the coolant and
the lower Itnum structures. Specifically. the ratio of the impinging heat flux is defined as !

O h,AT
(4-51)_=

Q, h AT,io

where the subscript o denotes the impingement without the effects of coolant and structures.
The acceleration of a free fall jet is considered in evaluating h when the coolant and structureso
are assumed to be absent in the lower plenum. Similarly, the ratio of the energy deposited by a
single impinging jet to the total energy which would be deposited by the initial jet impinging on
the lower head without the melt-water and melt-structure interactions can be expressed as

, o
E h AT A At _ Q D,

~

i_ (4-52)
E,, h, AT A, At Q, D,n
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j where A and D are the impinging area and impinging jet diameter, respectively, and at is the
duration of the jet impingement.

'

i Table 4-17 lists the predicted values of O/O and E,/E , for those cases with the occurrenceo y

of jet impingement. This prediction is further illustrated in Figure 4-54. In general, the
impinging heat flux is reduced by a factor of two for Cases GE4 and GE6 and by approximately a"

factor of four for cases BW4 and BW6. However, the total energy deposited by any one of the
j impinging jets accounts for only a small fraction (i.e.,3 to 5Fc for Cases BW4 and BW6, and 4 to
j 11% for Cases GE4 and GE6) of the total energy that would be deposited by the initial jet if it

were to impinge on the lower head without the obstacles imposed by ccx)lant and structures. ThisI

also indicates that the formation of multiple jets resulting from various horizontal flow plates in
the B&W vessel has a significant effect in reducing the thermal loading on the lower head. )

iHowever, this effect is less significant for the Westinghouse and CE reference systems because of
; the specific configuration of the flow holes in the horizontal plates incorporated in these two

designs.'

i

Table 4-17. Non-dimensional thermal loading on lower head for cases with prediction of jet
impingement. !

,

Ratio of impinging heat flux Ratio of local energy deposition
Case number (0/O ) (E,/E ,)o u )

GE2 0.56 0.09j

'

GE3 0.53 0.07

; GE4 0.57 0.11

GE6 0.44 0.04

GE10 0.54 0.17
l

GE13 0.53 0.33

BW1 0.22 0.02

BW4 0.28 0.03

BW6 0.25 0.05

W1 0.44 0.15

W4 0.49 0.40

W6 0.47 0.30 |

CE1 0.38 0.20

CE4 0.43 0.33

CE6 0.43 0.24
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Figure 4-54. Non-dimensional impinging energy for deposition cases with impingement.

4.2.1.5 Summary and Conclusions. The following conclusions may be drawn from the
results of the various TlilRMAL/0 calculations of melt / water interactions and the conditions of

| arriving melt in the four reference LWR systems:

1. The occurrence of jet breakup and jet impingement on the lower head are calculated
to be sensitive to many factors. The behavior of jet breakup depends on the conditions
of the melt (i.e., material composition, initial melt temperatures, and initial jet
geometry), water subcooling, water depth, and system pressure.

( 2. The presence of flow plates in the lower plena and the hole configuration within these
flow plates strongly affect jet impingement for PWR plants. For B&W plants, the flow
plates accumulate the melt and form multiple jets, reducing the velocity of the jets and

; the fraction of initial jet energy that can impinge on the vessel lower head. Unlike the
I flow plates in a B&W plant, the flow plates in Westinghouse and CE plants generally

do not accumulate the melt. Rather, " straight shot" jets are more likely to occur in
Westinghouse and CE lower plena, resulting in more significant jet impingement.

3. In the GE reference BWR system, the released melt jet is unimpeded by any horizontal
structural plates. Ilowever, the GE lower head is protected by the water pool, which is

| deeper than the water pool present within PWR lower plena.

In the B&W reference plant, melt collection von and drainage from the various flow
distribution and support plates k>cated inside the lower plenum are calculated to promote
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additiona,1 melt breakup and quenching. However, the effects are strongly dependent upon the
;
'

number of participating plates, the flow hole size, and the relative orientation cf holes in
successive plates. In particular for other LWR reference plants, the presence of nearly concentric;

openings enabling relocation through part of the lower plenum in a straight-shot mar.ncr is
important. The state of the arriving melt is also strongly dependent upon the water depths, which
differ among the PWR reference plants.

In the B&W reference system, melt jet impingement was calculated for' only four of the
thirteen cases calculated. For the assumed peripheral release of the total core mass of oxide
composition with 250 K of initial molten superheat and a 10-cm initial diameter,77% of the melt
is calculated to arrive on the lower head as frozen particles,4% as molten droplets, and 19% in ,

'

the form of four impinging jets 3.6 cm in diameter. Any of the following conditions was found to
climinate the prediction of jet impingement: decreasing the jet diameter from 10 to 5 cm;
decreasing the core pool height and corresponding gravity driving head from a value
representative of 100% of the total core mass to 50%; increasing the water subcooling from zero

,

to 50 K; decreasing the primary system pressure from the nominal operating pressure to j
'

j atmospheric; or increasing the proportion of metal in the melt composition from 0 to 80% or
greater.i

r

For the GE reference system, melt impingement was predicted for less than half of the cases ;

considered. For a case involving a peripheral release of 100% of the core mass as 80 wt% UO -
20 wt% ZrO oxide having initially 250 K of molten superheat and a diameter of to cm,83% of2
the melt would arrive as molten droplets,13% as particles, and only 4% as a 2.3-cm diameter [
impinging jet. Any of the following conditions were calculated to completely eliminate jet
impingement: increasing the water depth from that representative of a release at the core .

iperiphery to one at the core center; decreasing the jet diameter from 10 to 5 cm; decreasing the
core pool height and corresponding gravity driving head from a value representative of 100% of
the core mass to 50% of the mass; increasing the water subcooling from zero to 70 K; or ;

'

increasing the proportion of metal in the released melt from zero to 80% or greater.

For those cases in which jet impingement is calculated, the heat flux on the lower head is
less than that which would be predicted if the jet released from the core were imagined to
unrealistically relocate and impinge as a single coherent jet contracting under gravity without any i
melt / water or melt / structure interactions. The ratio of the heat aux for each individual jet and i

the heat Dux corresponding to the idealized noninteracting jet were compared for two cases m ;
which coherent jet impingement was predicted in all of the four reference plants. For the

.

'
particular impingement heat transfer correlation assumed, this ratio is calculated to vary from 0.44
to 0.57 for Cases GE4 and GE6; 0.25 to 0.28 for Cases BW4 and BW6; 0.47 to 0.49 for Cases W4
and W6; and 0.43 for Cases CE4 and CE6.

Another measure of the impingement thermalloading on the lower head wall is the ratio of !

the energy deposited into the lower head inside the impingement zone of an individual jet to that,

'

from impingement of an idealized noninteracting single coherent jet. This ratio was also
compared for two cases in which coherent jet impingement was predicted in all four reference

i plants: Case 4 and Case 6. The local energy deposition ratio is calculated to vary from 0.04 to
1

0.11 for the GE reference system 0.03 to 0.05 for the B&W reference system; 0.3 to 0.4 for the |
Westinghouse reference system, and 0.24 to 0.33 for the CE reference system. Hence, the
Westinghouse and CE plants are predicted to be subjected to higher thermal loading because of
the potential for " straight-shot" relocation in conjunction with the shallower water depths that
exist in PWR lower plena (compared to BWR lower plena).
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In most cases, a significant portion of the released melt is calculated to collect on the lower
head as frozen particles. In specific instances, the entire melt mass is predicted to accumulate as
a solid debris bed. For example, this is calculated for the GE reference system when a 10-cm
diameter jet of oxide having 250 K of initial molten superheat is released at the center of the core
plate. In the B&W reference system, complete freezing is predicted in six out of the nine cases
invohing complete jet breakup. Less solidification was obtained for the Westinghouse and CE
reference systems. In particular, no more than 48% of the melt collected as particles in the CE
calculations. For the present investigation, predicted median particle sizes range from 1.5 to
4.5 mm median diameter. Because a distribution of sizes is obtained for each case, individual
particles could be smaller or larger than this range. |

|

For all of the cases in which jet breakup is calculated prior to jet impingement upon any
structural plates or the lower head, the predicted jet breakup distance was found to be roughly |
proportional to the square root of the jet Weber number divided by the prtxluct of the jet
diameter and the most probable wave number for Kelvin-Helmholtz disturbances. The resulting
expression shows better agreement with simulant data on the breakup of a jet of one liquid
penetrating into a second volatile liquid than' the expressions of Taylor,*35 Weber,*37 as well as
Epstein and Fauske.** However, a correlation based solely upon this relation still exhibits
significant scatter because effects of variables, such as system pressure or water subcooling, are
not included. Thus, detailed calculations are still required to obtain more precise predictions of
the breakup length.

4.2.2 Localized Creep Rupture

This section focuses on the potential for a k>calized vessel failure to occur. As discussed in
Section 2, no previous analyses of this vessel failure mode were found in the literature. I

Furthermore, this phenomenon was considered too complex to consider using a closed. form
solution technique. Hence, a finite difference model was developed for analyzing this j
phenomenon. The model was applied to several types of thermal conditions having the potential '

to cause a localized vessel failure. Dese thermal conditions are discussed in Section 4.2.2.1. A |

description of the model is provided in Section 4.2.2.2. Additional details about the model i
development are provided in Appendix D, and results from verification calculations performed to !

compare results from this new model and a finite element structural analysis code are provided in
Appendix E. The criteria used to predict failure are described in Section 4.2.23. Model results
for thermal conditions discussed in Section 4.2.2.1 are presented in Section 4.2.2.4, and
conclusions are summariecd in Section 4.2.2.5.

4.2.2.1 Temperature Distributions for Localized Analyses. Calculations consider two
types or sets of thermal conditions. The first set of conditions involve contrived, steady-state
temperature profiles, simulating physical loads and illustrating features of an analytical structural
method developed for examining vessel behavior under severe k> cal loads. He second set of

| loads are time-dependent temperature distributions generated from finite element solutions to the
vessel conduction problem using boundary conditions based on various debris characteristics.

Two different contrived temperature profiles are considered. The first is designated a ''line i

source" profile, and simulates particulate or molten corium in an instrumentation tube. The
presence of such material creates a localized preferential path for heat transfer out of the vessel.
This is most significant in that the line source creates elevated temperatures through the thickness

I of the vessel around the tube. Previous analyses indicated that the consequences of highly
| elevated temperatures on the inside of the vessel are mitigated by the presence of cooler material I
' on the outside; the lower temperature material absorbs the load from weakened material on the
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inside. With elevated temperatures through the thickness, there is no material to provide strength
and stiffness locally, which suggests the possibility of a failure around the tube. Incal failure may
also be precipitated by hot spots at certain discrete k>eations. The relocated core consists of a
mixture of highly dissimilar materials and is not necessarily a homogeneous composition.
Although there would be a pronounced radial temperature gradient underneath such a hot spot,
the magnitude of the temperatures through thickness might again be high enough to weaken the
material to the point where local failure is possible.

Steady-state temperature distributions simulating these kical effects are superimposed on a
background temperature distribution. The background distribution is assumed to vary linearly
between an inner temperature, T , and an outer temperature, Tom, through the thickness of theio
vessel and not to vary along the meridian. The k) cal temperature distributions are characterized
by a peak temperature, AT, and angular spread, Apo, about the bottom of the vessel. 'Ihe
distributions are contrived in that they are not obtained from solutions to a conduction equation
with physical boundary conditions. Instead, they are intended to simulate peak temperature
profiles and illustrate features of the analytical method described in Section 4.2.2.2. The following
functional dependencies of the "line source" and " hot spot" temperature distributions are
expressed in terms of variables & and ( used to describe material points in the vessel:

Line source

T (C,5) = _1 (T (
+ Tom) - _(T , - T ,)3 in i o

*

(4-53)
'AT + (T -Tom) + (T , - T ,) e+

m i o

flot spot

*T;(C.() = _ (T, + Tom) - (T -Tom) + AT e . (4-54)
'

i m

liere, AT and Ago are parameters associated with the peak temperature profile, and T, andi
T are the nominal inner and outer temperatures of a vessel with thickness, t . The variableom y

("' is used to describe the meridian of the lower head parametrically, varying from 0 to 1
between the bottom of the lower head and the junction with the cylindrical pressure vessel. The
length ( measures distance normal to the meridian; ( = t/2 corresponds to the outer / inner
surface of the vessel. Representative temperature distributions are illustrated in Figure 4-55 for
T, = 900 K. T = 700 K, and AT = 200 K for 9, = 0.1,0.2, and 0.3 radians. Resultsi om
illustrate that a range of vessel deformations are possible, depending on the relative creep rates of
the hot spot and the background portions of the vessel.

, i

1

The second set of thermal conditions is based on transient heat conduction through the j

vessel. The pressure vessel is initially assumed to experience a benign temperature profile
representative of operating conditions. The inner surface temperature is assumed uniform and
equal to 600 K. The outer surface temperature is assumed uniform and equal to 550 K. For a
vessel 12.7 cm thick with thermal conductivity 40 W/mK, the heat flux through the vessel is

2approximately 15 kW/m The heat transfer co' efficient to the ambient containment atmosphere
2is 100 W/m K, and the ambient temperature is assumed to be 400 K. Therefore, the initial
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Figure 4-55. Representative peaked temperature distributions superimposed on a background
temperature distribution.
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conduction heat flux through the vessel is equal to the flux removed by convection on the vessers
outer surface.

The characteristic heat fluxes used in Section 4.1.1, which represent three different debris
2 2 2

compositions: q"metanic = 15 kW/m , q'cyn,m,c ,iucy, = 50 kW/m , and q"monc, mi = 200 kW/m ,
were also applied. The metallic heat flux is approximately equal to the steady-state heat flux

associated with the initial temperature distribution. At t = 0, a peak heat flux q"g in excess of
q"me,,n,c is applied to a segment of the lower head, while the balance of the inner surface of the
lower head experiences q"mct,n;c. These boundary conditions are illustrated in Figure 4-56. The
vessel temperature distribution therefore rises from its initial state to an asymptotic distribution |

1

|

l

I $-
>.

| m.

4"p 9 metattic
.

eak

r 2
.

|
'

4
1

'

! %
1

1
.

:

g Shellinner surface, peak heat flux
applied in hot spot region

g Shellinner surface, background heat |

flux applied outside hot spot region
i

i

g Nodes at junction with cylindrical l
pressure vessel; temperature fixed !

at 600 K

g Shell outer surface, heat transfer
coeffcient to ambient air at 400 K

I
:

I
M939 WHT493 30

Figure 4-56. Boundary conditions used to obtain transient temperature distributions.
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determined by q"g. Vessel response as q"g/q" man,c varied between 1 (background) and 10
(approaching q",,m y,i) is investigated for a range of pressures to determine how the vessel
responds to a hot spot generated from a range of physically plausible boundary conditions.

The commercial finite element code PAFEC"1 was used to calculate the time-dependent
temperature distributions in the vessel. Representative properties of the SA533B steel were used

. as inputs to the thermal analysis; a density of 7,800 kg/m , ad heat capacity of 700 J/kgK and a
l thermal conductivity of 40 W/mK were used. Contour plots are shown in Figure 4-57 for
| temperature distributions in the vessel at 1,000 seconds, I hour, and 2 hours into the transient

using the boundary conditions of Figure 4-56 with q"g/q"mame = 10. An clapsed time of
4 hours is required before there is negligible change m the temperature distribution and the vessel
has reached its asymptotic state.

4.2.2.2 Structural Model. Because of the short time and line le::gth scales associated with ,

local failure modes, and the desire to generate failure maps over a range of plausible conditions, it j
lis desirable to select an analytical method that mini nizes the number of degrees-of-freedom

modeled per time step. The algorithm used to study this problem is an extension of Reissner's
theory of shells with finite deformations and inelastic strains, as used, for instance, in the problem
of a corrugated tube at elevated temperature subjected to a constant axial load.u: To cast the
stress resultant form of the equilibrium equations in displacement-based form, the stresses in the
resultants are written in terms of the clastic components of strain are represented through
Ilooke's Law and then the clastic strains are represented as the difference between the total and
the sum of the thermal and inciastic strains, c, = c - c h - E | - Ecr. The displacement-based formt p
results from writing the terms containing the total strains as the product of a linearized stiffness
matrix and a displacement vector, while incorporating the thermal and inelastic components into a
load vector. The through-thickness integration inherent in the resultant-based form leads to
system of equations in which only the degrecs-of-freedom along the midplane of the shcIl are
modeled directly. The parametric representation of the midplane is also easily changed to provide
a more dense distribution of nodes near the hot spot without adding additional degrees-of-
freedom.

A second advantage of the shell theory is that it permits a natural definition of a local
failure mode. Strain measures are written in terms of principal radii of curvature in the meridian,
R,, and hoop, R . directions. An initially hemispherical shell of radius, b, has initial principale

radii of curvature R = R,9 b. As the shell geometry changes under load, R, and R evolve;=
e

a local failure is defined to have occurred when the failure geometry exhibits a change in sign of
R, along the meridian. His is illustrated in Figure 4-58a, and is distinctly different from a failure
geometry in which local thinning occurs around the hot spot, but the shcIl maintains positive R,
along the whole meridian as in Figure 4-58b. The latter is described as a locally assisted global
failure, whereas the former, involving the formation of a bulge or cusp, is defined as a local
failure.

Modifications to the method provided in Reference 4-42 are needed to treat the present
problem. Conventional shell theory treatments incorporate " thin shell" assumptions; a shcIl is
assumed to be thin if the ratios of its thickness to its principal radii of curvature are much less
than one. Although the initial configuration of the lower head may be described as a thin shell,
the configuration late in the transient may contain local regions where tjR, and tjR are note

small. The cusped region in Figure 4-58a is such a region. Terms of the order of t/R, and t/R,
are ordinarily discarded, but have been retained in this analysis. Conventional shell theory
treatments also constrain material away for the shell midplane not to rotate relative to the
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Figure 4-57. Temperature profile in vessel at 1,0(K) seconds, I hour, and 2 hours for
4' peat = 10 x q',ci,n,c.
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Figure 4-57. (continued).
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1

| midplane; this is embodied in the assumption that normals to undeformed middle surfaces remain

| normal to deformed middle surfaces. The shell material tends to resist the formation of a cusp,
' and it does so by sliding or sher ring relative to the normal to the deformed middle surface. Finite

material rotations from the deformed normal, denoted y, are included in the model and permit
the investigation of this behavior.

4.2.2.2.1 Model Forrnufation-Displacement-based horizontal, moment, and vertical
equilibrium equations are written in terms of u/r,,, the hoop strain along the middle surface; p, the
rotation of the meridian; and y, the rotation of material away from the deformed normal:

r 1 11 ' *i r %

4 A 3 + A p" + A p' + A,,p + A y" + A y' + A,y = G (4-55)A f + A; ."
4 3 7 g 3j 3

r,,, r , r,,o,

)u
, ,, , ,,

B p" 4 B p' + B,,p + B y" + B y' + B y = G (4-56)B , r"o,'+B 1 B ." ++
4 3 7 g 9 22 3

R,, r,,,
,
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(b) Locally assisted global or elliptical failure geometry

Figure 4-58. Differences between a localized, cusped failure and a locally assisted global failure.

r 8 1 1 >

" "
j 3 4 3 3 . (4-57)C + C, + C p' + C p + C y + C,y = G

n. o,, ,

Coefficients A through A.,, B, through B, and C through C,, are dependent on the shcIli i
geometry, resulting in a non-linear stiffness :aatrix and necessitating an iterative solution to
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Equatior's (4-55) through (4-57) within a load increment. The coefficients G through G contain
3 3

both geometric terms and inelastic resultants driving the deformation.
;

,

"
These equations are solved subject to the boundary conditions - = p = y = 0 at (

r,,, ,

= 0,1. The conditions at ( = 0 are exact for an axisymmetric shell and are appropriate for hot |
spot profiles imposed on a shell without penetrations. The conditions are approximate for the
line source profiles because the presence of an instrumentation tube does not provide infinite ,

resistance to rotation of the shell. The conditions at E = 1 correspond to a roller boundary !
icondition imposed at the junction of the hemispherical and cylindrical parts of the pressure vessel.

Negligible rotations p and y at ( = 1 are consistent with the lower head's attachment to a much i

stiffer body.

Converting resultant-based equilibrium equations into the displacement-based equations in
Equations (4-55) through (4-57) is discussed in Appendix D; explicit expressions for the
coefficients are given there as well. The salient features of the approach are described here. The l

shell is described by r((), z(E). where E is a parametric variable lying in the interval 0 s ( s 1. i

The shcIl is initially hemispherical, with inner radius b = 2.2 m and uniform thickness t , =
'

m

12.7 cm (dimensions are based on the reference B&W TMI-2 plant in Appendix F). The initial
distribution of nodes on the meridian is described by ,

;

'cdE) (4-58)= gm
b

!
, ,,

~

r (4-59)
z ,(E) = -b 1- _" .
t

3 b,
s

The parameter, m, can be varied to nest nodes near the hot spot; typically,1 s m s 2, with larger
values of m producing a more dense distribution of nodes in the elevated temperatnre region.
Results presented here have been obtained using 100,200, or 300 nodes with a nesting parameter
m of 1,1.5, or 2, depending on the severity of the local temperature distribution. Ten Gauss
points are used to capture the through-thickness behavior. The outermost Gauss point samples
temperatures 97.4Cc of the way through the half-thickness, ensuring that extreme temperatures
are adequately incorporated in simulations with steep radial gradients. An indication of the
modeling detail is shown in Figure 4-59, where solid triangles represent k> cations on the meridian
where degrees-of-freedom are defined, and open triangles normal to the midplane represent
Gauss points used to evaluate through-thickness behavior.

|

l
.

At each iteratis a within a load increment, the displacements and rotations are used toI

update the coordinates through

| r = r,, + u (4-60)
l

9 = 9,, + p (4-61)
!

4.j 13 NUREG/CR-5642

|
-

- - - .



Predicting Lower Head Failure

O

|
!

,

|
* s

| 4
-

.

|
^

-̂
.

l
.

| -

.

,2 e e. i. i. A I. . ' .*
, . . .

$ i i $. ^

a.. . . , .
OA A A A O g A g

ee a ei * g &a 4 4 a a

MS45-WHT493-29

Figure 4-59. Mesh detail associated with parametric representation of shell.

(4-62)z=z +w .o

where the subscript. o, denotes the initial, undeformed surface. Figure 4-60 illustrates the
notation associated with this method. The vertical deflections are calculated from other quantities
through

(a sin 9,, - a sin 9)dg (4-63)w=
n

where a = b = g/(r')2 + (z')2 The angular variable, 9 s related to a through r'/a = cos 9i
dE

The normal strains at the middle surface are given by:

dS -1= _a -1 (4-64)c =_
9n dS,, a,,

u
r =- . (4-65)e= ro
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Figure 4-60. Notation associated with shell theory. |

It is possible to obtain a compatibility equation between these strains that takes the form

ac cos 9 - (r ce )' " " I' * *<, - c s9) (4-66)y o <>m

Within a load increment, the solution proceeds as follows:

1. Displacements and rotations u , p, and y are found by sohing the simultaneous system
To

Equations (4-55) through (4-57). The radial coordinate, r, and meridian angle, 9, are
updated from Equations (4-60) and (4-61).

2. Because c,m is defined as u , the middle surface hoop strain in known; the middlery
surface, meridian strain, c,_, is then found from the compatibility equation,
Equation (4-66).

3. With c , known, a is updated from Equation (4-64) through a = ao (1 + c ,).

4. The vertical displacement is then calculated from Equation (4-63) and the vertical
coordinate updated from Equation (4-62).
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5. Principal radii of curvature are updated:

R - " - "" - "" 1 + E '" 1 + E ""-R (4-67)* f I I / / % f f
9 9a 9 1+09 l + 0 /9o0 0

I+E1 + u/r, err (4 68)
e , sing _

o mg
ssing, cosp + colpo sinp ocosp + cote, sinp ;

:

1

6. The strain normal to the shell surface is evaluated from the clastic and inelastic !

components of the hoop and meridian strain: |
|

e*C,+E,"- (E , s)+E ~(E e}C *
e e j _y c %n m

i

1

dand the thickness is then updated from t,(()/t, = c .

7. If the convergence criterion is not satisfied, the information generated in Steps 2 |
through 6 is used to evaluate new coefficients A through Ay, B through B, C *

i 3 3

through C , and G, through G in Equations (4-55) through (4-57). and the process is 'o 3 ,

repeated.

When convergence is reached, a self-consistent determination of geometry, equilibrium,
and inelastic deformation has been obtained for the current load increment. The (
convergence criteria for each degree-of-freedom is

i

0? - 0,"
s tol

max

>

4where the tolerance is 10 and normalization is with respect to the maximum value of
the degree-of-freedom over the interval. Normalization has been taken with respect to
the maximum value because normalization based on the local value, p,", results in '

unnecessary iterations spent reachirg convergence for degrees-of-freedom two or more i

orders of magnitude smaller than peak values in the field. !

|

8. 11aving reached convergence in the current load increment, equivalent strains are
|

evaluated at every Gauss point. If one of the failure criteria discussed in the next 1

section is not met, creep strains are updated at all Gauss points according to the local
temperature and stress state. A new time increment is selected based on the highest
creep strain rate, and creep strain increments are evaluated and added to the
accumulated creep strain. New values of creep resultants, appearing in G through Gi 3

i on the right hand sides of Equations (4-55) through (4-57) and defined as
f T

N*" = ftA E(C.() e) 1 + .5- d( (4-70)+ uc
2 sr er~'d 1-u R,
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f T

= fv2 E((,() (,+c, e ,) ( 3
_,(_ dc (4-71)M , vc

*cr c p-y: j _ 3: e,

with analogous definitions for N,cr, M er, and Oger, are evaluated. Coefficients A3
j

through Ay, B1 through B,, and C through C are similarly updated. The algorithmi
3 6

returns to Step 1 and begins the iterative procedure for the new increment.
I

| 4.2.2.2.2 Evaluation of Thermal and Inelastic Strains-Although the creep
resultants, defined by Equations (4-70) and (4-71), play the dominant role in advancing the
deformation of the shell, there also exist plastic and thermal resultants, defined in an analogous
fashion to the creep resultants. The thermal strains play an important role in establishing the
stress state distribution in the shell, while the plastic strains keep the shell on the yield locus
during deformation. This section describes how these strain components are obtained and used to
advance the algorithm.

In the contrived, steady-state problems, it is assumed that the nominal dimensions of the
vessel (b = 2.2 m; t = 0.127 m) apply at 300 K, and that the vessel is free of stress at thesem
conditions. The vessel response is first calculated at t = 0 by bzinging the vessel up toy

temperature and pressure proportionally. Thermal strains are calculated at each Gauss point in
Figure 4-59 by integrating a(T) over the appropriate temperature range as specified by either
Equation (4-53) and (4-54). The mean a(T) for medium carbon stecis rises initially from room
temperature, reaches a peak of about 14.5 x 10* K-2 at 900 K, and then decreases smoothly to
about 13 x 10 K-1 at 1200 K (see Appendix F). It is modeled as a piecewise linear fit to the4

data, and is taken as constant above 1200 K. A similar procedure is used in the transient hot spot
problems, but the thermal strain distribution is updated throughout the transient as the
temperature profile evolves.

|

During the simulation, the equivalent stress is compared at each point with the proportional |
limit, also taken from information in Appendix F, and also modeled in a piecewise linear fashion. |

IIf the equivalent stress exceeds the proportional limit, a variation of a radial return algorithm"
is used to bring the stresses back to the yield locus. Equivalent strains and stresses, designated c
and ii, are evaluated using a Mises criterion. The SA533B steel is assumed to experience isotropic
hardening of the form

* ' lin
o c (4-72)=

o (T) ,r (T),p p

where n varies weakly with temperature, but has been assumed constant with n = 6 in this study,
again based on the data appearing in Appendix F. A typical value of the hardening exponent is
n = 10. In this expression, o and c, are the proportional limit and its corresponding strain.g
Once the radial return algorithm produces updated stresses, the clastic strains are calculated, and
the plastic strain is calculated from the difference between total and (thermal + clastic + creep)
strain. The plastic resultants are then updated, and the algorithm proceeds to the next iteration.

The creep strains and their associated resuitants drive the deformation and are evaluated
from data listed in Appendix F. Creep strain rates are cast in the power law form:
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(4-73)2

c , = A(T)5 "fDc

where and 3 are equivalent creep strain rates and stresses. The parameters A(T) and n(T)y,

vary strongly with temperature and are provided in roughly 1(X) K increments between (XX) and
1473 K. Below 9(X) K, the creep strains are evaluated using the relations of Reddy and Ayres."
A ferritic-to-austenitic, transition at 1(XXI K results in especially high creep strain rates at this
temperature, so that e , is not necessarily a monotonically increasing function of temperature at i

c

a given stress level. Above 1473 K, the creep strain rate is assumed to have the same form as
that at 1473 K. At temperatures between those for which data exists, the creep strain rate is
linearly interpolated from the existing data.

Individual creep strain components are calcuhted by assuming that components are
proportional to the corresponding deviatoric stress components, as commonly assumed in
association flow rules:

oc ., oc Ay,c,e, cg c
- (4-74)1 1 t

o, 5(o,+0) o, - 3 (o, +o) d
8 e

i

flere o does not appear in the hydrostatic stress because it is assumed to be negligible comparedg

with membranc stresses o, and o,. Using c(cr = - c wr - c ,er in Equation (4-73) and,

representing each creep strain component in the current time step as the sum of the total creep
strain from the previous time step plus the increment in the current time step,

c "*| = c " + oc , Equation (4174) can be used to obtain a quadratic equation in one of the

compechts.

4.2.2.3 Failure Criteria. As the simulations proceed, the vessel experiences increasingly
large strains and accumulates damage. The question arises as to what kind of failure criterion to
use to halt the simulation and declare that the vessel has failed. Failure criteria can be either
strain-based, stress-based, or some hybrid of the two. Two different kinds of failure criteria are
used in the results that follow.

A strain-based criterion is used for the contrived, steady-state temperature profiles. The
vessel is declared to have failed when the equivalent strain exceeds 20% at every Gauss point at a
particular through-thickness k> cation. For some combinations of elevated temperature and
pressure, failure occurs as the initial temperature profile is established. This occurs because vessel
stiffness falls dramatically for temperatures approaching the vessel melting temperature, and it is
possible to achieve the required 20% through-thickness strains without undergoing creep.

A damage-based failure criterion is used for the transient hot spot calculations. Damage is
defined on the basis of rupture time calculated using a Larson-Miller Parameter (LMP). At a
particular Gauss point, the LMP is defined by the stress state, and the rupture time t,is
calculated from the LMP and temperature. As the transient proceeds in a series of small time
steps, the damage accumulated during the time step is defined as d, = At/t,. The total
accumulated damage from the start of the transient is then
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D={di - (4-75) l
1

|

Failure at an individual Gauss point is defined to have occurred when the damage exceeds umty. !

The load carrying capacity of that Gauss point is then eliminated by shrinking the yield locus to |
zero forcing load redistribution to other, intact Gaus' points. His procedure is referred to as Is

i " ligament clipping." Structural failure is defined to have occurred when all Gauss points have

| been clipped at a particular through-thickness location. Unlike the contrived steady-state !

| problems using a strain-based failure criterion, there are no immediate failures when this criterion '

| is invoked, because time intervals at elevated temperature and stress are required to accumulate I

( damage.
.

4.2.2.4 Resuffs. One of the goals of this research is to understand the influence of
different variables in precipitating kical failure. Because depressurization may play an important
role in accident management strategies,"5 primary system pressure is used as one of the
parametric variables in this study. He size and severity of the peak temperature may also vary,
so a normalized temperature difference or heat flux constitutes a second important variable. In
the ccmtrived steady-state profiles, the peak temperature AT is normalized to the difference
between the steel melting temperature and the background inner surface temperature, AT/(T,-
T;,). In the transient simulations'with physically plausible boundary conditions, the peak heat flux
is normalized to the heat flux associated with metallic debris, q"g/q",comc. With pressure
normalized to the initial system pressure (p, = 15 MPa), p/p, and AT/(T, - T;,) or
q"g/q",comc provide dimensionless mechanical and thermal load variables [or parametric studies.

4.2.2.4.) Contrived, Sfeady-Stafe Profiles--Results are presented for an initially
hemispherical lower head at a uniform background temperature (T, = T = 900 K) with a peaki
temperature distribution characterized by angular spread A9, = 0.2 rad. At a temperature of
9(X) K, the steel creeps under stress, so it is possible to discern a transition in failure geometry as
the severity of the hot spot is increased. Under severe local loads, the failure mode can be
understcxx! in terms of meridional variations in p/E, and creep strain. There is some similarity
between this limit and a punch problem, the latter referring to the perforation of a plate by a
blunt tool. In such a problem, the plate has a uniform initial stiffness, and a sharp variation in ,

applied load along the plate arises from application of the punch. Finite deflections and rotations !
arise near the punch, while deformation far from the application is quite modest. In the present j

i

problem, the pressure is uniform along the shell's meridian, but the k> cal stiffness falls and the
creep strain increases dramatically around the hot spot. At the other extreme, a kical
temperature perturbation prrxluces negligible meridional gradients in stiffness and creep strain,
and the lower head expands nearly uniformly like a balkxm under pressure.

De distributions of degrees-of-freedom and meridional radius of curvature at failure are
shown in Figure 4-61 for two cases: AT = 1(X) K versus AT = 800 K at pi = 2.5 MPa for line I

|
source profiles. These simulations were conducted with m = 2 and 2(K) nodes, so values of
E s 0.5 tend to be nested within or around the hot spot. In comparing plots of degrees-of-
freedom, note the difference in relative magnitude of hoop strain and meridian rotation at failure.
Peak rotations exceed peak hoop strains under the severe hot spot. A second distinction between
the two plots is in the rate of change of quantities with respect to E. Peak strains and rotations
are concentrated much more heavily in the hot spot for the case AT = 800 K. A third significant
difference is in the size of the shear distribution y relative to meridian rotation p. When the
deformed shcIl geometry is elliptical (AT = 100 K), there is relatively little shear. Not that the y
distribution for the case AT = 100 K is amplified by a factor of 100 in Figure 4-61a to permit a
comparison with the other distributions. When the hot region is punched out of the bottom of
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Figure 4-61. Distribution of degrecs-of-freedom, R, at failure: AT = 100 K versus AT = 800 K,
p, = 2.5 MPa, line source profile.

the shell (AT = 800 K), the material resists the motion by sliding against the attempted rotation
of the meridian. Peak material shears for the case AT = 800 K are 10 times the peak values
associated with AT = 100 K. Finally, note from Equation (4-67) that a change in sign in the R
distribution is possible only when p' is large and negative, which is only possible after the peak ,m
the p-distribution has been reached. The plot of R, for the case AT = 800 K illustrates the
characteristic behavior associated with formation of a bulge.

The transition between locally assisted global failure and cusped failure is shown in
Figure 4-62, which illustrates details of deformation around the hot spot as AT is increased from
100 K to 800 K in increments of 100 K. At the lowest peak temperature, AT = 100 K, the creep
strain rate at the bottom of the shell is only slightly higher than that associated with steel outside
the hot spot. The lower head takes on a slightly elliptical shape at failure with very gradual
gradients in thinning at the bottom of the shell. As AT is increased from 200 to 400 K, the

NUREG/CR-5642 4-120

___ - _ _ ___ _ ___ _ _ _



Predicting Lower Head Failure

______ -
~~~~~

______ - -
~~~~~

_____ - - -
-

T,n = 900 K T. = 900 K
Tom = 900 K Tom = 900 K
AT = 100 K AT = 500 K

ATo = 0.2 radA9, = 0.2 rad
p = 2.5 MPa p = 2.5 MPa
t = 74.2 h (failure) t = 2.62 h (failure)

______ - -
~~~~~

____ .. -
- ~~~~~~

--__-
----

Tn = 900 K T = 900 Ki

Tom = 900 K Tom = 900 K
AT = 200 K AT = 600 K
ATo = 0.2 rad Ago = 0.2 rad
p = 2.5 MPa p = 2.5 MPa
1 = 37.1 h (failure) t = 1.40 h (failure)

_ _ _ _ _ _
-

~ ~ ~ ~ ~
______ -

~~~~~

___
- .*/-

__________

l

T. = 900 K Tm = 900 K
Toi,i = 900 K Tom = 900 K
AT = 300 K AT = 700 K
Ago = 0.2 rad Ago = 0.2 rad
p = 2.5 MPa p = 2.5 MPa
t = 20.6 h (failure) t = 0.81 h (failure)

_ _ _ _ _ _ _
~ ~ ~ ~ ~ ~ ~

______ -
~~~~~

W__ _,/*
P-

~

. -P'

T. = 900 K T. = 900 K
Tu = 900 K Tom = 900 K
AT = 400 K . AT = 800 K
A , = 0.2 rad Ago = 0.2 rad7
p = 2.5 MPa p = 2.5 MPa
t = 5.60 h (failure) t = 0.42 h (failure)

Figure 4-62. Transition from elliptical to cusped failure at p, = 2.5 MPa as AT is raised from
100 K to 800 K in 100 K increments.
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bottom of the shell deforms at a much faster rate than the balance of the lower head. The shell
does not sag as dramatically before the bottom fails, so that the axial deflection at failure actually
decreases with increasing temperature over this range of At. The gradient in thinning along the
meridian also becomes more dramatic. Beginning at about 500 K, however, the trend in maximum
axial deflection reverses direction, with the bottom of the shell experiencing increasingly greater
deflections as AT rises from 400 K to 800 K. At the same time, the balance of the shell outside
the hot spot does not have the opportunity to experience large deflections, forcing the formation
of a bulge or cusp.

Repeating these calculations for other combinations of pressure and peak temperature
results in the failure map for line source profiles shown in Figure 4-63. The contour plot is
rough, created from results obtained in coarse increments of 2.5 MPa up to 15 MPa and peak
temperatures in increments of 100 K up to 800 K; the plot is best used to illustrate trends in
time-to-failure and failure geometry. Times to failure are given in hours. The region in the
upper right corner denotes the locus of peak temperatures and system pressures resulting in
failure without creep. The dashed region in the domain indicates the subspace of temperature

!and pressure where cusp formation is observed to occur. There is a slight pressure dependence to
'

the cusped domain, indicating that lower peak temperatures may precipitate local failure at
elevated pressure. Times to failure are monotonically decreasing functions of increasing pressure
and temperature.

The failure map for the contrived hot spot profiles differs from that associated with the line
source profiles. The cusped failure geometry is not observed over as large a subdomain of the
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Figure 4-63. Failure map associated with line source profiles.
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pressure and thermal load variables. Figure 4-64 compares the degrees-of-freedom and R,
distribution at failure for hot spot profiles with AT = 1(X) K and AT = 800 K for p, = 2.5 MPa.
These are to be compared with the corresporiding plots in Figure 4-61. The p-distribution in the
AT = 800 K hot spot profile has a peak value of comparable to the size of that for the line
source profile, but the distribution has a more gradual dependence on E. Even though there is a
region of very large R, in the failure geometry, the radius doesn't change sign anywhere along the
meridian and hence is not designated a kical failure. The large radial temperature gradient
underneath the hot spot also results in greater retention of stiffness and lower creep strain for the
same AT, so that times to failure are considerably longer for the hot spot profiles than for the line
source profiles. The case shown on the right in Figure 4-64 failed in 20 hours; that on the right

I
of Figure 4-61 reached failure in less than one hour.
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Figure 4-65 illustrates a dimensionless failure map of times to failure for the hot spot
profiles to be compared with Figure 4-63 for the line source profiles. The first significant
difference is the absence of a region under the most severe conditions that results in immediate
failure without creep. This absence can be attributed to the retention of stiffness under the
largest peak temperatures because of the radial gradient beneath the hot spot. Cusped failure
geometries now appear under the most severe combinations of pressure and peak temperature,
and times to failure are both longer and less sensitive to pi and AT than in the line source case, as
evidenced by the wider spacing between contours in Figure 4-65. Implications of Figures 4-64 and
4-65 are that vessel failure can be significantly delayed and perhaps prevented by lowering system
pressure and keeping the outer surface of the vessel cool.

4.2.2.4.2 Transient Hot Spot Profiles-Results are presented here for lower head
subjected to the sudden application of a peak heat flux characterized by q"g/q', cia,c = 2,4.6,
8, or 10 at pressures of 5,10, and 15 MPa. The angular range of the peak heat flux corresponds
to A,,., - 0.2 rad. Table 4-18 lists the times to failure observed using the damage-based failure
criterion described in Section 4.2.3. Figure 4-66 shows a typical plot of damage distribution and
Figure 4-67 shows representative vessel deformation and damage distribution at failure.

Raising the heat flux suddenly results in a rapid increase in temperature, but does not
produce a thermal shock and a resulting temperature spike hundreds of degrees C above the

2initial temperature when the applied heat flux is less than 150 kW/m . Given the density, heat
2capacity, and thermal conductivity of the SA533B, sudden heat fluxes of several thousand kW/m

are needed to produce a dramatic thermal shock. For this reason, damage does not become
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Figure 4-65. Failure map associated with hot spot profiles.
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Table 4-18. Times to failure for transient hot spot simulations.
|

Time to failure
(hours)

|

!9 peak 9 metalhe

,

p,/pm 1 2 4 6 8 10

1

1.00 no failure no failure > 10000 16.8 5.4 2.2

0.67 no failure no failure > 10000 46.7 12.1 3.6

0.33 no failure no failure >10000 345.0 59.3 9.2

significant until the thermal front propagates all the way through the vessel, which takes 20 to
30 minutes. The damage plotted in Figure 4-66 is a simple, unweighted average of all the

|
j individual damage values at Gauss points throughout the vessel. The damage does not become

important until this propagation time is reached. As the vessel creeps under load, the stress states'

in the most severely loaded regions are relieved, and the damage drops. As the hot spot is

|
punched out of the vessel, however, the severity of the damage again increases, and is rising
dramatically at the point of vessel failure.

1

| Figure 4-67 illustrates the evolution of vessel deformation and damage distribution for the
| case q"g/q"meume = 6 and p, = 10 MPa. Each "x" indicates a point which has exceeded 100% ,

I damage. The figure indicates that the hot spot'is being sheared off from the remainder of the j

sessel. The failure geometry is cusped or local. In this series of simulations, all failure geometnes i

are local. This distribution occurs because of the relatively stiff nature of the vessel outside the I

hot spot region. The contour plots in Figure 4-57 show that the peak temperature drops rapidly
away from the hot spot back to the benign levels representative of operating conditions.
Achieving the elliptical failure geometries would require substantially higher background heat
fluxes.

Finally, Table 4-18 shows the sensitivity of failure times to pressure and peak heat flux.
Unlike the contrived cases, there are no immediate failures, because failure is based on damage
and requires the vessel to exist at elevated temperature and stress for finite time intervals. As
before, failure times are strong functions of both the pressure and thermal loading.

4.2.2.5 Conclusions. This section has described a method for examining local failures and
presented results for two different types of thermal loads. The first loads were contrived, steady-
state temperature profiles intended to demonstrate the range of behaviors possible under local
hot spots. This section has demonstrated that a local hot spot does not always produce a bulge or
cusp as it fails. The failure geometry depends on the creep rate of the balance of the shell
relative to the hot spot. If the magnitude of the peak temperature is small, the failure geometry
is elliptical, and the hot spot assists or accelerates failure that looks like global failure. If the
magnitude of the peak temperature is large, the peak temperature is punched out of a
comparatively stiff vessel, and the failure geometry is cusped.
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A second set of problems was examined based on transient thermal loads from applied heat
fluxes associated with different debris characteristics. All failure geometries in these problems
were local because the background heat flux was benign and the balance of the vessel remained
cool. As with the contrived problems, times to failure were very strong functions of applied
pressure and peak heat flux.

4.3 Summary

Models with closed form or simplified numerical solutions were applied to predict
phenomena pertaining to vessel lower head and penetration failure. All of the failure
mechanisms identified in Section 1 have been considered. Analytical models for performing
thermal analyses, which provide boundary conditions for failure analyses, are also described in this
section. Results from these analyses provide insight into which failure mechanisms are possible
during different accident scenarios and in different reactor designs. Major points learned from
these analyses are summarized below.

l

Event Timing. Simple energy balances were performed to predict the time for core.

relocation, assuming an adiabatic heatup with coolant below the bottom of;the core;
and the time for coolant boiloff, assuming an isothermal and isobaric process.

Relocation times for corium (fuel and core structures) varied from ~0.6 to 3.0 hours,
depending on assumed corium composition and reactor design. Coolant boiloff times
varied from ~1 to 6 hours, depending on assumed RCS pressure and reactor design.
In general, longer relocation times and coolant boiloff times are predicted for BWR
designs because of their larger initial coolant inventory, higher ratio of corium
structural mass to initial power level, and lower operating temperature and pressure.

Vessel Thermal Re3ponse Time. The one-dimensional form of the transient heat.

conduction equation was applied to predict vessel thermal response times. Resulting
equations were written in terms of dimensionless groups that could be plotted as single
curves.

Although thermal response times are dependent upon parameters, such as debris to
vessel heat flux, vessel thickness, and debris thermal properties, results were obtained
for a B&W PWR and a GE BWR, assuming a range of severe accident condition
parameters. Results indicated that BWR vessel response time is nearly twice as long as
PWR response time because the BWR vessel is thicker.

In-ressel Tube Thennal Re3ponse Time. An order-of-magnitude estimate for in-vessel.

tube heatup times was obtained by applying expressions for thermal relaxation times to
debris in contact with the outer surface of penetrations. The time required for the
thermal front from the hot debris to penetrate any lower head penetrations is estimated
to be less than ~20 seconds. Tube melting times for thinner tubes, such as GE
instrument tubes, are estimated as ~3 minutes. Thicker tubes, such as the thick section
of a B&W instrument guide tube, a GE control rod guide tube, or a Westinghouse
guide tube, are predicted to have longer thermal response times (as much as
~25 minutes for tube melting).

let Impingement. The maximum amount of heat that can be transfen ed to the lower.

head from a coherent jet of debris was estimated by using the TH!hMAIJO code. A
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' wide range of debris and vessel system conditions were considered for each of the four
reference U.S. LWR vessel designs.

In PWR designs, the presence of flow plates in the lower plena and the hole
configuration within these flow plates strongly affect jet impi6gement. For B&W
plants, the flow plates accumulate the melt and form multiple jets, reducing the jet
velocity and the fraction of initial jet energy that can impinge on the vessel lower head.
Unlike the flow plates in a B&W plant, flow plates in Westinghouse and CE plants do
not generally accumulate melt, allowing " straight shot" jets to occur in any horizontal
structural plates. The GE BWR lower head is protected by a water pool, which is
deeper than the water pool present within PWR lower plena.

In-vessel Tube Melting. An order-of-magnitude estimate of the debris thermal.

requirements to induce tube melting was obtained by applying a heat balance to a
penetration tube in contact with corium debris. Results indicate that the ratio of the ,

tube-to-debris mass ratio in the lower head governs the potential for in-vessel tube
melting to occur. Because BWR vessels have a larger number of penetrations, higher
temperature debris is needed to cause in-vessel tube melting. For example, in cases
where no c(x>lant is present in the reactor vessel lower head, ceramic debris
temperatures greater than 1700 K are required to induce tube melting in a PWR,
where only instrumentation tubes penetrate the lower head; whereas ceramic debris
temperatures in excess of 2000 K are required to induce tube melting in a BWR lower
head.

Melt Velocity Through Failed Tubes. Order-of-magnitude estimates for the velocity of.

viscous melt through failed tubes wtre obtained by applying the energy equation for
steady, adiabatic flow. The magnitude of the melt's velocity is dependent upon the
differential pressure across the melt, melt composition, tube effective diameter for melt
flow, and in-vessel tube length.

Results indicate that the differential pressure across the melt has the most influence on
melt velocity predictions. For cases in which only gravity forces act on melt in a
penetration tube, melt velocities between 1 and 3 m/s are predicted, with higher
velocity melts being predicted for a BWR drain line penetration tube because of its
larger effective diameter available for melt flow. For cases where a pressure gradient
exists between the inside and outside of the vessel, such as in the air-filled channel at
atmospheric pressure within a BWR instrument tube, velocities of nearly 45 m/s are
predicted to occur.

Melt Penetration Distance. Two models were used to predict melt penetration distance:.

a modified bulk freezing model, which assumes that melt flow is sufficiently turbulent to
preclude crust formation so that convection heat transfer dominates; and a conduction
model, which assumes crust formation occurs along the tube outer wall so that
conduction heat transfer dominates. Penetration distances predicted with the
conduction model were longer than those predicted with the modified bulk freezing
model. For cases where melt velocities are affected only by gravity, the conduction
model predicts that melt will travel below the lower head for all LWR, lower head
penetrations; whereas the modified bulk freezing model predicts that melt will not
travel below the lower head unless the tube has a fairly large effective diameter for
melt flow and/or the tube has been ablated within the vessel at the point near the
vessel inner surface. However, both models predict that melt will travel below the
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lower head for the GE drain line penetration, which has a fairly large effective
diameter for melt flow and no in-vessel structures. Furthermore, both m(xlels may
predict that melt travels below the lower head through other penetrations if the tubes
are ablated near the vessel and/or if the melt is driven by a large pressure gradient,
such as the pressure difference between RCS operating pressure and the inner channel
within instrument tubes.

Er-vessel Tube Failure at Low Pressure. For depresssurized conditions, thermal.

equilibrium calculations were used to provide lower bounds for conditions, such as
debris relocation temperatures and debris heat flux, necessary to induce ex-vessel tube
failure. Results indicate that tube geometry and material are important parameters in
predicting tube failure. For example, thin-walled penetrations with larger effective
diameters for melt flow are more susceptible to failure after melt penetrates below the
lower head. Iligher debris temperatures are required to induce tube failure if the
debris is metallic rather than ceramic. Although additional data are needed to quantify ;

ultimate strength behavior of the SA105/106 material used in BWR drain lines, longer
term steady-state temperature estimates indicate that this lower head penetration is
more susceptible to ex-vessel tube cupture than other LWR penetrations. Results ,

indicate that heat Huxes characteristic of primarily ceramic debris (i.e., in excess of
20.05 MW/m ) are needed to induce failure in a BWR drain line tube, which is

composed of SA105/SA106 steel and has a relatively large cross-sectional area for melt i

2flow. Heat Huxes characteristic of molten ceramic debris (i.e., as high as 0.2 MW/m )
,

were not predicted to fail any of the other LWR penetrations. '

Tube Failure and Global Vessel Failure at High Pmssure. For higher pressures (between.

~0.1 and 16 MPa), analytical models with closed-form solutions were applied to
compare the potential for tube ejection, tube rupture, and global vessel rupture.

;

Failure maps were generated that indicate relative pressure bearing capacities of vessel |
heads and their penetration based on ultimate strength. Failure maps considered three
types of debris beds: a primarily metallic debris, a primarily ceramic slurry, and
primarily ceramic molten pool. Failure curves for tube ejection and tube rupture were
found to form at the same k) cation, in the vicinity of the tube material's melting
temperature. For the case of a molten ceramic pool in a BWR vessel, model results
indicate that tube failures will occur at lower temperatures than vessel failures for any
system pressure. Except for the BWR case with a molten ceramic pool, model results
indicate that global rupture is the controlling failure mode in BWRs or PWRs with
system pressure above approximately 2 MPa. Although model results indicate that
penetration tube failures control below 2 MPa, uncertainties in penetration material
ultimate strength data at high temperatures do not allow a clear distinction of the
controlling failure mode in this pressure range.

Localized Vessel Failure. A new model, based on Reissner's theory of'she!!s with finite.

deformation, was applied to the problem of k) cal creep rupture on a corium-loaded
lower head. This new model was applied to determine how kical debris heat sources

,

impact vessel failure times and what conditions are necessary for the formation and
failure of a k> cal bulge or cusp to occur. Two types of thermal loads were investigated.

'

The first loads were contrived, steady-state temperature profiles intended to
demonstrate the range of behaviors possible under kical hot spots. It was found that a
local hot spot does not always prixluce a bulge or cusp as it fails. The failure geometry
depends on the creep rate of the balance of the shell relative to the hot spot. If the
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magnitude of the peak temperature is small, the failure geometry is ellipticht, and the |
hot spot assists or accelerates a failure that k>oks like global vessel failure. If the
magnitude of the peak temperature is large, the hot spot is punched out of a
comparatively stiff vessel, and the failure geometry is cusped.

A second set of problems was examined based on transient thermal loads for applied
heat fluxes associated with different debris characteristics. All failure geometries in
these problems were local because it was assumed that the background heat flux was
benign and that the balance of the vessel remained cool. As with the contrived
problems, times to failure were very strong functions of applied pressure and peak heat
flux.

The thermal and failure analyses documented in this section were performed using analytical
or simplified numerical techniques to look at a particular phenomenon. Results are generally
presented as failure maps that have been developed in terms of dimensionless groups so that they
can be applied to a broad range of reactor designs and severe accident conditions. More detailed
calculations, such as the ones documented in Section 5, are needed to verify the simplifying
assumptions made in developing these failure maps. liowever, once the governing relationships
used to develop these maps are confirmed, these maps are useful for considering a broad range of
reactor designs and severe accident conditions.

4.4 References ,

4-1. N. Todreas and M. Kazimi, Nuclear Systems in Thermal Hydraulic Fundamentals, New
York: liemisphere Publishing,1990.

4-2. J. R. Larson, System Analysis Handbook, NUREG/CR-4041 EGG'-2354,1984. )
!

4-3. D. Brownson. Extension of Surry Late Depressurization Strategy Results to Cownercially
Operating Pressurized Water Reactors, EGO-EAST-9717. EG&G Idaho, Inc., October
1991.

4-4. V. S. Arpaci, Conduction Heat Transfer, Reading, MA: Addison. Wesley Publishing
Company,1966.

I

4-5. F. B. liildebrand, Advanced Calculus for Applications, Englewood Cliffs, NJ: Prentice-
liall, Inc.,1976.

4-6. J. E. O'Brien and G. L liawkes " Thermal Analysis of a Reactor lower 11ead with Core
Rek> cation and External Boiling 11 cat Transfer," Transactionsfrom the 27th
ANSIASMEIAIChE National Heat Transfer Conference, AIChE Symposium Series, 87,
1991,p.159.

4-7. II. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids, lendon: Oxford University
Press,1959, p. 288.

M. Epstein,"licat Conduction in the UO Cladding Composite Body with Simultaneous4-8. 7
Solidification and Melting" Nuclear Science and Engineering, 51,1973,pp.84-87.

4-131 NUREG/CR-5642



Predicting Lower Head Failure

4-9. L F. Moody, Transactions of the American Society of Afechanical Engineers, 66,1944,
p.671.

4-10. Kays, W. M., Conrective Heat and Afars Transfer,2nd edition, New York: McGraw-Hill,
I(X>4.

4-11. R. W. Ostensen and J. F. Jackson, Erlended Fuel Afotion Study, ANI RDP-18, Argonne
National Laboratory, July 1973.

4-12. R. W. Ostensen et al., " Fuel Flow and Freezing in the Upper Subassembly Structure
Following an LMFBR Disassembly,* Transactions of the American Nuclear Society,18,
1974, p. 214.

4-13. M. Epstein et al., * Transient Freezing of Flowing Ceramic Fuel in a Steel Channel,"
Nuclear Science and Engineering, 61,1976,pp.310-323.

4-14. M. Epstein et al., " Analytical and Experimental Studies of Transient Fuel Freezing,"
Proceedings of the Intemational Afecting on Fast Reactor Safety and Related Physics,
Volume IV, USERDA Conference No. 761001, Chicago, IL, October 1976, pp.1788-1798.

4-15. S. Glasstone and A. Sesonske Nuclear Reactor Engineering, New Tork: Van Nostrand
Reinhold Company,1%7.

1

4 16. M. El-Genk and A. W. Cronenberg, "An Assessment of Fuel Freezing and Drainage
Phenomena in a Reactor Shield Plug Following a Core Disruptive Accident," Nuclear
Engineering and Design, 47,1978,pp.195-225.

4-17. ASAfE Boiler and Pressure Vessel Code, Section 111, American Society of Mechanical
Engineers,1989.

4-18. W. C. Young, Roark's Formulasfor Stress and Strain,6th Edition, New York: McGraw-
Hill,1989.

4-19. R. D. Cook and W. C. Young, Advanced Afechanics of Afaterials, New York: Macmillan,
1985.

4-20. T. Baumeister et al., Afarks' Standard Handbook for Afechanical Engineers,8th Edition,
New York: McGraw-Hill,1978.

4-21. R. S. Chambers, A Finite Element Analysis of a Pressurized Containment Vessel During
Core Afelt Down SAND 87-2183, Sandia National Laboratory,1987.

4-22. L E. Anderson et al., Effects of a Hypothetical Core Aielt Accident on a PWR Vessel whh
Top-EntryInstmments. IDCOR Program Technical Report 15.2A, Electric Power
Research Institute, June 1983.

4-23. G. V. Smith, Evaluations of the Elevated Temperature Tensile and Creep-mpture Properties,

| of C-Afo, Afo-Afo and Afn-Afo-Ni Steels, Metal Properties Council, American Society for
Testing and Materials, ASTM Data Series Publication DS47,1971.

.

NUREG/CR-5642 4 132

|
__ _ _ _ - _ _ _ ._ . _ _ _ _ _ _ - - _ - _ - - _ - - --



Predicting Lower Head Failure

4-24. S. K. Wang, J. J. Sienicki and B. W. Spencer, " Assessment of the Integrity of TMI-2
Lower Head During Core Relocation," Fifth Proceedings of Thermal Hydraulics,1989
ANS Winter Afeeting. San Francisco, CA,1989, p. 36.

| 4-25. S. K. Wang, C. A. Blomquist and B. W. Spencer, "Modeling of Thermal and
| Hydrodynamic Aspects of Molten Jet / Water Interactions," ANS Proceedings of1989

ANSIASbfEIAIChE National Heat Transfer Conference, August 6-9, Philadelphia, PA, i

1989.p.225. )i

|

| 4-26. S. K. Wang, C. A. Blomquist and B. W. Spencer, " Interfacial Instability Leading to
Bubble Departure and S,urface Erosion During Molten Jet / Water Interaction," ANS
Proceedings of the 1989 ANSIAShiEIAIChE National Heat Transfer Conference,
August 6-9, Philadelphia, PA,1989, p. 31.

4-27. S. A. Hodge, "BWR Reactor Vessel Bottom Head Failure Modes,'" Proceedings on Fission
Product Transport Processes in Reactor Accidents, Dubrovnik, Yugoslavia, Afay 22-26,
1989. CONF-890546-3, December 1989.

1
4-28. K. Sato, A. Furutani, M. Saito and M. Isozaki. " Melting Attack of Solid Plates by a High '

Temperature Liquid Jet [Ilj-Erosion Behavior by a Molten Metal Jet," 27th
ANSIAShfEIA1ChE National Heat Transfer Conference, Afinneapolis, AfN, July 28-31,
1991.

4-29. R. D. Blevins, Applied Fluid Dynamics Handbook, New York: Van Nostrand Reinhold
Co.,1984, p. 208.

4-30. S. K. Wang and J. J. Sienicki, THHUfAL Caiculations of Lower Plenum hielt/ Water
Interactions and Conditions of hielt Arrival on the Lower Head in U.S. LWR Designs,
ANLjREILWR 91-4, Argonne National Laboratory, July 1991.

4-31. D. Magellon, R. Zeyen, and H. Hohmann, " Pouring of 100 kg-Scale Molten UO Out-of-2
Pile Interactions with LMFBR Structures: Plate Erosion and Fuel Freezing in
Channels," Intemational Conference on Fast Reactor Core and Fuel Stmctural Behaviour,
Invemess, Scotland, June 4-6,1990.

: 4-32. J. A. Pessanha and M. Z. Podowski, " Ablation of Solid Walls Subjected to Impinging
'

Inelined Jets," ANS Proceedings of the 1989 ANSIAShfEIAIChE National Heat Transfer
Conference, Philadelphia, PA, August 1989.

4-33. G. Jaross, J. Maneke, and T. Stoodt, A Study on the Configuration and Safety Features of
U.S. Nuc/ car Power Plants ANLILWR/SAF 82-2, Argonne National Laboratory, July
1982.

4-34. V. C. Levich, Physiochemical Hydrodynamics, Englewood Cliffs, NJ: Prentice-Hall, Inc.,
1962.

4-35. G. I. Taylor. "The Dispersion of Jets of Metals at Low Melting Point in Water," The
3cientific Papers of G.1. Taylor, Vol. 3, G. K. Batchlor (ed.), Reading, MA: 1942.

4-133 NUREG/CR-5642



r

<

Predicting Lower Head Failure

4-36. R. S. Brodkey. The Phenomena of Fluid Afotions, Reading, MA: Addison-Wesley
,

Publishing Co.1967.

4-37. C. Weber, "On the Breakdown of a Fluid Jet," Zeitschrift fur ange wanate Afathematik
and Afechanik 11,1931, p.136.

4-38. M. Epstein and H. K. Fauske, The TAf1-2 Core Relocation Heat Transfer and Afechanism,
EGG-TMI-7956, EG&G Idaho, Inc., July 1987.

4-39. M. Epstein and H. K. Fauske, "The Three Mile Island Unit 2 Cor'e Relocation-Heat
Transfer and Mechanism," Nuc/ car Technolog, 87,1989,p.1021.

4-40. M. Saito et al.," Melting Attack of Solid Plates by a High Temperature Liquid Jet-Effect
of Crust Formation." Nuclear Engineering and Design, 121,1990,p.11. j

i

4-41. PAFEC, Version 6.1, Nottingham, England: PAFEC Ltd.,1984.

4-42. S. Lin, T. Lin, and B. Mazelsky, "Large Deflection of Axisymmetric Shell with Creep
Strain," ASCE Journal of Engineering Afechanics, 100,1974, pp. 79-94.

4-43. R. D. Krieg and D. B. Krieg, " Accuracies of Numerical Solution Methods for the Elastic-
Perfcctly Plastic Model," ASAfE Joumal of Pressure Vessel Technolog, 99,1977,
pp.510-514. ,

4-44. G. G. Reddy, and D. J. Ayres. High-Temperature Elastic-Plastic and Creep Propenies for
SA 533 Grade B Class 1 and SA 50S Afarerials, EPRI NP-2763, Electric Power Research
Institute,1982.

4-45. D. J. Hanson et al., Depresswtation as an Accident Afanagement Strategy to Afinimize the
Consequences of Direct Containment Heating, NUREGICR-5447, EGG-2574,1990.

1

NUREG/CR-5642 4 134

_ _ _ _ _ _ _ ._ .



.- .- . - _.

5. FINITE-ELEMENT ANALYSES OF PENETRATION AND
VESSEL THERMAL AND STRUCTURAL RESPONSE4

As discussed in Section 1.3, a final aspect of this research program is to apply more detailed
numerical methods to gain insight into the importance of two-dimensional effects and into special
geometries where analytical techniques may be insufficient. This section documents the results
from a study that assessed the two-dimensional thermal and structural response of a BWR
penetration and vessel. Numerical results from this study are compared with results obtained i

using the simpler models documented in Section 4. Then, failure maps are used to consider the
response of penetrations in other LWR geometries.

As discussed in Section 2.3, finite-element analyses of a lower head vessel subjected to
accident conditions have been performed previously. This study differs from previous studies in ;

that it evaluates an accident scenario where creep plays a dominant role in the vessel behavior.
sa.52Several of the previous studies either did not include creep or did not include thermal or

pressure conditions where creep would dominate the behavior. In the case of the EPRI study .35

the vessel was heated rapidly and subjected to relatively high pressures, so that creep and ultimate
sa lso had a short creepstrength failures should have been very closely timed; the GRS analysis a

i failure time (less than 1 hour indicating that the material was probably close to its ultimate
strength. He ORNL study'),used very low pressures, so that creep failure and melt should have

54been closely timed. The previous INEL study on the TMI-2 accident used a constant average
through-wall temperature and a constant pressure to predict creep failure. Predicted creep failure
times were very short (less than 10 minutes) or very long (100 hours), indicating that ultimate
strength or melt failures are eminent. A key contribution of the structural finite-element analysis
performed here is the use of full thermal-hydraulic analysis of accident scenarios in a
two-dimensional clastic-plastic-creep structural analysis where creep behavior plays an important
role.

5.1 Introduction j

5.1.1 Problem Description ;

Detailed calculations described in this section center on a BWR vessel and its drain line
penetration. A schematic of the BWR/4 vessel and drain line is shown in Figure .5-1. Dimensions
for the analysis, which are primarily based on Peach Bottom plant drawings," are summarized in
Appendix F. The vessel is composed of SA533, Grade B, Class I steel.sa The lower head is
somewhat thicker than the sidewalls so that it can be penetrated by 185 control rod guide tubes,
55 instrument tubes, and the drain line tube. A support skirt, composed of SA302 Grade B steel,
is attached to the lower head. Surrounding the lower head and support shirt is reDective
insulation, which is composed of layered stainless steel.

!

Analyses in the first part of this section focus on the drain line because initial studies
indicate that this penetration will fail earlier than other locations in BWR vessels. The drain line
penetration is located in the bottom of the reactor vessel.15.24 cm (6 in.) off the centerline. It
directs Dow to the reactor water cleanup system to aid in the removal of suspended solids, to

a. Most dimensions were obtained from plant drawings for the Peach Bottom Unit 2, Peach Bottom
Unit 3, and Dresden Unit 3 reactors. The drawings were provided by the Philadelphia Electric Company,
Diamond Power Specialty Corporation, and Impell Corporation.

'
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i

provide a temperature measurement of water in the bottom head area, and to minimize cold
water stratification in the bottom head area.5 8 The portion of the drain line analyzed in this
study consists of a SA105 Class Il carbon steel nozzle and SA106 Grade B mating pipe. .A
schematic of the drain line penetration is shown in Figure 5-1.5* The pipe extends 0.61 m (2 ft)
vertically below the vessel before connecting to an elbow joint.

Preliminary study indicated that drain line penetration failure will occur earlier than other
locations in a BWR for the following reasons:

System pressures considered in this analysis produce very low (below 60 MPa,.

8,700 psi) primary stresses in the vessel and drain line. Therefore, failure is likely to
occur from the reduction in urength at elevated temperatures.

Drain line thickness (0.7 cm) is much less than the vessel lower head thickness*

I (20.0 cm). Thus,if debris relocates onto the lower head and into the drain line, the
drain line may be susceptible to reaching failure temperatures more rapidly than the

'

vessel.

Once high temperatures are reached, drain line material is more susceptible to high-.

temperature failure than the vessel or other BWR penetration material. The drain
pipe material, SA106 Grade B,is not recommended for use above 811 K.5.to The
ultimate strength of SA106 is 238 MPa at 811 K;5.n whereas, the ultimate strength of
the vessel material, SA533B, is over 350 MPa at the same temperature (see
Appendix F).

Although BWR instrument tube walls are thinner than the drain line, the drain line has.

a larger effective diameter for melt flow. Furthermore, the drain nozzle is directly
open to corium melt (thus, no in-vessel structure melting is required for melt
penetration).

Results from closed-form solution models in Section 4.1.3 indicate that if several types of
debris enter a penetration at pressures below approximately 2 MPa, failure will occur by tube,

'

ejection or tube rupture before the vessel ruptures. Two assumptions are inherent in analytical
| model predictions that the penetration will fail first at lower pressures: . (a) debris must enter the
| penetration and (b) failure must be governed by instantaneous plastic deformation from pressure
| loads (thermal stresses and creep are negligible). For higher pressure cases and in the event that

debris does not enter a penetration, it becomes important to assess the vessel structural response
with thermal stresses and creep included. Analyses in the latter portion of this section assess
time-depedent clastic-plastic-creep response of the vessel lower head to severe accident

j temperatute histories for a ,nge of constant system pressures.

| 5.1.2 Objectives

Detailed calculations described in this section were performed to accomplish the following
objectives:

Assess the relative timing of BWR vessel and penetration failure for a wide range of.

accident conditions

Estimate the fraction of corium that is molten at the time of vessel failure.
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Interface a commercially available two-dimensional, finite-element structural code with.

the thermal-hydraulic code, SCDAP/RELAP5, to perform the detailed structural
analysis

Investigate the roles of thermal stresses and creep (neglected in the simplified.

Section 4.1.4 analysis) in vessel failure

Confirm simpler analytical model predictions with' numerical model results..

.

Although these objectives inquire more detailed numerical techniques thr.n discussed in Section 4, |

results from a limited number of numerical calculations can be used in conjunction with Section 4 I

analytical resuhs to obtain general conclusions related to the nature of lower head failure.
|

5.1.3 Approach |
'

This section describes the investigation of the thermal and structural response of a BWR
vessel and drain line penetration. The impact of debris composition, porosity, vessel coolant
pressure, heat removal conditions, and debris-to. vessel and debris-to-drain line thermal contact is
assessed using the SCDAPiRELAP5 code.5-i2 In addition, results are applied to other LWR
geometries using failure maps, based on the methodology described in Section 4. The roles of

ABAQUS code.5' plasticity, and creep in these accident scenarios are investigated using the
thermal stresses,

23

Models used in this analysis are described in Section 5.2. Results from the thermal and
structural analyses are presented in Sections 53 and 5.4. Section 5.5 summarizes major results
and conclusions from these calculations.

5.2 Methodology

5.2.1 SCDAP/RELAP5 Thermal Analysis Model

A two-dimensional finite-element analysis was performed using the COUPLE thermal
analysis model in Version 3.0 of the SCDAP/RELAP5/ MOD 2 code.5-12 Primary objectives of this
thermal analysis were (a) to assess the relative importance of thermal fronts created by the debris
in the drain line and on the vessel lower head; (b) to assess the sensitivity of thermal response to
debris composition, porosity, and heat removal from the lower head and drain line; (c) to provide
input to the mechanical response analyses; and (d) to provide input to subsequent ccmsequence
analysis codes by specifying the fraction of the debris that is molten at the time of vessel failure. i

Section 5.2.1.1 describes the SCDAP/RELAP5 model. Input assumptions and bases for these
assumptions are summarized in Section 5.2.1.2. )

5.2.1.1 Model Description.- Although analytical closed-form solutions are available to
evaluate heat transfer from debris to the penetration tube and the vessel separately, a two-
dimensional numerical solution is needed to simultaneously evaluate the relative importance of )
the thermal fronts transmitted from the debris through the drain line and through the vessel lower ;

head. SCDAP/RELAP5 offers a number of advantages over most two-dimensional heat-transfer
'

codes because it simulates reactor thermal-hydraulic conditions, fuel liquefaction and relocation,
time- and composition-dependent debris pool formation, and natural convection from a pool of
molten debris. '

NUREG/CR-5642 5-4
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Because a primary objective of this analysis was to determine vessel and penetration thermal
response, a simplified RELAP hydrodynamic model was used with a detailed COUPLE model
(the finite-element conduction heat-transfer model in SCDAP/RELAPS) of the debris, vessel, and
drain line configuration. As shown in Figure 5-2, two representative RELAP circuits were used
to represent the hydrodynamic conditions through the vessel and through the reactor building
cavity. The first loop includes an eight subvolume " pipe" component (volumes 70-01 through
70-08) to model the heat removal from the debris to coolant in the vessel. Liquid in the first
subvolume (volume 70-01) is in contact with the debris, which was assumed in base case
calculations to relocate to the lower head and into the penetration at the beginning of the
transient. As vapor is generated in this volume, it travels upward (from volume 70-01 to volume
70-08) and eventually exits to a time-dependent '' sink" component (volume 10). The second k>op
is included to model the heat removal from the vessel to the reactor building cavity (volume 250).

|
|
|

i

|

10 w 70-08
Sink ----------

70 07
-_________

70 06
_____._____

70 05
__________

70-04

70-03

70-02
70-01

vessel l,qu,id jg
f e nf- Q.. g '

i

y7m
f|2 L, ).::p|,

.iDebrisU e MJ Sy'4

' f _ m 7.yd
WH3g; s

; , Y. '

y .a ,. .. s <

,,

I

\

ff5 S S

300 250
Sink * Building cavity

!
1

1

Figure 5-2. RELAP hydrodynamic model used for modeling BWR vessel and drain line
penetration.
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Figures 5-3 and 5-4 illustrate the COUPL E models for the debris / vessel and
Wdebris / vessel / drain line configurations. Meshes were generated using the PATRAN code,

which has recently been interfaced to output riesh nodallocations for SCDAP/RELAPS input
and to read COUPLE temperature output for two-dimensional display. Models were constructed
in r-z geometries that are axisymmetric with respwt to the center of the vessel or with respect to
the penetration tube. Only a portion of the vessel was modeled in the drain line mesh |

(Figure 5-4). The maximum radial width of this mesh was selected to correspond to half the
'

distance between the center of the drain line and the center of the nearest penetration in a BWR I
Ilower head (7.62 cm). The axial length was based on the distance traveled by the melt before it

solidified within the drain line pipe (see Section 5.2.1.2) and the maximum expected debris height.

Up to four types of materials are included in the models. Both meshes contain carbon steel
for the vessel and drain line; a null material for the debris-to-vessel and debris-to-drain line gaps;
and a mixture consisting of UO , stainless steel, zircaloy or zirconium oxide, and B C for the ;2 4

slumped corium. In addition, the mesh for the drain line contains Inconel for the vessel liner. j
Accuracy requirements for mesh nodalization precluded the inclusion of this thin liner in the !
global vessel mesh. !

Sensitivity studies were used to confirm that the nodalization scheme and the time steps ;

chosen for calculations performed with both of these meshes were adequate. Note that self- :

leveling debris models in the COUPLE model of SCDAP/RELAP5 require that quadrilateral j

clements with two horizontal sides be used in the vessel debris bed (three nodes are co-linear). [
Hence, it was necessary to include triangular , shaped quadrilateral elements in the debris bed. !
The large aspect ratio of angles in such quadrilaterals can cause numerical errors, and slight j
temperature variations in these triangular quadrilateral debris elements were noted. However, !

these elements were placed in the center of the debris bed to minimize their impact on vessel
*

temperatures predicted in these calculations.

IBoundary conditions for each of the COUPLE meshes are also illustrated in Figures 5-3 and
5-4. Heat is convected away from the top surface of the debris to the coolant in vessel subvolume :

70-01. For the vessel calculations, heat is convected along the vessel outer surface (along the '

surface with nodes 17 through 32) and the vessel support skirt surfaces (surfaces with nodes 1 :
through 16) to the containment building. An adiabatic boundary condition is assumed at the ;

center of the axisymmetric mesh. For the drain line calculations, heat is also convected from the !
drain line and vessel outer surface (along the surfaces with nodes 7,21,35,61 and 87 through 93) i

to the containment building. Adiabatic boundary conditions are assumed at the outer surface of }
the mesh, the lower edge of the drain pipe, and at the center of the axisymmetric mesh. |

Sensitivity studies were performed to consider different containment heat removal conditions
'

(e.g., for dry and flooded containment buildings). Radiative and convective heat transfer from the ;

vessel or drain line to structures in a dry containment was modeled by using an effective _ !
conductivity for the steam / air containment atmosphere. As discussed in Reference 5-15, the i

insulation present around the outside of the vessel will not impede water from contacting the |
vessel if the containment is flooded. IIence, flooded outer boundary conditions for the vessel and {
drain hne were simulated by applying the appropriate convective heat transfer coefficient. i

!.
,

The rate of heat transfer from the debris region to the vessel and drain line is a strong !3

function of the conditions at the interface between the debris and structure. The modeling of this |
heat transfer was simulated by including a gap between these materials. The gap heat-transfer t

coefficient was divided into two regimes for solidified and liquefied debris. For the solidit'ed
debris regime, the heat-transfer coefficient was based on a user-specified value derived from '

t
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Figure 5-3. COUPLE mesh nodalization scheme and boundary conditions for BWR vessel thermal analysis.
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Finite-Element Analysis

parameters such as the debris and structure surface roughness.5 3' In the liquefied debris regime,
a gap heat-transfer coefficient was based on the rate of heat transfer through the thermal !

boundary 7 layer between the liquefied debris and the structure in contact with the liquefied
debris.5

i

Because the COUPLE model in SCDAP/RELAPS is strictly a heat-conduction code,
convective heat transfer was modeled at the liquid-solid debris interface using an effective

{ conductivity that includes an empirical convective heat-transfer coefficient, which is calculated
| based on data from Mayinger -1 and Jahn and Reineke.5-18 Although these data were obtained5

for molten pools with Rayleigh numbers, Ra, with values of 10 s Ra s 10', recently obtained4

5 12 23data -l' from a small scale experiment with higher Ray numbers (10 to 10 ) indicate that the
data by obtained Mayinger and Jahn and Reineke are appropriate for nuclear reactor accident
analysis (where Ra numbers as high as 10" are postulated to occur). A detailed description of
the manner in which this effective conductivity was calculated is provided in Reference 5-20.

5.2.1.2 Input Assumptions. Table 5-1 summarizes input assumptions and parameters used
in these calculations. Three types of debris beds are considered: a uniform debris bed that is
primarily metallic (Case 1); a uniform debris bed that is primarily ceramic (Case II); and a layered
debris bed with metallic debris near the sessel and ceramic debris on top (Case Ill). These debris
bed compositions were selected to envelop possible BWR debris bed compositions during severe
accidents. Sensitivity studies were performed to consider the effects of parameters, such as debris
decay heat, debris porosity, debris particle size, debris-to-surface gap resistance, reactor coolant
pressure, and heat-transfer conditions, on the outer surface of the drain line and vessel.

|

In Case I calculations, it was assumed that 10% of the core and structural materials would I

rek)cate to the kiwer head. De debris was assumed to contain a relatively large fraction of |
'

control rod and structural materials and to have a relatively low power density.

In Case !! calculations, it was assumed that 50% of the corium mass would rekicate to the
lower head. Although all the control rods and structural materials were assumed to be included
in the core debris, they represent a small fraction of the total corium mixture, which consists
primarily of UO . Case II's debris composition is more similar to the debris found in the TMI-22

vessel and corresponds to the type of rek> cation scenario postulated for a long-term SBO event.
During this event, loss of control air or de power normally precludes the opening of the safety
relief valves, so that coolant within the vessel causes molten material to form bhickages above the
core plate. When the core plate fails, the corium rek> cates as a fully molten mass into the lower
plenum.

In Case III calculations, it was assumed that over 50% of the corium mass would rek)cate to
the lower head. Ilowever, the composition of the rekicating debris would vaiy with time. |

!Case 111 debris bed assumptions were selected to represent BWR severe accident rekication
b !

scenarios predicted by 11odge et al. using the BWRSAR code for a short-term SBO sequence.
In this event, the automatic depressurization system (ADS) has actuated to depressurize the
reactor vessel so that the water level is below the core prior to the onset of relocation. Although
the debris was postulated to relocate to a dry core plate, no bkickages were assumed to occur so
that the debris would be quenched when it relocated to the lower plenum after core plate failure,
which was assumed to occur relatively early. TNs, the debris was either solid or at a very low

b. S. A. Hodge, J. C. Cleveland, and T. S. Kress, unpublished research on the external flooding of a BWR
reactor vessel as a late accident mitigation strategy, Oak Ridge National Laboratory, August 199L
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| $ Table 5-1. Input assumptions for thermal analysis. fa m

7"5 E
Case 111 B' x

h O
@ Parameter Case I Case 11 Layer 1 L.ayer 2

9
Corium Mass, kg 5-

UO 1,200 108,000 1,200 108,000
2

Zircaloy 17,804 - 17,804 -

Zircaloy in ZrO - 9,370 9,370-

13 C 330 174 330 1744

Stainless stcel 4fMi 2,456 4,666 2,456

y Total, kg 24,000 120,000 24,000 120,000

E
Relocation time period, s 5,000 5,000 5,000 5,000

Corium temperature, K 2100 2700 2100 2700
3Power density, MW/m 0.1 0.4 0.1 0.4

Corium relocated (%) 10 50 60

Water inventory, kg 88,000 260,000 88,000

Water temperature (saturated), K. 433 559 433

System pressure, MPa 0.62 7.0 0.62

Drain linc/ vessel temperature, K 433 559 433

Reactor building temperature, K 373 373 373

!
I

(
i
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superheat at the time it relocated to the lower head. However, decay heat within the ceramic
debris would cause a molten pool to form in the center of this debris bed.

Other assumptions used in these calculations are summarized below:

Material Thennal Properties. Corium thermal properties, such as specific heat, density,.

thermal conductivity, latent heat of fusion, fusion temperature, and viscosity of the
conium, are calculated in SCDAP/RELAP5 based on the debris composition.

Structural material thermal properties were also calculated in SCDAP/RELAPS using
temperature-dependent functions. Before these calculations were performed, carbon
steel thermal properties (enthalpy, conductivity, and density) in SCDAP/RELAPS were
updated using data from the references indicated on these curves in Appendix F.
Ilowever, note that these updated thermal properties of carbon steel were extrapolated
for temperatures above approximately 900 K.

Corium Porosity and Particle Size. This study investigated the sensitivity of results to.

corium porosity. As a lower bound, a porosity of 0.0 was assumed to simulate cases
where the debris is liquid. An upper bound porosity of 0.7 was chosen based on the
upper values observed in debris from the TMI-2 vessel. A particle size of I cm was
used in simulations with porosities of 0.7.

Debris Relocation Time. The debris was assumed to relocate during the first-

5,000 seconds of the transients simulated in Cases I and 11. The relocation time for the

| multilayer debris simulated in Cases I and 11 was based on calculations performed by
Hodge.'i

Melt Plug Distance within the Penetration Tube. In selecting a proper length that the*

melt could travel in the drain pipe before solidification, or the melt " plug" distance, it
must first be established that the melt could enter the drain pipe, which is filled with
reactor coolant. Applying the Taylor wavelength criteria for two fluids with unequal
densities,52 it was established that molten debris will penetrate any tube with a
diameter larger than 0.5 cm.

|
Although detailed numerical calculations may provide an exact distance that the melt

' could penetrate a tube filled with water, it was decided to bound possible distances by
neglecting the resistance and cooling from water within the tube. The melt plug
distance selected was 0.66 m. This plug distance was calculated using analytical
expressions for a condition where conduction heat transfer dominated (using the model |

'

,
proposed by Epstein in Reference 5-22) and for a condition where turbulent heat
transfer dominated (using a modified version of the model proposed hy Ostensen and'

| Jackson in Reference 5-23).d Although plug distances for both methods were greater ,

than L0 m, preliminary analyses indicated that hot spots within the drain line occurred |

|

I

| c. S. A. Hodge, J. C. Cleveland, and T. S. Kress, unpublished research concerning external flooding of a

| BWR reactor vessel as a late accident mitigation strategy, Oak Ridge Nathnal Laboratory, August 1991.

d. Conduction-dominated and turbulent-dominated heat-transfer models for predicting melt penetration
distance are discussed in Section 4.1.2.
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nearer to the vessel / drain line interface. IIence, the mesh was truncated at 0.66 m; and
an adiabatic boundary condition was applied to the lower edge of the tube and debris.

Debris to Vessel Thermal Contact. When debris relocates to the lower head, the.

thermal contact between the debris and the structural material is reduced because of
surface roughness and gas trapped between the debris and the surface of the vessel or

2drain line. A debris-to-vessel heat-transfer coefficient of 500 W/m K was assumed for'

all of the base cases considered. Values for this heat transfer coefficient, h ,p, werey
estimated using the equation below from Reference 5-16:

!

k '

8

h,,p = 3.6 {R + R ) + (g3 + g2) j3 2

i
where ;

2k thermal conductivity of steam in vessel / debris gap (W/m K)=
g

:

R ,Ri 2 surface roughness of material on each side of gap; typical debris=

4roughness is 2 x 10 ' (m),

gi.g2 temperaturc jump distance terms to account for temperature=

discontinuity caused by incomplete thermal accommodation of gas
molecules to surface temperatures and to account for the inability
of gas molecules leaving the surface to completely exchange their
energy with neighboring gas molecules (m), defined by the
following:

0.0247 k,*l[, i

Ei + E2 =
a,,, ;

p"'M
.

8
sas r

where
4

T,,, gap steam temperature (K)=

P,,, gap steam pressure (Pa)=

,

a ,,, gap steam accommodation coefficient=
g

i (typically between 0.4 and 0.8)
i

M ,,, steam molecular weight (18 kg/kg-moles). !
=

Upper and lower bounds for variables were used to estimate an appropriate range of
values for h ,p. For these calculations, a value of 500 W/m K was selected as a lower2

g

bound and a value of 10,0(X) W/m K was selected as an upper bound for h ,p. i
2

y

Heat Removalfrom Vessel Outer Surface. IIcat was assumed to be transferred from the
-

vessel to the containment cavity via convection and radiation. In base case calculations,

NUREG/CR-5642 5-12
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it was assumed that the cavity contains a steam and air environment at atmospheric
pressure. A sensitivity study was performed in which the vessel outer surface was
exposed to water to study the effects of flooding in the reactor building cavity on vessel
temperatures.

Debris to Coolant Heat Tran3fer. Heat transfer from the debris to the coolant is.

! dependent on the debris porosity and the heat-transfer regime of the reactor vessel
j coolant. For zero porosity debris, a boiling curve in SCDAP/RELAPS was used to

govern the selection of heat-transfer correlations. The various heat-transferI

correlations used in SCDAP/RELAP5 are discussed in Reference 5-12. For porous'

debris beds, models within SCDAP/RELAP5 assume that decay heat from the debris is
, transferred to RCS coolant as long as there is liquid present in the vessel. If the liquid
'

has been vaporized, heat is transferred via conduction and radiation to the reactor
mse!.

5.2.1.3 Application of Numerical Results to Analytically Developed Models. Although
a numerical analysis can provide answers to questions that cannot be answered by Section 4
models with closed-form solutions, it is not cost effective to perform detailed calculations for each
type of reactor design. However, several key questions related to the response of other LWR
penetrations can be answered by applying failure maps, similar to those developed in Section 4.
Using the debris conditions input for the BWR drain line and vessel calculations, failure maps
were applied to answer the following questions, which are identified in the lower right hand
corner of Figure 1-2:

Is the temperature and mass of the debris sufficient to induce in-vessel tube melting?.

Will the melt penetrate below the vessel?.
,

l

Will the tube fail ex-vesse!' |.

|
!Numerical calculation results can be used to verify that the governing relationships used in failure

map development are sufficient for predicting penetration response. Furthermore, this
application allows penetrations with geometries significantly different than the BWR drain line to

| be considered.

!
' The application of Section 4 methods required that the debris conditions and reactor

geometries be viewed in terms of key parameters and dimensionless groups. Table 5-2
summarizes some key geometrical dimensionless parameters, and Table 5-3 summarizes some
scenario-dependent dimensionless parameters for base Cases I and 11 that will be used in
determining We potential for vessel and penetration failure. As discussed in Section 4, the
Table 5-2 groups emphasir. some key geometrical differences between LWR vessel and
penetration designs. For example, values for the ratio of the vessel radius to the vessel thickness
indicate that the BWR lower head is relatively thicker than PWR lower heads. Dimensionless
groups comparing the tube cross-section area to effective flow area and effective flow diameter to
tube outer diameter indicate that Westinghouse and GE control rod guide tubes are relatively
thick-walled tubes with small effective flow areas and that the GE drain line has a relatively high
flow area compared with other LWR penetrations. Table 5-3 parameters emphasize differences
between the ceramic and metallic debris compositions considered, such as the higher ceramic melt
temperature and heat flux to the tube from debris decay heat.

5-13 NUREG/CR-5642
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Table 5-2. Key geometrical LWR dimensionless groups.

Babcock Combustion Westinghouse Westinghouse
Parameter General Electric & Wilcox Engineering Plant 1 Plant 2

Vessel

Radius / thickness 13.13 17.48 19.73 15.71 15.00

d bPenetration DN IT CR IT NA IT IT

Outer radius / inner 1.26 1.31 1.23 1.71 NA 4.13 2.25
radius

Effective flow 0.79 0.67 0.22 0.52 NA 0.14 0.35
diameter / outer
diameter

Tube cross-sectional 0.59 0.93 7.33 2,47 NA 6.72 45.95 !

area / effective flow
area

Penet' ration abbreviations designatea.

DN - drain hne nozzle
IT . instrument tubes
CR - control rod guide tube.

I

b. Representative Combustion Engineering plant considered has no lower head penetrations.

5.2.2 Structural Analysis Model

The structural analysis in this study used the temperature history from SCDAP/RELAP5,
with temperature-dependent material properties, loads, and boundary conditions, to evaluate the
elastic, plastic, and creep behavior of the lower head vessel during a severe accident. A key
contribution of this study is the use of time-dependent vessel temperature histories from full
thermal-hydraulic studies of accident scenarios. The thermal history of the vessel plays a crucial
role in this analysis because (a) material properties deteriorate dramatically at high temperatures,
(b) thermal stresses are typically 5 to 6 times higher than stresses induced from pressure loads,
and (c) creep behavior at accident temperatures can cause failure at stresses below the yield
stress. The two cases analyzed for structural response, one with primarily metallic debris
(Case I-1) and the other with primarily ceramic debris (Case 11-1), encompassed the low- and
high-temperature extremes of the vessel thermal history under accident conditions for this study.

The remainder of this section discusses the structural model and the input assumptions.
Section 5.2.2.1 briefly describes application of the various commercially available and

NUREG/CR-5642 5-14
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Table 5-3. Key parameters and dimensionless groups for base cases."

Parameter Case I Case II

|

| In-vessel tube melting

| 0 /0,'' O.88-0.93 1.17-1.323
|

i

|
Melt penetration

'

Pe 173,400 18,500c
a

Ex-vessel tube failure

0 /0,d 0.7-2.2 , 1.1-3.13

pi g/pd g 1.6 0.8e c

(Tj - T/yr/ 400 94

: qa/c,oT/ 11 36

1

a. Drain line geometry and material properties were used to estimate dimensionless parameters.
<

|

b. Ratio of effective debris temperature change to effective tube temperature change (see
'

Section 4.1.2.2). |

Debris Peclet number (Pc = d v /a d)-c. ed i
i

d. Ratio of effective debris temperature change to effective tube temperature change (see
Section 4.1.2.5).

|
- - . .

|

NRC-developed codes used in this analysis. Section 5.2.2.2 details the input assumptions used in
this analysis. Of particular interest are the assumptions used to tabulate the material properties |

and to determine the creep failure criterion. Structural results are discussed in Section 5.4, j
following the thermal results. ;

I

5.2.2.1 Model Description. Figure 5-5 shows the various programs used to complete the
structural analysis. In this diagram rectangles indicate NRC-developed codes, ellipses indicate
commercially available codes, and octagons are files. As shown in Figure 5-5, SCDAP/RELAP5
first generates a file " thermal mesh" containing PATRAN-generated nodal locations and time-
dependent temperatures. Independently, a finer structural mesh is created using PATRAN; and
the file, " structural mesh," containing the structural node locations is written. Temperatures from

M3the SCDAP/RELAP5 thermal mesh are interpolated to the ABAQUS structural mesh through j

a FORTRAN program, CPL 2 ABO, developed at the INEL The interpolated time-dependent ;

temperatures are input into ABAQUS, along with the PATRAN generated mesh # all other !

parameters needed for a well-defined problem. ABAQUS performs the actual structural analysis,
evaluating clastic-plastic and creep behavior throughout the accident history, up to 24 hours after j
debris rek> cation onto the lower head. Results are used to calculate creep damage and as input !

to PATRAN for graphic display.
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Figure 5-5. Flow chart of codes used in structural analysis.

Structural Mesh-PATRAN

PATRAN, a commercially available code for pre- and post-processing finite-element
analyses, was used for mesh generation. The' vessel mesh, symmetric about the y axis, is shown in
Figure 5-6. Axisymmetric. four-noded isoparametric elements with reduced integration were used
through most of the mesh. The mesh was biased to be finest where the largest through-thickness
temperature gradients were expected; the aspect ratio in this region is 2:1. Aspect ratios overall
were kept below 4:1, and abrupt changes in element size were avoided. Three-noded
axisymmetric triangular elements were used in the transition region where the vessel thickens.
One triangular element was used to connect the skirt and the vessel. As will be seen later, the ;

change in element type did not cause inconsistencies in the results.

Mesh density was evaluated in a parametric study using a section of a sphere with the same
thickness as the vessel bottom, axisymmetric elements with an aspect ratio of 2:1, and symmetric
boundary conditions at the end sections (Figure 5-7). The most severe temperature gradient

NUREG/CR-5642 5-16
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Figure 5-6. Structural vessel mesh (axisymmetric model).

!
! i

| observed in sample SCDAP/RELAP5 runs with metallic debris (1050 K inside,850 K outside) and ;

! ceramic debris (1150 K inside,950 K outside) were held constant with a 7-MPa constant pressure. j

| Vessel response was evaluated after 2 hours (a time that is 50% longer than that predicted by ;
'

thermal analyses for peak temperatures to be sustained in severe cases). The number of elements |

through the thickness was doubled until the change in hoop strain was less than 5%. This _ |
occurred between 10 and 20 elements through the thickness.- On this basis, it was determined !

that with an aspect ratio of 2:1,10 elements through the vessel thickness were adequate for j
analysis of problems similar to the metallic and ceramic debris cases.

'

Temperature Interpolator-CPL 2AB.D

A FORTRAN program, CPL 2 ABO, interpolated temperatures from the COUPLE mesh
,

used in SCDAP/RELAPS to the structural mesh (Figure 5-5). Generally, the structural mesh was
specified to be finer than the COUPLE mesh. The interpolator CPL 2ABQ took a structural
node kration and identified which COUPLE element it lay in when the two meshes were
superposed. Using the COUPLE nodal locations and temperatures associated with this element,
CPL 2 ABO performed a bilinear interpolation of the temperature to the structural node location.
In this study, only quadrilateral COUPLE elements were used; however, the interpolator also
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Figure 5-7. Mesh to check element density (axisymmetric model).

accepts triangular elements. Because only structural nodal locations were used, structural !

elements may be of any shape.

It was necessary for the structural vessel mesh to fit inside the boundaries of the COUPLE
vessel mesh to transfer temperatures accurately. Currently, the interpolator cannot accommodate
structural nodes that lie outside the COUPLE mesh; an error message results. Near the inside
vessel wall, the interpolator cannot distinguish between COUPLE vessel and debris elements. A
structural vessel node located slightly inside the debris was interpolated to debris temperatures .

without an error message. Structural node k> cations along the inner and outer vessel walls were
,

adjusted to fit the structural mesh inside COUPLE for use with the interpolator. Ilowever, the !
original, geometrically correct mesh was used in the stress analysis.

Structural Analysis-ABAOUS
,

Elastic-plastic and creep structural analysis was performed by inputting the above parameters
to ABAOUS, a commercially available, finite-element code. First, the vessel was assumed to be

|
stress free at the 7-MPa saturation temperature (559 K), and clastic-plastic response to pressure
loads was evaluated. In fact, there is no plasticity under these conditions. Subsequent time steps
for analysis were selected by dividing the temperature history of the hottest region in the vessel
into piecewise linear segments. Elastic-plastic and creep analyses were performed at each time

,

step following debris relocation, Temperatures were linearly ramped between time steps.
Solution convergence was verified by decreasing the force tolerance and the maximum allowable
difference in creep strain increment over each increment by a factor of 10.

,
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Results Post-Processine-Damace Calculations

ABAQUS does not contain any failure criteria. Intuitively, one might think that failure
could be specified through the material properties; however, this is not the casq. For example,
creep properties have no provision for inputting creep rupture data, such as the Larson-Miller
parameter (see Appendix B, Section B-5.1). Therefore, ABAQUS continues to calculate vessel
behavior, using the time hardening creep relations, even after the vessel should have failed.

To predict vessel failure by creep rupture, damage calculations of the critical region were
performed using a spread sheet. Damage calculations incorporate a creep damage model based
on the life-fraction rule. First, effective stresses and temperatures (from ABAQUS) averaged
over each time step were calcula:ed and stored for each element of interest. Time to rupture for
these stress and temperature combinations were calculated using the Larson-Miller parameter.
The actual time spent at a given effective stress and temperature divided by the time to rupture at

.

that stress and temperature is the damage. When the sum of all damage for different '

stress-temperature conditions equals 100c', the element was assumed to fail.c

i

5.2.2.2 input Assumptions. Input assumptions for the structural analysis are listed below.
.

Structural Mesh

In the structural analysis, the vessel was modeled using an axisymmetric geometry with no
penetrations. This choice was made to be consistent with the thermal analysis, which did not

!

include penetrations because of meshing considerations. This analysis, then, assumes that the
penetration holes do not create a significant stress concentration in the vessel.

Several assumptions are inherent in using an axisymmetric geometry. Even when a hole is j
modeled in the be. tom of the vessel, the axisymmetric modeling inherently assumes that the stress !

fields around the penetration holes do not interact and that the intersection angle for '

i

| penetrations away from the vessel bottom does not have a significant effect. Hot spots must be
modeled at the bottom of the vessel, using an axisymmetric geometry, which provides an adequate
model of hot spots anywhere in the vessel as long as the structural constraints (vessel skirt and

,

I the intersection of the hemisphere and cylinder) are far field and the hot spot is more or less
l round.
1
'

The two-dimensional axisymmetric geometry cannot model cracks in the vessel, with the
exception of circumferentially oriented cracks that close on themselves (e.g., a crack running
completely around a penetration). Cracks initiating at a hole and emanating radially from the
centerline of a penetration cannot be modeled with an axisymmetric geometry. A
three-dimensional analysis may be required for cases where the stress licids of penetration holes
interact, such as where structural constraints are not far field; where hot spots are not round; or
where stress concentrations such as notches and cracks (with the one noted exception) play an

'

important role.

Finally, the finite element mesh did not include the 3-mm Inconel vessel cladding because of
meshing considerations.

Material Properties

Properties of SA533B1 vessel steel used in this analysis are documented in Appendix F.
These data were obtained from References 5-24 and 5-25, and new high-temperature data were

5-19 NUREG/CR-5642

___ _ _ _ _ -
l



.

Finite-Element Analysis

obtained as part of this research program (see Appendix B). Temperature-dependent properties
include thermal coef6cient of expansion, clastic modulus, yield strength, plastic stress-strain
behavior, time and stress dependent creep, and creep rupture. Poisson's ratio was approximated
to be constant at 0.3. Properties (with the exception of creep rupture) were input to ABAOUS
in tabular form with linear interpolation between speciGed temperatures. At temperatures above
and below the tabulated temperatures, ABAOUS assumes that properties remain constant at the
highest or lowest given temperature. Creep rupture properties were used in damage calculations,
separate from ABAOUS.

For elastic behavior, the clastic modulus and yield stress were linearly interpolated with
temperature. Poisson's ratio was assumed to remain constant because high-temperature data were |
not available and the temperature dependence was not expected to have a significant impact on
results. For plastic behavior, the stress-versus-plastic-strain linearly interpolated the stress
between given strains and temperatures.

|

There is a sli |
SA533B data '2""ght discontinuity between the new INEL SA533B data at 9(X) K and published5 at 922 K for clastic modulus, yield strength, and plastic behavior observed in
the ultimate strength. The INEL data at 900 K are not as consistent as the EPRI and ASTM
data at 922 K, so they are omitted in the analysis.

The time hardening law was used to fit the creep data, primarily because of its simplicity; i

additionally, not enough high-temperature creep data existed to justify a more complicated model.
Using a least-squares best-fit on the data, the creep coefficients listed in Appendix B were
obtained. ABAOUS interpolated the creep constants linearly between given temperatures.
Unfortunately, when this interpolation scheme was used with these data, the creep strain did not
increase monotonically between some temperatures. Such was the case around 672 K,922 K, and
1150 K. This non-monotonic behavior was not physically realistic and causes difficulty in
convergence. For these reasons, creep data at 922 K and 1150 K were omitted in this analysis.
Instead, the linear interpolation between the nearest data points was used. Note that the INEL
creep data at 900 K were continuous with the rest of the data and were included. The creep data
at 672 K are the lowest temperature data and have a very low strain rate for the stresses of
interest. Nonetheless, rather than assume no creep at 672 K, the creep behavior at 755 K was
also used at 672 K. The creep damage model used one linear fit for Larson-Miller parameter
versus effective stress, combining the high- and low-temperature SA533B data shown in
Appendix B.

Because this model used an effective stress, no distinction was made between compression
and tension. For the cases studied, the inside portion of the vessel undergoes a stress reversal,
initial compressive thermal stresses going into tension as a result of reduced temperature gradients
combined with the pressure load. When a specimen undergoes stress reversal, it is expected to
exhibit primary and secondary creep, similar to virgin material.5-26 Ordinarily, applying a simple
time hardening rule to a stress reversal produces erroneous results because it continues secondary
behavior from the point of the stress reversal, omitting primary creep. In this case, high-
temperature creep testing has shown that SA533B vessel steel is dominated by secondary creep,
with negligible primary behavior, so the simple time hardening model was applicable.

All property data at the transition temperature (1000 K) were also omitted. Because
behavior at this temperature was erratic and a limited number of tests were run at this
temperature, the uncertainty in the data was considered too high to include them in this analysis.
This may result in a non-conservative analysis if at a given time a significant portion of the vessel
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experiences the transition temperature and the properties at the transition temperature are j
i significantly degraded. i

I
| Imads and Boundary Conditions |

I

In the structural analysis, a constant pressure load of 7 MPa was applied to the inside vessel
wall for both cases. Although the metallic case was assumed to have an internal pressure of only
0.62 MPa for the thermal analysis, a higher pressure was assumed in the structural analysis.
However, if the vessel holds a 7-MPa pressure without failing, the same will be true for low
pressures. Stresses from the weight of the vessel, water, and debris were less than 2% of the
pressure-induced stress and were ignored.

Roller (symmetric) boundary conditions were used at the top of the hemisphere where the
s2

vessel would join a cylindrical section and at the vessel bottom plane of symmetry. Chambers j

reported that the actual behavior of a hemisphere attached to a cylindrical section was closely I
,

bounded by a model using fixed conditions at the joining point and one using symmetric |
conditions. The vessel modeled in Chamber's study had a thin bottom section and a thicker |

'

section at the hemisphere / cylinder joint; whereas, the vessel modeled in this study was reversed
(thick at the bottom and thin at the top). Because the hemisphere / cylinder joint modeled in this
study was more flexible than Chamber's, the symmetric boundary was chosen. Boundary
conditions for the base of the skirt constrained vertical motion. Horizontal motion should
probably be constrained as well. However, because the area of interest in both cases was at the i

bottom of the vessel, the difference was not detectable. |

Applied Temocratures

The initial stress-free temperature was assumed to be the saturation temperature of steam at i

7 MPa,559 K. Temperatures for specified time steps were applied at the structural nodes by
using the linearly interpolated temperatures from the thermal mesh nodes, as discussed earlier.
Time steps were chosen based on the temperature history of a cross section in the hottest section i

and a sampling of locations on the inside vessel surface. This may have been non-conservative in
that local temperature maximums at other krations, which do not coincide with the chosen time
steps, would be smoothed out. Temperatures were ramped linearly between time steps.

Creen Failure Criterion

A creep damage model based on the life-fraction rule was used to predict vessel failure by
creep rupture. Effective stress and temperature for each element of interest were averaged over
the time step. Time to rupture was calculated from the combined high- and' low-temperature
Larson-Miller parameter data. The actual time spent at a given effective stress and temperature
divided by the time to rupture at that stress and temperature was the element damage.

Because ABAQUS calculates element stresses for all time steps specified, regardless of the
amount of damage, some of the elements may have damage greater than 1001 Modifying
ABAQUS to account for creep damage was beyond the scope of this project; therefore, a simple l

failure criterion was used. Creep rupture was predicted to occur when the average damage for
the vessel cross section is 100%.
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5.3 Thermal Analysis Results
>

Detailed results for each of the base cases described in Section 5.2.1 are presented in
Section 5.3.1. In addition, sensitivity analyses were performed to evaluate the effects of debris

! porosity, containment heat removal, debris-to-surface gap resistance, and debris penetration
distance. Table 5-4 lists the matrix of cases analyzed. Base case results are compared with results
from these sensitivity studies in Section 5.3.2. Calculational results were then applied to Section 4
failure maps to predict the response of other LWR designs. Results from this application are

,

discussed in Section 5.3.3. Conclusions from these calculations are summarized in Section 5.3.4.

i

5.3.1 B=se Case Results I

As discussed in Section 5.2, three types of debris beds were considered for base case analyses
in these calculations. The debris beds considered include a uniform debris bed that is primarily
metallic (Case I), a uniform debris bed that is primarily ceramic (Case II), and a layered debris
bed with metallic debris near the vessel and ceramic debris on top (Case III). Results for each
base case are discussed in this section.

>

In discussing thermal analysis results, it is of interest to compare the integrity of the drain j
line with the vessel. Because structures fail before they melt, it would be desirable to compare i
results by considering the time until the structure reaches temperatures where its ultimate j

strength is less than the average stress from system pressure. This is not necessarily the failure |
j time because stresses tend to redistribute to the cooler portions of the vessel. However, it is a j

helpful parameter for comparison purposes. Unfortunately, the data for SA105/SA106 drain line
,

steel and for SA533 vessel steel at high temperatures are limited. In fact. before the NRC Iower '

j Head Failure Program, the data base for SA105/SA105 steel was limited to temperatures below
S00 K, and the data base for SA533B steel was limited to temperatures below 1000 K. Figure 5-8
compares ultimate strength data for these materials. :,

!
:

Table 5-4. Cases for analysis.
|

:

Debris-to-vessel / drain !

Vessel line gap heat-transfer !
pressure coefficient Building i

2Case Composition Porosity (MPa) (W/m K) humidity j
|
!
!

I-1 Metallic 0.0 0.62 500 Dry

11-1 Ceramic 0.0 7.0 500 Dry j

11-2 Ceramic 0.0 1.0 500 Dry

II-3 Ceramic 0.7 7.0 500 - Dry

11-4 - Ceramic 0.0 7.0 500 Wet ;

i

II-5 Ceramic 0.0 7.0 10000 Dry

III-1 Layered 0.0 0.62 500 Dry
i
i
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Figure 5-8. Comparison of ultimate strength for vessel material (SA533B) and drain line
material (SA105/SA106).
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The average stress in a BWR vessel with a 7-MPa internal pressure is 46 MPa, and the
average stress in a BWR vessel with a 0.6241Pa internal pressure is 4 MPa. As illustrated in
Figure 5-8(a), results from INEL SA533B tests indicates that at 1150 K. its ultimate strength is
less than 46 MPa; and at 1450 K, its ultimate strength is less than 4 MPa.

1

For the drain line geometry, the tube materiars ultimate strength must be greater than
25 MPa in a tube with a 7-MPa internal pressure and greater than 3 MPa in a tube with a
0.62 MPa internal pressure. As illustrated in Figure 5-8(b), INEL SA106 tests were not
performed for temperatures above 1150 K. This temperature was well above the 1(XX) K value
where previous data indicated that the ultimate strength for this material becomes negligible.
However, test results indicate that the ultimate strength of SA105/SA106 material is 60 MPa at
1150 K. Although there are no SA105/SA106 data for higher temperatures, the SA105/SA106
material would not be any stronger than the SA533 material at higher temperatures.
Fethermore, the strength of the SA105/SA106 material is zero at its melting temperature of |

1789 K. Using this information, the drain line material data were extrapolated to obtain the I
continuous curve shown in Figure 5-8(b). Using this continuous curve, it is predicted that the
drain line material's ultimate strength will be less than the stress in a tube with a 7-MPa internal
pressure at approximately 1200 K, and that the ultimate strength will be less than the stress in a I

tube subjected to a 0.62-MPa internal pressure at approximately 1700 K. However, there is
considerable uncertainty associated with this method of extrapolation because of the lack of
SA105/SA106 data at higher temperatures.

5.3.1.1 Base Metallic Debris Case (Case 1-1). In Case 1-1, approximately 24,(XX) kg of
metallic debris was assumed to relocate as a liquid within 5,(XX) seconds to the lower head.
Temperatures in the vessel and drain line are shown in Figures 5-9 and 5-10, respectively. As
shown in Figure 5-9, temperatures in the debris bed remain below -1250 K and are decreasing
after 2 hours. Thus, the debris rapidly cools below its solidus temperature of -2100 K after
relocation.

Heat is primarily transferred from the debris bed to the coolant (volume 70 in Figure 5-2),
although some heat is initially transferred to the cooler vessel steel below the debris bed. For
example at 2 hours,87% of the heat is transferred to the vessel coolant; whereas after 4 hours,
nearly 100% of the heat is transferred to the vessel coolant.

Vessel temperatures remain below 1(XXI K, and drain line temperatures remain below
1200 K throughout the transient. Peak vessel temperatures are predicted to occur near the
bottom of the vessel at the debris / vessel interface, and peak drain line temperatures are predicted
to occur at a location (s10 cm) below the lower head. Because drain line temperatures are
decreasing'after 125 seconds and vessel temperatures are decreasing after 5,000 seconds, neither
drain line nor vessel melting is predicted to occur during the transient. Using the ultimate
strength data discussed in Section 5.3.1, neither drain line nor vessel failure temperatures are
predicted to occur for this low-pressure scenario.

!

5.3.1.2 Base Ceramic Debris Case (Case 111). In Case 11-1, approximately 120,(XX) kg |
of ceramic debris was assumed to relocate as a liquid within 5,(XK) seconds to the lower head. I

Temperatures within the vessel and drain line are shown in Figures 5-11 and 5-12, respectively.
As shown in Figure 5-11. temperatures in the debris bed have cooled to approximately 2(XX) K
during this relatively slow relocation. However. peak debris temperatures exceed 3100 K after
7 hours and continue to rise because of decay heat.
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The fraction of debris heat transported to the vessel coolant (volume 70 in Figure 5-2) and
the reactor building cavity (volume 250 in Figure 5-2) varied during the time the transient was
evaluated. During earlier stages (from 2 to 6 hours), equal amounts of heat are predicted to be
transferred from the debris bed to the coolant and from the vessel steel to the reactor building
cavity. For example at 2 hours,209c of the debris decay heat is transferred to the vessel coolant
and 167c of the debris decay heat is transferred to the reactor building cavity. After 6 hours, the
amount of heat transported to the reactor building becomes negligible. After this time, any
noisture in the cavity has become vapor and a marked increase in the reactor building air / vapor
temperature occurs, decreasing the temperature difference between the building and the vessel
and reducing the heat transferred from the vessel.

Within 2 hours, the inner surface of the vessel reaches temperatures above 1150 K, the
temperature where the ultimate strength of SA533B1 steel is less than the stress from the applied
system pressure of 7 MPa; and within 11 hours, vessel melting temperatures occur. Peak vessel
temperatures are predicted to occur near the bottom of the vessel at the debris / vessel interface.
Peak drain line temperatures occur at a location (-10 cm) below the lower head. Drain line
temperatures are predicted to peak at 1175 K and then decrease after 200 seconds. Although
drain line temperatures are below 1200 K, the temperature where SA105/SA106 stect's ultimate
strength is predicted to be less than the stress in a tube subjected to a 7-MPa pressure load, there
is considerable uncertainty associated with SA105/SA106 ultimate strength data (see
Section 5.3.1). Hence, additional high-temperature SA105/SA106 data are needed to determine
whether drain line failure temperatures occur in this scenario.

5.3.1.3 Base Layered Debris Case (Case 111-1). In Case III-1, approximately 24,000 kg
of metallic debris was assumed to relocate as a liquid within the first 5,000 seconds of the
transient and approximately 120,000 kg of ceramic debris was assumed to relocate as liquid on top
of the solidified metallic debris during the second 5,000 seconds of the transient. Temperatures
within the vessel and debris bed are shown in Figure 5-13. Debris bed temperatures are below
1200 K in the vessel while metallic debris is rek)cating. However, debris temperatures increase

,

after 2 hours (when ceramic debris is relocating) and continue to rise because of debris decay ]
heat. Because metallic debris is the first material that rek> cates to the lower head, it is assumed
that metallic debris fills the drain line and that drain line thermal response is similar to that
predicted for Case I-1 in Figure 5-10.

The fraction of heat transferred from the debris bed to the reactor vessel coolant and the
reactor building cavity varied over the time that this transient was evaluated. During initial stages
of the transient, a larger fraction of heat is transferred from the debris bed to the reactor vessel
coolant; for example at 2 hours,30rc of the debris decay heat is transferred to the vessel coolant
and 12% of the debris decay heat is transferred from the vessel steel to the reactor building
cavity. During later stages, equal amounts of heat are predicted to be transferred from the debris
bed coolant and from the vessel steel to the reactor building cavity. For example at 4 hours,
when vessel temperatures have significantly increased,19% of the debris heat is predicted to be
transferred to the reactor building cavity and 167c of the debris decay heat is predicted to be
transferred to the reactor vessel coolant. After 6 hours, the amount of heat transported to the
reactor building becomes negligible. After this time, any moisture in the cavity has become vapor
and a marked increase in the reactor building air / vapor temperature occurs, decreasing the
temperature difference between the building and the vessel and reducing the heat transferred
from the vessel.

Vessel temperatures exceed 1450 K. the temperature where the ultimate strength of
SA533B1 steel is less than the stress from the applied system pressure of 0.62 MPa, within
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4 1

7 hours. Peak vessel temperatures during the 10 hours that the transient was evaluated remained :
i below 1600 K, which is well below the SA533B melting temperature of 1789 K. Peak vessel |

j temperature location varies during the transient. While metallic melt is relocating to the lower ;

j head (the first 5,000 seconds), peak vessel temperatures are predicted to occur near the bottom of j
the vessel at the debris / vessel interface. As shown in Figure 5-13, peak vessel temperatures are ;,

j predicted to shift from the bottom of the vessel after ceramic debris begins relocating onto this |
i metallic debris bed (after 6,000 seconds). In fact, after around 3 hours, peak vessel temperatures ;

are predicted to occur near node 70 (refer to Figure 5-3 for vessel nodalization). As discussed in |
'

Section 53.1.1, a metallic-filled drain line does not reach temperatures where the SA105/SA106 |
steel ultimate strength is less than the stress from the 0.62-MPa applied system pressure. Hence, ;,

'

drain line failure temperatures are not predicted to occur during this scenario. |
i>

3
i

5.3.2 Sensitivity Analyses Results |
t
f

As discussed above, sensitivity runs were performed to investigate the relative importance of |
!debris porosity, containment heat removal, reactor coolant system pressure, and debris-to-vessel

thermal contact. Sensitivity studies primarily focused on base Case II parameters and were i:

] generally analyzed for only the first 2 hours of the transient. Results for these studies, which are
; summarized in Table 5-5, are discussed below:

,

|
~

5.3.2.1 Reactor System Pressure. Reactor system pressure impacts vessel and drain j

; line thermal response primarily through the initial conditions and thermal properties of the |
coolant within the vessel and drain line. Calculations were performed in which pressure
assumptions varied from a relatively high value (7.0 MPa for Case II-1) to a much lower value'

(I.0 MPa for Case II-2). As shown in Table 5-5, initial system pressure has a relatively minor
impact on vessel and drain line thermal responre. However, the stress within the drain line and |4

the vessel is considerably reduced at the lower 1-MPa pressure. Hence, vessel and drain line ;

temperatures remain well below values where their ultimate strength is less than the stress due to j'

a 1-MPa system pressure during the 2 hours that this transient was simulated. :,

5.3.2.2 Debris Porosify, If the debris quenches during relocation and forms a rubbic
bed in the lower head, the rate at which heat is transferred from the debris to the vessel and,

j drain line material is reduced because of the reduced debris power density and thermal
i conductivity. Calculations were performed to bound the range of debris porosities, from zero

porosity (Case Il-1) to 0.'7 porosity debris beds with 1-cm particles (Case 11-3).

As shown in Table 5-5, the large increase in porosity reduces the volumetric debris decay
: heat and precludes the drain line from reaching failure temperatures. The debris is predicted to
; quench during relocation, and sufficient coolant remains in the reactor vessel to maintain both the

vessel and the drain line below failure temperatures.

: 5.3.2.3 Heat Removal from Vessel Outer Surface. Base case analyses were performed i

assuming that the vessel outer surface was in contact with a steam and air environment. Heat was
,

removed from the vessel primarily through natural convection and radiation. Because of recent.

interest in the potential for Iknding the reactor building cavity to prevent vessel failure, a
1 sensitivity run was performed in which it was assumed that the vessel outer surface was exposed to

water.

As shown by results for Case II-4 in Table 5-5, heat-removal assumptions from the vessel
and drain line outer surface significantly impact thermal response. Peak temperatures of the

,
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gap heat transfer RCS Time for temperature during first Time for Peak Peak temperature

Debrn coefficient Hui!dmg pressure T .,( > Trait node 2 houn T ,g > T,.3 tempera *ure during first 2 hourspe gg
Case porosity (W/m'K) humidity (MPa) p) kration (K) (s) node location (K)

1-1 00 500 Dry 0.62 NAa 43 giga gga 65 910

b
11 1 00 500 Dry 7.0 NA 5-59 1175 7,000 6549 1160

t/' 11-2 00 500 Dry 1.0 NAa 5 72 1160 > 7,200 65 1150
w
N

11 3 0.7 500 Dry 7.0 NA NA NAc NA NA NAC C C C C

II.4 00 500 Wet 7.0 NAa 59-111 1050 > 7,200 65 1480

11-5 0.0 10.000 Dry 7.0 to 5 85 1300 2.000 65 1270

111 1 00 500 Dry 0.62 NAa 46 1160 26.Ono 65 70 950

Structure temperatures are well below failure temperatures throughout the transient.-

b. Drain line tempratures are shghtfy triow she temperature where its ultimate strength is exceeded by the stress from the applied system prtssure of 7 MPa.

c. Debris quenches to cretant saturation temperatures donng relocation, and decay heat is insufficient to tvil off ciclant.
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drain line and vessel remain below 1050 K throughout the time that the transient was evaluated
(2 hours). Hence, neither drain line nor vessel failure is predicted for this scenario.

5.3.2.4 Debris to VessellDrain Line Thermal Contact. When debris relocates to the
lower head, the thermal contact between the debris and the structural material is reduced because
of surface roughness and gas trapped between the debris and vessel or drain line surfaces. Base
case analyses were performed assuming a debris-to-drain line and a debris-to-vessel gap heat-

2transfer coefficient of 500 W/m K. As discussed in Section 5.2.1.2, this value represents a lower
bound for heat-transfer coefficients calculated using information in Reference 5-16. A sensitivity |

case (Case 11-5) was performed in which it was assumed that the thermal contact between the |

vessel was increased. In Case II-5, a debris-to-drain line and a debris-to-vessel gap heat-transfer
2coefficient of 10,000 W/m K was assumed. This value represents an upper bound for the gap

heat-transfer coefficient. ;

Results in Table 5-5 indicate that heat-transfer coefficient assumptions significantly increase
peak temperature predictions for the vessel and drain line. For Case 11-5, the v6ssel and drain
line thermal response times were also significantly shorter than response times for Case II-1.

5.3.2.5 Summary. Table 5-6 compares the sensitivity of vessel and drain line thermal
response to the parameters tested using sensitivity factors, which were evaluated for the first 2
hours of each transient using:

Peak drain line temperature
(5-1)

i
Drain Line Sensitivity Parameter =

Case 11-1 peak drain line temperature !

Peak vessel temperature
(5-2)Vessel Sensitivity Parameter =

Case 11-1 peak vessel temperature

Results indicate that the potential for water to quench the debris during relocation and form a
porous debris has the most impact on peak vessel and drain line temperatures, reducing peak
values by over 507c. Increased heat removal from the vessel and drain line outer surface, which
may occur if the reactor building cavity were flooded, also reduces peak structure temperatures
significantly. Values selected in both the Case 11-3 and II-4 sensitivity analyses are sufficient to
preclude the drain line and vessel from reaching failure temperatures.

Debris composition effects are noticeable, although less important than debris porosity ;

cffects. Sensitivity parameters in Table 5-6 indicate that peak temperature predictions were
'

impacted less by changes in debris composition (Cases I-1, II-1, and Ill-1) than by changes in
debris porosity (Cases 11-1 and 11-3). Ilowever, results in Table 5-5 indicate that vessel and drain
line thermal responses are slower in the layered case than in the base case ceramic debris

| (Case 11-1).
i

! Thermal contact between the debris and structural surfaces is also important in predicting
thermal response. As indicated in Table 5-6, peak temperatures are about 107c higher in
Case 11-5 than in Case 11-1.

5.3.3 Application to Analytical Model Predictions
|
I As discussed in Section 5.2.1.3, a final objective of the thermal analysis is to ccmsider other

LWR penetrations using Section 4 failure maps. Results are presented as responses to the key
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Table 5-6. Comparison of sensitivity parameters tested.
i

Sensitivity factor"

Parameter Cases Drain line Vessel

Debris composition I-1 0.99 0.78
11-1 1.00 1.00

III-1 0.99 0.82

RCS pressure II-2 0.99 0.99 j

Debris porosity II-3 0.48 0.48 |

Vessel outer surface heat-transfer coefficient 11-4 0.89 0.90

Debris-to-structure gap heat-transfer coefficient II-5 1.11 1.09

a. Drain line and vessel sensitivity factors calculated using Equations (5-1) and (5-2).

questions discussed in Section 5.2.1.3. Although each failure map development is summarized
when it is applied in this section, more detailed descriptions of failure map development are
found in Section 4.1.2.

Is the temperature and mass of the debds sufficient to induce in-vessel tube melting?

The drain line does not contain any in-vessel structure that must be attacked by the debris
before the melt exits the vessel. However, in-vessel tube melting is of interest when considering
the potential for melt to enter instrument tube and control rod penetrations found in LWR lower
heads.

Figure 5-14 is a failure map (similar to the one shown in Section 4.1.2) for predicting the
potential for debris heat capacitance to induce tube failure. The abscissa for points in this failure
map is the mass ratio of the tube material to the debris material that relocates to the lower head
(M,/M ) and the ordinate for points is the ratio of the effective debris to tube temperature,0 /0,,o 3

which is defined by the following equations:

s =T(0)-T for solid debris with T,p3 s T,(0) < T,p;o ; oro o mp3

Ld
0, = T,(0) - T,p, + for molten debris with T (0) 2 Tmp3 ; ando

ed

L
8, = Tmp,, - T,(0) + _t

e,p
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Figure 5-14. Failure map for determining requirements for Case I and Case II debris conditions
to induce in-vessel tube melting.

where T,p represents the tube melting point, T(0) represents the initial temperature, cg p

represents the specific heat capacity, and L represents the latent heat of fusion for the debris or
tube material (denoted by the subscripts d or t).

The failure region is separated from the intact region by 'ines that are dependent upon the
debris composition and the tube material (note that only Iriconc: and stainless steel are
considered on this map because there are no drain line in-vessel structures). These lines were
obtained by applying the energy conservation equation to the debris that rek> cates around vessel
penetrations, which simplifies to

e c , M'd, p
(5-3)

c Me, g o

Two types of debris are considered in this map: the base Case I metallic debris and the base
Case 11 ceramic debris.
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The lower axis in Figure 5-14 illustrates the range of tube-to .oris-mass ratios that occur in
PWR and BWR lower heads. Ranges are presented in this figure because the ratios are highly
dependent on the location in the lower head penetration configuration (i.e., whether along the
periphery or the central region of the reactor vessel).

Figure 5-14 contains cross-hatched horizontal bars that correspond to the ratios of debris-
bed-to-tube effective temperatures. As indicated in Figure 5-14, tube melting is predicted to
occur in both BWR and PWR lower heads for the highly metallic base Case I and highly ceramic
base Case II debris bed compositions considered. In-vessel tube melting is also predicted for base
Case III, in which the lower portion of the debris bed is metallic and the upper portion of the
debris bed is ceramic.

Will the melt travel through the penetration to a distance below.the lower head?

Section 4.1.2 describes the methodology used to predict the distance that the melt will travel
in a penetration until it solidifies. As discussed in Section 4.1.2, melt penetration distances are
highly dependent on whether conduction or turbulent heat transfer dominates between the melt
and the tube. Some of the more important parameters identified in Section 4.1.2 for predicting
penetration distance, X , are shown in Figure 5-15 and melude the distance required for the meltp
to travel until it has gone beyond the lower head,1,; the effective diameter for melt flow within a
tube, dg and the Peclet number for the debris, Pc, which is a function of the melt velocity, v ,o

melt thermal diffusivity, ag, and d,.

Figure 5-16 contains a map for predicting melt penetration distance. This map is developed
in terms of the dimensionless Peclet number and the ratio of the predicted melt penetration
distance X , to the difference in the tube and instrument string diameters, d, - d . The largep m
horizontal bar contains bounding values for the ratio of the distance that the melt must travel
through different 1 WR

'

/,,

'

' , ' .
- g.-

Id

' '
I-

3 t

t- Xv p

T l
a -

-O

A,,,= g ddvp==:g
,

\A = g(d!- df)j 1x

MB45-WHT-493-17

Figure 5-15. Geometry of tube and vessel ccmfiguration for developing melt penetration and ex-
vessel tube failure maps.
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Figure 5-16. Comparison of melt penetration distances.

penetrations so that it is below the lower head,1,, to the gap available for melt flow in the tube,
d - d . The lower bound represents the distance that melt must travel through a GE drain line

3 m
nozzle and is simply the vessel thickness divided by the drain line inner diameter. The upper
bound represents an upper estimate for the distance that melt must travel through a
Westinghouse instrument tube and is an estimated upper in-vessel ablation height for this tube
divided by the gap available for melt flow in the tube. The four regions in Figure 5-16 represent
penetration distance ranges predicted for metallic and ceramic flows using the bulk freezing model
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(in which turbulent heat transfer is assumed to dominate) and the conduction model (in which
conduction heai transfer is assumed to dominate). As discussed :i Section 4.1.2, molten debris is
predicted to travel much longer distances if conduction heat transfer dominates because the crust
that is assumed to form along the wall retards hev transfer between the tube and the molten
debris.

i

: Lower axes in Figure 5-16 are marked to indicate Peciet numbers calculated for Case I and
Case II debris conditions and various penetrations found in LWR lower heads: aGEBWR
instrument tube (GE IT), a BWR drain line nozzle (GE DN), a GE BWR control rod guide tube
(GE CR), two Westinghouse PWR instrument tubes (W IT 1 and W IT 2), and a B&W PWR |
instrument tube (B&W IT). As indicated on these axes, higher Peclet numbers (and thus longer j

melt distance predictions) occur for penetrations with larger effective diameters (e.g., a GE drain |

line). !

I

As shown in Figure 5-16, the melt is predicted to travel distances significantly longer than '

the bottom of the lower head if the melt follows conduction model predictions, If the melt
behaves according to modified bulk freezing model predictions, the melt is predicted to remain
within the lower head for either type of melt composition in the two Westinghouse instrument
tubes, the B&W instrument tube, and the GE control rod guide tube. Ceramic and metallic melts
will flow through GE instrument tubes and drain lines to locations below the lower head
according to modified bulk freezing model predictions.

Hill ex-vessel tube failure occur?

Figure 5-17 is a failure map for predicting tube equilibrium temperature using a heat
balance. The abscissa for points in this map is the ratio of the tube cross sectional area, .A , to -

a
the tube effective area for melt flow, A , as defined in Figure 5-15. The ordinate for points inen
this map is the ratio of the effective debris to tube temperature ratio, B M,, with O and 0,o d
defined by thc following equations:

!

Od = T (0) - Ta for solid debris with Tg s T (0) < T,pg oro o

Ld0o=TW-T,3+ for molten debris with T 2 T,p,o and 6, = T - T,(0) (5-4)o o g
r4

where T represents the tube failure temperature, which is the temperature where the tubeg

material's ultimate strength decreases to zero. In this map, the failure region is separated from
the intact region by lines that are dependent on the debris composition and the tube material.
These lines were obtained by applying the energy conservation equation to debris that relocates
into the penetrations, which simplifies to

e Ax P C id i pt
(5-5)=

0, A,y po po jc

Differences in slope between Case I and Case II lines result from differences in debris
composition.
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Figure 5-17. Failure map obtained from heat balance between tube and debris.

.

The lower axis in Figure 5-17 illustrates the range of area ratios that exist in LWR
penetrations. The axis emphasizes the point that PWR instrument tubes and BWR control rod
guide tubes are relatively thick-walled and have relatively low areas available for melt flow.

i

4

This failure map indicates that all other LWR lower head penetrations are less susceptible to-

failure than the BWR drain line. The failure map indicates that penetrations with relatively thick l
iwalls and small areas available for melt flow, such as the Westinghouse instrument tubes and the

GE control rod guide tube, will not experience failure temperatures when subjected to either
Case I or Case II debris conditions for extended time periods. Although failure temperatures are -
predicted to occur in the GE drain line and the GE and B&W instrument tubes, it must be noted
that this failure map was developed assuming that a tube is exposed to a constant temperature
debris for extended time periods. Hence, heat losses via radiation and convection from the tube's
outer surface are neglected.

Figure 5-18 is a failure map for predicting tube failure by considering debris decay heat and
radiation heat transfer to the reactor containment building. The abscissa for points in this map is
the ratio of the tube effective diameter for melt flow to the tube outside diameter (see
Figure 5-15). The ordinate for points in this map is the ratio of the debris heat flux (c'13) to the- j

5-39 NUREG/CR-5642

- __ -- . - -



Finite-Element Analysis

500 .

4\;
,

'(
. Inconel failure x\

. /._.
y ,

400 -
'\ boundary- g
\. N

( SS failure boundary 'q
*= 300 - N - N<-l- % SA105/SA106
3 Intact Failure N failure boundary
g .N -/ ,

* CT 200 - N - )
/.. N %

100 - -

Case 11 debris conditions
f Case 1 dftbris conditions 4

0 '

O.0 0.2 0.4 0.6 0.8 1.0

d,/d,
W IT 1 GE CR B& WIT

W IT 2 GEIT GE DN
} | |

T Y Y .T .T Y1 . .

0.0 0.2 0.4 0.s 0.8 1.0

d,/d,
MB45-WHT-49311

Figure 5-18. Failure map obtained considering debris decay heat and radiation to containment.

tube emissivity (c ), the Stefan-Boltzmann constant (o), and the containment temperature (T,).i

The failure region is separated from the intact region in Figure 5-18 by boundaries that are
dependent upon tube material composition. As previously discussed, there are limited data for
predicting tube material ultimate strength at high temperatures. Hence, subregions in Figure 5-18
indicate possible lower and upper boundaries for each tube material's failure region. Note that
uncertainty related to the boundary for SA105/SA106 is largest in this figure because there are no
data for this material above 1150 K.* Hence, there is more uncertainty in predicting the ultimate
strength of this material at high temperatures than for stainless steel and Inconel, for which tests
at 1373 K were performed. Upper bounds for estimating failure boundaries are based upon tube
material melting temperatures.

c. INEL SA106 tests were not performed for temperatures above 1150 K. This temperature was well
above the 1000 K value where presious data indicated that the ultimate strength of this material becomes

| negligible. However, test results (see Appendix B) indicate that the ultimate strength of SA105/SA106
material is 60 MPa at 1150 K. Although there were no other higher temperature data available for the
SA105/SA106 steel, its ultimate strength was extrapolated based upon data for SA533B steel.
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On the lower x-axis, the ratio, d/d , has been evaluated assuming that the debris fills theo
entire cross section of area available for melt now in the different penetration geometries
described in Appendix F. This axis emphasizes the point that drain line penetrations have a
considerably larger effective diameter for melt flow and relatively thinner walls than other LWR
penetrations.

Consistent with results from the numerical calculation, this failure map indicates that none of j
the LWR lower head penetrations will experience failure temperatures if subjected to either !

| Case I or Case II debris conditions. However, it should be noted that there is more uncertainty
| in predicting high-temperature ultimate strength behavior for drain line SA105/SA106 carbon steel

and that additional high-temperature SA105/SA106 data are needed to determine whether drain
line failure occurs. Hence, the most important result in this map is the fact that other
penetrations, for which there are more data available for high-temperature material properties, j
are predicted to be less susceptible to failure than the BWR drain line.

5.3.4 Summary i

i

A study was performed to assess the two-dimensional thermal response of a BWR drain line
penetration and vessel when subjected to relocated debris from a severe accident. Sensitivity
analyses were performed to consider the effect of debris composition, debris porosity, debris-to-
surface gap resistance, reactor system pressure, and building heat removal. Results indicate that
drain line failure will not occur in cases where metallic debris relocates to the lower head. In I

cases where ceramic debris relocates to the lower head, drain line temperatures peak near values |

where failure may occur within several minutes; whereas vessel failure temperatures do not occur
until several hours into the transient. Sensitivity results indicate that high porosity debris or the ;

high heat removal rates from the vessel or drain line outer surface that may occur if the I

containment cavity were flooded will preclude both penetration and vcssel failure.

Peak vessel temperatures are predicted to occur at the bottom of the vessel near the
debris / surface interface for base case ceramic and metallic debris. However, the peak vessel
temperature location varies during the transient in which it is assumed that ceramic debris
relocates on top of a metallic debris bed. Although peak temperatures always occur along the
debris / vessel interface, the second layer of ceramic debris causes peak vessel temperatures to shift
away from the bottom of the vessel toward the point where the skirt is attached to the vessel.

Both the metallic and ceramic debris are predicted to initially solidify after relocation onto
the lower head. For base case analyses, prim.arily metallic debris temperatures remain below the
cutectic's solidus temperature (s2100 K) throughout the transient. Peak temperatures of the
primarily ceramic debris begin to exceed the eutectic's solidus temperatures (s2700 K) within
4 hours, and within 6 hours the debris bed is primarily molten. However, only a small fraction of
the debris bed is molten at the time the vessel is predicted to structurally fail (between 3.5 and
4 hours).

Failure maps, which were developed using analytical, closed-form solution techniques, were
applied to predict other LWR penetration responses. Results from the two-dimensional
calculations were compared with analytical failure map predictions to determine (a) if governing
relationships used to develop failure maps were adequate for predicting drain line response,
(b) the response of other LWR penetrations when subjected to similar debris conditions, and
(c) general conclusions related to the parameters focused on for the two-dimensional analysis with
respect to other LWR penetrations and debris conditions.
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Two-dimensional results confirm failure map predictions for the base case metallic (Case I-1)
and base case ceramic (Case II-1) debris conditions. Application of failure maps to other LWR
geometries indicate that in-vessel tube melting will occur following either debris condition in any
of the BWR and PWR vessel designs considered. Melt is predicted to travel distances well below
the lower head for base case debris conditions in any of the reference LWR penetrations if heat
transfer from the melt to the tube is conduction-dominated. However, if turbulent heat transfer
dominates, melt is predicted to travel only to ex-vessel locntions through tubes with larger areas
available for melt flow, such as the BWR drain lirie and instrument tubes. Failure maps indicate
that ex-vessel tube-temperature peaking near values where failure may occur is specific to the
BWR drain line because of its relatively large effective diameter for melt flow and its material
composition. For example, failure maps indicate that most other LWR penetrations will remain
intact if subjected to either base case metallic or ceramic debris conditions.

In conclusion, two-dimensional results indicate that governing relationships used in
analytically developed failure maps are adequate for predicting penetration thermal response.
Furthermore, failure maps indicate that the response predicted for the BWR drain line subjected

-

to ceramic' debris may be unique to that LWR penetration because of its geometry and material
composition.

5.4 Structural Analysis Results

Structural analysis was performed using time-dependent vessel temperature data from the
SCDAP/RELAP5 analysis of the metallic debris (Case I-1) and ceramic debris (Case 11-1). These
two cases represented the lower and upper bound thermal challenges to the vessel from the base
case debris relocation scenarios considered. The following section discusses the vessel structural
response to these conditions, with detailed discussions on the stress, strain, and damage incurred
in the ceramic debris case.

5.4.1 Structural Response to Metallic Debris Case (Case 1-1)

The metallic debris case represents the least severe challenge to vessel structural integrity in
this study, with peak vessel temperatures of less than 950 K and very low primary stresses
(approximately 5 MPa) in the vessel wall. (For reference, the ultimate strength of vessel steel at
950 K is about 150 MPa). With these relatively low temperatures and stresses, significant plastic
or creep behavior is not expected. Recognizing the limited challenge that this case represented to
vessel integrity, the system pressure for the structural analysis was raised from 0.62 MPa specified
in Case I-1 to the operating pressure of 7 MPa. This increased the primary stresses in the vessel
from approximately 5 MPa to 54 MPa. Failure was still not expected, although increased creep
deformation under these conditions was expected (but ultimately not realized).

Results from the structural finite-element analysis of the metallic debris case subjected to
operating pressures for 24 hours predict maximum combined creep and plastic strains ofless than
1 Tc. Failure at these temperatures typically occurs at creep strains greater than 20% Because
thermal analysis results indicate that vessel temperatures decline within the first 2 hours, a vessel
subjected to metallic debris with system pressures up to (and probably well over) 7 MPa is not
predicted to sustain significant damage. Creep damage calculated by the life-fraction rule is less
than 17c after 24 hours.
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5.4.2 Structural Response to Ceramic Debris Case (Case 11-1) |

Of the th.c base cases analyzed, the ceramic debris case with its high vessel temperatures
and operatirg 4 are represents the most severe challenge to vesselintegrity. The first question
in this analysis .hether the vessel starts to melt before creep mechanisms have enough time'

s

to play a significant role. Naturally, because plastic behavior is considered static (instantaneous),
one would expect the vessel to fail by exceeding the ultimate strength before melt. However, at
these relatively low primary stresses, melt and static failure were expected to be fairly closely
timed.

Before the discussion of results from the ceramic debris analysis, a short review of primary
and secondary stresses may be in order. Primary stresses are generally defined as stresses that are
not relieved by deformation. For this analysis the only primary stress is caused by the system
pressure. Had the dead weight of the vessel, debris, and water been significant, these also would
be considered primary stresses. Even if the vessel deforms under these stresses, they each
continue to exert force on the vessel wall until failure. Secondary stresses, on the other hand, are
relieved by deformation; thermal stress being the most common type. If allowed to deform, a
body will relieve thermal stresses through elastic, plastic, or creep deformation until the stresses
are zero.

Figure 5-19 shows the predicted deformed shape of the vessel 3.4 hours after ceramic debris
relocation using an axisymmetric model. The vessel is shown to sag significantly with extensive
wall thinning at the lowest elevation. Failure is predicted to occur in this region from localized
creep deformation. v hich causes the observed thinning of the vessel wall.

I

Figures 5-20 and 5-21 show the tangential stress and strain contours in the vessel wall. At
first glance, Figure 5-20 may seem contradictory to the evidence presented in Figure 5-19.
Bending stresses near the vessel skirt are created as the vessel tries to expand, but is prevented
from doing so by the skirt. It is in this region that maximum tension and compression are
occurring. The region where thinning is observed is under very modest tension (less than
80 MPa). Figure 5-21 plots the strain contours of the vessel at the same point in time. Here, it is ;
clear that maximum strain deformation is taking place in the area of thinning, with a local :
maximum in the outside wall. The low stress in the thinning region results from the deformation i

observed in the strain contour plot; stresses are being relieved. The material in this region readBy
deforms because of high temperatures. Average through-wall stresses will not go below the
primary stress (approximately 54 MPa) caused by system pressure. Near the skirt, the vessel is
constrained from deforming by the skirt. Additionally, temperatures in this region are low;
because little plastic or creep deformation is taking place to relieve the stresses, higher stresses
are maintained.

Figures 5-22. 5-23, and 5-24 illustrate why maximum strain in the thinning region takes place
on the cooler outer wall, rather than on the hot inner wall. Figure 5-22 shows the temperature
history of four through-wall k) cations in the region of thinning; Figure 5-23 shows the tangential
stress history of the same through-wall points; and Figure 5-24 shows the equivalent creep strain
history. Points slightly interior to the inside and outside wall surfaces are used because they are
free from surface effects, such as very localized hot spots.

Referring first to Figures 5-23 and 5-24, the initial condition for the vessel is 559 K with an
average primary stress 54 MPa through the wall. At 0.03 hours, the temperature difference
between the point 31-mm from the inside surface and the point 193-mm from the inside surface is
a maximum of 200 K. Because the material near the inside surface is hotter, the 31 mm k> cation
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is in compression, while the 193 mm location is in tension. At this time, material to a depth of
about 50 mm from the inside surface yields slightly from high stresses and reduced ultimate
strength at these temperatures. The cooler outside wall does not yield. At 0.3 hours, the i

temperature difference between these same two points is reduced to 91 K, and the corresponding
stress difference is greatly reduced, bringing the entire vessel wall into tension. .Between 1 and
4 hours, the temperature increases very slowly, and a. fairly constant stress gradient is established
with the 31-mm location at about 23 MPa and the 193-mm location at about 70 MPa.

Throughout this accident history plastic strains are minimal (less than 0.3%). Ilowever, as
the accident progresses, creep strains become quite large. The equivalent creep strains plotted in
Figure 5 24 result from taking the three-dimensional creep strains and equating them to strains in
a one-dimensional state. Although the inside locations are hotter than the outside locations, the
outside locations strain more because they are under higher stresses. His implies that for these
conditions, creep strain is more sensitive to stress diflerences than temperature differences. A
similar progression will also be observed in the creep damage of the vessel.

Recall that creep damage is calculated using the life-fraction rule. Effective (or equivalent)
stress and temperature for each element of interest are averaged over the time step. Time to
rupture is calculated from the Larson-Miller parameter data (the method for applying the Larson-
Miller parameter is described in Section B-5.1). The actual time spent at a given effective stress
and temperature divided by the time to rupture at that stress and tempe;ature is the element
damage. 'Since ABAQUS does not have a means of determining failure,it continues to assume
that every element has load bearing capability, even after some of the elements may have failed.
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| Therefore, some of the elements will exhibit damage greater than 100%. To account for this,
simple averaging of the damage through the wall thickness is used. Failure is predicted when the

,

'
average through-wall damage is 100%.

The time history of creep damage for these same four locations is shown in Figure 5-25. A
small amount of damage is sustained during the first 0.2 hours at the 31-mm location from the
high compression excursion caused by thermal stresses. For the most part, however, the vessel
does not sustain much damage until after 1.5 hours. The damage that occurs after 1.5 hours is
greatest in the outer portions of the vessel, indicating that failure starts in the outside wall and
proceeds inward. Figure 5-26 shows the average through-thickness damage as a function of time.
From this plot, failure is predicted to occur between 3.5 and 4 hours after debris relocation.

Note that both creep damage and equivalent creep strain histories have the same general
shape. Both creep strain and damage are very low for the first 1.5 hours, after which they
exponentially. The creep strain and creep damage relations are separate, independent functions
of stress, time and temperature fit to data from material property testing. Creep strain uses the
time hardening relations to describe deformation history (with no specification of failure) and
damage uses the Larson-Miller parameter to specify failure (with no mention of past strain
history). That they follow each other in form is, of course, expected from a physical standpoint.
However, only the consistency of the material property data and the proper application of
structural analysis compels these two parameters to do so. These two plots qualitatively verify the
creep material properties and the finite-element analysis performed in this study.
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5.4.3 Summary

Structural finite. clement analyses were performed for the metallic and ceramic debris cases.
These two cases represent the lower and upper bounds, respectively, of thermal challenge to the
vessel from debris relocation. The metallic case exhibits very little plastic or creep deformation
after 24 hours. Because temperatures are dropping at 24 hours, the vessel is predicted to remain
intact, sustaining very little damage. The ceramic case exhibits high creep strains and is predicted
to fail less than 4 hours after debris relocation. Neither case exhibits significant plastic
deformation.

The ceramic case fails by localized thinning from creep deformation in the bottom (lowest
elevation) of the vessel. Examination of this region reveals that from 1.5 to 4 hours, creep strains
are highest in the outer, cooler regions of the vessel wall, from thermal stresses. This is because
compressive thermal stresses on the inside portion of the vessel superposed on the tensile primary
stresses from system pressures result in low total stresses on the inside surface. Near the outside
vessel wall, tensile thermal stresses are added to tensile primaiy stresses, causing the greater creep
deformation in this region. Creep damage also proceeds from the outside to the inside wall.
Therefore, failure initiates on the outside portion of the wall and moves inward.

Both creep strain and creep damage remain very low for the first 1.5 hours after debris
relocation. Thereafter, they both rise exptmentially with time. The concurrence of these two
independent parameters is a qualitative verification of the material properties and finite-element
method used in this analysis.
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5.5 Conclusions
!

Detailed numerical calculations were performed to predict BWR vessel and drain line |
penetration thermal and structural response following debris relocation during a range of severe
accident conditions. Detailed numerical models were applied for these analyses because Section 4 )
models with closed-form or simplified numerical solution techniques could not provide insight into |

| the following areas: !

|

The relative likelihood of BWR vessel and penetration failure for a wide range of.

i accident conditions
I

i

The roles of thermal stresses and creep in vessel failure. I.

Furthermore, numerical model results were used to confirm analytical model predictions.

Thermal analyses considered three types of debris conditions: (a) a uniform debris bed that
is primarily metallic (Case I), (b) a uniform debris bed that is primarily ceramic (Case II), and
(c) a layered debris bed with metallic debris near the vessel and ceramic debris on top (Case III).
These debris bed compositions were selected to envelop possible BWR debris bed compositions
during severe accidents. Sensitivity studies were performed to consider the effects of parameters, i

such as debris porosity, debris-to-surface gap resistance, reactor coolant pressure, and heat-
,

transfer conditions on the outer surface of the drain line and vessel. '

Thermal analysis results indicate that drain line failure will not occur in cases where metallic
debris relocates to the lower head. In cases where ceramic debris relocates to the lower head,
drain line temperatures peak near values where failure may occur within several minutes; whereas
vessel failure temperatures do not occur until several hours into the transient. Sensitivity study
results indicate that large-porosity debris or high heat removal rates from the vessel and drain line
outer surfaces can preclude drain line and vessel failure temperatures from occurring.

Peak vessel temperatures are predicted to occur at the bottom of the vessel near the i

debris / surface interface for base case ceramic and metallic debris. However, peak vessel
temperature locations vary during the transient in which it is assumed that ceramic debris
rek> cates on to the top of a metallic debris bed. Although peak temperatures always occur along '

the debris / vessel interface, the second layer of ceramic debris causes peak vessel temperatures to
shift away from the bottom of the vessel toward the point where the skirt is attached to the
vessel.

Both the metallic and ceramic debris are predicted to solidify initially after relocation onto
the lower head. For base case analyses, primarily metallic debris temperatures remain below the
eutectic's solidus temperature (s2100 K) throughout the transient. Peak temperatures of the
primarily ceramic debris begin to exceed the eutectic's solidus temperatures (s2700 K) within
4 hours, and within 6 hours the debris bed is primarily molten. However, only a small fraction of
the debris bed is molten at the time the vessel is predicted to stmeturally fail (between 3.5 and
4 hours).

Two-dimensional thermal analysis results confirm failure map piedictions for the base case
metallic (Case 1-1) and base case ceramic (Case 11-1) debris conditions. Failure maps were
applied to compare the response of representative plants designed by erch U.S. vendor (GE,
Westinghouse, B&W, and CE). Results indicate that in-vessel tube melting will occur following
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either debris condition in any of the BWR and PWR vessel designs with lower head penetrations
(the reference CE plant does not have any lower head penetrations). Melt is predicted to travel
distances well below the lower head for base case debris conditions in any of the reference LWR
penetrations if heat transfer from the melt to the tube is conduction-dominated. However, if
turbulent heat transfer dominates, melt is predicted to travel only to ex-vessel locations through ;

tubes with larger areas available for melt flow, such as the BWR drain line and instrument tubes. t

Failure maps indicate that ex-vessel tube temperature peaking near values where failure may
occur is specific to the BWR drain line because of its relatively large effective diameter for melt
flow and its material composition. For example, failure maps indicate that most other LWR |

penetrations will remain intact if subjected to base case metallic or ceramic debris conditions.

Structural analyses were performed to ascertain time-dependent (up to 24 hour) vessel
I

response, assuming debris is unable to enter a penetration for two types of accident conditions.
The primarily metallic (Case I-1) and ceramic (Case 11-1) debris represented the lower and upper
bound thermal challenges to the vessel from relocation of base case debris scenarios considered in
this study. Results from these analyses indicate that if accident conditions include a primarily
metallic debris, vessel failure will not occur, with less than 1% creep damage predicted after
24 hrs. If primarily ceramic debris is unable to enter a penetration, vessel failure is predicted in
less than 4 hours after debris relocation, initiating on the outside wall of the vessel and
progressing inward. Plastic deformation for both cases is negligible.

The ceramic case fails by localized thinning from creep deformation in the bottom (lowest
elevation) of the vessel. Examination of this region reveals that creep strains for the first
1.5 hours after debris relocation are quite low. However, between 1.5 and 4 hours, creep strains
grow exponentially with the largest strains in the outer, cooler regions of the vessel wall. The '

stress history of several locations through the wall thickness shows that, though system pressures
create a relatively uniform tensile stress through the wall, superposed compressive thermal stresses
on the inside portions and tensile thermal stresses on the outside result in a stress gradient that is
larger in the outer portions of the vessel wall. Evidently under these conditions, creep
deformation is more sensitive to the difference in stress than to difference in temperature. Creep
damage is also higher on the outside, leading to the conclusion that failure initiates on the outside
and progresses inward.

Both creep strain and creep damage remain very low for the first 1.5 hours after ceramic
debris relocation. Thereafter, they both rise exponentially with time. The creep strain and creep
damage relations are separate, independent functions of stress, time, and temperature fit to data
from material property testing. Therefore, concurrence of these two independent parameters is a
qualitative verification of the material properties and finite-element method used in this analysis.
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6. DISCUSSION AND CONCLUSIONS
l !

This section summarizes work that was performed to accomplish the lower head research ji

program objectives outlined in Section 1. Section 6.1 describes major accomplishments and !

insights gained from failure analyses. Section 6.2 presents the examples that illustrate how models i

developed from various tasks can be applied to determine which failure mechanism will occur first
in a particular reactor design. Finally, Section 6.3 lists areas that have been identified where
additional research could reduce uncertainties related to lower head failure predictions.

6.1 Major Accomplishments and insights from, ,

Lower Head Failure Analyses j

A wide range of tasks have been completed as part of this research program. This section
describes the tasks and summarizes major insights gained from performing the tasks. i

|
'

6.1.1 High-Temperature Creep and Tensile Data for Vessel and Penetration Materials

The lower heads of commercial power reactor pressure vessels are generally fabricated from ;

the plate material SA533B1 or its predecessor, SA302B, which has very similar structural
properties. Iower head penetrations. such as instrument tubes, control rod guide tubes, and the

,

drain nozzle are constructed of Inconel 600,304 stainless steel, or SA105/SA106B carbon steel. '

High-temperature creep and tensile tests were performed for these materials so that structural
analyses can be made in much higher temperature regimes than previously possible.

J

Before these tests, no creep and tensile data existed for the SA533B1 material at i4

temperatures above 922 K. Because this material undergoes a ferritic to austenitic phase change
at temperatures near 1000 K, it was recognized that higher temperature data were needed to
accurately predict vessel response. Creep tests were completed up to 1373 K, and tensile tests
were completed up to 1473 K. Relationships were developed for using these data in simple
analytical models and in finite element structural analysis ccxles.

Creep tests were performed on Inconel 600 and stainless steel at temperatures up to 1366 i

and 1350 K, respectively. Tensile tests were performed on these materials at temperatures up to |
1373 K. For the SA106B material, creep tests were completed up to 1050 K, and tensile tests |

were completed up to 1150 K. Relationships were developed for using these data in simple.

analytical models and in finite element structural analysis codes.

Although the new data are beneficial because they extend into temperature regions where
data were previously unavailable, the data are limited, and additional tests are needed to reduce
the range of uncertainty associated with these data. In particular, data were not previously
available for the SA106 material at temperatures above 811 K, and extrapolation of previously
available data indicated that the ultimate strength of this material became negligible ai 1000 K.
However, test results indicate that the ultimate strength of SA106B materialis considerably j

stronger than indicated by previous data. IIence, additional SA106B tests are needed so that the )
ultimate strength of this material can be predicted at temperatures above 1150 L. :

|u \

!

|
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Discussion and Conclusions

6.1.2 Review of Previous Failure Analyses

A literature search was conducted to review previous experimental and analytical studies of:
'

mechanisms that have the potential to cause lower head failure. Previous analyses for predicting '

in-vessel and ex-vessel tube failure were limited. No previous analyses for predicting localized
vessel failure were found in the literature. Limited, if any, model validation was found that was
applicable to LWR severe accidents.

The literature review was useful for identifying existing methods or selecting new approaches
for predicting vessel and penetration failure. For example, two methods that were previously
employed to predict melt penetration distance in channels were used to predict melt penetration
distance in lower head penetrations (although one of the methods was modified to include heata

; losses to coolant present in the tubes). Furthermore, the review suggested that previous analyses
j of penetration failure were deficient because they did not simultaneously consider the competing

failure mechanisms of tube ejection, tube rupture, and global vessel rupture.4

6.1.3 Review of Accident Thermodynamic and Vessel Geometric Conditions

A literature search was conducted to determine appropriate ranges for thermal-hydraulic
conditions and vessel geometrical parameters that are input to failure calculations. Previous |

'

accident analyses concentrated on a limited number of plants and accident scenarios. i
Furthermore, results for a particular reactor and event _ varied significantly because of differences ;

in the phenomena modeled and assumptions related to the event's progression. Hence, it was j,

i
decided to look at bounding conditions (for example, high pressure versus low pressure events

'

'

and flooded versus dry containment cavities). A review of plant-specific features affecting vessel j
failure, such as vessel and penetration geometry, internal structure geometry, and vessel cavity j
configuration, identified dramatic differences between vendor designs. Hence, it was decided to ;

use dimensionless groups to characterize appropriate ranges for plant-specific features so that a !,

broader range of conditions could be considered simultaneously.
|

'

i

6.1.4 Analytical and Simplified Numerical Lower Head Failure Calculations !

rBecause a wide range of reactor designs and severe acddent conditio1s must be considered, ;

this research program relied heavily on models with closed-form or simplified numerical solution j
techniques. Results are typically presented as failure maps, dev-loped ir, dimensionless groups so
that a broader range of conditions could be considered simultaneously. Models with closed-form
solution techniques were developed for predicting vessel and penetration thermal response, timing
for key severe accident phenomena (such as melt rek> cation and coolant boiloff), in-vessel tube
melting, gravity- and pressure-driven melt velocity through a failed tube, and ex-vessel tube failure
at low pressure. An existing model and a modified version of an existing model were applied to
bound the distance that melt would penetrate through a failed tube or a tube with no internal'

structures. For high-pressure analysis, a simple model was developed that simultaneously predicts
the potential for tube ejection, tube rupture, and global vessel rupture. An existing model was
applied for predicting the potential for corium melt to impinge coherently upon the lower head.
A finite-difference model was developed for predicting a k>calized creep rupture.

Thermal analyses were performed to obtain order-of-magnitude estimates for PWR and -
BWR responses using values typical of depressurized severe accident conditions. Results from
these models indicate that a PWR transient will proceed more rapidly (by as much as a factor of
two) than a BWR transient. These results were attributed to higher ratios of BWR structural

i
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mass per heat generation rate, larger initial BWR water inventories, and thicker BWR lower
heads.

The maximum amount of heat that can be transferred to the lower head from a coherent jet
of debris was estimated by using the THIRMAUD code. A variety of debris and vessel system

| conditions were considered for four reference reactor designs that are representative of U.S.
LWR vendors (CE, GE, B&W, and Westinghouse). In PWR designs, the presence of How plates i

i

in the lower plena and the hole configuration within these Dow plates strongly affect jet ;

i impingement. For B&W plants, the Dow plates accumulate the melt and form multiple jets,
! reducing the jet velocity and the fraction of initial jet energy that can impinge on the vessel lower
| head. Unlike the flow plates in a B&W plant, flow plates in Westinghouse and CE plants do not

generally accumulate melt, allowing " straight shot" jets to occur in any horizontal structural plates.
The GE BWR lower head is protected by a water pool, which is deeper than water pools in PWR
lower plena. ,

An order-of-magnitude estimate of the thermal requirements for debris to induce tube
melting was obtained by applying a heat balance to a penetration tube in contact with corium
debris. Results indicate that the ratio of the tube-to-debris mass in the lower head governs the
potential for in-vessel tube melting to occur. Since BWR vessels have a larger number of
penetrations, higher temperature debris is needed to cause in-vessel tube melting in this reactor
vessel. For example, in cases where no coolant is present in the reactor vessel lower head,
ceramic debris temperatures greater than 1700 K are required to induce tube melting in a PWR,
where only instrumentation tubes penetrate the lower head; whereas ceramic debris temperatures
in excess of 2000 K are required to induce tube melting in a BWR lower head.

,

Order-of-magnitude estimates for the velocity of viscous melt through failed tubes were
obtained by applying the energy equation for steady, adiabatic flow. The magnitude of the melt's
velocity is dependent on the differential pressure across the melt, melt composition, tube effective

,

diameter for melt Dow, and in-vessel tube length. Tube geometry and melt composition effects
were each found to affect melt velocity predictions by 107c. The differential pressure across the
melt was found to have the most influence on melt velocity predictions. For higher differential
pressures (8.6 to 17 MPa), velocity predictions ranged from 35 to 63 m/s. For depressurized
reactor conditions, velocity predictions ranged between 1.8 to 2.6 m/s. Hence, gravity-driven melt
velocity predictions are relatively low for all of the melt material properties and penetration
geometries considered.

Melt penetration distances tiuough failed tubes or tubes with no in-vessel structures were ,

'

estimated by applying two models: (a) the conduction model, where a crust is assumed to form
along the tube surface, so that ccmduction heat transfer through this crust dominates melt
behavior; and (b) a modified bulk freezing model, where turbulence within the melt is assumed to
preclude crust formation, so that turbulent heat transfer dominates melt behavior. The bulk
freezing model applied in these calculations was modined to ccmsider the effects of coolant that
are present in some lower head penetration How paths. Results for a case with gravity-driven
melt Dow indicate that melt penetration distances predicted by the conduction model are
ccmsiderably longer than those predicted by the modified bulk freezing model. In fact, melt is
predicted to travel below the lower head through all LWR penetrations if the conduction model
is applied; whereas melt is only predicted to travel below the lower head through penetrations

'

having larger effective areas for melt How and/or penetrations that are ablated near the vessel
inner surface if the modified bulk freezing model is applied. Experimental data are needed to 1

determine which of these models is appropriate for severe accident analysis.
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For depressurized reactor vessels, thermal equilibrium calculations were used to proside
order-of-magnitude estimates for mini num Jebris requirements, such as the debris rek) cation
temperature and the debris heat flux, necessary to induce ex-vessel tube failure. Results indicate
that tube geometry and material are important parameters in predicting tube failure. Although
additional data are needed to quantify ultimate strength behavior for the SA105/SA106 material
used in BWR drain lines, results indicate that this lower head penetration is more susceptible to
ex-vessel tube rupture than other LWR penetrations. Results indicate that heat fluxes

2characteristic of a mostly ceramic slurry (i.e., in excess of 0.05 MW/m ) may induce failure in a
BWR drain line tube, which is composed of SA105/SA106 steel and has a relatively large cross-
sectional area for melt flow. However, higher heat fluxes characteristic of malten ceramic debris

2(i.e., as high as 02 MW/m ) were not predicted to fail any of the other LWR penetrations.

For higher pressures (between -0.1 and 16 MPa), analytical models with closed-form
solutions were applied to compare the potential for the following failure mechanisms: tube
ejection, tube rupture, and global vessel rupture. Failure maps were generated that indicate
relative pressure-bearing capacities of vessel heads and thet penetrations based on ultimate
strength. Failure maps considered three types of debris beJs: a primarily metalliv debris, a
primarily ceramic slurry, and a primarily ceramic molten pool. Failure curves for tube ejection
and tube rupture were found to form at the same locatian near the tube material's melting
temperature. For the case of a molten ceramic pool in a BWR vessel, model results indicate that
tube failures will occur at lower temperatures than vessel failures for any system pressure. Except
for the BWR case with a molten ceramic pool, model results indicate that global supture is the
controlling failure mode in BWRs or PWRs with system pressure above approximately 2 MPa.
Although model results indicate that penetration tube failures control below 2 MPa, uncertainties
in penetration material ultimate strength data at high-temperatures do not allow a clear
distinction of the controlling failure mode in this pressure range.

A new model, based on Reissner's theory of shells with finite deformation, was applied to
the problem of k> cal creep rupture on a corium-loaded lower head. This new model was applied
to determine how local debris heat sources impact vessel failure times and what conditions are
necessary for the formation and failure of a k> cal bulge or cusp to occur. Two types of thermal
loads were investigated. The first set of loads used contrived, steady-state temperature profiles to
demonstrate the range of behaviors possible under local hot spots. It was found that a local hot
spot does not always produce a bulge or cusp as it fails. The failure geometry depends on the
creep rate of the balance of the shell relative to the hot spot. If the magnitude of the peak
temperature is small, the failure geometry is elliptical, and the hot spot assists or accelerates a
failure that looks like global failure. If the magnitude of the peak temperature it large, the hot
spot is punched out of a comparatively stiff vessel, and the failure geometry is cusped. The
secend set of problems examined used transient thermal loads from applied heat fluxes associated
with different debris characteristics. All failure geometries in these problems were local because
it was assumed that the background heat flux was benign and that the balance of the vessel
remained cool. As with the contrived problems, times to failure were very strong functions of
applied pressure and peak heat flux. Results indicate that failure times were lengthened for cases
with lower system pressure or lower hot spot peak heat fluxes.

6.1.5 Thermal and Structural Finite Element Analyses

More detailed numerical methods were applied to gain insight into the importance of two-
dimensional effects in special geometries where models with closed-form solution techniques may
be insufficient to investigate the roles of thermal stress and creep in vessel failure. To complete
this analysis, an interface was created so that temperatures from the COUPLE model of
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j SCDAP/REL APS could be entered into the structural analysis code, ABAQUS. Analyses
; considered the effects of debris composition, debris porosity, debris-to-surface gap resistance,

reactor coolant pressure, and heat transfer conditions on the outer surface of the drain line and<

"

vessel. If melt travels through the drain line to locations below the vessel outer surface, thermal

) analysis results indicate that drain line failure will not occur in cases where metallic debris
relocates to the lower head. In cases where ceramic debris relocates to the lower acad, drain line*

temperatures peak near values where failure may occur within the first few minutes of the<

transient; whereas vessel failure temperatures do not occur until several hours into the transient.
Sensitivity study results indicate that high porosity in a debris bed or high heat removal rates from
the vessel and drain line outer surface, such as might occur in a flooded containment cavity, can j
significantly affect predictions for peak drain line and vessel temperatures. In fact, neither drain j

line nor vessel failure temperatures are predicted to occur in the ceramic debris cases that assume
high porosity debris or high removal rates for exterior drain line and vessel surface heat.

. In the event that drain line failure does not occur, structural analysis results indicate that ,

'
! vessel creep rupture can occur as early as 4 hours after debris rek> cation. For ceramic debris with

a 7-MPa pressure failure occurs from excessive creep deformation that results in thinning at the
bottem of the vessel. Failure starts at the outer wall and moves inward, despite the fact that the
inside wall is hotter than the outside wall. This pattern results from thermal stresses (compressive
on the inside and tensile on the outside) superposed on relatively uniform pressure-induced :

tensile stresses. Apparently, under these conditions, creep is more sensitive to stress than to
temperature. Creep strain and accumulated creep damage in the bottom of the vessel remain
relatively low for the first 2 hours, after which both increase quite dramatically until failure is
predicted between 3.5 and 4 hours. In the case of metallic debris at low pressures, failure was not
predicted because effective creep strains were less than 0.5Fe. In both the ceramic and the
metallic debris cases, plasticity did not play a significant role (strains were less than 0.57c).

6.16 Comparison of Closed-Form and Finite Element Structural Analyses

In this document, lower head vessel failure is predicted using models with closed-form and
finite element solution techniques. The model with a closed-form solution technique uses a
simplified mechanics of materials stress analysis with a tensile (ultimate) strength failure criterion;
the finite element model incorporates creep stress analysis with a Larson-Miller / time damage
creep failure criterion. Because creep is a time-dependent failure that can occur at stresses below
the ultimate strength of a material, the creep analysis will always predict an earlier failure than
the tensile strength analysis. This is illustrated by comparing results from the closed-form and
finite element models for the primarily ceramic debris case (Case 11-1) ccmsidered in Section 5.

Figure 6-1 plots the temperature history of the inside and outside vessel walls near the
bottom of the vessel. Creep failure is noted on the plot, as well as the finite element ultimate
strength failure predicted by the closed-form niodel, both for a 7-MPa system pressure. Table 6-1
lists the specific values for failure times and temperatures. It is interesting to note that the finite
element plastic analysis (no creep behavior) predicts failure at the same time, and hence the same

i inside and outside wall temperatures, as the closed-form solution model. This indicates that the
unconstrained boundary conditions assumed in the simplified analysis are very close to the
boundary conditions in the plastic analysis, which included the vessel skirt. It also verifies that
thermal stresses (which are accounted for in the finite element analysis, but not in the simplified
analysis) do not play a significant role in the timing of ultimate strength failure, as discussed in
Section 2.3.

|
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Table 6-1. Comparison of results from closed-form and Enite element solution models.
;

|

Ultimate strength failure analysis Creep failure analysis

Parameter Closed-form Finite element Finite element

Failure time, h 5.7 5.7 3.7

Inside wall temperature, K 1266 1266 1210 i

Outside wall temperature, K 1076 1076 1001 i

!

Creep failure is predicted at about 3.7 hours, whereas an ultimate strength failure is
predicted 2 hours later. He large discrepancy in failure times is a result of the temperature
history shown in Figure 6-1. Here, through-wall temperatures exceed half the melting
temperature within one hour. The vessel is held at very high-temperatures, but below the point
where ultimate strength would be exceeded, for more than 4 hours. Although the temperatures
are not high enough to cause an instantaneous (ultimate strength) failure, over time the vessel is i

degraded, resulting in an early creep rupture failure. Clearly, temperature' histories of this type !

require a creep analysis.

The following general rules of thumb can be used to determine when a creep analysis is
necessary:

t

Creep analysis is needed when the ' ltimate strength predicts a long failure time andu.

temperatures are fairly constant, with respect to time, before the predicted failure.
This oaurs when the vessel approaches thermal stcacy state at temperatures greater
than half the melting point, such as in the ceramic debris case discussed above.

|
Creep analysis is not needed if the failure time is short and temperatures are rising| .

rapidly with respect to time, before ultimate strength predicted failure. This;

corresponds to a case in which relatively high debris heat Ouxes are imposed on a vessel
with a nearly adial atic condition on the outer surface. Although technically, creep
failure precedes ultimate strength failure, the two events are very closely timed. !

!

Creep analysis is not needed if ultimate strength failure is not predicted and the peak-

temperature produces to a creep failure time, predicted by the Larson-Miller
parameter, that is longer than the time period of interest. For example, a creep failure
time well over 100 hours was predicted in Section 5.3.1.1 for a peak vessel temperature
of 950 K (based on temperatures predicted for a vessel subjected to Case I metallic

j

| debris in Section 5) and a system pressure of 7 MPa.

l
A more detailed approach to determining when creep analysis is needed is outlined in'

Appendix B, Section B-5.1.1

|

|
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6.2 Application of Models for Predicting Failure

Although a detailed analysis is required to obtain quantitative answers related to event
progression, results documented in this report were used to make qualitative judgements about
which failure mechanisms are possible and which failure mechanism will occur first during various
severe accident scenarios. Using the flow diagram in Figure 1-2, significant questions related to
melt relocation and vessel failure were answered to determine which failure mechanisms are
possible for three debris configurations: a metallic slurry, a primarily ceramic sluny, and a high- i

temperature, molten ceramic material that relocates to form a molten pool. Results in Sections 4
and 5 were used to answer questions related to debris reloccion and vessel / penetration failure.
Results for four representative plant designs are summarized in Table 6-2. Failure analysis results
are presented as a function of vessel inner surface temperature and system pressure. However, it
is emphasized that these temperatures andpressures should only be considered as apprownate values
because there is considerable uncenainty associated with these values.

He potential for melt to relocate as a coherent jet or for melt to arrive in a coolable j

configuration was evaluated based on results in Section 4.2.1. Where possible, actual percentages i

for the fraction of melt arriving as a coherent jet are cited using values in Section 4.2.1. In the j

case of CE and Westinghouse plants, qualitative judgements were made using the limited results ;
for these plants and results for the B&W and GE plants. The presence of flow plates in the !

lower plena and the hole configuration within these flow plates strongly affect jet impingement in i

PWR plants. Lower fractions of melt are predicted to arrive as a coherent jet in a B&W plant ;

because of flow plates that accumulate the melt and form multiple jets. In CE and Westinghouse !

plants, " straight shot * paths for relocating material are possible. Hence, higher fractions of melt
,

are estimated to arrive as a coherent jet in these plants. Although relocating melt is not
'

impeded by any horizontal plates, the GE BWR lower head is protected by coolant in the lower !

head, v,hich is deeper than the coolant level in PWR lower plena.

Although small fractions of the metallic slurry may arrive as a coherent jet on the lower
head, this debris is predicted to be coolable because most of the melt arrives as solid particles.

.

Results in Section 4.1.2 indicate that molten metallic material will cause in-vessel tube melting. !

Irrespective of whether conduction or turbulent heat transfer dominates, metallic melt will travel '
,

to locations below the lower head through penetrations with larger effective diameters for melt j
flow, such a. We GE drain line nozzle or instrument tube penetrations. However, if turbulent ;

heat transfc uminates, melt will be predicted to migrate below the lower head only if '

penetrations have larger areas available for melt flow or if penetrations are ablated within the
|

,

lower head near the vessel inner surface. However, thermal analysis results in Sections 4.1.1.2
,

and 53 indicate that peak vessel and penetration temperatures following relocation of a metallic |
slurry remain below values where vessel or penetration failure occurs. Hence, neither vessel nor
penetration failure is predicted to occur following relocation of a primarily metallic slurry in any
of the LWRs considered. >

i

Plant design affects whether a ceramic slurry is predicted to arrive incoherently or coherently
upon the lower head. However, thermal analysis results in Section 53 indicate that decay heat
causes a molten pool to form within debris that relocates to the lower head. Because a high
percentep of the melt may arrive as a coherent jet in the CE plant, which has no lower head
penetrations, results in Sections 4.1 and 4.2 indicate that both localized and global vessel failures
are possible, depending on conditions such as the accident's pressure history, heat removal from

;

the vessel, and heat transfer from the debris to the vessel. To determine if a localized failure
occurs before a global vessel failure, one must determine if there are factors such as non-uniform

|
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Table 6-2. Dominant failure modes for various debris conditions and reactor designs.

Debris
11eactor type compmition Debns arrival state Failure mode

PWit
RAW Metalhc Incoherent, coolable None

Ceramic Slurry incoherent bralued or global failure for pressures above -1.5 MPa ar J vessel inner surface temperatures ator -1000 K;
tube failure for pressures less than -1.5 MPa and vessel inner surface temperatures alue -1600 K.a

Ceramic Pool Coherent (10-20%)D t ocalued or global failure for pressures above 2.5 MPa and vessel inner surface temperatures atwe 1200 K; tube
failure for prrssures less than 2.5 MPa and vessel inner surface temperatures atxwe 1600 K.

Westinghouse Metallic Coherent None

Ceramic Slurry Coherent Localued or global failure for pressures atme 1 MPa and sessel inner surface temperatures atwc 1000 K; tube
failure for pressures less than i MPa and vessel inner surfaa temperatures atuve 1600 K.

Ceramic Pool Coherent (15-40%) L;cahied or global vessel failure for pressures above 2.5 MPa and vessel inner surface temperatures stme 1200;C
tube failure for pressures less than 2.5 MPa and vessel inner surface temperatures atme l'on K.

CI! Metaitic Coherent None

Ceramic Slurry Coherent Localued or global vessel failure
Chg Ceramic Pool Coherent (4544'1) localued or global vessel failure

14 Wit
Metalhc Coherent (<5%) NoneGE
Ceramic Slurry Coherent (<7'T) Ixcahred or global failures for pressures atwe 2 MPs and vessel inner surface temperatures atwe 1100 K; tube

failure for pressures less than 2 MPa and vessel inner surface temperatuits above 1600 K.d

Ceramic Pool Coherent (<10%)' Tube failure (via ejection andAv rupturr) for all pressure ranges and vessel inner surface temperaturrs above
-1200 K. g

w
n

a. Temperaturr and pressure values are apprommate because temperature distnbutinns depend on assumptions related to accident pressure history, exterior surface heat transfer to the g
containment, debris-to. vessel heat transfer, etc. $,

O
Z b. Approximately 10% of the material arrives as a coherent jet if a central relocation path is assumed, and less than 20% of the material arrives as a coherent jet if a peripheral
C rriocation path is assumed. cW Q.

c. Vessel inner surface temperatures are higher in the ceramic pml case because failure is predicted to occur during the initial transient heatup stages of the accident. O
N 3O d. Because therr is considerable uncertainty in the ultimate strength of drain line SA106, analyses suggest that it may be possible for drain hne tube failure to occur earlier than global or 1
h localized sessel failures at high pressures. {ta
@ O
g e. No coherent jet reaches the lower head if a central relocation path is assumed; less than of the material relocates as a coherent jet if a peripheral relocation path is assumed. @
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heat sources in the debris or locations with enhanced debris-to-vessel contact in the debris bed.
For plants with lower head penetrations, results in Section 4.1.2 indicate that ceramic melt will
cause in-vessel tube melting. Irrespective of whether conduction or turbulent heat transfer
dominates, melt will travel to locations below the lower head through penetrations with larger
effective diameters for melt Dow, such as the GE drain line nozzle or instrument tube
penetrations. However, if turbulent heat transfer dominates, melt is predicted to migrate below
the lower head only if penetrations have larger areas available for melt flow or if penetrations are
ablated within the lower head near the vessel inner surface. For higher pressures (above 1 or
2 MPa) and vessel inner surface temperatures above -1000 K, results in Sections 4.1.3 and 4.2.2
indicate that global or localized vessel failure generally occurs before tube failure. Because there
is considerable uncertainty in the ultimate strength data at high temperature, analyses indicate
that it tqay be possible for drain line failure to occur prior to vessel failure in some cases.
However, the exact temperatures and pressures where failure occurs are dependent on factors
such as vessel and penetration geometry, material composition, and heat removal conditions from
the vessel to the containment. For low pressures, results in Section 4.1.3 indicate that tube j
failures may dominate in plants with lower head penetrations if vessel inner surface temperatures 1

exceed -1600 K. However, uncertainties in high-temperature ultimate strength behavior for tube !

materials make it difficult to determine which failure will occur first at these low-pressure /high-
temperature conditions.

Coherent jet impingement of high-temperature ceramic melt is predicted to occur, although
the fraction arriving as a coherent jet depends on plant lower plena design. Because a high
percentage of the melt arrives as a coherent jet in the CE plant, which has no lower head
penetrations, results in Sections 4.1 and 4.2 indicate that both localized and global vessel failure
are possible, depending on conditions, such as the accident's pressure history and heat removal
from the vessel. For plants with lower head penetrations, results in Section 4.1.2 indicate that
ceramic melt causes in-vessel tube melting. Irrespective of whether conduction or turbulent heat
transfer dominates. melt is predicted to travel through penetrations to locations below the lower
head through penetrations with larger effective diameters for melt flow, such as the GE drain line '

nozzle or instrument tube penetrations. However, if turbulent heat transfer dominates, melt will
be predicted to migrate below the lower head only if penetrations have larger areas available for
melt flow or if penetrations are ablated within the lower head near the vessel inner surface. For
higher pressures (above around 2.5 MPa), results in Sections 4.1.3 and 4.2.2 for PWRs indicate
that global or localized vessel failure occurs before tube failure if vessel inner surface
temperatures are above -1200 K. However, the exact temperatures and pressures where failure
occurs are dependent upon factors, such .as vessel and penetration geometry, material
composition, and heat removal conditions from the vessel to the containment. For low pressures,
results in Sectior' ' 3 indicate that tube failures may dominate in PWRs with lower head
penetrations, once vessel inner surface temperatures exceed -1600 K. However, uncertainties in
high-temperature ultii . te strength behavior for tube materials make it difficult to determine.

which failure will occur first in these PWRs at low pressure. In BWRs with relatively high vessel
inner surface temperatures (greater than -1200 K), tube failures are predicted to occur before
vessel failures for all pressure ranges.

6.3 Areas for Additional Work

Several areas have been identified where additional work could reduce uncertainties in
! predicting vessel failure. Mapr areas are listed below:

NUREG/CR-5642 6-10
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'

Additional High-Temperature Penetration Material Creep and Tensile Data. As*

discussed in Section 6.1.1, the ultimate strength behavior of penetration tube material
(Inconel, stainless steel, and SA106B carbon steut) is not well defined at high-
temperatures. In fact, before the NRC lower Head Failure Program, high-
temperature data for these materials were limited, if nonexistent, for temperatures
above 1000 K. As discussed in Appendix B, a limited number of high. temperature tests

'

for penetration tube materials have been completed. Although the new data are
beneficial because they extend into temperature regions where data were previously
unavailable, the data are limited, and additional tests are needed to reduce the range of
uncertainty associated with these data. In particular, data were not previously available
for the SA106 material at temperatures above 811 K, and extrapolation of available
data indicated that the ultimate strength of this material became negligible at 1000 K.
However, test results indicate that the ultimate strength of SA106B material is

,

considerably stronger than indicated by previous data. Hence, additional SA106B tests
are needed to reduce the uncertainty in predicting the ultimate strength of this material
at temperatures above 1150 K. |

;

i

Model Validation. As noted in Section 6.1, a limited amount of the validation for ;
.

failure analysis models is applicable to LWR severe accioent conditions. Several
organizations are performing experiments that are applicable to LWR vessel failure
analyses. Additional work should be performed to validate models used for lower head
failure calculations.

Additional Application to a Broader Range of Conditions. Although an extensive effort i
*

has been made to apply failure models for a wide range of severe accident conditions, |

additional applications could reduce failure analysis uncertainties. For example,it is
desirable to apply the newly-developed kwalized creep rupture model to cases where a
larger angle of :ir vessel is exposed to a peak temperature distribution.

Structural Analysis of PWR Vessel. PWR vessel plastic and creep response have not.

been addressed in this study. Given the thinna vessel wall H ' 4her operating
pressure, it is possible that both creep and plasticity will play a r.w a PWR vessel
failure.

|

|

I
i

|

|
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Nomenclature

lower Case

a, - Gap steam accommodation coefficientgo

b - Midwall radius of hemispherical shell (m)

{ pi - Liquid coolant specific heat capacity (J/kgK)c

c - Vapor coolant specific heat capacity (J/kgK)pg

|
c - Debris specific heat capacity [may be further designated with the subscript (m) for jg

molten debris, or (s) for solid debris] (J/kgK) -

!

c, - Tube material specific heat capacity (J/kgK) ip

c - Vessel specific heat capacity (J/kgK) |g

d, - Effective diameter of melt (iength - mm, cm, or m)

d - Vessel penetration hole diameter (length - cm or m)a

d - Iower plenum structure hole diameter (length - mm, cm, or m)noi,

d - Tube inner diameter (length - cm or m)
3

d - Damage accumulated during a time interval, Ati i

d - Tube outer diameter (length - em or m)o

d,o - Penetration tube internal structure outer diameter (cm)

f - Dimensionless friction factorr

2 2
g - Gravitational acceleration (980 cm/s or 9.8 m/s )

gi,g2 - Temperature jump distances (m)

h - Critical thickness of accumulated melt (m)c

hrg - Coolant heat of vaporization (J/kg)

2
h - Debris to structure gap convective heat transfer coefficient (W/m K)gar

h, - Inlet enthalpy (J/kg)i
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Nomenclature

22h - Head loss due to friction (m /s )o

h, - Exit enthalpy (J/kg)oo

h, - Convective heat transfer coefficient from molten debris to structure [may be further
designated with the subscript (o) to signifv cases witnout melt / water or melt / structures
interactions during melt relocation] (W/m'K)

h,y - Convective heat transfer coefficient from the vessel to the building atmosphere
2

(W/m K)
i

k - Debris thermal conductivity [may be further designated with the subscript (m) fora ,

molten debris or (s) for solid debris) (W/mK) i

k - Thermal conductivity of steam in vessel / debris gap (W/mK)g

k - Most probable wave numberp

k, - Tube material thermal conductivity (W/mK)

k - Vessel thermal conductivity (W/mK)y

I, - In-vessel length of penetration tube containing debris (length - mm, cm, or m)

l - Ex-vessel length of penetration tube containing debris (length - mm, cm, or m)o

m - Dimensionless parameter used to nest nodes (degrees-of-freedom) in or around a hot
spot (Section 4.2,2)

m - Melt relocation rate (kg/s)

in. - Inlet coolant mass flow rate (kg/s)
,

[n , - Exit coolant mass flow rate (kg/s)oo

p, - Intqrnal pressure (MPa)

q" - heat flux from the debris to the vessel [may be further designated by the subscripts 2

(ceramic slurry), (metallic), or (molten pool) to describe different debris conditions or
.

2(peak) to describe hot spot heat flux] (MW/m ) )

2(0) - Initial debris heat flux (MW/m )2
13 ,

I

{(0) - Initial debris volumetric heat source (MW/m ) l
3

|
r - Radial location [may be further designated by the subscript (o) to denote the original |

(undeformed) value] (length - mm, em, or m)
!

r3 - Radius of penetration hole in pressure vessel lower head (length - mm, cm, or m)

r - Inside radius of penetration tube (length - mm, em, or m)3

NUREG/CR-5642 A-4 !
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Nomenclature

r - Outside radius of penetration tube [may be further designated by the subscripts (T) oro
(P) to describe a change in outside radius due to temperature or pressure changes)
(length - mm, em or m)

t - Time (time - s or hours) |

t[ - Dimensionless time [6ta,jty)2 :

ti - Dimensionless time [(1-typ)/T]y

t - Boiloff time (s)%

i - Debris height (m)d

t - Time to creep rupture (hours)r

t - Relocation time (time - s or hours)re

t, - Penetration tube wall thickness (length - mm, cm, or m)

:

t,m - Thermal relaxation time for tube melting (s)

t,g - Tolerance limit for failure time (s or hours)

t,p - Thermal relaxation time required for transmittal of a thermal front through a
penetration tube wall (s)2

i

t, - Time to ultimate strength failure (s or hours)
:

t - Reactor pressure vessel lower hesd thickness [may be further designated with the sub-y

script (o) to denote original (undeformed) value) (length - cm or m)

t - Thermal relaxation time required for transmittal through the vessel wall (s)yp

u - Radial displacement (m)

u - Coolant internal energy [may be further designated by the superscript (b) for beginningc

state or (c) for end state] (J/kg).

u - Debris internal energy |may be further designated by the superscript (b) for beginninga

state or (c) for end state] (J/kg)

v - Differential shear force (N!m)

| v - Melt velocity [may be further designated by the subscript (1) for tube entrance, (2) foro

tube exit, or (avg) for average tube vekrity] (m/s)

I w - Axial displacement (m)

x - Distance through vessel wall (Section 4.1.1) (m)

A-5 NUREG/CR-5642 |
;

. - - ., .- . _ . - -



:
;

1

Nornenclature

| x - Dimensionless fraction of the available effective flow area for melt in a penetration in
(Section 4.1.2)

y - Vertical k) cation of debris within a tube [may be further designated by the subscript
(1) to denote the tube entrance or (2) to denote the tube exit] (m)

z - Axial location [may be further designated by the subscript (o) to denote original
(undeformed) value] (m)

Upper Case

A - Area of impingement zone [may be further designated by the subscript (o) to denote
2cases without any melt / water or melt / structure interactions during melt relocation] (m )

;

2 1A - Effective flow area for melt within a vessel penetration (m )err

2A - Cross-sectional area of debris surrounding a penetration in a lower head unit cell (m )o

2A, - Cross-sectional area encompassed by a penetration in a lower head unit cell (rp )

2A - Tube cross-sectional area (m )a

Bi, - Vessel Biot number (h,y A)t

D - Total accumulated damage |

D, - Jet diameter [may be further designated by the subscript (o) to denote cases without
any melt / water or melt / structure interactions during melt relocation] (length - em or m)

| E - Young's Modulus [may be further designated with the subscript (o) to denote value at
midplanc] (MPa)

;

| E, - Total energy deposited [may be further designated with the subscript (o) for cases
'

without melt / water or melt / structure interactions during melt rek> cation] (J)

Fr - Dimensionless Froude number
l

| F - Pressure force acting on a penetration (N) |p

G - Shear modulus (N/m ) |
' 2

K - Entrance loss coefficient
I
|L - Jet breakup length (m) i

L - Debris latent heat of fusion (J/kg)a

L, - Tube material latent heat of fusion (J/kg)
j

1, - Weld length (m)
|

|
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Nomenclature

LMP - Dimensionless Larson-Miller parameter

M - Moment resultant [may be further designated by the subscript (9) for values along the
meridian, (0) for values in the hoop direction, (cr) for creep component, (pl) for plastic
component, (th) for thermal component, (fr) for finite rotation correction term, or (ym)
for Young's Modulus correction term] (N-m/m)

|

M - Coolant mass [may be further desigriated by the superscript (b) for beginning state ore
(e) for end state] (kg)

Ma - Debris Mass [may be further designated by the superscript (b) for beginning state or
(e) for end state] (kg)

,

|
*M - Steam molecular weight (kg/kg-mole) I

g

l
'

M, - Tube mass (kg)

N - Force resultant [may be further designated by the subscript (,) for values along the
meridian, (0) for values in the hoop direction, (cr) for creep component, (pl) for plastic
component, (th) for thermal component, (fr) for finite rotation correction term, or (ym)
for Young's Modulus correction term] (N/m)

|
Nu - Dimensionless Nusselt number j

1

! N - Ultimate membrane capacity of vessel wall (MPa*m) |c

|
N - Dimensionless number of holes in a lower plenum structureg,

N - Membrane load on vessel wall due to pressure (MPa m)p

Pe - Dimensionless Peclet number

Pr - Dimensionless Prandtl number

P Pressure [may be further designated by the subscript (1) for tube entrance, (2) for tube-

exit, (gas) for gap steam, (init) for initial, (f) for final, (relief) for relief valve, (th) for
tube-hole interface] (pressure - Pa or MPa)

Q - Impinging heat flux [may be further designated with the subscript (o) for cases without
2melt / water or melt / structure interactions (during melt relocation)] (W/m )

Q,c - Shear resultant along normal to deforme'd middle surface [may be further designated by
the subscript (cr) for creep component (pl) for plastic component, (fr) for finite
rotation correction term, or (ym) for Young's Modulus correction term] (N/m)

D Power produced by debris decay heat (J/s)-
d

o - Initial power level (J/s)

D, - Energy production from oxidation (J/s)

A-7 NUREG/CR-5642
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Nornenclature
2

, - Energy loss rate from the vessel (J/s)

R - Surface roughness of material [may be further designated with a subscript (1) or (2) to
denote a particular side of a gap] (m)

R - Principal radius of curvature [may be further designated by the subscript (<p) for
deformed principal radius of curvature along the meridian, (9o) for undeformed
principal radius of curvature along the meridian, (0) for deformed principal radius of
curvature in the hoop direction, or (O ) for undeformed principal radius of curvature ino
the hoop direction] (m)

R - Radius of reactor pressure vessel of the lower head [may be further designated by the
subscript (in) for innen, (out) for outer, or (m) for mean or midwall] (length - mm, cm,
or m)

R - Horizontal distance from the vertical axis / centerline of the spherical head for3

calculating & (m)

Re - Dimensionless Reynolds number [may be further designated by the subscript (J) for a
jet]

S - Arc length [may be further designated with the subscript (o) to denote original
(undeformed) value] (m)

T - Temperature [may be further designated by the subscript (in) to denote the vessel
inner surface temperature, (out) to denote the vessel outer surface temperature, (mp)
to denote the vessel liquidus temperature, or (1) or (2) to denote a particular type of
temperature distribution (Section 4.2.2)] (K or when used to determine the Larson-
Miller parameter, degrees R)

AT - Difference between debris and tube temperature (Section 4.1) (K)

AT - Difference between jet and vessel temperature (may be further designated by the
subscript (o) for cases without melt / water or melt / structure interactions (during melt
relocation)) (K)

AT - Amplitude of peak temperature distribution (Section 4.2.2) (K)

T, - Reactor building temperature (K)'

T - Debris temperature (K)d

T, - Coolant vapor temperature [may be further designated by the subscript (sat) for
saturated or (sup) for superheated (K)],

I

T, - Gap steam temperature (K)p

T - local penetration hole temperature [may be further designated by a subscript toh

indicate (i) inner or (o) outer vessel wall location] (K)

NUREG/CR-5642 A-8
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Nomenclature

T - Bulk coolant temperature [may be further designated by the subscript (i) for initial,i
(f) for final, (sub) for subcooled, or (sat) for saturated) (K)

T,p,3 - Liquidus temperature for debris material (K)

T,g - Liquidus temperature for tube material (K)

T - Particle temperature (K)p

T - Reference temperature (K)rer

T - Iocal tube mean wall temperature [may be further designated by a subscript to indicatei
tube position at inner (i) or outer (o) vessel wall] (K)

i

|

Ta - Tube failure temperature (K)

T - Vessel temperature (may be further designated by the subscript (i) for inner surfacey

temperature, (o) for outer surface temperature, or (avg) for average through-thickness i

values) (K)

T - Coolant vapor temperature (K)y

T[ - Dimensionless vessel temperature [2k (T -T )/(((0)t )]y y y yi y

T* - Dimensionless vessel temperature [h,,(T -T,)/f (0)}lov2 y

U - Velocity [may be further designated by the subscript (E) for erosion velocity, (J) for jet
velocity, (c) for critical melt velocity, (1) for coolant liquid velocity, or (v) for coolant i

vapor velocity} (m/s) l

X - Axial distance melt penetrates through instrumentation tube prior to plugging (m)p

3V - Coolant volume (m )c

V, - Frictional shear force (N)

Wey - Dimensionless Jet Weber number

Greek

a - Mean coefficient of thermal expansion [rpay be further designated by the subscript
(h) for vessel hole, (t) for tube, (vi) for vessel inner surface, or (vo) for vessel outer
surface; assuraes a reference temperature of 294 K] (m/m/K)

a - Change in arc length with respect to the parametric variable ( [may be further
designated by the subscript (o) to denote the initial (undeformed) value)

ata - Debris thermal diffusivity [may be further designated by the subscript (m) for molten
2 2 2' debris or (s) for solid debris] (mm , cm /s, or m j3)

2 2 2a - Tube thermal diffusivity (mm /s, em /s, or m /s)n

|
'
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Nomenclature

2 2a - Vessel thermal diffusivity (mm-/s, cm /s, or m /s)u

p - Rotation of shell midplane from its initial location (, - go)

y - Material rotations from normal to the deformed middle surface [may be further
designated by the subscript (o) to denote value at midplane]

yg - Shear strain along the normal to the deformed middle surface [may be further
designated by the subscript (cr) for creep component or (pl) for plastic component]

8 - Penetration distance of temperature front through vessel wall (in Section 4.1) (m)

8, - Vapor film thickness (Section 4.2.1 and Appendix C) (m)
:

8 - Liquid film thickness (Section 4.2.1 and Appendix C) (m)

8 - Difference between the penetration tube outer radius and the vessel hole radius
3

(length - mm, cm, or m)

'

c - Strain mdasure [may be further designated by the subscript (e) for clastic strain,
(th) for thermal strain, (pl) for plastic stiain, (cr) for creep strain, (AT) for strain due to
temperature change, (9) for values along the meridian, (0) for values in the hoop

,

direction, or (() for strains normal to the shell] (m/m)
;

( - Distance between shell material and midplane, measured normal to the deformed
, ,

middle surface (m)

e, - Tube emissivity

e - Dimensionless effective debris temperatured ,

0, - Dimensionless effective tube temperature
,

A - Dimensionless debris solidification constant !c
I

!1, - Dimensionless penetration melting constant

v - Poisson's ratio [may be further designated by the subscript (t) for tube material)

3
r - Coolant liquid specific volume (m /kg)u

3u, - Coolant vapor specific volume (m /kg)

( - Parametric variable used to define shell meridian, O s ( 51

3p, - Ambient fluid density (kg/m )

pc - Coolant density [may be further designated by the subscript (g) for vapor phase or
3(f) for liquid phase) (kg/m )

NUREG/CR-5642 A-10



Nomenclature

3
po - Debris density (kg/m )

3pj - Continuous phase density (kg/m )

3p; - Melt density (kg/m )

3
p, - Tube density (kg/m )

3Vessel density (kg/m )py -

o - Stefan-Boltzmann constant (5.672 x 10 W/m K ) !
4 2 4|

|.

o - Stress [may be further designated by the subscript (a) to denote applied, (u) to denate
ultimate, (y) to denote yield, (e) to denote effective, o; (r,,,0, or () to denote

2
components in the radial, meridional, hoop, and surface normal directions] (N/m )

o - Crust thickness (length - mm, cm, or m)c

a3 - Surface tension (N/m) i

o, - Ultimate stress (MPa)

r - Timescale for jet breakup (Section 4.2.1) (s) )
2

r - Shear stress measure (N/m )g

r - Time constant in calculating time required for vessel to reach steady-state temperaturey

profile (s)

2
r, - Shear stress in a weld (Section 4.1) (N/m )

9 - Angle between the normal to the middle surface and the vertical axis [may be further
designated by the subscript (o) to denote original (undeformed) value]

A go - Angular spread characteristic of peak temperature distribution

|
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Appendix B

High-Temperature Creep and Tensile Data for Pressure
Vessel Steel and Penetration Materials

B-1. INTRODUCTION

The lower heads of commercial power reactor pressure vessels are generally fabricated from
the plate material SA533B1 or its predecessor, SA302B, which has very similar structural
properties. Where forgings are required, such as in skirt junctions in the lower head, SA508-CL2
material u used. Lower head penetrations, such as instrument tubes, control rod guide tubes, and
the drain nozzle are constructed of Inconel 600,304 stainless steel, or SA106B carbon steet This
appendix discusses material creep and tensile test data for SA533B1, Inconel 600,304 stainless
steel, and SA106B that have been developed at the Idaho National Engineering Laboratory
(INEL) for the U.S. Nuclear Regulatory Commission (USNRC) Lower Head Failure Analysis
Program and material creep data for SA508-CL2 developed in a previous USNRC task. With the
data supplied in this appendix, structural analyses, both simplified analytical solutions and detailed
finite element calculations, can be made in much higher temperature regimes for these vessel ,

'

materials than previously possible. Section B-2 discusses the SA533B1 tests; Section B-3 covers
those for the SA508-CL2 material: Section B-4 covers test ng of the penetration materials;i

Section B-5 discusses the possible use of the data; and Section B-6 offers concluding remarks.

!
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High-Temperature Creep and Tensile Data

B-2. SA533B1 MATERIAL CREEP RUPTURE AND TENSILE DATA
FROM TESTS AT INEL

B4Previous stress calculations to assess creep failure of the reactor pressure vessel lower
head during the Three Mile Island (TMI)-2 accident indicated the need for creep and stress-strain
curves for the vessel material at very high temperatures. Previously, such data were only available
up to 922 K for SA533Bl 8-2, na he plate material in the TMI-2 lower head and the one mostt
common material in all commercial reactor vessel lower heads. A gap in the data remained for !
these structural properties between 922 K and the melting temperature,1789 K. At temperatures ;

near 1000 K, SA533B1 undergoes a ferrite-to-austenite phase transformation that can alter j
material properties considerably. For this reason, the INEL has performed tensile tests up to )

1473 K and creep tests up to 1373 K to extend the structural property data base and to aid future
structural calculations.

i

B-2.1 Test Setup j
|

High-temperature behavior of the SA533B1 material presented special problems that caused '

some difficulty in performing the creep tests. High surface oxidation rates on test coupons at ,

these elevated f.emperatures required that the creep tests be performed in an inert atmosphere. t

herefore, an emironmental chamber filled with argon gas was installed around the test coupon i

to counteract this oxidation effect. Additionally, high ductility of the material at these !

temperatures required the use of large-ranging extensometers installed inside the environmental
chamber to measure the entire time-dependent creep response. Figure B-1 illustrates the creep

,

'

test setup.

The test coupons for this series of creep and tensile tests were fabricated from archived
material obtained from the Midland reactor vessel. Coupons were fabricated from samples having :
either a meridional orientation with respect to the vessellower head or a radial, or through-wall, '

orientation in the vessel plate material (see Figure B-1). Orientation effects were evaluated
because of expected variations in strength resulting from the plate rolling process. As a baseline
reference, tensile test results for a room temperature test conducted at the INEL have been
compared to results of room temperature tensile tests conducted on this same material at other !

institutions. The INEL results generally lie at the upper end of the tensile test data ranges. They
are also within the permissible range of the ASTM material specification for SA533Bl.

B-2.2' Tensile Tests !
$

The tensile tests considered variations in material orientation and load strain rate. Initially,
tensile tests were conducted by American Society of Testing and Materials (ASTM) Standards

Bd 84E8 and E21 that allow a higher loading rate in the plastic range (0.05 m/m/ min) than in the
elastic range (0.005 m/m/ min) for loading rate insensitive material. However, SA533B1 material
has some load rate sensitivity, as indicated by the plots of yield and ultimate tensile strength data
in Figures B-2 and B-3 when different loading rates are used. In these plots the coupon material
is oriented in the meridional direction unless the legend indicates a strain rate accompanied with a
" radial" designation. Strain rate variation has some effect on yield strength below temperatures of

;

1050 K, while the 0.05 m/m/ min strain rate increases the ultimate strength by 20% in the 1100 K '

to 1200 K range. A linear trend is inferred from this curve into the higher temperature ranges up
'

to the melting temperature of 1789 K. The corresponding ductility plots of Figures B-4 and B-5
also indicate the load rate sensitivity of the material. These ductility plots indicate a trend of
reducing ductility with some data scatter between 900 and 1250 K. The data scatter is most likely

NUREG/CR-5642 B-4
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Figure B-1. Schematic of the creep test setup.
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High-Temperature Creep and Tensile Data
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Figure B-2. INEL SA533B1 tensile test results for yield strength.
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Figure B-3. INEL SA533B1 tensile test results for ultimate strength.
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High-Temperature Creep and Tensile Data
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Figure B-4. INEL SA533B1 tensile test results for ductility (elongation).
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Figure B-5. INEL SA533B1 tensile strength results for ductility (area reduction).
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the result of the ferrite-to-austenite phase transformation at about 1000 K. 'Ihe increasing trend
in ductility above 1250 K is probably the result of the austenitic form of this material.

High-temperature ultimate strength and yield strength data obtained from these tests are
plotted in Figures B-6 and B-7 with previously published ASTM -3 data obtained at lowerB

temperatures. Ultimate strength was the peak stress recorded during the test. Yield strength was
determined using a 0.2% strain offset from the linear clastic portion of the curve. Ultimate
strength data show excellent continuity between the two studies. Yield strength is continuous
except at 922 K, where yield strengths obtained in this study lie above the ASTM data.

INEL strain measurements were intended to capture relatively large deformations. They
were not sensitive enough to measure clastic moduli accurately. For this reason, use of published
values for clastic moduli, such as EPRla.2 or Takeuti,n4 is recommended. Figure B-8 shows
EPRI and INEL clastic moduli data.

naTo offer some reference for the tensile test strain rates, a simple calculation of the clastic

complessive strain cg induced in the surface layer of a solid body, such as the vessel lower head
wall, when subjected to a surface temperature change, AT, is given by

aAT
'M" 1-y

600 . . . , , ,

Strain rate (1/ min.)g
D
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500 -

"
-

g ingto oo3_
d D
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Figure B-6. INEL and ASTM tensile test results for ultimate strength.
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Figure B-7. INEL and ASTM tensile test results for yield strength.
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where
i

mean coefficient of thermal expansiona =

Poisson's ratio.v =

:

Thus, the strain rate for this condition is directly related to the rate of temperature change. I

For this material at high temperatures, a temperature change rate of 100 K/ min produces a stram <

rate of approximately 0.003 m/m/ min.

Stress-strain curves for meridional specimens have been generated for tensile tests run at a {
strain rate of 0 014 m/m/ min and temperatures ranging from 922 to 1473 K. Results for these j
tests are shown in Figure B-9.

|
l

B-2.3 Creep Tests

The creep tests performed at the INEL are summarized in Table B-1. Thirteen creep tests
were performed with temperatures ranging from 900 to 1373 K and times to rupture ranging from }
2 minutes to 264 hours. Time dependent creep measurements were recorded as well as the times
to rupture for the material. Figures B-10 through B-15 plot these measurements at temperature

1

for the tests summarized in Table B-1. For example Figure B-10 plots total strain versus time '

with an applied stresses of 69.71 MPa and 140.1 Mpa for a material temperature of 900 K. This
curve shows the primanj, secondary, and tertiary phases of creep in the specimen. The secondary,
or minimum strain rate, phase of the creep curve is estimated by a linear regress!an shown on the
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Figure B-9. Stress-strain curve for SA533B1 at various temperatures (strain rate of
0.014 m/m/ min).
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Table B-1. Summary of SA533B1 material creep tests performed at the INEL

Creep rupture Creep rupture Creep rupture

Temperature Stress Time Stress Time Stress Time

K(*C) MPa (ksi) (h) MPa (ksi) (h) MPa (ksi) (h)

900 (627) 140.1 (20.3) 11.3 69.6 (10.1) 190.1 - -

1000 (727) 55.6 (8.1) 4.6 39.0 (5.7) 8.9 - -

1050 (777) 26.3 (3.8) 18.9 13.9 (2.0) 264.4 - -

1150 (877) 26.5 (3.8) 4.1 12.5 (1.8) 54.7 - -

1250 (977) 26.5 (3.8) 0.05 12.6 (1.8) 2.2 8.0 (1.2) 61.2

1373 (1100) 7.0 (1.0) 0.7 3.5 (0.5) 46.9 - -

plot with the resulting slope indicated. A parallel line offset 0.2% up the strain axis offers an
estimate of the onset of tertiary creep, where that offset line intersects the creep curve. These
plots provide data for further development of material-dependent creep laws that can be
incorporated into structural finite element models of reactor vessel lower heads. Such laws
typically estimate creep strain rate as a power function involving variables of applied stress and
time and temperature-dependent parameters.

Other, more standard, representations of this creep data are shown in Figures B-16
and B-17. Figure B-16 plots the times to rupture for the applied stresses givc.: in Table B-1,
while Figure B-17 plots the minimum creep strain c:tes for the tests.

,

B-2.4 Summary of SA533B1 Tests

Creep and tensile tests of SA533B1 pressure vessel steel were performed at temperatures
higher than any previous tests. Because of the high oxidation rates at these higher temperatures,
the tests had to be performed in an inert atmosphere. Results from the tensile data indics.ted a
rapid reduction in yield and ultimate strengths up to the phase transformation temperature of
1000 K for this material with a much more moderate decline in strength beyond that temperature.
Some sensitivity to loading rate was seen in the ultimate strength and material ductility. Ductility
also exhibited a marked increase in temperature ranges above the phase transition temperature.
Creep data, such as stress at rupture time (Figure B-16) and stress versus minimum creep rate
(Figure B-17), like the yield and ultimate strength data, also exhibited fairiy rapid declines just
below the phase transition temperature with more moderate declining rates in stress at higher
temperatures.
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Figure B 10. Creep curves for SA533B1 at 9(K) K.
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Figure B-12. Creep curves for SA533B1 at 1050 K.
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Figure B-13. Creep curves for SA533B1 at 1150 K.
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Figure B-14. Creep curves for SA533B1 at 1250 K.
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Figure B-15. Creep cunes for SA533B1 at 1373 K.
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B-3. SA508-CL2 CREEP TEST DATA FROM TESTS AT THE INEL
|

8The INEL -8 also conducted creep testing of SA508-CL2 material, used for lower head
vessel forgings, under a previous USNRC task. These data are included in this section to provide

,

|

known creep curves that might be used to formulate material creep laws in detailed structural i
analyses of reactor vessel lower heads. '

i

B-3.1 Test Description '

The coupons for this series of creep tests were fabricated from a section taken from the
Intermediate Test Vessel V-3, documented in the Heavy-Section Steel Technology Program at

8Oak Ridge National Laboratory * Twenty-one coupons were cut from the section, each having
a meridional orientation with respect to the 6. inch wall of the vessel. ;

The creep tests were conducted in air using a constant load testing machine equipped with i

an auto-leveling lever arm and an electric furnace. Oxidation rates for this material at the creep '

test temperatures were not significant enough to warrant inert atmosphere testing. The coupon
dimensiors and the testing procedure complied with testing standard ASTM E139.8~28

i B-3.2 Creep Tests

As indicated in Table B-2, the creep tests were performed at temperatures ranging from 900 -

to 1025 K, with rupture times varying from 6 minutes to 13.7 hours. It should be noted that
SA508 material undergoes a phase transition near 1000 K similar to that of SA533B1. ;

Figures B-18 through B-23 plot the creep curves from the test conditions summarized in i

Table B-2. These tests are also summarized in a plot of rupture stress versus time to rupture
;

(Figure B-24) and stress versus minimum creep rate (Figure B-25). !

I,

i
|

Table B-2. Summary of SA508-CL2 material creep tests performed at the INEL

i

Creep rupture Creep rupture Creep rupture

Temperature Stress Time Stress Time Stress Time
K (*C) MPa (ksi) (h) MPa (ksi) (h) MPa (ksi) (h)

1

900 (627) 140.7 (20.4) 13.7 111.7 (16.2) 43.7 - -

925 (652) 112.4 (16.3) 9.4 97.9 (14.2) 23.7 84.1 (12.2) 42.5 ),

950 (677) 111.7 (16.2) 2.4 98.6 (14.3) 4.6 84.1 (12.2) 10.1

975 (702) 111.7 (16.2) 0.4 97.9 (14.2) 1.1 84.1 (12.2) 2.7

1000 (727) 111.7 (16.2) 0.1 83.4 (12.1) 1.0 55.8 (8.1) 6.9

1025 (752) 56.5 (8.2) U.4 55.8 (8.1) 2.6 - -
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Figure B-21. SA508-CL2 creep test curve at 975 K.
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Figure B-22. SA508-CL2 creep test curve at 100() K.
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Figure B-23. SA508-CL2 creep test curve at 1025 K.
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Figure B-24. Creep rupture stress versus time to rupture for SA508-CL2.
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B-4. PENETRATION MATERIALS CREEP RUPTURE'AND TENSILE
DATA FROM TESTS AT THE INEL

High temperature creep and tensile data are needed to assess the likelihood of a structural
penetration failure in the lower head during a severe accident, particularly if finite element
analysis is used. Penetrations targeted by this study include instrument tubes (Inconel 600 or 304
stainless steel), control rod guide tubes (304 stainless steel), and drain lines (SA106B) (see
Appendix F). Table B-3 lists data for penetration materials found in published reports with
maximum test temperatures and INEL data with maximum temperatures. It should be noted that
in creep testing, stress, as well as the temperature, determines material response. For example, ;

although the maximum INEL test temperature for creep rupture ofInconel 600 is the same as |
those discussed in the published results, those tests were performed at much lower stresses than

,

the INEL tests. Typical creep rupture times for published data are over 100 hours; whereas, in |

the INEL tests, rupture occurred near 10 hours, the time frame of interest in severe accidents.

B-4.1 Test Setup and Procedures j

High temperature tensile and creep tests were performed on Inconel 600,304 stainless steel,
and SA106B carbon steel using the same test setup described in Section B.2.1. Tensile and creep
tests were performed using ASTM testing standards (s4B-5.s-10. Tensile tests were conducted in |
air; creep tests were conducted in an argon purge environment.

|
1

Table B-3. Maximum tensile and creep test temperatures in published data and in this study. !
}
J

Maximum temperature Maximum temperature
in published data in this study

(K) (K)

Inconel600

BYield strength (o") 1255 '11 1373
3Ultimate strength (o ) 1255 -33 1373o

Stress-strain curves none found 1373
8Creep rupture data 1366 '11 1366

Creep strain history none found 1366

304 Stainless steel

Yield strength (o*) 923 -12 1373
8

Ultimate strength (o ) 1000n-12 1373>

o
Stress-strain curves 977 '13 1373B

Creep rupture data 1144 -12 1350
8

8Creep strain history 1089 '" 1350

SA106B Carbon steel

Yield strength (o ) 811n-15 1150y

Ultimate strength'(o ) 811 -15 1150
8

o

Stress-strain curves none found 1150
Creep rupture data 811a-15 1050
Creep strain history none found 1050
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B-4.2 Data Reduction

Tensile data are presented primarily in the form of stress-strain curves, with specific points
of interest (e.g., yield and ultimate strengths) in tables and plots. For all tensile tests discussed

;

here, strain measurement was intended to capture relatively large deformation behavior and was
not sensitive enough to measure clastic moduli accurately. For this reason, published values of -
clastic moduli and their extrapolations to high temperatures were used to construct the clastic
portions of the stress-strain curves. Tensile data include both true and engineering ultimate
strength because true ultimate strength is used in finite element analysis and engineering ultimate
strength is used in mechanics of materials analysis Because of small strains, the difference
between true and ultimate yield is negligible. Percent elongations and area reductions are
referenced to the initial state.

Creep behavior is presented in plots of creep strain history and creep rupture data. In the
creep strain history plots, minimum creep rate was estimated by a linear regression on the
secondary phase of the creep curve. The intersection of the creep curve and a line parallel to the ,

minimum creep rate line, with 0.2% strain offset, was used to estimate the onset of tertiary creep. ,

The Larson-Miller parameter (LMP)"* is often used to predict creep rupture for combinations !
of stress and temperature different from those tested (see Section B-5). Creep rupture data are [
presented using the LMP, as well as in plots and tables.

B-4.3 inconel 600 ;

:

|
B-4.3.1 inconel 600 Tensile Tests

Results from Inconel 600 tensile tests at temperatures up to 1373 K are summarized in i

Table B-4 and plotted in Figures B-26 through B-29. Current tests were ccmducted using 1
12.7-mm round bar stock as the stock material. The material was annealed at 1143 K for one :

hour. The published values of clastic modulia-n used to construct the elastic portion of the :
stress-strain curve are listed in Table B-4. Elastic moduli were extrapolated from temperatures |
above 1273 K, using a second order polynomial fit. All other values listed in Table B-4 were i
obtained from tests performed at the INEL ;

,

Figure B-26 shows stress-strain curves for various temperatures. The stress-strain curve at
1150 K shows a slight jump at approximately 0.12 strain; also, the curve for 1200 K is not i

consistent with other cmves. These anomalies resulted from problems with temperature control.
Nonetheless, yield and ultimate strength values obtained for 1150 and 1200 K appear to be '

consistent with tests at other temperatures. as shown in Figures B-27 and B-28. Figure B-27 plots ;

temperature-dependent yield strength, and Figure B-28 plots temperature-dependent ultimate !

strengths, both engineering and true. Figure B-29 compares the INEL ultimate strength
(engineering) data to data published in Reference B-11, the INEL data are very consistent with ,

the published data. '

B-4.3.2 inconel 600 Creep Tests |
!

Table B-5 summarizes creep data obtained for 11 tests run from 1005 to 1366 K. Stresses
varied from approximately 14 to 173 MPa: times to rupture ranged from half an hour to ;

38.5 hours.

'

Figure B-30 plots stresses versus logarithmic times to rupture for the temperatures tested.
The INEL data tend to have shorter times to rupture than the published data. This difference is

NUREG/CR-5642 B-28
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Table B4. Inconel 600 tensile data."

Proportional True Engineering Uniform Total Area
| Temperature Eb o,d a,d elongation clongation reductionClimit ay

(K) (GPa) (MPa) (MPa) (MPa) (MPa) (%) (%) (%)

r

297 213.26 307.00 374.00 94235 733.00 30 43 68

600 198.18 314.00 315.00 900.71 689.00 30 39 61

800 185.05 256.00 280.00 789.27 617.(X) 26 39 65

| 900 177.53 221.00 266.00 567.25 468.00 16 45 73
i

1000 16938 165.00 237.00 304.74 273.00 4 76 94

1050 165.07 121.00 187.00 231.83 212.00 6 76 95

1100 160.60 73.00 132.00 17130 154.00 6 76 93

1150 155.97 60.00 98.00 13131 113.00 5 88 91
~

1200 151.19 55.00 74.00 85.28 79.00 7 62 83

1300 141.14 31.00 45.00 56.00 50.00 3 M3 91

1373 133.41 18.00 21.00 28.65 27.00 7 55 97

a. Product information: 1/2 in. rod, heat no. NX678714 annealed I hour at 1143 K, forced-air croled.

Chemistry 0160 C,0.250 Mn,0.001 S,0.250 si,76.10 Ni,14.890 C# 0.140 Cu,8.310 Fe.

b. Young's modulus.

c. Yield stress.

d. Ulumate stress.

probably due to grain size or heat-to-heat effects. However, tx>th data sets are too small to say if
| the difference is significant. Figure B-31 plots the LMP against logarithmic stress (ksi). The

LMP was calculated from the following equation:

LMP = T[13 + log (t,)] (10'3);

|

| where T is temperature ( R) and t, is time to rupture (h). English units were used to be
i consistent with historical data.

Strain versus time data, often used in finite element creep analysis, are shown in
Figures B-32 through B-35. The creep strain versus time data appear very consistent. It is
interesting to note that none of these high temperature curves exhibits much, if any, primary
creep.

|
l

|
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Figure B-26. Stress-strain curves for Inconel 600 at various temperatures-INEL tensile test
results.
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Figure B-29. Inconel 600, ultimate strength-INEL and Inco Alloys, International Inc., tensile
test results.B'11 i

|

Table B 5. Inconel 600 creep data.

Time to
Time o Minimum tertiary Total Area

Temperature Stress rupture creep rate creep elongation reduction
(K) (MPa) (h) (%!h) (h) (%) (%)

1005 173.20 130 22.034 01,0 64.0 77.1

1005 137.80 5.00 5.505 2.20 65.4 88.7 ;

1005 931,0 38.50 0.517 1014 67.9 84.4

1144 71.10 1.20 17.066 030 67.9 87.7

1144 551>0 3.00 4.528 0.80 683 79.4 i

1144 .%10 11.50 1312 2.90 76.4 67.6

1255 44.40 0.50 60332 0.17 88.6 88.6 |

1255 40.60 1.80 16.407 1.00 55.7 63.2

1255 29.50 3.20 9.738 2.20 46.6 57.5 |

1366 22.20 0.75 24.854 0.25 79 0 %.1
1366 14.10 5.90 3.987 2.90 58.1 64.4 |

Product information: 1/2 in. rod, heat no. NX678714, annealed I hour at 1143 K, forced air cooled.

Chemistry. Ormo C,0.250 Mn,0.001 S. 0.250 si,76.10 Ni,14.840 Cr,0.140 Cu,8.310 Fe.
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Figure B-32. Inconel 600 creep strain versus time at 1005 K-INEL results.
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Figure B-33. Inconel 600 creep strain versus time at 1144 K-INEL creep test results.
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Figure B-34. Inconel 600 creep strain versus time at 1255 K-INEL creep test results.
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Figure B-35. Inconel 600 creep strain versus time at 1366 K-INEL creep test results.

B-4.4 304 Stainless Steel

B-4.4.1 304 Stainless Steel Tensile Tests

The stainless steel specimens, fabricated from 12.7-mm round bar, were annealed for 1 hour
at 1323 K and forced-air cooled prior to testing. Figure B-36 plots stress-strain curves from 304
stainless steel tensile tests for temperatures up to 1373 K. The published values of elastic
modulus -n are listed in Table B-6, which summarizes the results from tensile testing. Elastica

moduli were extrapolated for temperatures above 1048 K using a second order polynomial fit. All
other values listed in Table B-6 were obtained from tests performed at the INEL In
Figure B-36, the stress-strain curve at 1150 K shows a slight jump at approximately 0.23 strain;
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Table B-6. 304 stainless steel tensile data.*

Proportional True Engmeering Uniform Total Area
Temperature Eb C d a,d elongation elongation reductionlimit a c

(K) (GPa) (MPa) (M}'a) (MPa) (MPa) (%) (%) (%)
o

297 194.77 208.00 252.00 1044.7 642.00 66 81 80

977 138.17 77.00 98.00 372.46 285.00 24 54 68

1050 129.81 61.00 93.00 245.45 197.00 17 64 78

1100 123.83 66.00 91.00 177.46 147.00 11 74 73

1150 117.M 60.00 85.00 135.58 109.(O 25 71 68

1200 111.24 46.00 M.00 82.45 73.00 8 52 75

1300 97.83 26.00 35.00 43.47 40.00 4 29 59

1300 97.83 27.00 36.00 40.68 39.00 1 25 58

1373 87.51 17.00 26.00 32.64 30 00 5 50 64

a. Product mIormation: 1/2 m rod, heat no. eiO2151. annealed I hour at 1323 K, forced-air cooled.

Chemmtry: 0 06 C,1.25 Mn 0.031 P,0 023 s,0 610 si,8.180 Ni,18.410 Cr,0.380 Mo,0.130 Co,0.063 N.

b. Young's modulus.

c. %cid stress.

d. Ultimate stress.

additionally, the curve for 1300 K is not consistent with other curves. Both the nontypical flow
curves at 1150 and 1300 K resulted from temperature control problems. These anomalies do not
appear to affect the yield and ultimate strength values. These values are consistent with tests at
other temperatures, as shown in Figures B-37 and B-38, which plot temperature-dependent yield
and ultimate strengths, both true and en incerin
(engineering) data and published data.B'pd 8-15 8 g. Figure B-39 compares INEL ultimate strengthB-19

The two data sets compare very well.

B-4.4.2 304 Stainless Steel Creep Tests

Table B-7 summarizes creep data obtained for six tests run from 1089 to 1350 K. Stresses
varied from approximately 8 to 85 hiPa; times to rupture ranged from about one hour to
85.3 hours. These data and previously published data .20 are plotted in Figure B-40. The INELa

data at 1089 K fit reasonably well with the published data and are consistent with tests at
different temperatures.

Figure B-41 plots the Lh1P against logarithmic stress (ksi). The LhiP was calculated from
the following equation:

LhiP = T[16 + log (t,)] (10'3)
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Figure B-37. 304 stainless steel yield strength (0.2% offset)-INEL tensile test results.
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Figure B-38. 304 stainless steel ultimate strength, true and engineering-INEL tensile test
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Figure B-39. 304 stainless steel, ultimate strength-INEL and published tensile test
results.a.u.a.15.a.18.B.19

Table B-7. 304 Stainless steel creep data.

Minimum Time to
Time to creep tertiary Total Area

Temperature Stress rupture rate creep elongation reduction
(K) (MPa) (h) (%/h) (h) (%) (%)

1089 85.30 8.00 4.086 4.24 54 57

1200 40.50 5.90 4.174 3.08 46 41

1200 54.60 1.30 23.604 0.64 57 55

1350 8.40 21.80 0.940 12.36 32 25

1350 9.80 17.20 1.560 5.79 41 31

1350 16.90 2.35 11.102 1.07 54 42

Product information: 1/2 in. rod, heat no. 602151, annealed I hour at 1323 K, forced-air cooled.

Chemistry: 0.06 C,1.25 Mn,0.031 P,0.023 S,0.610 Si,8.180 Ni,18.410 Cr,0.380 Mo,0.130 Co,0.063 N
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Figure B-41. 304 stainless steel Larson-Miller parameter versus stress-INEL creep test results.
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where T is temperature ("R) and t,is time to rupture (h). English units were used to be
consistent with historical data. Though data are limited, the linear fit is quite good.

Strain versus time data, often used in finite element creep analysis, are shown in
Figures B-42 through B-44.

B-4.5 SA106B Carbon Steel

B-4.5.1 SA1068 Carbon Steel Tensile Tests

Results from SA106B carbon steel tensile tests for temperatures up to 1150 K are plotted in
Figures B-45 through B-48 and summarized in Table B-8. Specimens were fabricated from 6-in.
Schedule 120 pipe and tested in the as-received condition. Published values of elastic modulus

B4tested between room temperature and 1273 K were used to construct the stress-strain curves,
as listed in Table B-8. All other values listed in Table B-8 were obtained from tests performed at
the INEL

Figure B-45 shows stress-strain curves for various temperatures. Curves at 500 and 1100 K
show ultimate strengths higher than those measured at the ner 40wer temperature. The causes
of this phenomenon are unknown. The material changes from ferrite to austenite in the
1000-1100 K regime, which may partially explain the unusual results at 1100 K. Figures B-46 and
B-47 plot temperature-dependent ield and ultimate strengths, true and engineering. Figure B-48
shows INEL and published data '73 for ultimate strength (engineering). The INEL data are8

considerably higher than the published data for temperatures below 800 K; however, the high
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Figure B-42. 304 stainless steel creep strain versus time at 1089 K-INEL creep test results.
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Figure B-43. 304 stainless steel creep strain versus time at 1200 K-INEL creep test results.
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Figure B-44. 304 stainless steel creep strain versus time at 1350 K-INEL creep test results.
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Figure B-48. SA106B carbon steel ultimate strength-INEL and ASTM tensile test results.n.21 )

Table B-8. SA106B carbon steel tensile data."

Proportional True Engineering Uniform Total Area
b C o,d o,d clonganon clongation reduction iTemperature E hmit cy

(K) (GPa) (MPa) (MPa) (MPa) (MPa) (%) (%) (%)

i
1

297 20437 374.00 355.00 648.47 550.00 16 33 66

500 193.31 281.00 312.00 673.78 598.(0 10 21 46 j
700 175.00 143.00 234.00 523.50 467.00 11 31 68

800 16634 127.00 203.00 _V a70 324.00 8 37 76

900 154.65 76.00 133.00 179.57 169.00 5 55 81

1000 139.47 42.00 74.00 87.51 83.00 4 65 89 |

1050 130.05 41.00 62.00 S4.02 74.00 6 58 59

1100 123.20 41.00 55.00 85.89 75.00 11 49 52

1150 11834 25.00 46.00 68.63 60.00 10 44 45

!
a. Product informaton: 6-in. Schedule 120 pipe, heat no. AM239, as acceived.

Chemistry: 0.25 C. 0.94 Mn. 0 014 P,0.010 5,0.25 Si,0 02 Cu. 0.02 Ni,0 06 Cr,0.01 Mo.

b. Young's modulus.

c. Yield stress.

d. Ultimate stress.
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temperature INEL data appear to be consistent with published data if they are extrapolated
beyond their temperature range. The low temperature discrepancy may result from differences in
heat treatment or heat-to-heat variations, which would become inconsequential at high
temperatures.

B-4.5.2 SA106B Carbon Steel Creep Tests

Table B-9 summarizes creep data obtained for seven tests run from 811 to 1050 K. Stresses
varied from approximately 20 to 125 MPa, with times to rupture from less than one hour to about
87 hours, as plotted in Figure B-49. INEL data, tested at 124 MPa and 811 K, indicated failure at
85 hours. This was within the range of stress values given for a failure time of 85 hours in the
published data.B-21

Figure B-50 plots the LMP against logarithmic stress (ksi). The LMP was calculated from
the following equation:

LMP = T[13 + log (t,)] (10~3)

where T is temperature ( R) and t,is time to rupture (h). English units were used to be
consistent with historical data.

Strain versus time data, often useu in finite element creep analysis, are shown in
Figures B-51 through B-53.

Table B-9. SA106B carbon steel creep data.

Time to
Time to Minimum tertiary Total Area

Temperature Stress rupture creep rate creep elongation reduction t

(K) (MPa) (h) (%'h) (h) (%) (7c)

|

811 124.60 80.90 0.0876 14.90 40.7 77.0 |

900 49.20 86.60 0.0676 16.47 62.3 87.6

900 79.70 7.20 1.629 2.12 55.3 88.5

900 103.70 1.70 7.698 0.64 53.6 85.3

1050 29.40 9.70 1.309 3.61 38.1 41.3*

1050 19.80 23.05 0.391 8.58 37.5 54.6

1050 53.20 0.80 26.859 0.38 46.0 47.3
I

Product information: 6-in Schedule 120 pipe, heat no. AS4239, as received.

Chemistry: 0.25 C,0.94 Mn,0.014 P,0.010 S,0,25 Si,0.02 Cu,0.02 Ni,0.06 Cr,0.01 Mo.
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Figure B-51. SA106B carbon steel creep strain versus time at 811 K-INEL creep test results.

B-4.6 Summary of Penetration Materials Tests

Creep and tensile tests of penetrations materials, Inconel 600,304 stainless steel, and
SA106B carbon steel, were performed at temperatures higher than any previous tests, or in the
case of some creep testing, at stresses higher than previous tests. Inconel 600 tensile data show a
rapid loss in ultimate strength for temperatures above 800 K; creep data indicate failure times of
less than 10 hours for temperatures greater than 1000 K and stresses greater than approximately
130 MPa. The 304 stainless steel tensile data show good consistency with published data,
extending the maximum tested temperature to 1366 K. In this material, ultimate strength remains
above 300 MPa until temperatures reach approximately 800 K, where the strength drops rapidly. !
Creep data for stainless steel predict failure times less than 10 hours for temperatures above |
1089 K and stresses greater than 80 MPa. SA106B carbon steel, used in drain lines of BWRs, is
not intended for high temperature applications; this material loses ultimate strength rapidly for
temperatures above approximately 600 K. Tensile testing of this material extends the tested
temperature range from 800 to 1150 K. Creep data indicate failure in less than 10 hours for
temperatures greater than 900 K and stresses greater than approximately 75 MPa.

*

B-51 NUREG/CR-5642

. . - . . - .- . . .. . . . . -



High-Temperature Creep and Tensile Data

30 . . .

Stress: 49.2 MPa
Rupture time: 86.6 h
Elongation: 62.3 %
Reduction in ars i: 87.6 %
Minimum creep rate: 0.0676 %/h

20 - Time to tertiary creep: 16.47 h -

|

10 -
-

,,,....
~~

' ' '0
O 25 50 75 100

30 . . . . . -

Stress: 79.7 MPa
Rupture time: 7.20 h
Elongation: 55.3 %
Reduction in area: 88.5 %m

$ Minimum creep rate: 1.629 %/h
20 - Time to tertiary creep: 2.12 h '-

.E
cu
.h
v>

CL
c)
g 10 - -

0

J .-
0 "- ' ' ' ' ' '

O 1 2 3 4 5 6 7
30 . . .

Stress: 103.7 MPa
Rupture time: 1.70 h
Elongation: 53.6 %
Reduction in area: 85.3 %
Minimum creep rate: 7.698 %/h

20 - Time io tertiary creep: 0.64 h -

10 -

. ..**,. ',
-

,

0 ' ' '

O.0 0.5 1.0 1.5 2.0

Time (h) M786.WHT1PS2-20X

Figure B-52. SA106B carbon steel creep strain versus time at 900 K-INEL creep test results.
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B-5. TOOLS FOR APPLYING CREEP DATA !
-

j Results from these creep tests can be used in both simple analytical calculations and in

| detailed finite element analyses of these materials at elevated temperatures. ;
,

!B-5.1 Larson-Miller Curves

In creep rupture evaluations the method proposed by Larson and Miller "is used with .
'

8

calculations of the primary stress in a structure to estimate failure times, assuming various
,

iconstant stresses and temperatures. The LMP can be derived assuming that creep rate is
governed by the Arrhenius equation

LMP = 0.001*T[C + log (t,)] ;

!

where

test temperature, RankineT =

!

time to rupture, hoursj t, = .

;

material dependent constant, often set equal to 20.C =

Time, temperature, and stress data are fit to this equation by creep testing several constant stress
levels to rupture at various constant temperatures. The LMP is calculated for each test from the
temperature and time to rupture. It is plotted against the corresponding test stress, as shown in -

Figure B-54. ,

i
'

Given an arbitrary constant temperature and constant stress within the tested range, the time
to rupture can be predicted by finding the LMP corresponding to the stress and calculating the
time to rupture from the above equation using the given temperature.

If the stress or temperature is not constant, time to failure must be predicted with a damage
model. Creep damage is often calculated using the life-fraction rule. Effective stress and ,

temperature for each element of interest are applied over a time step. Time to rupture is !
calculated from the LMP. Element damage for a given time step is the actual time at given
effective stress and temperature divided by the time to rupture at that effective stress and
temperature. Failure is predicted when the sum of the damage over the time steps is 1.0 (or
100%).

Previous, lower temperature creep test data '3 for SA533B1 material, which are summarizedH

in Table B-10, are included in the Larson-Miller curve fit of Figure B-54. This figure also
includes the creep rupture test data for SA508-CL2 for comparison, Considering that the data
transcend a phase transformation temperature for SA533B1, there appears to be little effect on
the resulting curves. The Larson-Miller curve fitting the previous data, which are all from tests at
temperatures below the phase transformation temperature, compare very well with the new INEL
data, which span the phase transformation temperature. Their slopes are almost equal, and a
slight offset reduction in applied stress for the higher temperature data is evident. Note that, as
rupture times become very short, the extrapolation of the curve shows that the creep rupture
stress agrees well with the ultimate tensile strength data.
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Figure B-54. Larson-Miller curve fit for SA533B1 and SA508-CL2 creep data.

Table B-10. Summary of low temperature SA533B1 material creep tests from Reference B-9.

Creep rupture Creep rupture Creep rupture

Temperature Stress Time Stress Time Stress Time !

K ( C) MPa (ksi) (h) MPa (ksi) (h) MPa (ksi) (h) I

728 (455) 413.7 (60.0) 2.3 361.3 (52.4) 21.0 310.3 (45.0) 907.0

783 (510) 344.8 (50.0) 0.7 275.8 (40.0) 54.0 206.9 (30.0) 657.0

867 (594) 137.2 (19.9) 23.3 102.7 (14.9) 103.0 102.7 (14.9) 106.0

The SA508-CL2 curve is characterized by a steeper slope, which indicates more sensitivity in
the creep rupture stress to increasing temperature than the SA533B1 material.

B-5.1.1 Approximating Creep Failure Time Using LMP

The Larson-Miller parameter can be used to approximate creep failure time relative to
failure predicted by ultimate strength. A comparison of the two times may help determine if a
finite element creep analysis is needed. The following procedure can be used to roughly
approximate creep failure time.

B-55 NUREG/CR-5642



High-Temperature Creep and Tensile Data

1. Plot the peak or average through-wall history. Peak temperature, obviously, gives a
more conservative estimate of the time to failure.

2. Define a tolerance limit, t,g, for the failure time. This is the time before the predicted
ultimate strength failure, within which the user would not be concerned if creep failure
occurred.

3. Divide the temperature history between t = 0 and t = t,- t,g into n approximately
linear segments, where t is the time to ultimate strength failure.o

4. Calculate the tin e to failure for each segment using the Larson-Miller parameter.

5. Calculate the damage for each time segment up to t = t, - t,g. Sum the damage over
,

Ithe time steps.

Creep analysis is recommended if the damage summation for times between t = 0 and t = t, - tig
is 100Tc or greater.

B-5.2 Constitutive Creep Law

Structural finite element analyses consider creep effects by calculating the creep strain at i

cach solution increment and including that effect in the total component strain of the element for
that solution increment. These test data can be fit to an analytical creep law just for this purpose.

,

The SA533B1 creep curves show little or no primary creep, as exemplified in Figure B-13.
Tertiary creep, defined here by a 0.27c strain offset from the minimum creep rate, occurs at
strains that are close to, or exceed, the strain at which necking occurs in tensile tests of the same
temperature. Since these tests are conducted at a constant load, rather than constant stress, the
increase in strain rate in the later stages of the test is probably a result of reduction in
cross-sectional area. If tertiary creep is assumed to be caused by changes in geometry, rather than
metallurgy, secondary creep, where the creep strain rate is constant, dominates the overall creep

,

response.

A creep relationship that Ascribes primary and secondary creep strain as a power function
in stress and time can be fit by the least squares method to the experimental data:

^
c,= o," t"" 2 +Bc m+1

'

where

creep strainc, =
c

applied stress (MPa)o, =

time (h)t =

A,m,n temperature-dependent parameters=

B strain offset. -=
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The final term. B, is likely a result of inaccurate calculation of elastic or plastic strain.11 this j

term is set to zero, the equation reduces to the Bailey-Norton equation -22 with the parameter, m, j
n

equal to zero. The final term, B, does not affect the time hardening form of strain rate, which is .

loften used in finite element analysis-
1

(

d(c ,) |
"c

o* t"=

dt i
>

!With the parameter m equal to zero, the remaining parameters needed for the analytical
creep law, A and n, are listed in Table B-11 for each curve at temperature. ,

i

iThe experimental data are well-described by a cubic function with an excellent fit for creep
strain as a function of time at given stresses and temperatures. 1

!

I

c = A + Bt - Ct2 + Dt3 i

y

where
!

;
creep' strain (including the tertiary portion)c =

y

time (b)t =

A. B, C,
and D = constants.

2The constants A. B, C, and D are listed in Table B-12 with the Index of Determination, R ,
for each cune at temperature.

Table B-11. Power fit to SA533B1 primary and secondary creep strain data.

Equation parameters ,

1
1

| Temperature
(K) A n

|

900 8.0080E-11 3.5821
l

'

10(X) 2.7564E-5 1.7627

1050 1.5003E-8 4.1983
1
i

1150 3.5934E-7 3.5747

! 1250 3.3895E-8 5.7124
1

1373 1.4911E-6 6.2%7 i
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n Table B-12. Cubic lit for SA533131 creep data.n n
0. E

'
h Temperature Stress !| 2

(K) (MPa) A B C D R
| 8
i n

900 140.1 5.1104E-4 3.5517E-3 -4.4140E-5 2.1078E-5 0.9998 )
m

9(x) 69.7 1.3453E-3 4.4070E-4 -6.6319E-6 9.9982E-8 0.9998 -

H
1000 55.6 2.9054 E-3 6.3494E-2 -1.9444E-2 2.9983E-3 0.9980

1000 39.0 5.4870E-3 1.8416E-2 -6.2405 E-4 3.6381E-4 0.9997 a

0
1050 26.5 & 26.3" 7.2408E-4 1.5835E-2 -9.0730E-4 8.3713E-5 0.9980 E

"
tv

g 1050 13.9 8.8445E-3 1.4580E-3 -7.2792E-6 2.5053E-8 0.9994

1150 26.5 9.3271E-3 5.7503E-2 -1.0037E-2 2.03%E-3 0.9998

1150 12.5 9.7656E-4 4.3835E-3 -8.7818E-5 1.5647E-6 0.9991

1250 26.5 4.5920E-2 6.9991 E-0 -2.5548E+2 5.8283E+3 0.9999

1250 12.6 -5.1739E-4 1.4677E-1 -7.3259E-2 3.3529E-2 0.9'357

1250 8.0 3.0580E-3 4.0922E-3 -3.3795E-5 9.7726E-7 0.9995

1373 7.0 9.4656E-3 4.4365E-1 -9.2150E-1 1.7052E-0 0.9993

1373 3.5 -6.9919E-3 7.3030E-3 -2.6037E-4 5.2984E-6 0.9970

a. Data from 26.3 MPa and 26.5 MPa at 1050 K were combined.

!

|
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B-6. CONCLUSIONS

The test data collected on SA533B1 and SA508-CL2 pressure vessel steels are meant to
assist analysts in evaluating reactor vessel lower head failures during severe accidents. With this ;

purpose in mind, several observations about the materials' temperature dependent response may
be useful.

Evaluation of the test data for SA533B1 material would indicate that, while the phase
transformation at 1000 K seems to affect yield strength and ductility, the plots of stress versus
time to rupture indicate only a moderate sensitivity to that transformation and Larson-Miller i

I
curves show little sensitivity to that transformation. These SA533B1 data also indicate some
strain rate dependency of the material's ultimate strength. However, as temperatures exceed
1400 K, the test data indicate a linear reduction in strength to zero at 1789 K.

The SA508-CL2 creep data exhibit more sensitivity to temperature in the Larson-Miller
curve by having a greater slope to the curve than that of SA533B1. It is noted, however, that the
temperature range of these data is not as large as that of the SA533B1 data and that several more 4

creep test data poims for this material should be generated to verify the current slope of the
Larson-Miller curve.

Tensile and creep data collected on Inconel 600,304 stainless steel, and SA106B carbon
steel can be used to evaluate failure of reactor vessel penetrations, such as instrument tubes,
control rod guide tubes, and the drain nozzle. For the most part, the INEL data are consistent
with published data and with reasonable extrapolations of published data. Exceptions include
Inconel 600 creep data, where INEL failure times tend to be shorter than published data, and
SA106B tensile tests, where INEL ultimate strength data are higher at temperatures below 800 K.
However, the INEL high temperature SA106B creep data (above 800 K) appear to be consistent
with a reasonable extrapolation of published data. The data collected here, particularly in the
creep tests, are limited. Testing was performed to assist in extrapolating property data where
none existed to severe accident temperatures. More testing with repetition is needed to reduce
the range of uncertainty.

.
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Appendix C

Description of the THIRMAL/0 Code- !
|

C-1. INTRODUCTION |

When a high temperature corium jet interacts with water, small particles are dispersed from )

the jet and the heat transfer rate is greatly enhanced by the increased corium/ water interfacial |;

! area. Therefore, it is obvious that a successful interpretation of all thermal phenomena following !

the jet interaction will depend on an accurate, quantitative prediction of the jet behavior (e.g., jet |
breakup length and dispersed particle size distribution). !

;

i Based on observations from tests using timulant materials, a phenomenological model was !

developed to describe the jet breakup behavior. In this model the jet material is assumed to be |
dispersed from the coherent jet column, as well as from the vortex ball formed at the jet leading
edge. Kelvin-Helmholtz instability is assumed to be the only surface erosion mechanism on the
coherent column, with shearing by the ambient fluid accounting for most of the material eroded
from the leading edge. The most probable sizes of particles dispersed from the column and the
leading edge are thus predicted from different dispeision mechanisms. A detailed description of.
the interfacial instability and the jet breakup mechanisms are documented in References C-1
and C-2.

i
!

|

|
:

!

|
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C-2. THIRMAL/0 COMPUTER CODE

The . Thermal-Hydrodynamic Interaction and Reaction of Melt and Liquid, version 0,
(THIRMALO) computer code was developed at Argonne National Laboratory (ANL) to provide
a capability to calculate the breakup and quenching behavior of melt entering water as a jet.
Given the diameter, velocity, and temperature of melt entering the water, THIRMAUD
mechanistically calculates the time-dependent jet penetration distance, breakup of the jet into>

droplets, quenching of the jet column and individual droplets, void formation and boilup of the
sunounding water, steam / hydrogen formation from melt-water interaction, steam condensation
within subcooled water, and the resulting system pressurization. THIRMAUO calculates the
erosion of the jet into dropicts by shearing off the leading edge and interfacial instability along
the vapor-covered jet column. The code considers heat transfer from the jet to st.rrounding water
by film boiling. local conditions of temperature and velocity within the jet are calculated using a
multicell, Lagrangian numerical formulation. Temperatures and velocities of droplets formed
from the breakup of the jet column are also obtained from Lagrangian calculations along the
droplet / particle trajectories.

The assumption that a continuous vapor film exists between the nelt jet and surrounding
water during the interaction, as described in References C-1 and C-2, becomes inadequate when a
continuous liquid phase no longer exists near the jet. Specifically, when the steam generation rate
is high enough to globally levitate the liquid phase, water may be dispersed in the form of
droplets while steam becomes the continuous phase. When this dispersed flow regime occurs, the

,

jet surface crosion is no longer driven by the steam flow in the thin vapor film, but rather by the |
steam flow surrounding the jet. In general, the steam velocity is much higher for a thin vapor film |
than for a steam flow distributed over the vapor continuous region. As a result, crosion of the jet i

is typically reduced when dispersed flow occurs. In order to identify the flow regime of the
multiphase (i.e., melt particles / water / steam mixture) region, the detailed local void fraction, phase
temperatr.re, and velocity in the mixing region become important. Furthermore, the
characteristics of the jet debris depend strongly on the history of melt particulates in the
multiphase mixing region. In simulating the flow conditions of the multiphase mixing region,
previous investigators usually solved governing equations of mass, momentum, and energy for all
the phases (i.e., water, steam, and me:t particulates). The resulting numerical process generally
involves sohing nine conservation equeions (for one dimension), one matching equation, and one
equation of state. In the THIRMAUD code, a simple, one-dimensional, multiphase, flow model
using drift. flux correlations is solved to calculate the local flow conditions, as described below.

,

In the THIRMAUD code,11. .so# tnsional effects resulting from flow inhomogeneity m
lateral directions on the jet break as dr tribed above, are estimated by using a " mixing zone"
approximation. The mixing zone . sgion containing the jet column, dispersed particulate,v

steam, and water. The geometry oi the mixing zone can be considered as a c3 nder, with4i
,

diameter and length varying in space and time, as sketched in Figure C-1. The single-phase water
region (i.e., region outside of the mixing zone) is not considered in the model equations. The
one-dimensional mass equation for the steam is expressed in Eulerian form.

The cross-sectional area of the mixing zone, A, is defined as the area where the dispersed ;

particles have migrated laterally. As analyzed in Reference C-2, the perpendicular component of |

the velocity of the eroded material with respect to the jet surface is the erosion velocity, U . Then
lateral distance that a particle can migrate is obtained by integrating the momentum equation
containing U twice.n

NUREG/CR-5642 C-4
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Figure C-1. Schematic illustration of THIRMAL/0 model.

In addition, the code also allows the mixing zone of the cell at (z,, t ) to be replaced by thej
cell at (z.3, t ) at the time tjo if the mixing zone of the cell at (z.t y)is greater than that of theti j i

cell at (z, t ). This means that a cell can replace a smaller cell right above it after k time stepsi j
when all the vapor has risen into the new cell, with the time lag determined by k = 5z/(81 U ).y

Note that the Courant condition for stability has been applied in selecting the time step (i.e.,
U,6t/6z < 1).

The basic assumption of the model in solving for the flow conditions of the mixing zone is
that the void fraction and vapor superficial velocity can be related by a single correlation, thus
eliminating the vapor momentum equation. A further simplification is made by assuming that the
liquid velocity is negligible compared to the vapor velocity. This means that the mixing zone is
treated as a quasi-static babbling pool with little net liquid 0ow. Kataoka and Ishii" correlated a
large amount of experiment data for pool void fraction over wide ranges of gas flux, vessel
diameter, system pressure, and liquid physical properties. They concluded that in bubbling or pool
boiling systems, the void fraction can be represented by a drift Dux correlation.

The vapor velocity, U, in the vapor mass equation is then replaced by an appropriate drift
flux correlation that depends on the gas superficial velocity. The void fraction can thus be
determined if the rates of liquid evaporation and vapor condensation are known.

| C-5 NUREG/CR-5642
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The source term of the vapor mass equation (i.e., the liquid evaporation rate) depends on
the number and temperature of melt particles that are either eroded from the jet or transported
from elsewhere in the mixing zone. In order to obtain a temperature history of each group of,

particulates, their motion is traced in Lagrangian coordinates rather than in Eulerian coordinates.
Based on the force balance of a single spherical particle in the axial direction, the velocities of
droplets / particles can be obtained by sohing the momentum equation for a single particle. At
each numerical grid cell during one time step, steam generated from the particles (either just
croded from the jet or convected from the adjacent cells) is summed to yield the source term of
the vapor mass equation. The energy (temperature) of each particle is expressed in terms of a
Lagrangian formulation similar to the particle momentum equation.

For a liquid-continuous regime, the heat transferred from the particles to the vapor phase is
set to zero because the energy transferred from the particles is predominantly absorbed by the
liquid. If flow dispersion occurs, particles are suspended in a vapor-continuous phase and the
forced convective heat transfer coefficient is given by the spherical particle correlation.c-4 Under,

these conditions, heat transfer between suspended particulate and water droplets is assumed to be
Zero.

For a particle in a film boiling heat transfer regime, previous experimental and analytical
studies on the heat transfer coefficients generally do not agree well, especially at high particle
temperatures or high liquid subcooling. The THIRMAUD code incorporates an analytical model
developed from observations of high-temperature melt / water interactions for film boiling heat .

transfer from a spherical particle. Usually, a descending particle is covered by a thin vapor |
blanket on its lower section and a stretched, roughly elliptically shaped vapor dome behind it. As )
the vapor dome grows from steam generation, buoyancy overcomes surface tension to cause a
steam bubble to leave the vapor dome and rise to the water surface, as illustrated in Figure C-2.
By assuming a linear temperature profile in the vapor film and a parabolic profile for both the
liquid velocity and temperature in the liquid boundary layer, and by applying the integral
momentum and energy equations. the vapor film thickness, vapor velocity, and liquid boundary
layer thickness can be determined. as described in Reference C-1. The heat transfer is composed
of heat conduction across the vapor film and radiation. Once the temperature of the particle has

dropped below the minimum film boiling temperature, heat transfer will occur by nucleate boiling. tcA correlation suggested by Rohsenow is used in THIRMAUO. When nucleate boiling occurs,
it is assumed that all of the heat transferred from the particle generates the steam because the
liquid surrounding the particle is, at least locally, well saturated. i

|

The energy equations of the coolant vapor and liquid phases can be formulated once the
source terms generated by the melt droplets and particles are determined. Similar to the vapor ;

mass equations, the energy equations for the coolant vapor and coolant liquid phases are
|

described in a Eulerian formulation.

In the THIRMAUD model, pressure gradients other than the hydrostatic head of the water ;

pool are neglected. This assumption is valid as long as an abrupt pressure variation, such as that
'

occurring during a steam explosion, is absent.

The numerical scheme for sohing the conservation equations uses a finite difference method ,

with upwind / donor cell differencing of the convective terms.c4 The spatial nodalization is
; sketched in Figure C-3.
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Figure C-2. Film boiling on a spherical particle.

The general procedure for obtaining the flow field solution is as follows:

1. Determine the crosion rate by assuming a zero void fraction inside the mixing zone.

2. Solve the momentum and energy equations of the particles in Lagrangian coordinates,

to yield the source and sink terms for the conservation equations.

f 3. Apply the drift flux correlation to yield a single unknown in the vapor mass equation
and solve for the void fraction. Check for dispersed flow.

4. Determine the vapor and liquid temperatures using the energy conservation equations.

5. Determine the system pressure based on the vapor exit temperature and system
geometry.

C-7 NUREG/CR-5642



.__ ________________________ _ _______ _ _ _ _ _ . _ _______

THIRMAUO Code

a#
i.' ' . '

l/ ac t .Z ,. ,gg),-

/,,, '.*j .

-T,
.

7,Z,.w- - -
-

, 'fAixing.
^

g
* *' s

l\288' '("$h : (.Z,9 ;, 6,Z

(s ,s ,[ ,' . q
-.i+1

, ,

_ _

.Mj~ i Z ..4' d
,

-11 (nF)[, , , '- |. ' ,' .O .Z ,..

N.* ;s /

hk. ,
,

:,

sngle
Contour of

,pg np as
rnixing zone

|
.... w.a n.i a
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6. Iterate Steps 1 through 5 using the updated flow and system conditions.

The occurrence of dispersed flow is constantly checked when the vapor su erficial velocity is .
determined. In THIRMAIA), a dispersion criterion developed by Leung et al.g7is used. When
this criterion is met, the code switches the I tal mixing zone geometry from a vapor film to a
dispersed flow channel. The crosion velocity under this condition is obtained simply by setting the
vapor film thickness to a large number. It is interesting to note that under this condition, the
erosion velocity and the most unstable wave number are the same as obtained by Irvichc4 for
the erosion at the boundary between two media with nonzero relative velocity.

s

,
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Appendix D

Displacement Form of Equilibrium Equations

This appendix introduces the resultant-based equilibrium equations and describes the process
by which they are converted into the displacement-based equilibrium equations (Equations 4-55
through 4-57). Horizontal, moment and vertical equilibrium are written in terms of the force and
moment resultants defined in Figure D-1 and take the form:

;

(D-1)N,r cos 9 - O,r sin ,'' - aN, + ar sin , p, = 0
'

-

i

| (M,r)' - a cos, M, - arO, = 0 (D-2) |

1
'

i
1

2 (p.3)2xr(N, sin, + 0,cos 9) = nr p
;,

,

i

| These resultants, which are defined from integrating stresses through the thickness, represent
forces and moments per unit of circumferentiallength of the shell. The resultants are defined as!

|

|

|

.

.f ,+ 'dS

f'do '

O+gg ds dM,dSM !

| * , % f
,+dS4 / gg-

I N. M
M. 4-
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Figure D-1. Differential element for constructing equilibrium equations.
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N' - j''t c o,(1 +1)dC (D-4)
'#

R.v

N, = j o,(1 + )d( (D-5)

M'=-j''ta o'(1 +1)(d( (D-6)
'#

R,v

M = -jY o,(1 +1)(dC (D-7) |R,-t av

1

Og = -j g(1 + )d( (D-8)r

In order to derive Nguations (4-55) through (4-57) and separate the displacements and rotations ;
on the left-hand side from the inelastic components on the right-hand side, the stresses in the
integrands are written in terms of the elastic strains through Hooke's Law relations:

('o, = {c, + ve. - c - ve, c - vc. - (1 + v)c,3) (D-9) !g

(eg + Ve , - co
'

- (1 + V)c ) (D-10)8e" - Vc -c -Vcg thcr

.

where og = 0 has been incorporated into the relations, and

g = G((,()yg, = G((,()[y - (y +yg ))T g g

g = G((,()y + G(C,()(y - y) - G((,C)(y + Yg ) (D-11)
t g g

i

where a distinction has been made between the shear along the normal to the deformed middle
surface, y,,, and the shear along the material rotating away from the deformed normal, y. A ;
differential element of deformed shell shown in Figure D-2 illustrates this distinction. The

i
properties of the strain tensor may be used to show

j

y,, - y = y(sec(2y) - 1)-(c, -c) tan (2y) . (D-12) ;
i

i
The left-hand side of Equations (4-55) through (4-57) is derived from the leadmg terms

invohing total strains c,, c,, and y in Equations (D-9), (D-10), and (D-11). The total strains at
the location or any through-thickness are expressed in terms of the middle surface strains through j
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N

\
R
\

^ ^ - ' Y + dY-m

| R/ Q*.

,,.-dS C

L-
dSo,

,

Y-

'.
.

'. Along a normal to the

'. deformed middle surface,,

Y
* te'

'I
O

note that the shear along
the deformed normal,Yg, is not j

i

equal to Y, but can be related
'

to it through the strain tensor.

. . . . . . . .

Figure D-2. Notation used to define strain measures.

' '

< ,

2 (D-13)c ,= c , 1+ +( - + sec 7
t. . ,, -...

' ' , ,

l I
1+ (_ +( (D-14)c, = c'm .-

R, R, Re,o. .
.

2The term in y'sec y appearing in Equation (D-13) arises from the finite rotation of material
away from the normal to the deformed middle surface; Figure D-2 also indicates how the
presence of a gradient in y provides a source of meridional strain. The terms in (/R, and (/R,
multiplying the middle surface strains have been included because t /R, and t /R, are noty y

generally small in the vicinity of the cusped regions. The conventional representation of the
strain measures does not include terms enclosed in brackets []. Across the normal to the
deformed meridian, the finite rotation is assumed to have the form

(2y(C E) = 1- yo(() (D-15)
(t (()/2)2y

Substituting Equations (D-13) through (D-15) into the leading terms in Equations (D-9) through
(D-11), integrating those terms through-thickness in the resultant definitions, and eliminating the

meridian midplane strain c, using the compatibility relationship, Equation (4-66), the stress
resultants can be written

D-5 NUREG/CR-5642
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e

f 1/ , 1

E,(()t u u f
-- + a, -- + a p, + a p + a Yvo ,aN, = 3 4 5i
[o, [o,l-V

+b cos ,o (1 - coss) + sin,,(sin p - p) (D-16)
3

+b sin go (1 - cos p) + cos po (p - sin p)2

+N +N -N -N -N
Mr $m Mh $4 v

, ,, , ,

"- +c p' +c p +c Y'r"-N, = ," 'c, + c,
3 4 5

,r ,1 - v' o
,

, o,

+ d, cos e (1 - cosp) + sin go(sin p - p) (D-17)o

+d sin 9 (1 - cos p) + cosgo(p -sin p)0

* *
Ofr 6 Bih O Oym pl ct

2 1 ,1 e ,

M,= f 3 + f, 3 + f p' + f p + f" #

3 3 4 5Y12(1 - v,) r r'

o, o,,

+ g3 cos ,o (1 - cosp) + sin go(sin p - p) (D-18)

+ g2 sin go (1 - cos p) + cos,o (p -sin p)

+M +M - hi -M -M
*Ir $m th %4 Scr

i

i f ,f r i

" "
h - +h + h p' +h p + h y'

'M =
12(1 - v',) 3 2 3 4 3r ro, o,

,

+ k, cos go (1 - cosp) + sin go(sin p - p) (D-19)

+k sin 9,(1 - cos p) + cos m (p - sin p)2 o

+ hi *
8fr B 8th 8 6ym pl cr
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O, = E ({} t"' e y + O ,, + O ,,, - O-O,. (D-20)o
gi g g gg1-v

The resultants with subscripts "th," "cr," and "p!" are defined directly from Equations (D-9)
through (D-11) and (D-4) through (D-8), as, for instnnce,

f 9

[54E(('()(c
(

+ vc. 1+7 dC - (D-21)N =

_t /2 1-v e,v

The additional terms subscripted "fr" and "ym," for finitd rotation and Young's modulus, require
some explanation. In the definition of resultants N,, N , M,, and M., there are terms of the formo

i

sec y 1 . Because of the form of Equatica (D-15), these terms cannot be integrated in closed2
,a
!

form. This term is therefore rewritten as

,

'

(2 2 /2 2 1 2sec yy' = sec 7 (g)7,(() + ' sec 3_ yo(() -sec7(g) 7 (g)
99

(t (()/2)2y
, ,

' 2
(2 42+ sec i. y9(() (t (g)/2)', y9( )

/
(t (E)/2)',y y

, ,

l

The first term is integrated through the thickness and defines a3, c5 f , and h in the above j
5 5

equations. [The subscript "o" has been omitted from yo in Equations (4-55) through (4-57) and
above, but it is understood to be the value of the finite rotation at the midplane]. The remaining
term is defined as a finite rotation correction and is defined, for instance, as ]

'' '

E(E) y2 (2sec' 1+ y,(E) - sec', yo(g)yo,(E)j , .

oN <=

-t4 (t (E)/2)2
"' 1 - v,'

y

(D-22)
,

g g2 1 + g 'd(
'

' '/'

2
,

-(t (E)/2)', yo(() R,
+sec' 1+ yo(g),

(t (E)/2)', y ,y

with analogous definitions for the resultants N ,7 M,, and M,,. The finite rotation correction

to O arises from the difference between the shear strains on the faces parallel to and rotated yg
from the normal to deformed middle surface:

|
D-7 NUREG/CR-5642
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' '

E(E)
j y/2(y'' - y) 1 + -( d( (D-23)

to
0*tr: =-

2(1 + v) R. ,-i /2y

where, from Equation (D-12), y,g - y = y (sec2y - 1) - (eg - e,) tan 2y.

The corrections with subscript "ym" account for the variations in the Young's modulus
through the thickness, which varies with the local temperature. The functional form of E(T),
which is based on information in Appendix F, is also modelled in a piecewise linear fashion.
Given a T((,() from Equations (4-53) or (4-54), the Young's modulus is represented as

E((,() = E,(() + E (C,()i

where E (() is a modulus based on a representative temperature at that location on the meridiano

and E (C,() is a local correction accounting for the through-thickness variation in stiffness. Terms3

subscripted "ym" therefore take the form

' '

N'ym = j y/2 E (C,()(c' + ve )1 + -( d( (D-24)
s i

.

-t /2 j _ y' R,y

Resultants with subscripts "fr" and "ym" are grouped into the load vector along with the thermal,
creep, and plastic resultants. These terms are typically small compared with their inelastic
counterparts, but are included to preserve the equilibrium equations. The terms that remain form
the product of stiffness matrix and load vector.

Because of the way the resultants are defined, the resultants N and N, have a certain
symmetry when expressed in displacement-based form. Terms in whIch R, appears in the
definition of N, have complementary forms in which R, appears in the definition of N . Termso

with and without Poisson's ratio in the definition of N,d c through c can be written
appear without and with Poisson's ratio in

the definition of N . The coefficients a through a ano i s 3 3

2
t r, cos9, 1 t p/ ry y o

(D-25)aI=t ,

cos, 12 aa, cos, R,t

vo r

2
1 D' 'o*

(D-26)c
1 = v (, { cos, + 12 aa, cos, R,

.t
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i
,

t t, (D-27)o
a a v
2=T g + -Qo

#r t
(D-28)C

2=t a2 + -Qo

!

'

|
*

k1 I (p.29)v
a
3 = _12 t_ aR,o

2t t
(D-30)v y y

c3 12 t- aR,o

'

t"
'

t sin 9a 1t sing, t
1 + _u _ (D-31)y ,

cos, R, p, + v_ cos e, r,R,.
y y

a +--4=t cos , 12 a ro o,

'

I"_ (D-32)
t singo 1t singo t

1 + _u._o,R ,cosp R, pi + ac _
y y v

- cos9,v +-- v4 _t, cos , 12 a r ry

(11 t 2 (D-33)y
a SCC Ys " 12 t- a R,yo o

(2t
2 (D-34)Y y

C - sec Y
5 = 12 t , a R,y o
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while the coefficients b , d and b , d can be writteni i 2 2

2t 1 1 + _3
t (D-35)yb = _,

12 aR, p,2 t, cos 9

t 1 d (D-36)
d, = v _v 1 + _1

12 aR, p,t, cos ,

2 r ,

b"" I+- (D-37)*

2 12 t rR, ro o,

2 r ,

d, =
I

1 + "_ (D-38)'

12 t rR,' r,o o

Similarly, the resultants M, and M have a certain symmetry; coefficients f through f and he 3 5 i
through h take the form5

t"
2, , < ,

r 1 1" t
f, - +p/2 (D-39)

t,o, n cos9 R, ao
,

t"
2r , r ,

" t" tr
h3= +p'2 (D-40)

cose R ,t a a
, ,o, o

,

' ', ,2

I t, cos go t cos 9, (941)v * - -- - E ,yf*
-R, , cos , , a cos ,

+v2 tmj

' ',2,

t t, cos 9, t cos 9 (D-42)vh*
-R ,, cose a cos , E,

y 0
V +1 +V-2 t,, ,
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1

32r

t t
f= -

(D-43)y y

3 t ao, I,

I

r 3, 1

( *(
h3=v _ _

(D-44)
l "
i m,

42 r ,, , s.r

1 + i" D'
sin go tt 1

+ v l cosgo 1 + .".3 (D-45)y
f=4

,R,t ,cos , r r,aw, ,.

!
,2- r ,

,
, ,.,

t 1 i sin g , tl + 2 p' . j cos,, i.u_ (D-46)h, = _y v
R,t a cos , r r ,s. ;

,

< o, , a

. .I

1

!
$ |

t, 2 t,sec,y (D-47)
r

f= *

3
VO, og

*2r

t t (D-48)
.

y y ,

h3=v - sec*y
VO, Og

while the coefficients gi, k and g2, k can be written
i 2

,2 r ,,

t 1 t t
8i = 1.+ 2 p' (Df9)y

t cos , R, ayo, , ,

32 e 3<

t 1 l + _t p' (D-50)
t y

k, = v _y
t cos 9 R, ayo, ,

,2, , 3

t t
g2 " -v - - 1+u. (D-51)y v

,tyo, r, ro

I

|

|
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,2 < s,

k*- 1+" (D-52)
2 -

'n, ' 'O,r ,

A single coefficient is used to represent O in terms of the displacement y:g

3 = b ~b . (D-53)e
3, 2 ,to

With these definitions, the coefficients appearing in the ht:izontal equilibrium equation are

A = a 1 cos , (D-54)3 3

O

(D-55)A = (a 1 cos 9)' + a 1 cos , + a L C S 9 - C
2 3 3 2 1

t, E, t , t t,oy y o

A = (a 1 cos 9)' + a 1 cos , "_ c (D-56)
3 2 2 2

t, E , t,o t,o

A4 = a 1 cos , (D-57)3 t
v0

I

A = (a 1 cos 9)' + a 1 cos 9 - "c (D-58)
5 3 3 3

O O VO

A = (a 1 cos 9)' + a E' 1 cos , ."_ c (D-59)
6 4

t, 4 _E , t,o
4ty o

A7 = a i cos , (D-60)s
0

1
'
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| A = (a 1 cos ,)' + a 1 cos ,- e 1 " (D-61)
b E q 3 ( sin 9 -(5cg 3 3

o

.

|
i

A, = - (e 1 sin 9)' - e i sin 9 (D-62)
3 3b E, t,'

3 = - (1 - v ) sin , "' O2G
1, E,2

1
i

- (b 1 cos e)' + b 1 cos , ". d
3 3 3t E t, t,m o

cos ,o (1-cosp) + sin go (sins - p)-

- (b,1 cos,)' + b, 1 cos , " d,
't , Et, t,

' -

oy

sin go (1-cosp) + cos ,o (p - sin p)-

-b _r
- i

3
cos , cos ,o (1 - cos p) + sin 9, (sin p - p)

vo

-br sin ,o (1 - cos p) + cos 9, ( p - sin p)
/

'

2 cos ,
,

6 i
1

'/

2 1

- (1 - v ) E t,
1 cos , (N +N -N -N -N%r)Mr $1n %h 41t,o

'/

2 1 r
+ (1 - v ) ___ sin , (O ,, + Og,-Og,-Og)g y g y

2 a 1
IN -N - N,c,1 (D-63)- (1 - v ) t _ E t, \ af, N,-N+

e eh ei jiy p
o o
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nose coefficients appearing in the moment equilibrium equation are

B = f31 (D-64)
3

t,o

i +f',1 -h1cos9 (D E)
B " (f1()' + ft E, t, t, t,

32
y y

3 = (f2()# +f2
- h,_". cos 9 (D-66)B

E, t , 't,y y

B = f31 (D-67)4 t
v0

5 * (f3f)# + f3[E' f + f4- h "cos9 (D-68)B
3

VO O VO VO YO

E'' ' -h ".cos9 (D-69)
6 = (f4()' + f4E, t,o t,o

B
4

7=f5f (D-70)B
vo

g = (f5()' + f5 1 -h1cos9 (D-71)B
5E t t,o yo y
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B,=12(te (072)3

vo

e ,1 i

1 + Ei - " k cos , cos ,o (1 - cosp) + sin 9, (sinp - p)G2=- Ei
-

3t E,t,o t,o jyo,
|

,

|

r i/ /

l sin 9, (1 - cosp) + cos go (p - sinp)+ E2
- k cos 9- g2 -

2t Et, t,o ;
< yo, oy

- g3_t,o
cos 9, (1 - cosp) + sin 9, (sin p - p) t - g2t ,SID'o (1 - cosp) + cos,o (p - sinp)

tr ' r '

i

2 I 1i b)t , f Mr +M -M -M -M+ 12(1 - v ) /

$m Rh $12E,t , |y

!

2 1

-M,,-M,p,-M,c,)- 12(1 - v ) coseff,tr +M ap

, nr 1 -O ,). (D-73)[O,,+O ,-O- 12(1 - v') 7 g g gg g
t o voyo

|
|

Finally, the coefficients appearing in the vertical equilibrium equation are ]
.

l

C = a sin 9 (D-74) j
3 3

C = a2 sin 9 (D-75)2

C = a3 sin 9 (D-76)3

C = a sin 9 (D-77)4 4

C = a sin 9 (D-78)3 s

D-15 NUREG/CR-5642

_ _



_ _ - _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ - - -

Equilibrium Equations

C = e3 sin 9 (D-79)6

2 r P'

G = (1 - v )21 E, - b, sin , cose, (1 - cos p) + sing,(sinp - p)3

- b siri , sin 9, (1 - cos p) + cos,,( p - sin p)2

2 I
- (1 - v ) sin , E,t f*a + N -N -N -N b)S= % 41yc

2 I
- (1 - v ) cos , (0, + Og, - O ,-0%) (D-80)

|

|

t

i
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Appendix E i

Results from Verification Calculations
for Localized Effects Model

.

E-1. SUMMARY :

Verification calculations were performed to compare results from th'e shell model (TSM)
used in Section 4.2.2 to predict localized creep rupture with results from a finite element model.
Calculation results provide several insights into the applicability of EM for use in analyses of
lower head severe accident structural response. First of all, the purpose for developing this model
was to provide a fast-running solution to predict the collapse of a localized portion of the vessel

.
wall, resulting from hot spots in a debris bed resting on the lower head. Thus, the program would

| be appropriate for scoping parameter studies in various accident scenarios. Results of the ;

| benchmark problems used in this verification effort indicate that TSM performs well for its j
intended purpose.

| N~

EM was benchmarked against an ABAQUS axisymmetric solid finite element model ;

using two hot spot load cases. One load case consisted of a moderate thermal gradient in the hot i

; spot region and an internal pressure of 45 MPa. The second case represented a more severe
; temperature gradient'in the hot spot region and an applied pressure of 55 MPa. These pressures,
i selected to enhance plastic deformation through the thickness of the wall, are several times
' greater than the 15.5 MPa expected in reactor operations. The choice of these pressures did help

to identify a portion of the disagreement between ABAQUS and EM.

| In the cooler boundary areas of the hot spot and the cooler portion of the vessel wall under
I the hot spot, which was basically that portion outside the vessel midsurface, hoop and meridional

| stresses were within 47c of the ABAQUS model results. EM generally underpredicted the
j strains in both of these benchmark hot spot cases. Because EM is based on shcIl model

assumptions, which neglect radial stresses through the vessel wall, it underpredicted stresses and
strains in the hoop and meridional components in the very hottest areas of the model. This was
because the vessel material was relatively soft in these areas at the load case temperatures, and
the radial stresses, as calculated in the ABAQUS model, were of the same order as the hoop and
meridional stresses. Thus, the Poisson effect from the radial stresses would significantly affect the
hoop and meridional components. TSM underpredicted hoop and meridional stresses by as much
as 60Fc in the hottest areas, where the stresses were typically two orders of magnitude lower than
the peak values on the shell outer surface. Total strain comparisons ranged from
underpredictions of 24% on the inside surface to 11% on the outside surface in the hot spot
region for the severe thermal gradient load case. In the cooler boundary areas, strain
comparisons ranged from underpredictions of 13% on the inner surface to 7% on the outer
surface. Examinations of the plastic strains indicated that plasticity of the wall had propagated
from the outside inward one Gauss point further in the ABAQUS model than in the EM model
for the two hot spot load cases.

It should be noted, however, that the cooler outer portions of the vessel wall carry the
majority of the pressure load in these cases and that vessel wall material yielding eventually begins
at the outer surface and propagates inward to final failure. Hoop and meridian stress levels are
typically 35 times higher in the outer portions than the inner regions of the vessel wall. Thus,

E-3 NUREG/CR-5642
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Verification Calculations
,

model accuracy in these high stress areas is most crucial to accurate predictions of vessel failure
! margins.

He benchmark thermal load cases included a maximum internal pressure of 45 to 55 MPa,
while an accident condition would resu!t in maximum pressures no greater than around 15 MPa.
Therefore, additional cases were examined where the thermal loadings of both hot spot load cases
were applied to TSM and ABAQUS models with an internal pressure load of 15 MPa. For the
moderate thermal load case, TSM calculated stresses in the inside third of the wall 13% lower
than those of ABAQUS, while stress estimates for the remaining portion of the wail were
within 3%. The severe thermal load case stresses were an average of 4% lower than the
ABAQUS model results throughout the wall. Total meridian and hoop strains ranged from
underpredictions of 16% on the inside to 2% on the outside portions of the vessel wall in the hot
spot region and within 5% in areas away from the hot spot. These figures represent a
substantially better agreement than the same thermal conditions at elevated pressures and indicate
that the TSM assumption of negligible radial stress is acceptable for loading histories
representative of accident conditions. ;

!

l
;

,

,

a

P

i

n
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Verification Calculations

| E-2. INTRODUCTION

Verification calculations were undertaken to compare results from the localized creep
rupture model, described in Section 4.2.2 and Appendix D of this report, and a finite element
model developed with the ABAQUS code.E-1 As described in Section 4.2.2 and Appendix D, the

,
'

localized creep rupture model, which was developed at the University of Wisconsin, Madison, is a

| finite difference shell theory model. Several benchmark problems have been performed to
'

compare results from TSM (see Figure E-1) and the ABAQUS finite element code, which used
an axisymmetric continuum model (see Figure E-2). The remainder of this appendix is divided
into six sections: Section E-3 details the four benchmark problems, Section E-4 describes the
TSM and ABAQUS models, Section E-5 discusses the results from the first two (spherically
symmetric) benchmark problems, Section E-6 includes the results from the remaining two
(localized thermal loading) benchmark problems, and Section E-7 gives conclusions.
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Figure E-1. The shell model (TSM).
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Figure E-2. ABAOUS model.
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E-3. DESCRIPTION OF BENCHMARK PROBLEMS:

AND MATERIAL PROPERTIES |1

) 1

1

; Four benchmark problems were suggested" as verification calculations for EM. The |
|

suggested problems were refined du-ing the analysis to reach required final states; specifically, the
relative contributions of thermal and pressure loadings were modified to achieve plasticity

,

1 i

one-quarter of the way through the thickness at some location along the shell. The purpose of J

the problems was to determine the ability of HM to accurately resolve the spatial variation of ;

displacement, stress, and strain fields near a localized thermal loading (hot spot). None of the
,

,

'

problems included creep in the material response; creep introduces complexities in the material
model and global solution algorithms but not in the ability to represent the spatial variation of the
computed fields. The following four problems were considered: !

a

1. Internal Pressure Only. This problem tested the clastic response of EM by ramping an ,

internal pressure load to 10 MPa while employing material properties at 300 K. The |
i

problem was essentially one-dimensional with no variation along the meridian. This
problem is shown as Case I in Figure E-3.

2. Intemal Pressure, Background Temperature. This problem tested the clastic-plastic
response by employing an internal pressure and a background temperature profile. He
response was one-dimensional. The desired final state had to show plasticity penetrating |
one-quarter of the wall. The problem was run by taking the initial state as O MPa j

internal pressure, and inside and outside surface temperatures (T ,T ,) at 300 K. Thein oo

subsequent state of 10 MPa, T, at 900 K and T , at 700 K (and a linear temperaturei oo

gradient through-thickness) was reached by linearly ramping both pressure and
temperature. This second state corresponded to the background state for Problems 3
and 4. At this point, yielding initiated at the outer surface of the shell in EM.
Continued ramping of both temperatures and pressure to reach the desired final state
was found to be unacceptable because of the progressive softening of the shell at
elevated temperatures (above 1000 K). The desired final state was reached by ramping
the pressure to 35 MPa while holding T, and T , at 900 and 700 K. respectively. Thisoo

problem is shown as Case 11 in Figure E-3.

3. Intemal Pressure, Moderate Localized Thermal Loading. This problem tested the
elastic-plastic response by employing a moderate localized thermal loading onto a
background internal pressure and temperature profile, producing a two-dimensional
loading with modest gradients along the meridian directly underneath the hot spot.
The desired final state had to show plasticity penetrating one-quarter of the wall. The
problem first established the spherically symmetric state described in Problem 2
(10 MPa pressure, temperature field of T, at 900 K and T , at 700 K, lineari oo

through-thickness temperature gradient). At this point, a moderate localized thermal
loading was applied. This loading consisted of ramping the temperature at the bottom
inner surface to 1400 K (at 9 = 0), with a linear gradient to the outside surface and to
the background profile at , = 0.1 (see Figure E-1). Then the internal pressure was

a. Professor R. H. Dodds, University of Illinois at Urbana-Champaign, letter to S. Chavez, INEL,
regarding benchmarkipg calculations of Professor R. Witt model for predicting localized rupture
(Consultant Agreement 92160236-HRS-284 92), July 20,1992.
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increased to 45 MPa to reach the final state. This problem is shown as
! Case III in Figure E-3.

4. Internal Pressure, Severe Localized Thennal Loading. This problem tested
the elastic-plastic response by employing a severe localized ther.nal loading
onto a background internal pressure and temperature profile, representing a
two-dimensional problem with pronounced gradients along the meridian.
The desired final state had to show plasticity penetrating one-quarter of the
wall directly underneath the hot spot. The problem first established the
spherically symmetric state described in Problem 2 (10 MPa internal
pressure, temperature field of T,, at 900 K and T at 700 K, linear

i

through-thickness temperature gradient). At this point, a Type 2 [ hot spot
defined by Equation (4-54) in Section 4] temperature distribution was
applied over 0 < 9 < 0.1, with a peak temperature of 1400 K. This
temperature profile was more severe than that of Problem 3 because of the
nonlinearity of the distribution. Then the internal pressure was increased to
55 MPa to reach the final state. This problem is shown as Case IV in ,

Figure E-3.

The material properties required for these analyses included Young's modulus as a function
of temperature, mean thermal expansion coefficient as a function of temperature, and yield
strength and plastic defarmation characteristics as independent of temperature. The material
properties used were taen from Appendices B and F and Reference E-2. Poisson's ratio was,
taken as independent of temperature as v = 0.29.

i
|

l

|

|

,
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| E-4. TSM AND ABAQUS MODELS

The spatial model for EM calculations was made using the axisymmetric representation
3

R /R, = x with 201 nodes, where R is the horizontal distance from the vertical axis and R, is3 3

the initial radius of the vessel middle surface (see Figure E-1). The model represented a,

spherical head with a mean radius, R , of 2.2 m and a uniform thickness of 12.7 cm.

The ABAQUS model consisted of a quarter sphere that used axisymmetric solid (eight-node,
isoparametric with reduced integration) elements. The model was meshed with 10 elements
through the thickness and 272 along the meridian (uniformly spaced), giving approximately square
elements. The free ends of the quarter sphere were restrained for symmetry, the loading
conditions and geometry being symmetric about the two global axes. A second ABAQUS model
was prepared with 15 elements through the thickness and 408 along the meridian. Both
ABAQUS models were evaluated using ABAQUS, a multipurpose finite element' solution|

| package, for all four benchmark problems. The output data (stress, strain, and displacement) for
j the two ABAQUS models were compared, and the results showed that the data varied by less |'

than 1%. This indicated that the mesh refinement of the first ABAQUS model was sufficient to
'

accurately describe the response for the benchmark problems. Only the results of the first
,

ABAQUS model were compared to those of EM in the following sections. Figure E-2 outlines
the ABAQUS model.

Note that the ABAQUS model was developed so that nodes in both EM and ABAQUS
models overlapped at ( = 0,0.1,0.2,03,0.4,0.5 and 0.6, corresponding to EM node numbers 1 ,

(shell bottom),21,4,1,61,81,101 and 121 (see Figure E-1). The through-thickness location of |

information differed in the two models, with TSM providing information at 10 Gauss points I

through the thickness, while ABAQUS calculated information at element integration points, then
interpolated (and averaged) that information at the nodes. This latter difference required

,

2

interpolation of results from the ABAQUS nodes to EM Gauss points to allow comparison of !

the results. All comparisons using average data weighted each data point equally, unless specified
differently in the discussion. In the spherically symmetric problems (benchmark Problems 1 and 2

3

only) the results were identical on all radial lines, and only one set of output information was ;
given.

|
;

I

|

|

i |

|

l
'

!

|

!
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E-5. RESULTS OF BENCHMARK PROBLEMS 1 AND 2

Benchmark problems 1 and 2 were spherically symmetric problems. A separate means of
evaluating TSM exists, in that closed-form solutions are available for infinitesimal deformation,
constant elastic property problems with arbitrary temperature distributions through thickness. j

Since some insight into the shortcomings of TSM can be gained by obtaining closed-form '

,

solutions, the results are summarized below. In a spherically symmetric problem, the meridian and iJ

j hoop strains and stresses become identical and the radial equilibrium equation is |
);

Ir . 2(o, - o,) (E-1) [=0.
dr r"

The Hooke's Law relationships are ;

,
,

E(c, - c,3) . {vE[c, - c,, + 2(c, - c,3)]} (E-2)o' = +

1+v (1 + v)(1 - 2v) ;

E(c, - c,3 ) bqc, - c,, + 2(c, - c,3)]} (E-3)+o' = .

1+v (1+ v)(1 - 2v) ,

!
i

Using the strain / displacement relationships (

c' = b and c ' =' r
" (E-4) [

dr
-

the Hooke's Law form of the stress / displacement relationship may be substituted into the f
- equilibrium equation to obtain a second-order equation for u

du 2 'du u' , 1 + vd e'h (E-5)
2

,

dr r ,dr r, 1 - v dr |2

|

The complete solution of which is

r
u(r) - Cp 2 + [(1 - v)fR

"' c ,, r , 2dr' (E-6)**
2r r' in

subject to the resolution of constants C and C . If the requirements are that a, = -pi at r = R ,3 2 i

and o, = 0 at r = R ,, then the strains can be shown to be. oo

(R,,/R",,)3 + (1 + v)(R,, /r)32(1 - 2v)c'bs (E-7)1 - 2v P. +c' 1 - (R ,/R,,1)3 E 2(1 - 2v) 3(1 - v)
i
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1 + (1 + v)(R , /r)3
2fa

3 1+v b
th , 2dr,c

2(1 - 2v) (1 - v)r

(1 + v)(R , /r)3 2(1 - 2v)c'h1 - 2v Pi 3 avs (E-8)
1 - (R ,/R ,)3 E

(R ,/R ,)3 _e' +i oo
2(1 - 2v) 3(1 - v)i oo

, 1 + (1 + v)(Rio/r)3(1 + v)E
i + - 2(1+v)jain b c r,2dr,

2 ih
| 2(1 - 2v) (1 - v) (1 - v)r
(

; where c is the average thermal strain, defined asth
| avg

i

f dr . (E-9)E th,yg * 3 th

In Benchmark Problem 1 (see Figure E-3), a purely clastic response showed that stresses
and strains varied through the titickness for the exact solution (from closed-form equations) and
ABAQUS. "Ihe stress and strain results of the exact and ABAOUS solutions were within 1%.
EM stress and strain results were constant throughout the thickness at the calculated average for
the shell.

For an internal pressure of 10 MPa with the inner surface temperature brought to 900 K
and the outer surface temperature brought to 700 K (from initially 300 K), a purely clastic
analysis produced EM stresses that varied throughout the thickness. Those stresses were within
2% of the values for the exact solution. However, TSM strains were constant throughout the
thickness at the calculated average for the shell. The most obvious shortcoming of TSM is in the
isothermal problem. With the strains formulated as, for instance,

i

2c, = cp(l + E/R) + ([1/R, - 1/R,o + (y//a )sec y] (E-10)o

and the deformed radius of curvature related to the initial radius of curvature through

;

1 + c *) |,

I R' = Rd ~

(E-11)
.

'

1 + pr |
|

,

i %

Then in spherically symmetric problems (p = , = 0), substitution of R, = R,(1 + c,) into the
strain measure [see Equation (E-10)] yields

(E-12)e,=c, ,

|

|
i.e., no through-thickness dependence. The exact result shows the strain measure has a constant
component and a component that scales inversely to distance cubed. The shortcoming is of less

;

consequence in the problem with a temperature gradient through the thickness because the '

NUREG/CR-5642 E-12
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gradient in thermal strain provides a much larger bending component of stress than is obtained
from the finite thicl! ness of the shell.

In Benchmark Problem 2 (see Figure E-3), yielding occurred approximately one-quarter way
through the thickness after ramping the internal pressure to 35 MPa. The ABAQUS data were
interpolated to coincide with TSM Gauss point data. Because TSM results varied somewhat from
ABAQUS, a comparison of the difference was in order. The comparison used the ABAQUS
results as the baseline. TSM values for meridional stress were on average 1.0% below ABAQUS
in the outer two-thirds of the wall. In the inne.- third of the wall, the meridional stress levels
predicted by TSM were an average of 50% below those given by ABAQUS. That
underprediction resulted from the radial stresses in the area, whose magnitudes were on the same
order as those of the meridional stresses. TSM assumes that the radial component of stress was
negligible throughout the model. That assumption was not true in the inner third of the wall, and
TSM meridional stress levels reflected that error. Benchmark Problems 3 and 4 discuss that
assumption in detail.

TSM values for total meridional strain averaged 1% below ABAQUS. The ABAQUS plastic

|
strains began one Gauss point location closer to the inside surface than those of TSM. However,

| TSM meridional plastic strains were an average of 1% above those of ABAQUS.
:
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E-6. RESULTS OF BENCHMARK PROBLEMS 3 AND 4

A far greater amount of output information was associated with Benchmark Problems 3 and -

4 because the hoop and meridian stresses and strains were not generally identical and those states !

varied along the shell meridian. In Problem 3, the inner surface temperature was raised to ;

1400 K (over the defined local area), then the pressure was raised to 45 MPa to get yielding one- |
quarter of the way through the thickness near , = 0. Yielding occurred to a greater extent under i

these conditions at positions away from the bottom (cdge of shell at , = 0) of the shclI. In
Problem 4, the inner surface temperature was raised to 1400 K (over the defined local area), then
the pressure was raised to 55 MPa to get yielding one-quarter of the way through the thickness at
the shell bottom. Again, yielding was more severe away from , = 0 in this case.

E-6.1 Problem 3 Results

The moderate localized thermal loading applied in this problem is shown in Figure E-3. He
pressure was raised to 45 MPa to get yielding one-quarter of the way through the thickness near
, = 0. It is of interest that yielding occurred to a greater extent under these conditions at
positions away from the bottom (edge of shell at , = 0) of the shell. Because of the volume of
data and locations available in the models, the evaluation was limited to seven specific meridional -
points and their 10 associated through-thickness Gauss point locations. Four of the meridional
points were within the hot spot, one on the inside edge (near , = 0), two in the middle, and one
near the outside edge. Points 5 through 7 were outside the hot spot, the fifth being near the j

outside edge of the spot, the sixth, and seventh being well away from it (see Figure E-1). j

A graphical representation of the comparison between TSM and ABAQUS meridian and
hoop stresses is given in Figures E-4 through E-10. Note that TSM meridian and hoop stresses
inside the midplane in the hot spot underpredicted those calculated by ABAQUS. This portion 1

of the wall was very soft because of the temperature profile and the material definition. A small
percentage of the total load was carried by this half of the wall. Because of the softness of the
wall, the radial component of stress up to the midplane maintained a magnitude higher than that
of the hoop and meridian stresses. The underprediction of hoop and meridian stresses by TSM
resulted largely from the absence of a radial stress component irk TSM model. This was
confirmed by comparing the ABAQUS and TSM results at the same thermal conditions at a lower
pressure (discussed below). As discussed in Section 4.2.2 and Appendix D, the TSM solution
scheme assumed that radial stresses were negligible. This was true beyond the midplane in the
hot spot because the radial stresses quickly decreased to zero at the outside surface, and the hoop
and meridian stresses increased by a factor of 50 to 100. TSM meridian and hoop stresses in this
area underpredicted those calculated by ABAQUS by about 2%. This portion of the wall carried
the majority of the load, and shell yiciding propagated from the outer surface inward. Near the
outside edge of the hot spot (point 61) and far-field (points 81 through 121), meridian and hoop
stresses were about 18% lower in the inner 30% of the wall than predicted by ABAQUS, while
the stresses over the outer 70% of the wall were within 3%.

The TSM solution scheme and model were prepared to predict a particular failure
mechanism (a bulging / shear-through type resulting from a local hot spot) in a reactor vessel lower
head during an accident scenario. It is important to note that Benchmark Problem 3 included a
maximum internal pressure of 45 MPa; an accident condition would specify maximum pressures
closer to 15 MPa. Therefore, the moderate localized thermal loading of Problem 3 was applied to

NUREG/CR-5642 E-14



Verification Calculations

600 ,

j
,

Problem 3: Node 1 |

| .

'

500 0 Tsu meridian stresses
- + - TSM hoop stresses |

A' - ABAQuS meridian stresses j _

_

O- ABAQUS hoop stresses f,

/E I

$ 300 | /
<

-

-
Im

* | -

1

o 200 ,
i

)

100
-Y' - :

"
*

,

i
|
|

|0 ---- ,-- -- - -----------------

M.-- n -- -ts | \

\ |
'

-100 '

-1.0 -0.5 0.0 0.5 1.0 l

inside surface-.---------Outside surface !
I

urse es-ites.es |
|

Figure E-4. Problem 3: Node 1 stresses.
|

600 , ,

I
-

,

Problem 3: Node 21 |

1 8500 0 Tsu meridian stresses i ,-
-

-+- TSM hoop stresses | #,' '

- - - ABAous merman stresses j g _400 -

}- ABAOUS hoop stresses -

|
/? I

g$' -

$ 300 | .

o 200 -

| j' 4'/
-

a

g p';

.:

[.100 t
-

1

I

-----d-----------------0 ;...------
5-.-e - 7 - 1

i
' '

-100 '

-1.0 -0.5 0.0 0.5 1.0
Inside surface----------Outside surface

,

i

utse ow11e242

1
i

Figure E-5. Problem 3: Node 21 stresses.

E-15 NUREG/CR-5642 |
1



_. _ _. __ __ _ _. __

I.

Verification Calculations
,

!

600 . .
,

Problem 3: Node 41 | !

l500 TSu meridian stresses _ _ _ _ _ . -- t|
--0-- TSM hoop stresses I /

~
~

l
"*"o"- " ABAQUS meridian stresses I f'f ' _ {

"

>- ABAQUS hoop stresses ,.' ]y
g ,

$ 300 - //,e- - I

i.

//-

(,. * '

e 200 t:4 -
'

$| I|,

.n> < i.

100 - . <. i
-

:
j/.- | |,

.
Y-----H----------------- |

IA
-0 z ; = =..w w.

g - w ;
,

| |
i-100 '' '

-1.0 -0.5 0.0 0.5 1.0
Inside surface---- --Outside surface

nr . M

Figure E-6. Problem 3: Node 41 stresses.

600 ,

g
,

' o
500 # - -|- - + - -- 4 + -. . M --

'
/C 4 f// | . . - *400 ,f 1 -

-

% fd'

| g 300 - ,'e ' "

l -

e 200 -4' !
,f .- Problem 3: Node 61 -

y
N ' -# I C TSM merldlan stresses

100 y'
| --o--- TSM hoop stresses

_

g o" " ABAQUS meridian stresses
I -+- ABAQUS hoo- - - - - - - - - - - H - - - - - - - - - - p stresses0 ---

------

I
l
:100 - -

-1.0 -0.5 0.0 0.5 1.0
*

Inside surface-----------Outside surface

M7M es 11M-04

Figure E-7. Problem 3: Node 61 stresses.

NUREG/CR-5642 E-16

. _ _ - _ _ _ _ _ . . . . . - -. .. .- -



Verification Calculations

600 ,

g.

I

I g;;7_g .e500 -

T ' [ ._J.
-e

~ $ _,__;

-

3, ___

| .

400 - /e- .

. . -
/ ..o -

E // I

300 - g/ X |
* # Im /

I Problem 3: Node 81 -

E 200 - |' / .B
-

|eg
i C TSM meridian stressesW g ,

100 . | -+a"-
TSM hoop stresses _

, .E'

|-~- ABAQUS meridian stresses

1 0- ABAQUS hoop stresses

0 ---------------H---------------
|

1 1

:
|
' ''

-100
-1.0 -0.5 0.0 0.5 1.0

Inside surf ace-----------Outside surface ;

.r. - n...

Figure E-8. Problem 3: Node 81 stresses.

600 ,

g
,

1

I

p b +. . 8^ * W$
_

~ ..g-

,- *
.

r- -

400 - f,4_ ..s..

|
*

-)// y'
g

I
-

$ 300 -

I
/ 1

)-

E 200 - .j'' |
_

je Problem 3: Node 101
m # C TSM meridian stresses@ g* |

I -+- TSM hoop stresses
-

4

100 I "a"- ABAQUS meridian stresses"

I }- ABAQUS hoop stresses
g

0 ----------------H-----------------
1

I
' ''

-100
-1.0 -0.5 0.0 0.5 1.0

Inside surface-----------Outside surface
or..no.

Figure E-9. Problem 3: Node 101 stresses.

E-17 NUREG/CR-5642

i

|



Verification Calculations

600 ,

;
-

i
3500 -

I o
, _ .L _ m - Q : n _.== P,-g- D

400 - 'Y -

w y |
.g 300 -

7' |
-

- g' Im
M g' -

.t | Problem 3: Node 121e 200
i

cry ..-e' C TSM meridian stresses|

.[ l --0-- TSM hoop stresses
~100

. . 6. . . . ABAQUS meridian stresses
}-- ABAQUS hoop stresses

0 ----------------H------ ----------

1

I
'

-100 ' '

-1.0 -0.5 0.0 0.5 1.0
Inside surface-----------Outside surface

w mor

Figure E-10. Problem 3: Node 121 stresses.

' ISM and ABAQUS models with a maximum internal pressure load of 15 MPa. Figures E-11 and
E-12 compare the hoop and meridian stresses of the two models for node point 41 (located in the
middle of the hot spot). ' ISM stresses in the inside third of the wall were 13% (or less) lower
than those of ABAQUS and the remaining portion of the wall was within 3%. These levels of
agreement are repre'sentative of all points examined along the meridian (1,21,. . 121) and
indicate that the discrepancies in Figures E-4 through E-10 are rooted largely in the absence of a
radial stress in TSM and not the severity of the temperature gradient.

The TSM total meridian and hoop strain results for Benchmark Problem 3 underpredicted
the values calculated by ABAQUS an average of 3.6%. Figure E-12 gives the comparison of total
hoop and meridian strains for Node 41, which is typical of all node locations.

TSM Benchmark Problem 3 results at the middle of the hot spot (Nodes 21 and 41) showed
that plastic strains (meridian and hoop) began at Gauss point 7 location (of 10 total) from the
inside surface and increased to the outer surface. ABAQUS results identified plastic strains
beginning at Gauss point 6 and increasing to the outside surface. The difference was 100% for
the point 7 (where plastic strains were smallest), then decreased for each successive location to an
average of 8% at the outside surface (where plastic strains reached a maximum). Outside of the
hot spot (Nodes 81 through 121), the plastic strain in both models began one Gauss point
location closer to the inside surface. The difference in plastic strains was 100% for point 4
(where plasticity began in the ABAQUS model), but averaged 9% or less for the entire outer half
of the wall.
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E-6.2 Problem 4 Results

The severe localized thermal loading for this problem invoh>ed a nonlinear temperature i
distribution (see Figure E-3). The pressure was raised to 55 MPa to get yielding one-quarter of

,

the way through the thickness at the shell bottom. Again, yielding was more severe away from
, = 0. He same meridian points and their associated through-thickness Gauss point locations
were evaluated as in Problem 3. ,'

l

A graphical representation of the comparison between EM and ABAQUS meridian and |
hoop stresses is given in Figures E-13 through E-19. Note that EM meridian and hoop stresses |
up to the Gauss point 6 (just beyond the midplane)in the middle of the hot spot underpredicted ;
those calculated by ABAQUS. This area of underprediction was larger than the underpredicted

!

area in Problem 3. This portion of the wall was very soft because of the temperature profile and
the material definition. A small percentage of the total load was carried by this portion of the '

wall. Because of the softness of the wall, the radial component of stress up to Gauss point 4 from ;

the inside surface m'aintained a magnitude higher than that of the hoop and meridian stresses. As
in Problem 3, the underprediction of hoop and meridian stresses by TSM was largely a result of
neglecting the radial stress component in the calculations. As discussed in Section 4.2.2 and

.

Appendix D, the TSM solution scheme assumes that radial stresses are negligible. This was true |
beyond the Gauss point 6 in the hot spot because the radial stresses quickly dropped off to zero j
at the outside surface while the hoop and meridian stresses rose by a factor of 50 to 100. TSM !

meridian and hoop stresses in this area underpredicted those calculated by ABAQUS by about !
4%. This portion of the wall carried the majority of the load, and shell yielding propagated from |
the outer surface inward. The far-field (points 101 and 121) meridian and hoop stresses were
within an average of 4% of ABAQUS values for the entire wall.

!

Next, EM and ABAQUS models were evaluated with the severe localized thermal loading -

of Problem 4 applied with a maximum internal pressure of 15 MPa. Figure E-20 compares the
hoop and meridian stresses of the two models for node point 41 (located in the middle of the hot
spot). The EM stresses throughout the wall were an average of 4% lower than those of
ABAQUS. The agreement between ABAQUS and TSM in,the more severe temperature
gradient at 15 MPa pressure is comparable to the agreement between the two models in a
moderate temperature gradient at 15 MPa pressure, indicating again that the absence of radial
stress in TSM is primarily responsible for the differences between the two models at elevated
pressures.

The EM total meridian and hoop strains in Benchmark Problem 4 underpredicted the
values calculated by ABAQUS by up to 24% on the inside surface to near 10% on the outside for
locations within the hot spot at elevated pressures. Away from the hot spot those values were
reduced to 12% on the inside and 7% on the outside surfaces. For the condition including the
Problem 4 thermal loading with a maximum pressure of 15 MPa, the total meridian and hoop
strains in the hot spot were, at most,16% lower than ABAQUS on the inside surface and within
2% on the outside. Outside of the hot spot all TSM total strains were within 5% of ABAQUS
values. Figure E-21 compares the total strains of the two models for the Problem 4 thermal
loading with an internal pressure of 15 MPa.

TSM results for Problem 4 showed that all plastic strains (meridian and hoop) occurred one
or two Gauss point locations closer to the outer surface than-ABAQUS. Those plastic strains
increased towards the outer surface. As in Problem 3, TSM plastic meridian and hoop strains
started at 100% lower values (at the smallest plastic strains) and steadily increased to, at most,1%
lower values than ABAQUS (where the plastic strains reached maximum values).

NUREG/CR-5642 p,20



_ _________ _ _______ -

|

|

Verification Calculations

600 -

j
..

Pylem 4: Node 1 |

' ~ ~ J500 M TSM meridian stresses i .-
-+- ISM hoop stresses | ,

"a" ABAQUS meridian stresses I /
-400 -

}- ABAQUS hoop stresses 1
-

g [
m |

*

/|r
~

(

m
m 'Io 200 -

,/I
-

22
D

/ i
100 -

..A"y
-

|

\
- |

0 C--------------l-----------------
1

i

-100 '

-1.0 -0.5 0.0 0.5 1.0
inside surface-----------Outside surface

r.....

Figure E-13. Problem 4: Node 1 stresses.

600 . .

Problem 4: Node 21 |

| -
-

500 C TSM meridian stresses .c
-+- TSM hoop stresses |

" 6-- ABAQUS meridian stresses I /.. '
j400 -

0 - ABAQUS hoop stresses [e
-

I
y .

s
, [- -1300 -

,

m
m 'i.

e 200 -

j -

m /
A i

100 - ..A' y. 1
-

l
|--

0 ---------------H-----------------
1

I
'-100 ' '

-1.0 -0.5 0.0 0.5 1.0
Inside surface-----------Outside surface

M7M ms1992De

Figure E-14. Problem 4: Node 21 stresses.

E-21 NUREG/CR-5642



- -

Verification Calculations i

600 |.

i
,

,

Problem 4: Node 41 |

| A .=9500 0 TSM meridian stresses .-F -

3

-+- TSM hoop stresses 1 [
"6" ABAQuS meridian stresses 1 .I'

'

!
_

}- ABAOuS hoop stresses f
*

_

E ;/
.

$ 300 fl.f'
-

> . i.
'~

y il'

e 200 j;/ , -

,

E .M/I
. -M*M

# | -100
'

m&'.- I
O -------------H------------ ----

1

I
'

-100 ' '

-1.0 -0.5 0.0 0.5 1.0
inside surface-- -Outside surface

- - . ,,,>,o

Figure E-15. Problem 4: Node 41 stresses.

600 ,

g
,

'AS*~ *500 -

pr'.-p-m
-

. . . < -
/ l ..e

/ I
400 - ./ / I. . .Y - -

t .

E | s' 'y
$ 300 ,# |

-

'

"
/

$ 200 [f' ''- |m .

/

| _
Problem 4: Node 61

y) /
| C TSM meridian stresses

#
1 --+-- TSM hoop stresses Iy ,,,(/

.

~ '00 ..' -a- ABAouS meridian stresses

r' I }- ABAQuS hoop stresses'

0 t -- ----------H-----------------
1 i

i 1

'-100 ' '

-1.0 -0.5 0.0 0.5 1.0
Inside surface-----------Outside surface

- - - , , . > , .

Figure E-16. Problem 4: Node 61 stresses.

NUREG/CR-5642 E-22

_ _ - - _ _ _ -



1

Verification Calculations

600 ..

1
'g g 'A___-+_._+___+__-_e___g-+' * "

-

500
- 1

-

/ "L
' '

400 -/
*

-

|

.e-
-

W ..g-
"

I
[ ..A"

I
-

300 - . .a. - I3
- r

im
i Problem 4: Node 81 ,

E 200 I

@' g C TSM meridian stresses
1 --+-- TSM hoop stresses

100 I -~o"- " ABAQUS merldlan stresses -

' l, }--- ABAQUS hoop stressesI

0 ---- -------- --H-- -------------- i
1

| |

'. |
|'

: .

| -100 .

-1.0 -0.5 0.0 0.5 1.0
' Inside surface-- - =Outside surface,

!
urne .non-Is

)' Figure E-17. Problem 4: Node 81 stresses.
'

i

|

600 ,

;
,

,

I W
500 __+n_--+--, # . _eg: ==B== ~2 o

",. . 3,, ws

p- O .a. -

-

. . .g. .
5,

_
~wa

400 I
-

3.. I
-
cJ l

300 |
-

im
I Problem 4: Node 101 _E 200 -

I

@' j C TSM meridian stresses
1 --0-- TSM hoop stresses

100 I "a" " ABAQUS meridian stresses -
I }- ABAQUS hoop stresses
g

0 ---- -----------H-----------------
I

I
'

( -100 '

-1.0 -0.5 0.0 0.5 1.0

|
Inside surf ace-----------Outside surface

|
| M758 set 19213

|

Figure E-18. Problem 4: Node 101 stresses.

E-23 NUREG/CR-5642

. - . --



Verification Calculations

.

!
;

!
1

,i

I

|

600 . .

I

l' WW
-e --t - 2_. _ ~&~. = =-e " ~ ~8.. ... . . s. . .. s

~00 -

, -r A q -m~.-
c

r a o
-D -p .g= . . |

400 - :
-

- I,

m I

$ 300 - I -

1-

v> |

8 200 -
I Problem 4: Node 121

_

i
E' C TSM meridian stresses|

1 --0-- TSM hoop stresses
100 I - " A-" " ABAQUS meridian stresses -

| >- ABAOUS hoop stresses

0 ----------------H-----------------
1

I
*

100 - i

-1.0 -0.5 0.0 0.5 1.0
Inside surface -----Outside surface

= = . . . . . .

Figure E-19. Problem 4: Node 121 stresses.

NUREG/CR-5642 E-24



- - . _ _ _ _

Verification Calculations

600 , . .

Problem 4: Node 41 1

(15 MPa internal pressure) i
500 '0 TSM meridian stresses

[43
_.

-+- TSM hoop stresses
1

400 a- - ABAQUS meridian stresses I 'r
}- ABAQUS hoop stresses | //

W 300 | .ca- ; /- :
2

| /

! 200 -

t ,/ A
$ I /.

| /
-6'5 100

i f_.'
I /:

---------------- g|---- 7'N~0 ---------

I6ew+mN '/
I -100
i I - '

I

i-200 ''

! -1.0 -0.5 0.0 0.5 1.0

| Inside surface-----------Outside surface !

|
M755 se 1192-17

,

1
I

i Figure E-20. Problem 4: Thermal loading with only 15 MPa internal pressure: Node 41 '

| stresses.

I
' O.013 . . .

Problem 4: Node 41
(15 MPa internal pressure)

f0.012 o Tsu meridian strain
--+-- TSM hoop strain ,e

0.011 g, ,e o_
-- ABAous rneridan strain

f-[-,}- ABAQUS hoop strain

g /
E 0.010 - / -

3 0.009 - f'.V -

c

m f/
.'Y0.008 -

: . . g' ,
" '

0.007 M '-
-

,er '
O.006 ' ' ' '

-1.0 -0.5 0.0 0.5 1.0
Inside surface- -- =Outside surface

.7 11.. ..

Figure E-21. Problem 4: Thermal loading with only 15 MPa internal pressure: Node 41 strains.

E-25 NUREG/CR-5642



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

Verification Calculations
;

E-7. CONCLUSIONS

The verification of TSM has provided several insights into the applicability of this program
for calculating lower head severe accident structural response. First of all, this program was
developed to provide a fast-running solution to predict the collapse of a localized portion of the
vessel wall resulting from hot spots in a debris bed resting on the lower head. Thus, the program
would be appropriate for scoping parameter studies in various accident scenarios. Results of the
benchmark problems used in this verification effort indicate that TSM performs well for its
intended purpose.

The two benchmark problems that applied a localized hot spot (Problems 3 and 4) with an
internal pressure of 45 to 55 MPa identified that TSM does not accurately predict the stresses in
the hottest regions. This resulted from the TSM assumption that the radial component of stress
was negligible. However, the hottest areas carry a very small percentage of the total pressure
load. The assumption of negligible radial stresses was shown to be valid in the cooler regions
under the hot spot, which is essentially the portion beyond the midplane and away from the hot
spot. That portion of the wall carried the majority of the pressure load in these cases. Vessel
wall material yielding eventually begins at the outer surface and propagates inward to final failure.
Hoop and meridian stress levels are typically 35 times higher in the outer portions than the inner
regions of the vessel wall. Thus, model accuracy in these areas is most crucial to accurate
predictions of vessel failure margins.

Two additional load cases were evaluated that employed the thermal hot spot definitions
from Problems 3 and 4 with a pressure of 15 MPa. This lower pressure was more representative
of accident conditions on a reactor vessel. The evaluation of these two cases verified that the
TSM assumption of negligible radial stresses was acceptable for the more representative accident
conditions.

TSM total strain comparisons ranged from underpredictions of 24% on the inside surface to
11% on the outside surface in the hot spot region for the severe thermal gradient load case at
elevated pressures. In the cooler boundary areas, strain comparisons ranged from
underpredictions of 13% on the inner surface to 7% on the outer surface. Examinations of the
plastic strains indicated that plasticity of the wall had propagated from the outside inward one
Gauss point further in the ABAOUS model than in TSM model for the two hot spot load cases.
The magnitude of plastic strains for Benchmark Problems 3 and 4 were 3 to 5 times lower than
the total strain values. Use of TSM for predicting vessel response is considered acceptable for
pressure levels at or below 15 MPa.
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Appendix F

Modeling input

F-1. MATERIAL PROPERTY DATA

Calculations performed for the lower head failure analysis used the materials property data
summarized in this appendix. This appendix contains sections for properties of the following
materials: UO zircaloy, ZrO , Inconel400, stainless steel (304SS), silver-indium-cadmium, boron2 2
carbide (B C), and carbon steel Thermal properties for these materials include conductisity,4 ;

density, enthalpy, specific heat, and viscosity. Solidus and liquidus temperatures for the materials i

are provided in Table F-1.1. Mechanical properties include ultimate strength, coefficient of |
thermal expansion, Young's modulus, and thermal expansion stram. ;

These data were extracted primarily from Reference F-1, although information from the
other references and new data from the high-temperature te' sting described in Appendix B
supplemented the database.

Table F-1.1. Solidus and liquidus temperatures -1.F-2,F-3F
,

T ,io,,T,oiio,, iiq
Material (K) (K)

i

|

UO 3113 3113

UO Compounds: |2

20% UO - 80% SS* 2400 24002

80% UO - 20% ZrO 2860 28602 2

Zircaloy 2175 2200

bZrO 2960 29602

Inconel-600 1644 1700

304SS 1671 1727

Ag-In-Cd 1073 1123

BC 2743 2743
4

Carbon Steel 1789 1789

a. Although these materials are immiscible. this composition was used to represent materials containing
melt with high melting temperatures.

b. For oxygen-to-metal ratio of 2.0.
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Modeling Input

F-1.1 UO and UO Compounds Data2 2

This section contains data for properties of UO and selected UO compounds. Properties,2 2
such as thermal conductivity, theoretical density, enthalpy, specific heat capacity, and viscosity are
summarized in Figures F-1.1-1 through F-1.1-13.
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Figure F-1.1-1. Model prediction for thermal conductivity of 0.95 TD UO compared with data2
from specimens with densities in the range of 0.945 to 0.955 TD.F-1
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F-1.2 Zircaloy and ZrO Data2

This section contains data for properties of zircaloy and zircaloy dioxide including thermal

( conductivity, theoretical density, enthalpy, and specific heat capacity, as summarized in ,

Figures F.1.2-1 through F.1.2-8.

|
The viscosity of zircaloy at its liquidus temperature is 1.5 x 102 Pa-s?"

t

I

i

,
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F-1.3 inconel-600 Data
4

l

This section contains data for properties of Inconel. Included for Inconel4KX) are thermal j
conductivity, density, specific heat capacity, ultimate strength, thermal expansion coefficient, !
Young's modulus of elasticity, and emissivity. These data are summarized in Figures F-1.3-1 |
through F-1.3-7. j
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F-1.4 Stainless Steel Data :

This section contains data for the following properties of stainless steel: thermal ;

conductivity, density, enthalpy, specific heat capacity, ultimate strength, thermal expansion J
coefficient, and Young's Modulus. These data are summarized in Figures F-1.4-1 through F-1.4-7. I

a

The viscosity of stainless steel at its liquidus temperature has been approximated using the !

3 Pa-s.F4viscosity of iron at its liquidus temperature, which is 2.2 x 10
.
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Figure F-1.4-1. Stainless steel thermal conductivity.F-1
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F-1.5 Silver-Indium-Cadmium Data

This section contains data for the following properties of silver-indium-cadmium: thermal
conductivity, density, enthalpy, specific heat capacity, and viscosity. These data are summarized in i

Figures F.1.5-1 through F.1.5-5.
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| Figure F-1.5-1. Thermal conductivity of silver-indium-cadmium absorber.F-1
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F-1.6 Baron Carbide Data j

This section contains data for the following properties of boron carbide: thermal
conductivity, density, enthalpy, specific heat capacity, and viscosity. These data are summarized in
Figures F.1.6-1 through F.1.6-5.
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Figure F-1.6-1. Thermal conductivity of boron carbide absorber.F-1
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F-1.7 Carbon Steel Data

This section contains data for the following properties of carbon steel (SA533B1,
SA105/SA106): thermal conductivity, density, specific heat capacity, ultimate strength, the
coefficient of thermal expansion, thermal dif1'usivity, and Young's modulus. These data are
summarized in Figure: F-1.71 through F-1.7-9.
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F-2. GEOMETRIC DATA

Calculations performed for the lower head failure analysis used the geometrical data
summarized in Table F-2.1. Dimensioned component drawings in Section 3 clarify lower head and
penetration data in this appendix. This information was compiled from plant componcat 'j
drawings, final safety analysis reports, discussions with plant personnel, and References F-39 and
F-40. i
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Z Table F-2.1. Geometrical parameters used in lower head failure analysis. isC OW @
] Reactor type @g (vendor) Q
? 5
{ PWR PWR BWR/5 PWR PWR BWR/4 E
w Parameters B&W CE . GE W2 W1 GE

Power level (MWt) 2772 3400 2440 3400 1825 3440

Vessci

Material * SA533B1 SA533BI SA533B1 SA533B1 SA533B1 SA533BI
(SA302B)b

Irwer head minimum thickness (m) 0.127 0.111 0.200 0.14 0.132 0.214

lower head inner radius (m) 2.22 2.19 -2.81 2.10 2.02 2.81

71 Cladding
$ 8-Materia 1 SS SS INC SS SS INC

Minimum thickness (cm) 0318 0318 0318 0318 0.318 0318
Design pressure (MPa) 17.2 17.1 8.6 17.1 17.1 8.6

;

Penetrations

Instrumentation tube

-Number 52 0 55 58 19 55

-Materia 18

Tube INC NAC 304SS INC INC 304SS

Wcld INC NA SS/INC INC INC SS/INC
l -Radii (cm)

Inside vessel:

..
.

. .

_. . .. .. ..
.. ..

. ..
.

. ..
.

____ _
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Table F-2.1. (continued).t

!

l Reactor type
(vendor)

PWR PWR BWR/5 PWR PWR B W R/4

Parameters B&W ~CE GE W2 W1 GE

-Thin upper nonic

Inner tube 0.78 NA 1.91 0.61 0.46 1.91

Outer tube 2.22 NA 2.51 1.37 1.90 2.51

-Thick lower nonic

inner tube 0.78 NA 1.91 0.61 0.46 1.91

*r1 Outer tube 2.54 NA 2.51 137 1.90 2.51

" Through vessel:

Inner tube 0.78 NA 1.91 0.61 0.46 1.91

Outer tube 133 NA 2.51 137 1.90 2.51

-Tube.to-vessel 0.0064 0.013- 0.002- 0.013-

Gap (cm) 0.013 NA 0.025 . -' O.008 0.025

Wcld length (cm) 137 NA 0.75' l.40" 1.40" 0.75'd

-instrument string

Outer radius (cm) 0371 NA 0.89 0385 0371 0.89

yC Control rod guide tube housing **

rrt -Number 0 0 185 0 0 185 8.W
a

O s-
3 -Material * *
*D Tube NA NA 304SS NA NA 3G4SS y
4
T W cld NA NA SS/INC NA NA SS/INC 3.

-

w

. _ - . - - _ _ _ _ - _ - _ . - - _ _ _ _ _ _ _ - - - _ _ . - _ - _ - - _ _ _ _ _ _ - - ._.____ _ _ ______.--_- _ _ _ ________ _ - - - _ _ - - - _ _ _ _ - _ . _ - _ - _
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Z K
h Table F 2.1. (continued). ,_ _

8.
(T1 =

g Reactor type Q"
O

p (vendor) y
$ *
8 PWR PWR BWR/5 PWR PWR BWR/4

Parameters B&W CE GE W2 W1 GE

-Rad!i (cm)

Inner tube NA NA 6.17 NA NA 6.17

Outer tube NA NA 7.59 NA NA 7.59

. Tube-to-vessel gap (cm) NA NA 0.019- NA NA 0.019-
0.032 0.0X

-Guide tube pitch (cm) NA NA 30.48 NA NA 30.48

$ -Control rod drive thermal siceve outer radius NA NA 5.95 NA NA 5.95

0.20-0.23 - - 0.20-0.23-Annular gap for flow between CR guide - -

tube housing and thermal sleeve (cm)

Other lower head penetrations

Drain noi2le

-Number 0 0 1 0 0 1

-Material

Tube NA NA SA10511/ NA NA SA10511/
SA106B SA106B

Weld NA NA carbon NA NA Carbon
stect steel

-Tube radii (cm) ,

inner NA NA 2.50 NA NA 2.50

Goter NA NA 3.20 NA NA 3.20

_ - - _ - - _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ - - _ _ - - _ - _ _ _ _ - . _. . - - - . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - .
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!

l

!

Table F-2.1. (continued).

Reactor type
(vendor) |

Parameters B&W CE GE W2
,

PWR BWR/4PWR PWR BWR/5 PWR
W1 GE

.

Core material masses (kg)
,

I304SS 88,900 58,100 101,000 101,000 - 121,118
'

172.500UO 93.000 102,000 118,000 101,000 -

2

Zircaloy 19,100 29,100 51,300 25,000 - 62,6(X)

0Inconcl8 64 3630 3050 1870 -

71 Poison -
w
* Ag-in-Cd 8200 14 0 1345 0-

BC - '146 644 183(f 1150--

4

Insulation
,

7.62 |7.62 7.62Minimum thickness (cm) 7.62 --

Material SS SS SS SS SS SS
*

3.80 ;3.80 - 2.40Minimum distance from vessel tower head (cm) --

2 210ficat transfer surface area (m ) _. - - - -

Coolant volume (m )I
3 '

195.5C Volume below core
'

29.7 145.9 29.7 5.- -

W
351.1 8.m Volume to core top - 67.1 263.1 61.2 -

O n~-

416.6I 5'-h Volume in vessel 115.0 143.7 - 309.31 140.1
'

-

, p . oo

j 4 Volume in RCS 335.4 314.4 309.3) 347.1 .248.7 416.6 p
t M' ,

E; w
i

r

I
'

,
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C &;c Table F-2.1. (continued). g..m oO "
h Reactor type

? (vendor) y
eu *

S
to PWR PWR BWR/S PWR PWR BWR/4

Parameters B&W CE GE W2 W1 GE

lxwcr plenum configuration
k

Distance from bottom of fuct assemblics to reactor 2.2/1.7 2.8/2.O - 3.1/2.5 - 5.3/4.0

vessel lower head, core centerlinc/ core periphery

(m)

BWR. specific:

Tube radii (cm)
m
L Control rod guide tube NA NA - NA - 14.0
o

Control rod drive housing - - - - - 7.6

30.48Control rod pitch (cm) - - - - _-

PWR-specific:

Plate I name Flat Core support - NA' - NA
distributor assembly

plate bottom plate

Distance from plate underside to lower head, core 1.8/1.4 1.8/1.0 - NA' - NA

centerlinc/ core periphcry (m)

Plate thickness (m) 0.0254 0.0889 - NA' - NA

NA' - NA
Hole diameter (m) 0.089 0.0762 -

Plate 2 name Grid Instrument - NA - NAI

forging guide tube
support plate"

_ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ - _ ..._ _- - - - , - - - _- _ _ _ _ . _ . _ _ _ __ _ _ _ _ _ _ _
- --
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Table F-2.1. (continued).

Reactor type
(vendor)

PWR PWR BWR/5 PWR PWR BWR/4
Parameters B&W CE GE W2 W1 GE

- - - NADistance from plate underside to lower head, core 1.3M.86 1. lM.3

centerlinc/ core periphery (m)

Plate thickness,(m) 0.4064 0.0508 - - - NA

Hole diameter (m) 0.1651 0.254" - NA' - NA

- - NA' NAPWR-specific - NA
- - NA' NAPlate 3 name Elliptical NA

[ flow
distributor*

plate
3

Distance from plate underside to lower head, core 0.74N.63 NA - - NA NA
centctlinc/ core periphery (m)

Plate thickness (m) 0.051 - - - - -

Hole diameter (m) 0.1524 NA - - NA' NA

a. SA533111 designates SA533 Grade 11 Class I; SA30211 designates SA302 Grade B, SA10511 designates SA105 Class 11 stect; SA106B designates SA106 Grade B
steel; SS designates 304 stainless steet; INC designates inconcl4dX).

Z
C b. Some older designs are composed of SA30211 steel.

*N
rr1 c. -dc5ignates information not available; NA designates information not applicable
O

d. D&W drawing. October 4,1991.

a w

~

_---__ ____ _ __ _ _-____ _ _ __- . _- _ _ _ _ _ _ _ -__ -

_ _ _ _ _ _ . _ _ _ _ _ _ _ ---_ _ - - - -
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j Table F-2.1. (continued). 8,

m e.
O c

Reactor type m~

h (vendor) E
t'n ?

~

I PWR PWR BWR/5 PWR PWR BWR/4ev
Parameters B&W CE GE W2 W1 GE

c. ASME ikulers and Pressurc Vessel Code, Section Ill,1989.IW

f. Includes structural support steel (core barrels, support plates, etc.), and fittings, thermal shield pads (if apphcabic), and jet pumps (13WRs only).

g. Includes items such as radial support key, in-core support grids, flow skirts, etc.hAlthough not recorded in the FSAR, this Westi'tghouse Plant is designed to have
the kmcr one-third of the absorber contain Ag-Cd-In, the upper two-thirds contains boron carbide pellets.

i. Preliminary estimates assume that reactor internals arc in place.

*r1

h j. To height of liquid during normal operation.

k. Dimension for CE kwer plenum structures are based on the Maine Yankee plant configuration rather than a typical CE plant, which has no lowtr head -
penetrations.

1. Although several plates exist in the Westinghouse design, the configuration admits " straight-shot" relocation pathways that were assumed in Section 4 analyses-

m. Includes 0.0508-m-thick in-core guide support plate and 0.0127-m water gap.

n. largest hole diameter.

_- - - _ __. - _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ . _ . - -_= - - - _ - - _ _ _ _ _ _ _ _ - _ _ - _
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Appendix G

Summary of Peer Review Meeting
,

A meeting was held May 7,1992, at the Bethesda Hyatt Hotel to discuss peer review
comments on the draft report, Light Water Reactor Lower Head Failure Analysis. The draft report
was prepared to integrate various individual failure studies made since TMI.2 into a single source

|
that investigates the timing of various failure mechanisms. How well this objective and the more

| specific objectives noted below were met was the topic of this peer review meeting. The peer
i review committee had been invited by the U.S. Nuclear Regulatory Commission (USNRC). The ;

following members of the committee submitted written con ments and attended the meeting: !

Dr. Harald Hirschmann, Paul Scherrer Institute (PSI) )
Dr. Mati Merilo, Electric Power Research Institute (EPRI)

'

Dr. Hassein Nourbakhsh, Brookhaven National Laboratory (BNL)
Dr. Martin Pilch, Sandia National Laboratory (SNL)
Dr. Theo Theofanous, University of California. Santa Barbara (UCSB) |
Dr. Brian Turland, AEA Technology |

Although written comments were received from Dr. Charles Brinkman, Oak Ridge National
Laboratory (ORNL), and Dr. Vladamir Asmolov, Kurchatov Institute, these reviewers were i

unable to attend the meeting.
,

The following representatives from the USNRC, the Idaho National Engineering Laboratory
(INEL), and University of Wisconsin-Madison (UWM) were also present at the meeting: .

Dr. Alan Rubin, USNRC
Dr. Thomas Walker, USNRC
Dr. Farouk Eltawila, USNRC
Dr. Robert Witt, UWM
Dr. Chris Allison, INEL
Mr. Gary Thinnes, INEL
Dr. Susan Chsvez, INEL
Dr. Joy Rempe, INEL

Dr. H. Hashimoto, Japanese Atomic Energy Research Institute (JAERI), was also present at this
meeting. Prior to this meeting, peer reviewers submitted written comments, and the INEL
provided each peer reviewer with written responses to their comments. Minor comments,
typographical errors, and areas where additional discussion was needed for clarification were
corrected by the INEL in a revised version of the report that was distributed at the meeting.

At the beginning of the meeting. Drs. T. Walker and A. Rubin, USNRC, stated that the
purpose of the meeting was to discuss reviewer comments about the research documented in the
draft NUREG report rather than have the INEL make presentations of their work. In addition,
the meeting should define revisions needed before the document is issued as a final report. To
facilitate peer reviewer discussion, the INEL reviewed the following objectives of this research
program:

Identify dominant failure mechanisms.

G.3 NUREG/CR-5642
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! Peer Review Meeting
i

Develop models for predicting dominant vessel failure mechanisms |.

|

Apply models to determine which failure mechanisms are more likely to occur in.

different LWR designs for various debris and accident conditions.

One peer reviewer commented that the term "more likely" had risk connotations; whereas J
'

models in this report were used solely to predict the failure mechanism that occurs first during a|

particular scenario. The INEL agreed and suggested that the last objective should be reworded as
follows:

Apply models to determine which failure mechanisms are possible and the time when.

each mechanism occurs in different LWR designs for various debris and accident
conditions.

Then, the INEL distributed Table G-1 that summarizes major comments from the peer
reviewers. The table was organized according to the questions asked by Dr. B. Sheron, USNRC,
in the letter requesting peer reviewers to serve on the committee. Although any additional
comments were welcomed during the discussion, the peer review committee agreed to use the
table as a basis for the discussion. Several items in the table required more detailed responses.
The INEL prepared informal presentations to respond to these comments. The participants
agreed to listen to these presentations after the items in the table were discussed. Topics for the
presentations included the following:

A flow diagram illustrating application of lower head failure models=

Potential flow paths for debris through lower head penetrations-

Appropriate boundary conditions for predicting vessel thermal response.

Revisions to tube ejection, tube rupture, and global vessel rupture failure maps and j.

sensitivity of failure map results to thermal analysis assumptions j

Comparisons between finite element and analytical closed-form solution models and.

general guidelines for when finite element models are needed.

The remainder of this summary is organized according to the discussion that occurred from
each question in Dr. Sheron's letter and comments raised during the informal INEL
presentations.

Do the failure modes identified represent the dominant ones?

As noted in Table G-1, most reviewers felt that the dominant failure modes were considered.
However, several reviewers suggested that the INEL should note that the research program
initially considered other failure modes, such as ablation, thermal shock, and interactions between
failure mechanisms and state the reason that these failure mechanisms were rejected. The INEL
agreed that this was a good id.ea and could be incorporated easily into the final report,

.

Questions were raised regarding the adequacy of the THIRMAL code used for the jet
impingement analysis. It was noted that ongoing FARO analyses indicate that the THIRMAL
, code is not conservative with respect to the potential for jet ablation. The INEL responded that
because the FARO experiments are still being performed, it is premature to make definite

NUREG/CR-5642 c.4
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Table G-1. Summary of peer reviewer comments and INEL responses.

Number of
Comment reviewers INEL resp (mse

Quation 1: Do the failure m<xics identificd represent the dominant ones?

Dominant failure modes are considered 6 Nonc required

Calculations should be continued to consider vessel / penetration 2 Although this information is useful in quantifying the conse-
behavior beyond initial failure so that the failure size can be quences of a particular scenario, this task was not included in
determined as a function of time. the current workscope for this project,

Initial failure by jet ablation should be considered. 1 Ablation was initially considered. liowever, results from our
literature review indicate that it is not possible to get significant
ablation in any of the reference plant designs for the range of
accident conditions considered.

Thermal shock from external flooding, and thermal stresses 1 Rctmal shock from external ikxxiing was excluded from this
during cooling by external fhxxiing should be considered. project's workscope because it was not ccmsidered a dominant

failure mechanism in existing LWR designs.

9 Interactions between failure mechanisms, such as wall thinning i These failure modes were excluded from this project's
" due to jet ablation, could lead to carlier creep rupture failure, workscope because they were not considered dominant failure

mechanisms.

A failure mode in which vessel ballooning enhances the
potential for tube ejection should be considered. 1 These failure modes were excluded from this project's

workscope because they were not considered dominant failure
mechanisms.

Additional work is needed to address debris conditions. 2 Potential debris conditions were reviewed as part of the
literature scarch, and bounding values were obtained. Although
detailed calculations of debris behavior are useful, they were
excluded from this projects's workscope except in the Section 5 m
scenario-specific finite element calculations. y

C W
nW 5.n1
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% Table G-1. (continued). 8
ff1 Number of W
h Comment reviewers INEL response 2,
O a

? Qucstion 2: Arc the data and experiments from previous lower head failure analyses applied in a technically sound manner? 4

$ E
ar

Interpretation of previous data appears reasonabic. 5 None required. @,N
:s

Validation calculations are needed using TMI-2 data. 1 Agree. This will be done as part of an ongoing OECD project. Do

Additional validation calculations may also be puformed as a
follow-on program. We are considering existing data and any
new data that may come from FAI, FARO, CORVIS, and
RASPLAV.'

More information is needed on debris behavior (e.g., timing of 1 Potential debris conditions were reviewed as part of the
debris arrival, crust formation, and convection from a molten literature scarch and bounding values were obtained.

pool).

; Quation 3: Arc there additional data that a>uld significantly afkct the analysis or conclassons prcscated in the report?
O
ch

The literature review appears to be up.to-date and complete. 4 Nonc required.

Review should consider MARCH models. 2 Agree, a review of the failure model in MARCH will be
,

incorporated into the final report. A. later presentation will
discuss differences between MARCH and failure models used in
this program.

Review should consider

Results from MELCOR calculations and additional STCP 1 Will incorporate into the final report, provided that specific
calculation results references are cited and references are available in the open

:Iliterature.
|

New FARO and CORVIS data
I

I

Papers by B. Turland and J. Morgan and paper by A.
Cronenberg i

Recent KfK and CEN/ISPN results.
1

|
i

_ _ _ _ . _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ ___
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Table G-1. (continued).
fNumber of

Comment reviewers INEL response

Question 4: Arc the analytical mettmdok>gics sound technically, clearly defined, and arried out in a consistent manner? Arc the analytu:al
.

I

assumptions reasonabic and consistent with our current understanding of the underlying phenomena?

1 Yes.' 2 Nonc required.
'

2 Failure analysis assumptions are stated in cach section.Assumptions and ranges of applicability for each failure
However, a table could be added to emphasize assumptions in

analysis need to be clearly defined.
each failure analyses.

Melt penetration calculations should consider the presence of 2 As noted in Section 6 of the draft NUREG, the presence of
water should be considered in certain cases. Work has beenwater in LWR penetrations.
initiated to consider these cases. A later presentation will
discuss this response in more detail.

The calculations for velocity of melt through a penetration 3 Disagree. There are certain cases where it is possible to have a

C) tube at high pressure are not applicable to LWR penetrations. pressure head. A later presentation will discuss this response
in more detail.-4

1- In general, failure maps were obtained for a range of tem.Temperature assumptions between different failure analyses'

perature conditions. It would be difficult to determine oneshould be consistent.
temperature distribution that is most representative because of
uncertaintics in debris conditions and vessel external heat
removal conditions.

The heat transfer coefficient on the vessel outer surface in the 1 A range of heat transfer coefficients is now being considered; }

one-dimensional analysis should be 1 W/m K. temperature distributions and the corresponding tube ejection, !2

tube rupture, and global vessel failure maps will be presented ;

later. m i
n
4 !

'Z De heat transfer coefficient on the vessel outer surface in the 1

2 7n j
C one-dimensional analysis should be between 20 and 40 W/m g, n t

30 1 -

c). The one-dimensional temperature gradient is inconsistent with I g |frl
|

h the presence of insulation around the vessel.

| The upper limit / lower limit lines in the tube ejection / tube 2 " Agree. A later presentation will discuss how these maps have ['

been revised, g.
; g. rupture / global vessel rupture failure maps are confusing. ,

og
tv --

L

|

4
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Z m
aC

y Table G-1. (continued). a
M Number of W
O n

Comment reviewers INEL response g,3
W The assumption of a nearly constant tube temperature 1 Disagree. However, other temperature distributions are now 4

$ distribution in the tube ejection / tube rupturc/ global vessel being considered. and results will be presented later. K
ti rupture failure maps is incorrect. }

Locali7ed creep rupture analysis should be continued to 2 Although the objective for this analysis was to consider a broad g
characterire the heat fluxes and the generation rates of debris range of conditions and determine the conditions needed to
decay heat required to cause failure, induce this failure mechanism, heat transfer conditions required

to produce this type of failure could be considered in this
section.

Eutectic formation between debris and vessel / penetration 1 Eutectic formation would affect results for in-vessel tube
materials should be considered. melting because failure would be predicted at lower temper-

aturcs. However, ex-vessel tube failure analyscs were based
upon the temperature of the penetration material's failure.
Hence, the results for these analyses are not expected to vary

O significantly.
ce

Three-dimensional calculations are needed to model structural 1 The INEL fccis that the thermal conditions and structural
deformation and address the potential for lower head failure, material properties are too uncertain to warrant a scenario-

specific three-dimensional calculation at this time.

.~ . . --. .. -. - . . . . _. . .
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Table G-1. (continued).
Number of

Comment reviewers INEL response ,

'

Quotion 5: Arc the folkiwing factors adaluately amsidered in the repnt?

Uncertaintics in thermal hydraulic cotditions and thermophysial propertics..

Uncertaintics in severe accident progression..
,

Plant design differenas. .
.

{Uncertaintics in t'ic therm-t-hydraulic conditions, properties, 3 Nonc required.

accident progressions, and plant differences arc well addressed.
.

More information is needed on debris behavior (e.g., timing of I Disagree; debris conditions were reviewed as part of the
debris arrival. crust formation, and convection from a molten literature scarch and bounding values were obtained.

pool).

Uncertaintics in modeling assumptions need to be addressed 2 INEL recommends that a list of uncertaintics be included in

further. the final report. 7g
O Question 6: Arc the umclusions reasonabic and technically suppntal by the analyscs?

Yes. 2 Nonc required.
,

A flow chart illustrating the process used to arrive at 1 Agree. A later presentation will discuss a flow chart that would
conclusions would be hcipful. assist in integrating these analyscs.

.

Analyscs should be better integrated. 3 Agree. A later presentation will discuss results from work [
perf rmed to address this comment,

1 Additional comparisons of analytical and finite element results 3

should be provided.

A summary is needed in cach plant for dominant mechanisms 2 Agree. INEL recommends that a table summarizing the
_

'Z over a wider range of conditions. dominant failure mechanisms in different plants for different m
,

C thermal. hydraulic conditions be added to the final report. W ;

| y Furthermore, Section 6.2 should be expanded to also consider a $,,

ceramic case. Q; o ,

s Y
W if

<

t'n a
5'i E =

; w
;

7
i

t
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conclusions about any code's ability to predict jet impingement phenomena. The INEL agreed
that statements to this effect could be included in the text.

Questions were also raised about uncertainties in the INEL model predictions. The INEL
noted that little information was available on high-temperature properties for SA105/SA106,
Inconel, and SS304. Hence, it would be difficult to quantify uncertainties. One peer reviewer
suggested that, as a minimum, the INEL should provide qualitative statements concerning their
judgement of uncertainties in model results.

As noted in the table, several reviewers commented about the effect of debris conditions on
vessel failure. The INEL responded that although the program included a literature search of
previous analyses of debris properties (material composition, relocation temperature, porosity,
particle size, thermal properties, etc.), detailed analyses of debris behavior was beyond the scope
of the lower head failure project. However, the INEL agreed to add qualitative statements about
debris conditions that correspond to heat load assumptions m these analyses.

Are the data and experiments from previous lower headfailure analyses applied in a technically
sound manner?

Most reviewers felt that the data were applied in a sound manner. However, one reviewer
noted that validation calculations were needed. The INEL responded that TMI-2 calculations
were being performed as part of ongoing OECD-sponsored TMI-2 VIP work and that the
USNRC was currently sponsoring a task to identify other validation calculations using data from
ongoing experiments at FAI, PSI (CORVIS), JRC Ispra (FARO). and the Kurchatov Institute
(RASPLAV).

Dr. Merilo noted : hat FAI experimental data for melt transport through lower head
penetrations will,be available as soon as EPRI receives and reviews the final report.

Are there additional data that could significandy affect the analysis or conclusions presented in the
report?

Most reviewers felt that the literature resiew was up-to-date and complete. Several
reviewers requested that the literature review include the MARCH models. The INEL agreed
and pointed out that Dr. Chsvez would discuss the MARCH models later. Several other
references, which are listed in Table G-1, were noted by reviewers. The INEL agreed to include
these references in the document if specific references were cited and the references were |

available in the open literature.

Are the analytical methodologies technically sound, clearly defined, and canied out in a consistent
' manner? Are the analytical assumptions reasonable and consistent with our current understanding

of the underlyingphenomena?

Although several reviewers felt that the methods and assumptions were correct, other
reviewers had comments and suggestions, as noted in Table G-1 and discussed in the following

)
'

paragraphs.

Several reviewers requested that the assumptions and range of applicability for each failure
analysis be more clearly defined. Although the assumptions used in each analysis were stated in
each section, the INEL agreed to add a table to emphasize this information.

NUREG/CR-5642 c.10
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One reviewer pointed out that model assumptions neglect the effect of certain parameters
for some cases. Hence, the resulting equations contain only the dimensionless groups that are
considered important for that analysis. The reviewer felt that other dimensionless groups may be
important in certain cases where the modeling assumptions are not valid. Hence, it was suggested
that the INEL identify other dimensionless groups not currently included in the report. For
example, BNL summarized the results from their contribution to a Committee on Safety at
Nuclear Installations (CSNI) standard problem that might provide insight into other dimensionless
groups. The INEL questioned the benefit of identifying these additional dimensionless groups. ,

However, pending concurrence from the USNRC, the information in the BNL report could be j
added to the final report (if it is available in the open literature before the NUREG is published). 1

[Later, the USNRC chose not to include this task in the lower headfailure program.]

Several reviewers had questions about the presence of water in lower head penetration flow
paths and the appropriateness of assuming pressure-driven heads for melt traveling though lower :

!

head penetrations. The INEL responded that additional information is needed in the text to
clarify melt flow paths through lower head penetrations. The INEL also noted that there are |

| pathways through lower head penetrations where water is not present and where pressure-driven i

| flow may occur. However, additional discussion on this point was deferred to Dr. Rempe's j

; informal presentation. i
i

|

Several reviewers questioned the appropriateness of assumptions used in the simple one-
'

dimensional vessel thermal response model. The INEL noted that the assumptions used in these
sample calculations represented high values. The INEL acknowledged the need to discuss this ;

point further with the peer review committee. The discussion was deferred to presentations by j
Dr. Rempe and Mr. Thinnes about the assumptions that were reasonable and the impact of these
assumptions on failure map results.

Several reviewers had questions about the upper / lower limit lines in the tube ejection / tube
rupture / global vessel rupture failure maps. One reviewer questioned the assumption of a nearly
constant distribution of tube temperatures in these maps. The INEL agreed that the limit lines in
the maps were somewhat confusing. A later presentation by Mr. Thinnes would discuss the
revised maps and the impact of temperature assumptions on failure map results.

Several reviewers felt that additional work should be performed in the localized effects
analysis to characterize the types of heat fluxes and debris decay heat generation rates required to ,

cause failure. The INEL agreed that the additional work should be performed to determine the j

heat transfer conditions required to induce a localized creel, r ilure. |a

One reviewer pointed out that three-dimensional calculations were needed to model
structural deformation during lower head failure. The INEL replied that there was too much
uncertainty in debris conditions to warrant three-dimensional structural response calculations.
However, the INEL agreed that a qualitative review could be performed to determine the types
of conditions that must occur before a three-dimensional response calculation would be needed.

Are thefollowingfactors adequately considered in the repon:

Uncenainties in thermal hydraulic conditions and thermophysicalpropenies*

Uncenainties in severe accident progression.

Plant design differences?*

c.11 NUREG/CR-5642
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Although several reviewers believed that uncertainties in the thermal-hydraulic conditions, '

properties, accident progress, and plant design differences were well addressed, other reviewers
believed that additional work was needed to address uncertainties in modeling assumptions. One
reviewer reiterated his concern that statements in the text indicating that a particular failure mode
was "more likely" should be reworded to indicate that this failure mode was " predicted to occur
earlier." Then, subsequent analysis should be performed to assess what other mechanism (s) might
occur if the qualitative judgment of modeling uncertainties were included in the analysis. The
INEL agreed that stdements in the report citing a particular mechanism as being 'more likely to
occur" should be reworded to " predicted to occur earlier." However, given the large amount of ;

uncertainty present in certain models, the INEL was not certain that it would be useful to do
more than list uncertainties present in each model and provide qualitative judgements related to
uncertainties in t'nodel predictions.

,

Are the conclusions reasonable and technically supported by the analysis?

Some reviewers felt that the conclusions were reasonable and supported by the analysis.
Several reviewers requested additional integration between analyses and additional finite element
results. They also suggested that the final report include a flow chart illustrating the process used

,

to arrive at conclusions and a table summarizing the failure mechanisms that may occur in each i

plant for a wider range of conditions. The INEL agreed with these comments. The INEL also
suggested that Section 6.2 be expanded to consider a case with mostly ceramic debris. Discussion |
about the flow chart was deferred to Dr. Rempe's presentation. Further discussion about |
comparisons between finite element and closed-form analytical model results was deferred to
Dr. Chavez' presentation.

Reviewers noted that failure maps do not contain timing. The INEL agreed that time- i
dependent temperature distributions must come from another analysis, either a simple one-
dimensional calculation or a detailed finite-element calculation (examples of both types of analysis
were included in the draft report). Reviewers also noted that interactions between mechanisms
are not included. The INEL acknowledged that interactions between mechanisms were not
considered because they believed that interactions would not play an important role in lower head
failure.

A reviewer questioned whether the document's objective should be limited to describing
methods. Noting that the document did not try to provide a comprehensive assessment of all
debris conditions, the reviewer questioned whether the conclusions in the document were valid.
Dr. Eltawila stated that reviewers could focus their discussion by noting the following USNRC
objectives for this research program:

Identify dominant failure mechanisms|
.

|

Develop models for predicting dominant vessel failure mechanisms.

Apply models to determine which failure mechanisms are possible and the relative time.

for each mechanism to occur in different LWR designs for various debris and accident
conditions

Formulate conclusions about lower head failure based on the analyses and identify.

conditions that would invalidate these results.

NUREG/CR-5642 a.12j

,

_____ _ _ _ _ _ _



Peer Review Meeting

INEL Presentations to discuss issues requiring more detailed responses

1. Flow Chart Illustrating Application of Irwer Head Failure Models

The INEL presented a flow diagram illustrating the process that should be used to
evaluate each failure mechanism. This diagram was based on a flow chart suggested by
Dr. Pilch. The INEL agrees that a similar diagram should be included to illustrate the
process that a user must follow to determine the first failure mechanism that would
occur during a severe accident scenario. The diagram will provide a basis for the
discussion of the metallic debris scenario and the ceramic debris scenario that will be
included in this section. The INEL noted that the diagram was a draft and welcomed

i
any reviewer comments for improving the content and usefulness of the diagram.

Most reviewers agreed that the diagram would be a useful addition to the report. They
suggested that the current notation on the diagram be made more detailed; all plant
designs should be called out. (Currently, the map calls out only CE designs and
assumes that all flow paths should be used for the remaining plant designs.) In
addition, the draft report does not discuss any model for predicting weld failure. The
INEL agreed, noting that they planned to use the vessel thermal response with the
yield strength curve for the weld material to evaluate this failure mechanism.

2. Potential Pathways for Melt Through Lower Head Penetrations
|

The INEL next presented information to illustrate possible pathways for melt flowing
through lower head penetrations. This information was provided to address questions
about the presence of water in these pathways and the appropriateness of assuming
pressure driven heads for melt flowing through these pathways. Three types of
penetrations were illustrated, and possible pathways through these penetrations were
identified. Pressure heads are possible in all penetrations except the BWR drain line,
and vapor, air, and liquid water interfaces near the debris are possible. Data pertinent
to possible melt flow paths in lower head penetrations are primarily from TMI-2
instrument tubes, although ongoing FAI experiments are expected to provide additional

|information. Preliminary data indicate that it is possible for melt to flow down the air-
'

filled channel in the instrument string and the water-filled annulus between the
instrument string outer diameter and the instrument tube inner diameter.

The INEL acknowledged that current models are not applicable to cases with a liquid
water interface, which may occur in the annulus between the outside of an instrument
string and the inside of an instrument tube and within the thermal sleeve and the
annulus inside of the control rod guide tube. Existing models are being revised to
consider cases where heat is lost to liquid that contacts the debris in the penetration.

I

For the final report, reviewers suggested modifying the wording in the text to clarify
possible pathways through lower head penetrations and including results from models
that consider the effect of water in melt pathways. The INEL agreed to these changes.

3. Appropriate Boundary Conditions for One-Dimensional Thermal Analysis
I

As noted in Table G-1. several reviewers questioned the appropriateness of boundary
conditions used in the sample one-dimensional thermal analysis. The INEL agreed that
the values used in the analysis represent a high value for the heat transfer coefficient at

I
'
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the vessel outer surface and a midrange value for the oebris heat flux. His
combination of conditions yielded high temperature gradients through the vessel wall
and high temperatures at the vessel inner surface when a steady state temperature
distribution occurred.

The INEL suggested that several example temperature distributions should be included
in the final report. However, noting the discrepancy in values suggested as appropriate
by the reviewers, the INEL asked for reviewer input for the range of values that should
be considered.

One reviewer stated that a constant temperature boundary condition would be more
appropriate than a constant heat flux boundary condition. Two reviewers commented
that a coupled debris / vessel thermal response analysis would be more appropriate.
Another reviewer felt that it would be more appropriate to look at different detailed
calculations that had been performed and reference these calculations.

The INEL noted that one4imensional thermal analyses were used to provide bounding
values. De temperature gradients from these calculations provided input to the failure
maps for tube ejection, tube rupture, and global vessel rupture. The INEL would
expect the user of this document to determine which temperature gradient was similar
to the temperature gradient predicted in his or her detailed calculation and then select
an appropriate failure map to determine which failure mechanism occurs first.

4. Revised Tube Ejection, Tube Rupture, and Global Vessel Failure Maps and Effect of I

Temperature Distribution Assumptions on Failure Map Results

As noted in Table G-1, several reviewers commented that the upper limit / lower limit
lines in the tube ejection, tube rupture, and global vessel failure maps were confusing.
Since upper limits for tube ejection are not viable in several cases, the INEL revised
these failure maps by deleting the upper limit lines. The INEL presented the revised
maps to the peer review committee.

Reviewers also expressed concern that the failure maps in the draft report depended
on a nonrepresentative temperature distribution. As discussed above, the INEL plans
to include several characteristic temperature distributions in the final report. Although
the INEL is willing to incorporate any range of temperature distributions suggested by
the peer resiew committee, some sample temperature distributions used to generate
example tube ejection, tube rupture, and global vessel rupture failure maps were
presented to the peer review committee.

Results illustrated that a lower heat flux assumption produces in lower peak
temperatures at the vessel inner surface. Because it is assumed in most of these failure
maps that the debris-filled tube temperature is approximately equal to the temperature
at the vessel inner surface, the time until tube failure is delayed.

The heat transfer coefficient for the vessel outer surface primarily affects the vessel
temperature gradient. If less heat is removed from the vessel, the temperature gradient
through the vessel is decreased. Thus, failure maps assuming smaller heat transfer
coefficients for the vessel outer surface indicate that for a given vessel inner surface
temperature, global vessel rupture will occur at lower pressures (because a larger

| fraction of the vesselis at higher temperatures).
1

I
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5. Additional Comparisons Are Needed Betwe.cn Finite Element Results and Simpler
Models in the NUREG and in the MARCH Code

The INEL presented information comparing the simple models used in the draft report
with the vessel failure model in the MARCH code. Both models consider plastic
failure and assume that failure occurs when the forces in the vessel exceed the i

material's ultimate capecity. The MARCH model includes the dead weight of debris in
| the lower head. Although not included in the base case formulation of the draft

| NUREG model, the pressure within the vessel could be adjusted to include the debris
dead weight for cases where this load is significant. He most significant difference
between the MARCH and the INEL simple models lies in modeling the through
thickness (radial) temperature distribution. The INEL model uses 20 temperature

;

| elements through the thickness; whereas, the MARCH model uses a bilinear
I distribution, with limitations on the outer vessel temperature distribution. Because
| ultimate strength is highly dependent on temperature between 600 and 1150 K, the

INEL model is recommended.

The INEL also presented information comparing the simple plastic model and the
finite element creep and plastic models. Models differed primarily because the finite
element model can account for thermal stresses and stresses asscciated with constraints
(either from a structural support or a meridional temperature gradient). The finite
element creep model also accounts for time-dependent creep behavior. Background

| information was included to describe the Larson-Miller parameter and the time damage

| model used in the finite element calculation. General rules of thumb were provided to
identify when a creep analysis is necessary; and results from the creep and plastic'

analyses were compared.

General discussion

Several items were identified that the peer review group agreed should be included in the
final report. These items are listed below:

He final report should note the other failure mechanisms that were considered initially.

and state the reason that these mechanisms were not evaluated.

Qualitative statements regarding uncertainties in debris / water interaction should be.

added to the section documenting the THIRMAL analysis.

| A flow diagram illustrating the process used to arrive at conclusions should be included=

I in the final report.

|
A second case, considering ceramic debris, should be considered in Section 6.2. These*

two cases should be used to define more specific conclusions related to the potential
for vessel failure.

Wording should be clarified that describes potential pathways for melt flow through.

lower head penetrations, and the results from models including the effects of water
present in some melt pathways should be included in the final report.

Additional assumptions for vessel and tube temperature distribution (resulting from.

vessel outer boundary conditions and tube-to-vessel contact) should be considered in

c.15 NUREG/CR-5642
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tube ejection, tube rupture, and global vessel rupture failure maps. Quahtative <

statements relating debris conditions to heat load assumptions should be added to the
text. '

<

Failure maps considering tube ejection, tube rupture, and global vessel rupture should ).

be revised to delete the upper limit lines for tube ejection. ;
,

Tables should be included in the final report that summarize assumptions, range of {.

applicability, and uncertainties for each failure analysis. (In some cases, only quahtative ,

statements regarding uncertainties in models will be provided.)
'

Tables should be included in the final report that summarize the failure mechanisms 'e

that occur in each plant over a wider range of conditions.

Additional comparisons of finite element and analytical model results should be.

included. Where possible, general guidelines should be given for determining when ;
finite element techniques are needed. ;

?-

MARCH models and other previous analyses / data (specific references cited by the !
.

reviewers and available in the open literature) should be included in the final report. i

Temperatures required to induce localized vessel failure should be linked to debris ).

conditions. )

An analysis should be performed to indicate the maximum heat flux possible in ai .

debris-filled penetration; the results should be used to indicate the feasibility for
subsequent tube failure analyses.

A comprehensive review should be performed to identify all dimensionless groups.

impacting vessel and debris behavior during severe accidents. /The USNRC later chose
not to include this large task in the lower head failure program.]

A qualitative review should be performed to determine the types of conditions that.

must occur to warrant a three-dimensional response calculation.

,
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