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ABSTRACT 

This report uses the methodology and scenarios described in NUREG/CR-6075 and its 
supplement to address the direct containment heating ( D O  issue for the Surry nuclear power 
plant (NPP). Consistency of the initial condition distributions has been ensured by using insights 
from system-level codes, specifically SCDAP/KELAP5 and CONTAIN. The most useful 
insights are that the reactor coolant system (RCS) pressure is low at vessel breach, metallic 
blockages in the core region do not melt and relocate into the lower plenum, and melting of 
upper plenum steel is correlated with hot leg failure.. The SCDAP/RELAPS output was used 
as input to CONTAIN to assess the containment conditions at vessel breach. 

The load evaluations for Surry showed no intersections of the load distributions with the 
containment strength distribution, and thus the DCH issue for Surry can be resolved based on 
containment loads alone. However, the likelihood of high RCS pressures at vessel breach was 
evaluated for Surry for a limited number of sequences. The probability of RCS pressures 
greater than 1.38 MPa for all station blackout scenarios without power recovery or operator 
intervention was found to be low (-0.077). This probability could have been factored into the 
containment failure probability for Surry if there had been intersections of the load and strength 
distributions. 

... 
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FOREWORD 

NUREGKR-6109 assesses the direct containment heating ( D o  issue for the Surry nuclear 
power plant (NPP) using the methodology and assumptions consistent with those developed in 
NUREGKR-6075 and its supplement for the Zion NPP. The preliminary draft of NUREGKR- 
6109 had a broader scope than the current version, and a different title: "Integrated Report on 
DCH Issue Resolution for PWRs." However, the initial peer review suggested that attempting 
to define an extrapolation methodology to resolve the DCH issue for all PWRs was premature. 
Consequently, the scope of NUREGKR-6109 was redefined to be a second demonstration of the 
methodology (based on comparisons of containment loads with containment strength) developed 
in NUREiG/CR-6075 and its supplement. For Surry, there were no intersections of the load 
distributions with the containment strength distribution, and thus the DCH issue for Surry can 
be resolved on containment loads alone. NUREGKR-6109 also explores DCH resolution from 
the perspective that high-pressure melt ejection (HPME) events are unlikely (i.e., had there been 
intersections of the load and strength distributions, the HPME probability could have been 
integrated with the containment failure probability to resolve the DCH issue for Surry). The 
current version of NUREGKR-6109 focuses specifically on the Surry NPP and does not directly 
propose any broad approach for extrapolating resolution of the DCH issue to other NPPs. The 
first version of NUREG/CR-6109 was reviewed by a group of 13 experts who provided 
extensive comments. In the current version of NUREGKR-6109, we have accounted for 
comments that pertained specifically to Surry and will address their comments on extrapolation 
in future reports; however, we will not respond to each comment individually as we did in 
NUREG/CR-6075 since many of the comments no longer apply to the new version of 
NUREG/CR-6 109. 

NRC's plan for resolving DCH for other plants is to address groups of plants individually 
in separate reports. They have asked Sandia National Laboratories to prepare reports on three 
groups of NPPs: ice condenser (IC) plants, 'Combustion Engineering (CE) plants, and 
Westinghouse/Babcock and Wilcox @&W) plants. The purpose of the IC and CE reports is to 
identify important DCH issues, both probabilistic and those of complex phenomena, and to make 
recommendations on how to proceed on resolving the DCH issue. The purpose of the 
Westinghouse/B&W report is to define a technically defensible extrapolation methodology that 
can be used to bring the DCH issue for those types of PWRs to closure. 
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EXECUTIVE SUMMARY 

In a light-water reactor core melt accident, if the reactor pressure vessel (RPV) fails while 
the reactor coolant system (RCS) is at high pressure, the expulsion of molten core debris may 
pressurize the reactor containment building (RCB) beyond its failure pressure. A failure in the 
bottom head of the RPV, followed by melt expulsion and blowdown of the RCS, will entrain 
molten core debris in the high-velocity steam blowdown gas. This chain of events is called a 
high-pressure melt ejection (HPME). Four mechanisms may cause a rapid increase in pressure 
and temperature in the reactor containment: (1) blowdown of the RCS, (2) efficient debris-to-gas 
heat transfer, (3) exothermic metal-steam and metal-oxygen reactions, and (4) hydrogen 
combustion. These processes, which lead to increased loads on the containment building, are 
collectively referred to as direct containment heating (DCH). It is necessary to understand 
factors that enhance or mitigate DCH because the pressure load imposed on the RCB may lead 
to early failure of the containment. 

NUREGKR-6075, "The Probability of Containment Failure by Direct Containment Heating 
in Zion," was the first step in resolving the DCH issue. It was intended to evaluate the 
probability of containment failure by DCH for the Zion Nuclear Power Plant (NPP). It 
underwent an extensive review by a panel of 13 experts representing national laboratories, 
universities, and industry. The reviewers provided written comments; the authors responded to 
these comments; and finally, the reviewers wrote rebuttals to the authors' responses. From the 
peer review process, two areas of residual concern were identified: initial conditions and the 
validity of the model. Two working group meetings addressed these unresolved issues. A 
supplement to NUREGKR-6075 was written to document the peer review process, address 
residual concerns about initial conditions and model validity, and document modeling 
enhancements. 

Four new splinter scenarios were proposed for Zion in the working group meetings. The 
new scenarios either bound the scenarios in NUREG/CR-6075 or stress greater consistency in 
the conditions at vessel breach; thus, the new scenarios are intended to replace those in 
NUREG/CR-6075. Two high-pressure scenarios resulting from operator intervention were 
defined. One (16 MPa) is characterized by coejection of large quantities of water (75 mt) 
because of operator action to reflood the RCS, and the other (8 MPa) is characterized by 
coejection of 10 mt of water. The expected melt composition is predominantly oxidic. Two 
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low-pressure scenarios were also defined. These are characterized by melts with a larger 
metallic component and small amounts of coejected water. 

In order to ensure consistent initial conditions for each scenario, the working group 
members stressed the use of insights from system-level codes, specifically SCDAP/RELAPS and 
CONTAIN. Existing SCDAP/RELAPS calculations for short-term station blackout scenarios 
for Zion and Suny indicate that failure of the hot leg or surge line and resulting depressurization 
of the primary system occur well before core relocation and lower head failure in all cases 
analyzed. Calculations were continued until lower head failure and showed that only a small 
amount of metallic debris relocates to the lower plenum. Little or no melting of upper plenum 
steel was observed, and there was very little relocation of metallic core blockages into the lower 
plenum. In addition, these analyses showed that RCS pressure could remain high only if the 
vessel was reflooded by operator intervention. These insights were used to develop the 
distributions for the four new scenarios defined in the supplement to NUREG/CR-6075. 

NUREGKR-6109 uses the methodology (based on comparisons of containment loads with 
containment strength) developed for NUREGKR-6075 and its supplement to assess the 
conditional containment failure probability for the Suny NPP. The scenarios described in the 
NUREGKR-6075 supplement were considered in NUREGKR-6109. The methodology used 
for "REG/CR-6075 to quantify initial conditions was repeated here with specific input from 
Surry and with the insights gained from existing SCDAP/RELAPS calculations for the Surry 
NPP. 

There are several tools for calculating DCH loads. In NUREG/CR-6075, the two-cell 
equilibrium (TCE) model and the convection-limited containment heating (CLCH) model were 
used. These models were validated against the extensive DCH experimental database and gave 
similar results because the basic modeling assumptions are the same. Only the TCE model was 
used to compute containment loads in NUREGKR-6109. However, the CONTAIN code has 
also been used extensively to calculate DCH loads. For comparison, load calculations were 
performed for specific sets of input parameters with the CONTAIN code and with the TCE 
model in NUREGKR-6109. The calculations were performed for Scenarios V, Va, and VI at 
the upper end of the mass distributions and with likely hydrogen concentrations. The loads 
computed with CONTAIN were comparable to or less than the loads calculated with the TCE 
model with identical input parameters. 
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The conditional (on core damage) containment failure probability (CCFP) can be divided 
into two components: (1) the likelihood of being at high pressure at vessel failure, and (2) the 
probability that the containment will fail given DCH. NUREG/CR-6075 and its supplement 
resolved the DCH issue based on containment loads only, Le., the load distributions were 
compared with the containment strength distribution to calculate containment failure probabilities 
without regard to the likelihood of being at high pressure at vessel breach. The conclusion in 
NUREG/CR-6075 for Zion was that there were no intersections of the load distributions and the 
containment strength distributions, and thus the DCH issue was considered to be resolved for 
the Zion NPP. The results of the load evaluations for Surry were similar to those for Zion: 
there were no intersections of the load distributions with the containment strength distribution, 
and thus the DCH issue for Surry can be resolved on containment loads alone. However, the 
likelihood of high RCS pressures at vessel breach was evaluated for Surry for a limited number 
of sequences. The probability of RCS pressures greater than 1.38 MPa for all station blackout 
scenarios without power recovery or operator intervention was found to be low (p -0.077). 
This probability could have been factored into the containment failure probability for Surry if 
there had been intersections of the load and strength distributions. 

W e  recognize that there is some uncertainty in our understanding of in-vessel core melt 
progression and direct containment heating, and in the tools used to model these phenomena; 
however, at this point, the analyses and conclusions in this report represent our current best 
estimate. 



1.0 INTRODUCTION 

In a light-water reactor core melt accident, if the reactor pressure vessel (RPV) fails while 
the reactor coolant system (RCS) is at high pressure, the expulsion of molten core debris may 
pressurize the reactor containment building (RCB) beyond its failure pressure. A failure in the 
bottom head of the RPV, followed by melt expulsion and blowdown of the RCS, will entrain 
molten core debris in the high-velocity steam blowdown gas. This chain of events is called a 
high-pressure melt ejection (HPME). Four mechanisms may cause a rapid increase in pressure 
and temperature in the reactor containment: (1) blowdown of the RCS, (2) efficient debris-to-gas 
heat transfer, (3) exothermic metal-steam and metal-oxygen reactions, and (4) hydrogen 
combustion. These processes, which lead to increased loads on the containment building, are 
collectively referred to as direct containment heating (DCH). It is necessary to understand 
factors that enhance or mitigate DCH because the pressure load imposed on the RCB may lead 
to early failure of the containment. 

DCH is a prominent severe accident issue because of its potential for early containment 
failure. The Nuclear Regulatory Commission (NRC) has identified DCH as a major issue for 
resolution in the Revised Severe Accident Research Plan (NRC, 1992) and has sponsored 
programs at Sandia National Laboratories (SNL) to resolve the DCH issue. 

The NRC-sponsored experimental program has played a major role in developing an 
understanding of the key physical processes in DCH. The technical basis for these scaled 
experiments was developed by the Severe Accident Scaling Methodology Technical Program 
Group (SASM-TPG) (Zuber et al., 1991) and by Pilch et al. (1992). The extensive database 
from'counterpart experiments by Sandia National Laboratories and Argonne National Laboratory 
(ANL) has allowed the development and validation of simple analytical models for predicting 
the containment loads. In particular, the two-cell equilibrium (TCE) model is based on insights 
from the experimental program and is used in the analyses presented here. The TCE model 
takes into account the coherence between the entrained debris and the RCS blowdown steam. 
Any noncoherence in the entrainment process limits the interactions - that result in debris-to-gas 
heat transfer and in chemical reactions that produce hydrogen. 

The first step in the DCH issue resolution process was writing NUREG/CR-6075 (Pilch et 
al. , 1994a): T h e  Probability of Containment Failure by Direct Containment Heating in Zion. I' 
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NUREG/CR-6075 assesses the probability of containment failure by DCH for the Zion nuclear 
power plant (NPP) and establishes the basic methodology that will be used to address DCH for 
all NpPs. The report was extensively reviewed by a panel of 13 experts representing national 
laboratories, universities, and industry (see Appendix A, Pilch et al., 1994bj. The review 
process included written comments by the reviewers, responses by the authors, and rebuttals by 
the reviewers. Following this process, two working’group meetings of selected members of the 
original peer review group were held to resolve two residual concerns: .initial conditions and 
validity of the model. 

Supplement 1 of NUREG/CR-6075 (Pilch et al., 1994b) was written in response to the peer 
review process to close the DCH issue for the Zion plant. It contains the additional analyses 
that the working groups indicated were necessary to strengthen the original conclusions. The 
working groups defined four new scenarios for analysis using the methodology in NUREG/CR- 
6075 and suggested using system-level codes to ensure consistency of the DCH initial conditions. 
They recommended using insights from core melt progression analyses performed by the Idaho 
National Engineering Laboratory (INEL) with SCDAP/RELAP5. For the NUREG/CR-6075 
supplement, INEL analyzed three short-term station blackout cases for the Surry plant with 
different leak rates. In all three cases, failure of the hot leg or surge line resulting in 
depressurization of the primary system was observed well before core relocation and lower head 
failure. However, the calculations were continued until the lower head failed in order to gain 
insights about conditions at lower head failure, such as the melt mass and composition, reactor 
coolant system pressure, melting of upper plenum steel, and relocation of metallic core 
blockages into the lower plenum. These insights were applied in developing the distributions 
for the new scenarios. In addition, uncertainties in these calculations were examined in order 
to derive the probability of HPME. 

SCDAP/RELAP5 is the NRC’s best tool for performing integrated analyses of core melt 
progression and as such, it attempts to embody the most current information available. The peer 
review of SCDAP/RELAP5 noted that models and the existing database for late-phase core melt 
progression are often inadequate. Consequently, we anticipate that continued research will 
significantly improve our understanding and capabilities in this area. Nonetheless, an integrated 
perspective of core melt progression is useful in guiding the selection of melt mass and 
composition distributions (Section 3). In addition, SCDAPIRELAPS has been used to establish 
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the probability of HPME (Appendix F) for short-term station blackouts by using intentionally 
biased calculations and by factoring in uncertainties in'key event timing. 

"REG/CR-BlW has two purposes. The first is to apply the methodology for overpressure 
failure of the containment (based on load and strength evaluations) developed in 
NUEWGKR-6075 and its supplement to the Surry plant. The probabilistic framework for these 
analyses is described in Section 2 of this report. The working groups suggested four new 
possible scenarios for analysis using the methodology in "REGKR-6075. The scenarios are 
described and justified in Section 3. Quantification of the DCH phenomenon with the TCE 
model is discussed in Section 4, and quantification of the Surry containment fragility is described 
in Section 5. The probabilistic synthesis is carried out using a Monte Carlo sampling method 
in the TCE/Latin Hypercube Sampling (LHS) code. Section 6 contains the results of the 
calculations for the splinter scenarios. The second purpose is to show how the probability of 
HPME can be assessed (Appendix F).and the results integrated into the DCH resolution process. 
This integration is also addressed in Section 6. Conclusions and recommendations are 
summarized in Section 7. 

In the Surry resolution process, a conditional (on core damage) containment failure 
probability (CCFP) of less than 0.1 was applied as a figure of merit to be 'used as a success 
criterion for resolving the DCH issue. The CCFP can be decomposed into the product of two 
probabilities: 

1. The probability (given an HPME) of containment overpressure failure based on load 
and fragility comparisons, and 

2. The probability that vessel failure will occur while the RCS is still sufficiently 
pressurized to lead to an HPME and DCH (Le., the probability of HPME). 

DCH is resolved here for Surry and for Zion in NUREGKR-6075, Supplement 1, from the first 
perspective.. In addition, the second perspective is explored in Appendix F for Surry. .The 
demonstration here was not intended to be all inclusive, and it is limited to station blackout 
accidents without operator intervention. A complete demonstration of DCH resolution by the 
second approach was not necessary because the issue was adequately resolved by the first 
approach based on load to strength evaluations. Either approach is acceptable for resolution of 
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DCH, and the best estimate would involve integrating both components in a complete 
demonstration. This report does not address potential steam explosions, potential liner 
meltthrough, or potential damage to equipment resulting from HPME or DCH. 
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2.0 PROBABILISTIC FRAMEWORK 

The basic understanding upon which this approach to resolving the DCH issue is based (and 
confirmed in repeated experiments) is that the intermediate (or steam generator) compartment 
traps most of the debris dispersed from the reactor cavity and that the thermal-chemical 
interactions during this dispersal process are limited by the incoherence in the steam blowdown 
and melt entrainment processes. To put it simply, for blowdowns that are sufficient to cause 
entrainment and significant thermal-chemical interactions, the entrainment time is short compared 
with the blowdown time so that the molten debris is exposed to only a small fraction of the 
steam from the primary system. Because this steam is the principal medium for carrying the 
melt energy and the hydrogen produced by steam-metal interactions to the main containment 
volume, this incoherence is a crucial mitigating factor. With this understanding, it is possible 
to reduce most of the complexity of the DCH phenomena to a single parameter: the ratio of the 
melt entrainment time constant to the system blowdown time constant (R, = rJrb in the TCE 
model). For simplicity, I?, is referred to as a coherence ratio. 

Besides these modeling factors, the DCH loads depend on parameters that characterize the 
system initial conditions; that is, primary system pressure, temperature and composition (Le., 
hydrogen mole fraction), melt quantity and composition (zirconium and stainless steel mass 
fractions), initial containment pressure and composition (hydrogen mole fraction), and geometry 
(containment volume and the size of the breach). The key component of the framework, 
therefore, is the causal relation (CRl) between these parameters and the resulting containment 
pressure (and temperature) under the influence of the uncertainty in the coherence ratio, &. Of 
these parameters, some are fixed, some vary only over a narrow range, and some are so 
uncertain that they can be approached only in a very bounding sense. The following features 
were considered in coming up with the final choice of a framework 

1. Geometry. The specific geometry is fixed for a given plant; however, the basic features are 
that there is an intermediate compartment between ' the cavity and the main containment 
volume and that the lower head fails by rupture in a local (rather than global) manner. In 
addition, the geometry is characterized by the free volume of the containment and the 
primary system volume. 



2. Containment Conditions. Typically, high-pressure scenarios evolve with significant primary 

3. 

system venting prior to vessel breach (see Section 3); this venting increases the containment 
pressure to - 0.25 MPa with temperatures, near saturation. This pressure will be somewhat 
lower for a subatmospheric plant such as Surry and can be considerably lower if any of the 
active containment heat removal systems are operational. The containment atmosphere will 
also contain hydrogen at a concentration of a few mole percent. Preexisting hydrogen is 
limited by the quantity of zirconium available to react in the core, and thus there is a 
constrained relationship between preexisting hydrogen in the containment and the hydrogen 
produced by steam-zirconium reactions in the DCH event. 

Primaly System Conditions. We emphasize here the reasonable consistency between reactor 
coolant system pressure (and temperature) and melt mass and composition. Model 
predictions indicate that DCH loadings are insensitive to the temperature of the grimary 
system (see Appendix D, NUREG/CR-6075), and accident analyses indicate that the primary 
system pressure can be enveloped rather than predicted (Section 3). This leaves only the 
expelled melt parameters in need of quantification. These are melt quantity, composition, 
and temperature and are the variables that drive the DCH process; however, they are highly 
uncertain. They depend on the complex interactions and the scenario variations in the core 
meltdown, relocation, and lower head failure processes and are hence in need of very 
careful quantification. This is done in Section 3. 

The probabilistic framework can be structured in the manner illustrated in Figures 2.1 and 
2.2. As shown in these figures, the initial melt parameters are to be quantified as independent 
probability density functions, representing modeling uncertainty in the parameters (variations 
from stochastic processes are assessed as insignificant relative to modeling uncertainty). These 
functions are formed into a joint probability density function and then combined with CR1, 
under the parameter distribution function that represents model uncertainty for the DCH 
processes, coherence ratio (R,.), to obtain a probability density function for the peak containment 
pressure. This distribution function is combined with the set of containment fragility curves 

6 



(probabilistically distributed themselves’) to obtain a probability distribution of containment 
failure frequency.2 

Sandia has developed software to perform either traditional Monte Carlo sampling or 
stratified Monte Carlo sampling. The software, called LHS, is user friendly and has an 
established quality assurance pedigree, including code assessment and verification. Sandia chose 
to use this numerical tool based on LHS to propagate distributions through the probabilistic 
framework. The resulting software was applied in NUREGKR-6075, Supplement 1 (Pilch et 
al. 1994), where it is described more fully in Appendix B. The saine software is used here 
without modification. 

2.1 References 

Pilch, M.M.. et al. (1994). m e  Probability of Containment Failure by Direct Containment 
Heating in Zion, NUREGKR-6075, Supplement 1, Sandia National Laboratories, Albuquerque, 
NM. 

2.2 Nomenclature 

F f = failure frequency 
M,, = massofsteel 
Muo2 = mass ofU02 
Pf = failure probability 
R, = . coherence ratio 
xzr = mass fraction Zr 

In the current assessments, only a single fragility curve is available, but the discussion here has 
been generalized to accommodate desired improvements in information. 

Note here that each fragility curve is expressed in terms of failure frequency, and this frequency 
expresses the statistically meaningful variations (based on actual experience) in containment strength 
that are due to variations in material and workmanship; that is, the fraction that failed in a nominally 
similar population of structures subjected to the same load. On the other hand, the probability 
assigned to each fragility curve expresses a subjective degree of belief as to the appropriateness of it 
in meeting the intended task. 
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Figure 2.1. The probabilistic framework for containment failure under direct containment 
heating scenarios. The Q and (F') are the "joint" and "function1' operations, 
respectively, as described in the text. 
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3.0 QUANTIFICATION OF INITIAL CONDITIONS 

3.1 Introduction 

DCH has traditionally been examined for a rather narrow range of hypothesized severe 
accident conditions: unmitigated station blackout at full system pressure; formation of a metallic 
blockage with an overlying ceramic crust in the core that contains a large fraction of core in a 
molten state; sudden failure of this blockage and crust, resulting in a massive relocation of the 
melt into the lower plenum; failure of a penetration passing through the lower head of the 
reactor pressure vessel; rapid ablation of the resulting hole in the RPV from 5 to about 40 cm 
(Pilch and Tarbell, 1985); and high-pressure melt ejection from the single hole followed by high- 
pressure steam blowdown. In attempts to address the DCH issue from either a systems point 
of view or an accident management point of view, intentional depressurization of the primary 
system has been examined (Hanson et al., ,1990). Experiments have shown that the pressure 
must be very low (less than 1 m a )  to preclude the onset of dispersal from the cavity and to 
prevent the possibility of DCH (Tutu et al., 1988). Bounding calculations (Pilch and Tarbell, 
1986) suggest that as little as 20 percent of the core (participating in DCH) could pose a threat 
for the containment. With this traditional understanding, containment-threatening loads from 
DCH can only be precluded if the RCS is almost fully depressurized. However, based on the 
understanding developed in "REG/CR-6075 (Pilch et al. 1994a, b), a substantial reduction of 
DCH loads is achieved without having to rely upon nearly complete depressurization of the RCS. 

Quantification of melt release conditions was developed by attempting to envelop physically 
possible behavior in a comprehensive and systematic manner. This means that we needed to 
examine all reasonably conceivable severe accident scenarios, identify key aspects of their 
phenomena and respective ranges ofbehavior, and establish the few scenarios that envelop the 
DCH challenge to the containment. 

Reviewers raised the following questions (Appendix A in Pilch et al. 1994b) regarding the 
completeness of the splinter scenarios considered in NUREGKR-6075 (Pilch et al. 1994a) for 
the Zion application: 

1. Can full-system pressure cases be ruled out? 
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2. Should operator intervention scenarios be analyzed? 

3. Can dry core scenarios lead'to melting and relocation of the metal (Zr) blockage from the 
 core^ to the lower plenum? 

Generally, the reviewers characterized initial condition quantifications in N^UREG/CR-6075 
(Pilch et al. 1994a) for Zion as "optimistic." Specifically, they expressed concern that - 8 Mpa 
RCS pressure might not be adequately bounding, that the melt mass distributions were too 
narrow, and that the melt composition did not contain sufficient metallics (Zr and steel). The 
reviewers also stressed that SCDAP/RELAP5 analyses should be performed and used in-a 
consistent manner in establishing initial conditions. 

The NRC convened a working group to make recornmendations on how to resolve these 
concerns for Zion. Their minutes are included in Appendix A of Pilch et al. (1994b) and 
summarized in Section 3.2, where additional splinter scenarios are defined, Residual concerns 
were fully resolved for Zion (Appendix A in Pilch et al. 1994b) and it is our intent to follow 
the prescription for quantifying initial conditions for Surry . SCDAP/RELAPS calculations were 
cited and some additional calculations were performed to provide confirmatory insight into the 
working group recommendations for Surry. These calculations are discussed in Appendix E and 
the relevant insights are summarized in Section 3.3. Quantifications for the new scenarios are 

presented in Sections 3.6 and 3.7. 
8 

3.2 Splinter Scenarios I 

Figure 3.1 depicts the four splinter scenarios analyzed in NUREG/CR-6075. The complex 
phenomena of severe accidents lead to the possibility of two divergent scenarios: one concerned 
with the quantity of melt that accumulates in the core region prior to its release and relocation 
into the lower plenum, and the other concerned with the mode and timing of lower head failure. 
Analysis of the first considers crucible formation or failure versus gradual relocation (no 
crucible) as the mechanism for melt relocation into the lower plenum. Analysis of the second 
considers a localized penetration failure of the lower head versus rupture. 

Working group recommendations focused on four new splinter scenarios as shown in Figure 
3.2. The intent was to place greater reliance on systems-level codes (SCDAP/RELAPS) in order 

11 



to achieve better consistency between RCS pressure at vessel breach with melt mass and 
composition. Specifically, the working group emphasized that high RCS pressures and oxidic 
melts are correlated predominantly with operator intervention and that metallic melts are 
correlated with reduced RCS pressures associated with pump seal leaks of sufficient magnitude 
that hot leg failure does not occur. The working group minutes (Appendix A in Pilch et al. 
1994b) refer to the new splinters as Scenarios II, IIa, IIb, and IlI; however, to avoid confusion 
with the scenarios already analyzed in NUREGKR-6075, we refer to the new splinters in this 
report as Scenarios V, VI, VII, and VIII. The new scenarios either bound the scenarios in 
NUREG/CR-6075 or stress greater consistency in the conditions at vessel breach; thus, the new 
scenarios are intended to replace those in NUREGKR-6075. The rationale leading to these new 
splinter scenarios is discussed next. 

The working group felt that there was no compelling need to further analyze scenarios with 
penetration failures. The INEL lower head failure analysis (Rempe et al., 1993) and the OECD- 
NEA-TMI-2 vessel investigation project (Stickler et al., 1993) both concluded that rupture was 
much more likely than a penetration-type failure. Marshall (1988) performed some scoping 
experiments on tube ejection. Specifically, he confirmed that binding caused by differential 
thermal expansion could prevent ejection of a penetration from the lower head (for the conditions 
and materials tested); however, ballooning of the lower head, which could induce ejection of a 
penetration as a precursor to rupture, was not modeled in these experiments. Fauske and 
Associates, Inc. @AI) (Hammersley et al., 1993), under the sponsorship of the Electric Power 
Research Institute (EPRI), has examined melt penetration into in-core instrument guide tubes. 
Pressure-driven melt was observed to travel approximately 2 m, which is far enough to carry 

it well beyond the lower head. However, the melt mass is too small to threaten the integrity of 
the guide tube. These limited experiments confirm INEL and OECD conclusions that 
penetration-type failures are unlikely. NUREGKR-6075 (Pilch et al., 1994a) showed that a 
penetration failure followed by ablation of the lower head would produce a hole about the same 
size as would be expected for a local rupture of the lower head. Finally, work reported in 
NUREGKR-6075 (Pilch et al., 1994a) showed that predicted loads for rupture scenarios bound 
predicted loads for penetration failure scenarios; consequently, penetration failures need not be 
considered further in the supplement assessments for Surry or in any extrapolation activities. 

Scenario VI is very similar to Scenario I1 in NUREGKR-6075. Here, the working group 
wanted to emphasize the presence of water in the lower head. They recommended the addition 
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of a new TMI-like scenario (Scenario V) characterized by reflooding and repressurization 
(- 16 MPa) of the RCS as a result of operator actions. Scenarios V and VI were envisioned as 
having water in the core (at least covering the bottom) during much of the core melt progression; 
consequently, slumping core material would form a crucible which could fail only .locally. The 
melt composition would be largely oxidic, with most unoxidized Zr permanently retained as a 
metal blockage in the core. Scenarios V and VI envelop those scenarios in which operators 
attempt to manage or recover an accident but fail to prevent severe core damage, which then 
leads to failure of the RPV lower head. 

4 

I 

The working group then recommended consideration of scenarios in which core melting 
would proceed without water in the core region and largely without water in the lower plenum. 
It was their expectation that these scenarios would evolve to much lower RCS pressures at vessel 
failure for typical small break loss-of-coolant accidents (SBLOCAs). At the lower pressures, 
the possibility of the upper plenum steel melting without also failing the hot leg becomes 
possible; thus, both scenarios VII and Vm augment tffe oxidic melt with large quantities of 
upper plenum s&l. Scenario Vm is distinguished from Scenario VI1 in that the metal blockage 
is also assumed to remelt, allowing large quantities of unoxidized Zr to relocate to the lower 
plenum. 

t 

NUREG/CR-6075 (Scenario IV) considered a gradual relocation that progressed under high 
pressure (-8 MPa) with complete melting of upper plenum steel. Working group discussions 
pointed out that this scenario is overly conservative and that melting of upper plenum steel is 
strongly correlated with hot leg failure: In fact, gradual relocation has been predicted in only 
one MELPROG calculation for the Surry plant (Heames and Smith, 1987); and even here, hot 
leg failure was predicted to occur before core relocation into the lower plenum. Should a 
gradual relocation occur, working group members believed that it would look like Scenario VIII 
at the time of vessel failure. 

SCDAP/RELAPS calculations have been performed (based on working group 
recommendations) to confirm the basic features of Scenarios VII and Vm for Zion (Appendix 
C in Pilch et al. 1994b). Three cases (representing shoq-term station blackout accidents) were 
run with SCDAP/RELAPS representing the full spectrum of expected pump seal LOCAs: no 
leaks, 250 gpm/pump, and 480 gpm/pump. The key conclusion for Zion, however, is that hot 
leg failure will occur before core relocation for all pump seal LOCAs, leading to complete 



depressurization of the RCS before lower head failure. Earlier SCDAP/RELAPS calculations 
for Surry (Knudson and Dobbe, 1993) also predicted that hot leg failure would occur before core 
relocation for these cases except for the 480-gpm/pump RCP leak. The earlier Surry 

calculations, however, were intentionally biased to accelerate core melt progression and lower 
head failure. Consequently, the NRC asked INEL to perform a best-estimate SCDAP/RELAPS 
calculation for a 480-gpm/pump RCP leak at Surry. This best-estimate calculation also led to 
hot leg failure and complete depressurization of the RCS before lower head failure. Appendix 
E presents these calculations in detail, and the results are summarized in Section 3.3. Since 
pressure between the RCS and the containment equilibrates after hot leg failure, there is no 
mechanism to oxidize the high metallic content of the melt; consequently, Scenarios VII and Vm 
are not further analyzed in this report. 

3.3 Summary of SCDAP/RELAP5 and CONTAIN Insights 

0 

The initial and boundary conditions for the scenarios analyzed in this supplement are based 
in part on insights from SCDAP/RELAPS and CONTAIN calculations. These system code 
calculations are used to justify the initial and boundary conditions for the dry core splinter 
scenarios discussed in Section 3.2. In this report, "dry core" implies that the RPV water level 
is below the bottom of the core so that the potential'exists for metallic blockages to relocate to 
the lower plenum. All of the cases analyzed produced "dry core" conditions. However, 
SCDAP/RELAP5 calculations did not predict any significant relocation of metallic blockages in 
any of the dry core cases that were analyzed. 

Surry is a three-loop Westinghouse nuclear steam supply system that does not have the core 
by-pass feature found in Zion. Existing SCDAP/RELAPS calculations (Knudson and Dobbe, 
1993), which were intentionally biased to accelerate core melt progression and lower head 
failure, were examined for insights on core melt progression. Three different RCP leak rates 
were examined: (1) no leaks, (2) 250-gpm/pump leaks, and (3) 480-gpm/pump leaks. In 
addition, a best-estimate calculation for the 480-gpm/pump case was run for this study. These 
calculations provide insight into melt mass, melt composition, and RCS pressure at the time of 
lower head failure. The flow of steam, water, hydrogen, and nitrogen into the containment for 
the best-estimate 480-gpm/pump case was provided to Sandia by INEL for use in CONTAIN 
to determine containment conditions at the time of lower head failure. A number of important 
insights were obtained from these calculations. 
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First, the existing SCDAP/RELAPS calculations indicated that hot leg or surge line failure 
O C C U K ~ ~  prior to melt relocation into the lower plenum In all but the 480-gpm/pump case. The 
existing calculations were intentionally biased to accelerate core melt progression and lower head 
failure in order to bound the likelihood that lower head failure could occur while the RCS was 
still at elevated pressure. Consequently, the NRC asked INEL to perform a best-estimate 
calculation of the 480-gpm/pump case, which is documented here as Appendix E. This best 
estimate also led to hot leg failure. These conclusions are fully consistent with those reached 
for Zion. 

Sensitivity studies were performed for the biased SCDAPIRELAP5 calculations (Appendix 
F) in order to assess the potential impact of uncertainties on these conclusions. The probability 
that the RCS pressure would exceed 1.38 Mpa (200 psig) is - 1.1 percent conditional on a 
short-term station blackout accident. This insensitivity occurs because of the significant amount 
of time between hot leg failure and lower head failure. As a result, we conclude that the 
probability of an HPME is small for a station blackout accident, without operator intervention 
or recovery. 

A second insight is related to the amount of metallic debris present in the melt in the lower 
plenum. We noted that the degree of upper plenum steel melting is limited in all cases and is 
strongly correlated with hot leg failure. The maximum amount of upper plenum steel that was 
predicted to melt was much less than 1 mt. We also noted that lower plenum steel was assumed 
to melt in all cases, representing an additional -5  mt of steel. Hence, the amount of steel in 
the melt is limited to -5  mt. 

I 

With respect to zirconium in the melt, SCDAP/RELAPS indicates that very little zirconium 
is predicted to relocate into the lower plenum. The maximum amount of zirconium in the lower 
plenum melt is -0.13 mt for any of the calculations. This implies that meltout of the metallic 
blockage in the core region is not predicted, even in dry core scenarios. 

The reason for this behavior can be seen by a careful review ofthe calculations. In all 
cases, the melt that relocated into the lower plenum is predicted to quench, but not all of the 
available water is vaporized. This is most likely due to displacement of water from the lower 
plenum as the melt relocates. The water eventually settles back into the lower plenum, but a 
stratified condition exists, Le:, the water overlies the debris residing on the lower head. Owing 



to inefficient heat transfer between the debris and the water, the water is vaporized slowly and, 
in all cases, water remains in the lower plenum at the time of lower head failure. The presence 
of water and its slow vaporization appears to be sufficient to prevent meltout of the in-core 
blockages. Hence, we conclude that the amount of zirconium in the melt in the lower plenum 
will be very limited. We acknowledge uncertainties in modeling of late-phase core melt 
progression; consequently, additional Zr will be treated in our melt composition quantifications 
as discussed in Sections 3.6 and 3.7. 

A third insight is related to the amount of hydrogen generated, which ranged from -20 to 
60 percent. We observed that about 60 percent of the hydrogen in some sensitivity studies is 
generated by oxidation of zirconium. Our expectation is that the 60 percent level is a likely 
upper bound since much of the remaining zirconium is contained in metallic blockages that are 
difficult to oxidize. 

The fourth insight is related to the amount of molten material at the time of lower head 
failure. We noted that the maximum amount of oxide material that relocated into the lower 
plenum was -75 mt. The biased SCDAP/RELAP5 calculations indicate that virtually all of the 
core debris relocated in the lower plenum is solid at the time of lower head failure. This is a 
consequence of attempts to accelerate lower head rupture. The best-estimate Surry calculation 
indicates that - 13 mt of relocated material will be solidified at the time of lower head failure. 

The CONTAIN calculations were used to provide insights into the containment conditions 
at the time of lower head failure. The Surry containment was represented by seventeen cells. 
The SCDAP/RELAP5 predictions of the temperature and mass flow rates of water, steam, 

hydrogen, and nitrogen from the RCS were used as inputs to the CONTAIN calculations. 
Because of the complexity of the hydrogen combustion issues, CONTAIN was run with all bum 
models disabled. This allows the maximum accumulation of hydrogen at the time of RPV 
failure. Several insights were obtained from the CONTAIN calculations. 

The CONTAIN calculations showed that the containment pressure at the time of lower head 
failure was - 0.15 MPa for the best-estimate 480-gpm/pump case. These values are somewhat 
lower than similar assessments for Zion (-0.22 MPa) primarily because Surry is a 
subatmospheric plant. Condensation on internal structures and containment walls had a 
significant influence on the steam concentration in the containment atmosphere prior to vessel 
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breach. 
compartments or in the containment annulus. 

It was predicted that the gases would not accumulate in the steam generator 

Hydrogen combustion during venting from the RCS or combustion of hydrogen in the 
atmosphere prior to the DCH event was evaluated only for the best-estimate 480 gpm case. The 
SCDAP/RELAP5 predictions were analyzed to determine what fraction, if any, of the hydrogen 
injected into the containment would be consumed as an autoigniting jet. Furthermore, since the 
scenario analyzed was a station blackout scenario, the autoigniting jets were considered to be 
the only possible ignition source for deflagrations in the contbinment. The analyses indicated 
that autoignition would occur in the hot leg, but that this kase would depressurize so quickly that 
it would not be a DCH threat. The analyses also indicate the gases venting from the third RCP 
might also autoignite, but that only a negligible amount (-6 kg) of jet hydrogen would be 
consumed if the jet did autoignite. The atmosphere composition in the steam generator rooms 
were flammable at the time when the RCPpump might autoignite; however, only -6 percent 
of the premixed hydrogen in the Containment at that time would be consumed. We conclude that 
global mixtures in the dome were nonflammable during the period when hydrogen was injected 
into the containment. It was determined that the only possibility of jet autoignition would occur 
at the hot leg break in the case of 480 gpm/pump leaks, and this case would depressurize so 
quickly that they would not be a DCH threat. Lastly, the possibility of autoigniting jets does 
little to alter the composition of the containment atmosphere prior to vessel breach. 

3.4 Characterization of the Surry Plant 

Surry Power Station, Unit 1 is a 2441-MWt pressurized water reactor, designed and built 
by Westinghouse. A second unit which is essentially identical to this unit is also located on the 
site. Some systems are shared between the two units, which is reflected in the dominant core 
damage sequences discussed in Appendix F. 

In the sequences of concern for DCH, no emergency core coolant (ECC) except accumulator 
injection is available. The accumulator setpoint is 4 MPa (600) psi for Surry. 2x1 some station 
blackout sequences (loss of all off-site and on-site ac power), dc power is provided through 
batteries. It is expected that these batteries would be depleted within 4 hours after accident 
initiation. 
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The auxiliary feedwater system has three pumps; two are driven by electric motors, the third 
is driven by a steam turbine. Only the turbine-driven pump would be available in station 
blackout sequences. The turbine-driven pump requires batteries to operate, so in an accident 
would cease to function after the batteries are depleted. 

The RCS has three U-tube steam generators and three reactor coolant pumps. Protecting 
against overpressure in the reactor coolant system is provided by three code safety valves and 
two power-operated relief valves (PORVs). With the U-tube steam generator design, 
countercurrent natural circulation between the RPV and steam generators is possible. This has 
been shown to have a large impact on the potential for temperature-induced failures during an 
accident, as discussed in Appendix F. The pumps contain the older design of Westinghouse 
O-rings, which have a high probability of leaking during an accident involving loss of pump 
cooling (and it is our understanding that the plant has not committed to replacing the O-rings 
with the newer design). 

In an emergency, containment heat is removal by spray systems. There is no connection 
between the sump and the reactor cavity at a low elevation in the Surry containment. Water 
from a pipe break in containment will flow to the sump. The reactor cavity will remain dry 
unless the containment sprays operate. 

The Surry containment is a cylinder with a dome roof. Both the cylinder and the roof are 
constructed of reinforced concrete. The foundation is a reinforced concrete slab. The 
containment is lined with welded 0.25-in. plate steel. During operation, the interior of the 
containment is maintained 'about 5 psig below ambient atmospheric pressure. 

Quantification of initial conditions for analyzing containment loads is based on the plant 
characteristics shown in Table 3.1. It is worth noting that approximately 30 percent of the core 
is within one fuel assembly from the edge of the core. This material, owing to its low decay 
power and high heat transfer to the core barrel, is difficult to melt, and it is an unlikely 
contributor to core melt (in the lower plenum) at vessel breach, (Although the core contains little 
steel, the upper and lower plenums contain large quantities of steel that might be added to the 
core melt, depending on the scenario. Here, we have restricted ourselves to relatively thin steel 
that has no substantial inertia to thermal loads that might be imposed on the structure. 
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Figure 3.3 depicts the Surry NPP. Debris ejected from the reactor pressure vessel first 
enters the reactor cavity, where high-pressure blowdown gases can disperse the debris into the 
containment by one of two possible paths. The first is an annular gap around the RPV, which 
would allow debris to disperse directly to the upper dome. This annular gap is partially filled 
with reflective insulation and is blocked by neutron shielding and the six nozzles near the top 
of the RPV. The SNL integral effects test (IET)-11 (Blanchat et al., 1994) experiment showed 
that if gas can carry debris into thegap, then the insulation can melt and be swept clear of the 
gap. Such a situation cannot be precluded at Surry; consequently, this potential flow path is 
explicitly bounded in the evaluation of containment loads. 

As shown in Figure 3.3, the major dispersal path (by virtue of its large flow area) is through 
a tunnel leading from under the RPV, which exists so $at in-core instrument guide tubes can 
have access to the lower head. Debris dispersed from the cavity through this path will enter the 
lower compartmentalized regions of the containment. In particular, a significant amount of 
debris will be captured and retained in the residual heat removal (RHR) platform region, which 
represents an insignificant volume of the containment. The TCE model treats this 
subcompartment room as part of its basic formulation, but it is found that DCH interactions are 
dominated by the interaction with the blowdown gas rather than any gas initially in the 
subcompartment. Consequently, this room plays no real role in DCH except to confine debris 
to an insignificant portion of the containment atmosphere. However, hydrogen produced in the 
cavity and basement during the DCH event will be pushed to the upper dome through vent paths 
by blowdown steam. 

The seal table room sits above the RHR platform region over the cavity exit. Experiments 
have shown that some dispersed debris can reach the upper dome through this room. , 

3.5 Definition of Probability Levels 

3. 

Our approach here recognizes that variability (Le., statistical variations for nominally similar 
conditions) will probably be smaller than uncertainties in the phenomena themselves. We chose 
to use artificial probabilities as a tool to demonstrate relative variations in the probabilities of 
different outcomes. The numbers themselves have no quantitative value; they are important only 
in a relative sense. We used a physically based probability scale Fable 3.2) to quantify inputs 
and used the same scale to convert bottom-line results to a physical interpretation. The physical 
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interpretations have been selected for the case of DCH within the context of the entire risk 
picture. We recognize that a probability of 0.01 might be considered very high in another 
context. 

Empirically, it can be shown that the physical interpretation of the probability calculation 
is invariant relative to the numbers assigned to the judgmental degrees of belief, as long as the 
same geometrical progression is preserved. With our recommended assignment, the product of 
two "edge of spectrum'' events (p -10-l) is which should be interpreted as an "upper 
bound. " The interpretations in Table 3.2 might be given the alternative assignments: 1 , 1/3, 
1/9. Once again, the product of two "edge of spectrum" events @ - 1/3) is 1/9, which should 
be interpreted physically as an "upper bound" with the new assignments. Therefore, the specific 
value of a judgmental degree of belief has no intrinsic meaning; it is only meaningful when 
measured against the physical assignment. 

Our judgmental degree of belief for any process can be characterized as likely @- l), as 
unlikely @ - 10-9 , or as something in between @ - lo-'). As a practical matter, we assign p - 1 
to our best estimate andp- lo2 to our estimate of a reasonable upper bound (assuming we have 
a reasonable expectation that the upper bound is unlikely). The working group for NUREG/CR- 
6075, Supplement 1 concurred with this interpretation. 

3.6 Scenario V - SBLOCA with Repressurization of the RCS by Operator Intervention 

Scenario V represents a core melt accident that progresses with water still present in the 
lower portions of the core. Such conditions lead to formation of a crust within the core followed 
by a massive release of melt when the crust fails. Accumulation of core material on the lower 
head of the RPV causes the lower head to heat up, eventually to the point where its structural 
strength is so degraded it can no longer withstand the stresses induced in the lower head by 
elevated RCS pressures. Thus, creep rupture of the lower head is the expected failure 
mechanism. The distinguishing feature of Scenario V is that operator actions are assumed to 
refill the RPV with water and to fully repressurize the RCS. Analysis of DCH for a 
repressurized RCS is deemed conservative because we expect operators to depressurize the RCS 
in a core damage accident. 
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Table 3.3 summarizes the initial conditions for this scenario. Operator actions are assumed 
to repressurize the RCS to 16 MPa. Operator intervention refills the RPV with water (-75 mt) 
to the hot leg nozzles and quenches any steam remaining in the RCS to near saturation 
(- 700 K). Recall that at TMI-II a noncondensible gas bubble prevented operators from refilling 
the entire RCS. The RPV lower head must be heated by accumulated core material to the point 
that steel loses its strength (- lo00 K), which leads to rupture of the lower head. The initial 
hole diameter is - 0.40 m (Pilch et al., 1994a) because of the likely presence of hot spots and 
because of stress concentrations associated with the existence and spacing of lower head 
penetrations. This rupture size is in accordance with working group recommendations 
(Appendix A in Pilch et d. 1994b) for Zion; experiments (Allen et al., 1991) and models have 
not shown a strong sensitivity to the initial hole size. The final hole size (-0.46 m at the upper 
bound) is computed with the ablation model, Eq. (4.2); however, ablation is not important for 
the large initial hole sizes associated with rupture of the lower head. 

Oxidation of Zr occurs predominantly before significant core degradation, as demonstrated 
in various calculations. In earlier two-dimensional MELPROG calculations performed by Kelly 
et al. (1987), 80 percent of the Zr oxidation occurred prior to formation of a molten pool. 
SCDAP/RELAPS calculations (Appendix C in Pilch et al. 1994b) performed for Zion confirm 
these early assessments and show that nearly 100 percent'of the hydrogen is produced before 
core slump. SCDAP/RELAP5 predicts similar behavior for Surry (Appendix E and Knudson 
and Dobbe 1993). Furthermore, most Zr will be permanently retained in core blockages, with 
any Zr remaining in the melt existing as a eutectic with the other (mainly oxidic) constituents. 
Little of this Zr is expected to oxidize during massive relocations. To a first order then, Zr 
oxidation is independent of the core melt progression that follows the main oxidation event; and 
since oxidation occurs predominantly before formation of the molten pool, existing system-level 
computer codes are technically adequate to assess the range of possible oxidation. 

Referring then to SCDAP/RELAP5 calculations (Knudson and Dobbe, 1993; Knudson, 
1993; Appendix C in Pilch et al. 1994b, and Appendix E), MELPROG/PWR-MOD1 calculations 
(Kelly et al., 1987), and CORMLT calculations (Denny and Sehgal, 1983), we find that the 
fraction of Zr oxidized ranges from 20 to 60 percent, with a mean around 40 percent. MAAP 
calculations cited in the Surry individual plant examination (IPE) for a short-term station 
blackout accident predicted 32 percent or 60 percent Zr,oxidation, depending on whether the 
core blockage model was' turned on or off. Consistent with NUREG-1 150 expert elicitations, 
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the extremes of the distributions are considered unlikely (p -0.01). The distribution is shown 
in Figure 3.4. The calculations cited were chosen because of their explicit treatment of 
recirculating flow patterns in the core. 

Consistent with TMI-11, the potential release of molten material to the lower head is con- 
trolled by the formation of a hemispherical crucible that excludes only the outer assemblies of 
the core (Figure 3.5). The outer assemblies are generally not expected to be in a severely 
degraded state because the RPV is flooded. Asymmetries in crucible growth ensure that 
localized penetration of the outer assembly and the core barrel would most likely occur when 
the crucible has grown (on average) to the outer assembly. This is consistent with the observed 
end state at TMI-II. 

The maximum volume of such a crucible is 4.6 m3 and it would be filled with a 
predominantly oxidic melt with a density of - 10,000 kg/m3. This means that the crucible can 
hold a maximum of -46 mt of molten material. The amount of melt released from the crucible 
is a function of where the crucible fails, with downward and sideward representing the two 
extremes. Recent studies by Schmidt and Humphries (1994), which consider only conduction 
processes, suggest that bottom failure of a crucible is very unlikely. Natural convection patterns 
(which produce edge-peaked heat flux distributions) in the molten pool, should they develop, 
would only reinforce the prediction of side failure of the crucible. The MP-2 experiment 
(Gasser et al., 1994) tends to confirm that downward failure of an oxidic crust is unlikely, even 
in the absence of active cooling. To establish an upper bound (p -0.01) on the UO, mass that 
relocates to the lower plenum, it was assumed that the crucible could fail at the bottom, 
releasing the entire -46 mt of material to the lower plenum head? 

To fix the composition a little more closely, we note that -80 - 90 percent of 46 mt 
(0.85 x 46 - 40 mt) is UO,. As a best estimate, and consistent 'H ith TMI-I1 observations and 
working group recommendations, side failure of the crucible is expected to release about half 
of the material (- 23 mt total) to the lower head. Likewise, the best estimate on the amount of 
relocated UO, is -20 mt. On this basis, the distribution for the amount of UO, released from 
the crucible can be constructed as in Figure 3.6. 

As an upper bound, NUREGKR-6075 assumed that 75 percent of the molten material bottled 
up in the crucible would relocate. The initial condition working group for Zion (Pilch et al. 1994b) 
recommended that 100 percent relocation should be used as the upper bound. 
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It should be noted that the amount of U Q  released from the crucible exceeds the amount 
of molten material available to participate in DCH at the time of vessel failure. First, not all 
material released from the TMI-11 crucible reached the lower head. Some froze between the 
core former plate and the core barrel and some additional material froze on other structures as 
it drained into the lower plenum. Second, some molten material will quench and freeze as it 
flows through the water in the lower plenum. Calculations using the THIRMAL code (Rempe 
et al., 1993) suggest that as much as -50 percent might freeze during this process if the water 
is subcooled. Experiments '(Spencer et al., 1994) tend to confirm this number if the water is 
subcooled, but suggest that only - 10 percent will quench if the water is saturated. Third, some 
of the molten material accumulated on the lower head will form an upper crust resulting from 
heat transfer to the overlying water. Finally, some of the molten material will freeze as it 
transfers heat to the lower head and drives it to failure. 

J 

The extent to which these solidified materials persist to vessel rupture is coupled to 
generation of decay heat within 'the debris and the time required to heat the vessel to rupture. 
SCDAP/RELAP5 calculations for Zion (Appendix C in Pilch et al. 1994b) indicate that 
-20-25 mt of material are frozen on the lower head at the time of vessel breach. The 
SCDAP/RELAPS calculations are themselves a lower bound since they do not account for water 
intruding into the melt through cracks in th'e overlying crust or gaps along the vessel wall. 
These additional cooling mechanisms were identified as part of the TMI-I1 vessel investigation 
program (Stickler et al., 1993). 

As a bound, we consider only melt freezing in the process of heating the lower head to 
rupture. Boucheron (referenced in Zuber et al., 1991) shows that - 10 - 15 mt of oxide will 
freeze (with decay heat coupling) in order to heat the lower head to a point where it loses its 
strength and ruptures. With this'in mind, we shift the UO, distribution in Figure 3.6 an 
additional 10 mt to the left. The distribution of molten UO, at the time of vessel breach is then 
given by Figure 3.7. The best estimate is then centered at 10 mt, with an upper bound of 
30 mt. We emphasize the conservative nature of this distribution given the additional quenching 
mechanisms that have been ignored. 

We acknowledge that some of the - 10 mt of solid material may be ejected with the melt 
into the reactor cavity and that his solid material may participate in DCH. The solids, however, 
are oxidic, and sensitivity studies (Pilch et al. , 1994b, Appendix A, Response H19) indicate that 
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DCH loads are not sensitive to the total quantity of oxides in the melt. Furthermore, Griffith 
(Appendix H in Zuber et al., 1991) indicates that complete ejection of the solid material is not 
expected even if it exists as loose debris particles. The extent to which ejected solids can 
participate in DCH may be further limited by the particle size, since fragmentation. to - lmm 
is necessary for efficient DCH interactions. Consequently, the impact of solid debris on DCH 
loads is judged to be insignificant and is neglected in these evaluations. 

The amount of molten ZrO, in the melt is controlled by the amount of oxidation that occurs 
prior to core melt. The amount of molten ZrO, can be estimated from 

This expression assumes that ZrO, is contained in the melt in the same fraction to which the core 
is degraded Muo2(degraded)/Muo2(core) and.that ZrO, relocates to the lower plenum in the same 
manner as the UOz, that is, Muo2(melt)/Muo2(degraded). 

The relocation of Zr metal within the core plays a key role in the ultimate formation of core 
blockages. Upon melting, most of the Zr metal and (U,Zr)Q relocates downward until it 
freezes in cooler portions of the core, forming partial or complete blockages, depending on the 
amount of relocating material. The subsequent melting of UO, and 21-0, allows molten oxides 
(at least initially) to settle and refreeze on top of the metallic blockages. In this way, the 
accumulating melt forms a crucible on top of the metallic blockage. This picture is consistent 
with SCDAPDtELAP5 calculations. This separation of molten oxides from the blockage, which 
consists of unoxidized clad and dissolution products, ensures that little metal enters the melt, 
except possibly through some additional formation of (V,Zr)O, eutectics, dripping of Zr from 
fuel stubs above the degraded region, or when the crust fails. However, SCDAP/RELAP5 
predicts only negligible additional formation of eutectics, and dripping is not predicted even in 
scenarios in which the core is completely dry. As observed in TMI-II, the crust is expected to 
fail locally (from inhomogeneities in the crust and asymmetries in crucible growth), carrying 
only small quantities of metal from the blockage into the lower plenum. The flooded core 
scenario precludes melting out of the blockage. Thus, little or no Zr is expected in the melt. 

We note that SCDAP/RELAP5 calculations predict little or no Zr in the melt. However, 
to account for uncertainties in eutectic formation and crucible failure (and consistent with the 
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working group recommendations), we assume that the molten Zr mass is proportional to the 
mass of molten UO,. Thus, the amount of molten Zr can be computed from 

Mzr = 0.029 M, . (3.2) 

. The constant of proportionality, as estimated for Zion (Pilch et al. 1994b), is assumed to be 
applicable to Suny also. We conservatively assume that any Zr that relocates with the melt does 
not oxidize as it falls through the water pool. Additional perspectives on this formulation are 
discussed in Section 3.7. 

In a wet core scenario such as this, the control rod material will be an initial contributor to 
the metal blockage in the core and the flooded core scenario precludes melting out of the 
blockage. Consequently, only trivial quantities (- 0 mt) of control rod will be present in the 
melt at the time of vessel breach. 

L 

Melting of upper plenum steel is strongly correlated with failure of the surge line or hot leg 
nozzle at high system pressures (- 8 m a ) .  Specifically, gas temperatures that are hot enough 
to melt upper plenum steel (- 1700 K) are also hot enough to induce rupture (under pressure) 
of the hot leg or surge line. Upper plenum steel is a potential contributor to melt mass and 
composition only in those scenarios (Scenarios VII and vm) that proceed to relatively low 
pressures at the time of vessel breach; and even then, SCDAP/RELAPS predicts failure of the 
hot leg. In any case, melting of upper plenum steel cannot be important when operators reflood 
the RPV as they did in TMI-II. The small amount of steel initially in the core, like cladding and 
control rod material, is largely retained in core blockages, which cannot melt out in a flooded n 

core scenario. 

I 
The melting of lower plenum steel by relocated core material is the only source of molten 

steel of potential importance in a DCH event. SCDAP/RELAP5 calculations show that some 
water is always present in the lower plenum, so the core debris cannot radiate to structures. 
Only thin lower plenum steel (e.g. , nozzles) that is submerged in the accumulating core material 
is assumed to melt. The quantity of submerged steel depends on the volume of core material 
in the lower plenum and can be computed from 

F 
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where the densities (kg/m3) are puoZ = 10,400, pm2 = 5,900, puOum2 = 9,660, pZr = 6,500, 
and pw = 9,250. Note that the quenched 10 mt must be taken into account because it is part 
of the volume of core material. We note that submerged nozzles at TMI-11 did not all melt; 
consequently, Eq. (3.3) gives a conservative result. 

Consideration of natural convection in volumetrically heated pools (Theofanous, 1988; 
Epstein and Fauske, 1989) indicates that the melt superheat cannot exceed -200 K under 
steady-state conditions. These assessments are &o consistent with SCDAP/RELAP5 analyses. 
The U02/Zr02 eutectic melts at about 2800 K, so the maximum temperature on relocation is 
about 3000 K (-2900 K has been estimated for TMI-II), but some cooling on relocation is 
expected. Thus, we believe that a conservative bounding value of -2800 K is appropriate for 
Scenario V. 

Surry is a subatmospheric plant so the containment pressure at vessel breach could be 
somewhat lower than the -0.25 MPa estimate for Zion (Pilch et al. 1994b). Supporting 
documentation for "REG-1150 ("REG/CR-4551) lists the containment pressure as -0.18 
MPa. MAAP calculations'in support of the Surry IPE range from - 0.19 MPa to - 0.25 MPa, 
depending on the sequence. The most recent CONTAIN calculations, using sources from 
SCDAP/RELAP5 for a 480-gpm/pump RCP leak case, yield - 0.15 at the time of vessel breach. 
As a result, - 0.18 MPa was chosen as representative of cases where active containment cooling 
is not operational. Appendix D in NUREG/CR-6075 (Pilch et al., 1994a) concludes that DCH 
loads are insensitive to reasonable choices of initial containment pressure (assuming fan coolers 
or sprays are not operational). The Surry containment is initially subatmospheric, so 
approximately 0.069 MPa (360 W314 K) = 0.079 MPa of the pressure at vessel breach is air. 
Consequently, the initial stdm concentration is -56 percent. 

The containment conditions discussed above assume that active containment cooling systems 
(i.e., fan coolers or sprays) are not operational. We note that fan coolers were operational at 
TMI-I1 and that containment conditions were P - 0.11 MPa, T - 326 K, X,, - 0.035, and 
X, -0.079, Thus, there was little steam in the containment. This situation will also be 
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analyzed as Scenario Va in Section 6 to better envelop the range of containment conditions. We 
note that the Surry IPE does not take into account fan coolers, but some sequences will involve 
spray operation at the time of vessel failure. The potential impact of containment sprays will 
be addressed in Section 6. 

c 

The core-wide oxidation of Zr also controls the amount of preexisting hydrogen that can 
exist in the containment building at the time of vessel breach. The RCS retains very little of this 
hydrogen because it is produced early in the accident and most is vented to the containment. 
This is supported by earlier SCDAP/RELAP5 calculations (Knudson, 1993) where more than 
90 percent of the H2 was released to the containment. Recent SCDAP/RELAPS calculations 
performed for Zion (Appendix C in Pilch et al. 1994b) indicate that essentially all the hydrogen 
produced in-vessel will be released to the containment. Steam and H2 sources from 
SCDAP/RELAPS are sometimes very hot (Appendix D in Pilch et al. 1994b) and there is a 
possibility that hydrogen will bum as it enters the containment. However, recent CONTAIN 
assessments for Zion (Pilch et al. 1994b) using SCDAP/WLAPS sources suggest that this effect 
is minimal except in the event of a hot leg failure, which precludes a DCH event. 
Consequently, we assume that all hydrogen produced in-vessel will be released to containment, 
where it will not bum prior to vessel breach. The moles of preexisting hydrogen in the 
containment are given by: 

or alternatively, a concentration can be specified 
11 

(3.5) 

We note that at TMI-II there was - 7.9 percent H2 in the atmosphere and essentially no steam. 
Even though these conditions are in the flammable regime, we cannot guarantee that a random 
ignition source (unless intentional) will bum off the hydrogen prior to vessel failure if the 
flammability limits are exceeded. 
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3.7 Scenario VI - SBLOCA under Wet Core Conditions 

Table 3.3 also summarizes the initial conditions for Scenario VI. In the absence of any RCS 
leaks, SCDAP/RELAP5 (Appendix E) predicted surge line failure long before bottom head 
failure. These cases fully depressurize and are of no interest for DCH. We then sought 
SBLOCAs of just the right size to depressurize sufficiently that natural circulation degrades to 
the point that surge line or hot leg failure is not assured. Such an intermediate state was not 
found (Appendices E, F). In fact, SCDAP/RELAP5 predicts hot leg failure before core 
relocation for the full spectrum of SBLOCAs; consequently, Scenario VI can only exist as the 
consequence of partial operator intervention. Owing to the similarity in Scenarios V and VI, 
we emphasize only the differences in RCS temperature, melt mass, and composition, with all 
other parameters developed in a manner similar to that for Scenario V. 

The RCS gas at the time of vessel breach clearly must be superheated. In conjunction with 
the pressure and volume, the moles of gas in the RCS can be computed with the RCS 
temperature. The gas temperatures in each region of the RCS are estimated from 
SCDAP/RELAP5 output (Appendix E). Given this assessment, a lower bound of - loo0 K is 
assigned to this scenario. 

The potential release of molten material to the lower head is again controlled by the for- 
mation and failure of a crucible in the core region. Water occupies only the lowest regions of 
the core, so radial cooling of a growing crucible is reduced in this situation, and consistent with 
SCDAP/RELAP5 predictions, the crucible could take on the bounding shape of an upright 
cylinder as depicted in Figure 3.8. We note that SCDAP/RELAP5 conservatively assumes that 
the melt pool must grow to the core boundary as a condition for core relocation, thus 
SCDAP/RELAPS shows some localized involvement of the outer assemblies. We expect, 
however, that asymmetries in crucible growth ensure that localized penetration of the outer 
assembly and core barrel would likely occur when the crucible has grown (on average) to the 
outer assembly. Consequently, the outer assemblies are excluded from our assessments. 

In the extreme of this geometry, - 80 percent of the core can be contained in the crucible. 
The upper bound to the UO, distribution is then 0.8 x 79.8 mt or -65 mt if the crucible fails 
on the bottom. Again, the calculations of Schmidt and Humphries (1994) favor side failure 
before the crucible obtains these extreme proportions. As a best estimate we assume - 32.5 mt 
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of UO, can be released. With this in mind, the distribution of UO, released from the crucible 
can be constructed as indicated in Figure 3.9. Again allowing (- 10 mt) only for melt freezing 
in order to heat the lower head to rupture, the distribution of molten UO, at the time of vessel 
failure is given by Figure 3.10. I 

Scenario VI is envisioned as having water in the lower plenum, but not to the extent that 
it submerges the bottom of the core. Under such circumstances, it is possible for low melting 
point control rod material to relocate to the lower plenum. SCDAP/RELAP5 calculations 
(Knudson and Dobbe, 1993; Quick and Knudson, Appendix E) suggest that -2 mt of control 
rod material may relocate into the lower plenum when the core is not submerged. Although this 
material will quench in lower plenum water or on the lower head, we conservatively assume that 
the subsequent relocation of large quantities of oxide material will remelt all the control rod 
material and heat it to the oxide temperature (-2800K)I. 

We note that SCDAP/RELAPS calculations predictilittle or no Zr in the melt. However, 
to account for uncertainties in eutectic formation and crucible failure, we assume that the molten 
Zr mass is 2.9 percent of the molten UO, mass. Although SCDAP/RELAP5 does not predict 
relocation of the metallic blockage, we acknowledge that scenarios where the bottom of the core 
is not submerged in water have an increased potential for partial melting and relocation of the 
metallic blockage into the lower plenum. We note, however, that complete oxidation of the Zr 
in prototypic core melts was observed in a FARO experiment involving melt drainage into a 
pressurized water pool. More importantly, however, are SCDAP/RELAPS predictions that the 
RCS will be depressurized in those scenarios that have the greatest potential for relocation of 
the metallic blockage. 

It is useful to examine the recommended Zr content of the melt from alternative 
perspectives. The recommended formulation is equivalent to a hypostoichiometry of urania, 
which can be expressed as UO,-,, where x - 0.17. One can also perform a mass balance on the 
Zr inventory. For instance, the core contains 16.5 mt of Zr in Surry. On a core-wide basis, 
- 40 percent of Zr is oxidized, so - 9.9 mt of Zr metal remains. About 26 percent of the initial 
Zr inventory resides in the cooler outer assemblies, which are not part of the degraded core 
debris. Assuming only 20 percent oxidation in the outer assemblies, about 3.4 mt of Zr will 
remain in the outer assemblies and the remaining 6.5 mt will be retained in'the core blockage. 
At the upper end of the Scenario VI UO, distribution, - 1.6 mt of Zr will relocate to the lower 
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plenum. This represents -25 percent of the Zr inventory in the metal blockage. These 
perspectives on possible Zr relocation coupled with the likelihood of complete oxidation on 
relocation and low RCS pressures, support the bounding nature of our assessments, even in 
scenarios where the core is not submerged in water. 

The fraction of Zr oxidized remains unchanged. This, in conjunction with the causal 
relations (Eqs. 3.1 - 3.4) developed in Section 3.6, defines the remaining melt constituents and 
atmosphere compositions. 

3.8 Summary Melt Masses and Compositions 

Because many of the melt constituents are correlated, it is useful to tabulate the lower 
bound, best-estimate, and upper bound masses for a more direct comparison and to compare 
these quantifications with prior work. This is done in Table 3.6. The lower and upper bounds 
are taken at the - 1 percent probability level. 

Consider first the comparison of Scenarios V and VI by composition. The 21-0, values are 
a function of both the UO, mass and the fraction of Zr oxidized. For this comparison, the three 
UO, masses are used in conjunction with the best estimate for the fraction of Zr oxidized. This 
ensures that lower and upper bounds to the ZrO, values are also at the - 1 percent probability 
level. This prescription is not unique. For instance, it is possible to use the best estimate for 
the UO, mass in conjunction with the lower, best-estimate, and upper bound values for the 
fraction of Zr oxidized. This procedure, however, gives somewhat less ZrO, mass for the best- 
estimate and upper bound value. 

At the outset, we should state that 9 potential comparisons are fully consistent with the 
plant and scenarios discussed in this report, so some compromise is necessary to make suitable 
comparisons. Prior summary efforts (Le., NUREG-1150 and SASM) are therefore the most 
useful for comparison (see Table 3.4) since these activities employed panels of knowledgeable 
experts who were able to synthesize the experimental and analytical information available at the 
time. Since the time of these summary efforts, new information has become available and these 
new data are reflected in our current quantifications. 
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NUREG-1150 was the first summary assessment of core melt progression parameters and 
addressed only the core fraction that is molten and the fraction of cladding oxidized. NUREG- 
1150 assessments were largely based on MARCH, early MAAP, and preliminary MELPROG 
calculations. The distribution of the molten core fraction in Scenario VI is in good agreement 
with the expert elicitation results in NUREG-1150. 

SASM (Zuber et al., 1991) is the most recent of the summary assessments, and it was 
focused specifically on the DCH issue. The SASM recommendations for molten oxides are 
enveloped by the current quantifications; however, the metals are outside the current 
assessments. Assessment of steel mass in the SASM effort was largely based on a MELPROG 
calculation (Kelly et al., 1987) of a station blackout accident in which significant upper plenum 
melting was prFicted. Melting of upper plenum steel is strongly correlated with surge line or 
hot leg failure, which in fact was predicted in the MELPROG calculation. Specifically, gases 
hot enough to melt upper plenum steel are also hot enough to rupture the surge line or hot leg. 
This is also qnsistent with the current SCDAPIRELAP~ assessments. The large quantities of 
Zr and CRM in the SASM assessment are traceable to a MELPROG modeling assumption that 
crucible failure occurs as a massive event carrying most of the metallic blockage into the lower 
plenum. Thus, the SASM assessment of metals in the melt is not consistent with our current 
understanding of core melt progression under wet core conditions. 

Table 3.4 also summarizes the melt mass predicted by SCDAP/RELAP5 at the time of 
vessel failure for a 250-gpm/pump case. Current quantifications (Scenarios V and VI) for oxide 
mass are in general agreement with the system code predictions, which are interpreted as upper 
bounds because SCDAP/RELAPS assumes complete drainage of the in-core molten pool. 
SCDAP/RELAP5 predicts essentially no Zr in the melt while our quantifications chose to bound 
the amount with - 1.3 mt. The amount of lower plenum steel predicted by SCDAP/RELAPS 
is also in agreement with the current assessment. 

3.9 Extrapolation Insights 

The methodology for establishing initial conditions has now been completed for two plants, 
Zion and Surry, so it would be useful to examine the results for some trends and possible 
insights that could be used for extrapolation. Table 3.5 summarizes some potentially important 
differences between Zion and Surry. 

. 
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SCDAP/RELAPS calculations predict that accident-induced failure of the surge line or hot 
leg is expected before core relocation and bottom head failure. This result is significant given 
the difference in power density and downcomer by-pass geometry, both of which lead to 1-hour 
differences in core melt progression. 

The methodology for quantifying the melt mass distributions has now been completed for 
two plants of significantly different core size: Surry and Zion (Pilch et al. 1994b). Table 3.6 
explores whether the melt mass distributions scale with core mass. For hemispherical crucibles 
(Scenario V), the melt mass distribution does not scale with core power while for cylindrical 
crucibles (Scenario VI) the melt mass is nearly in scale with core size. These observations are 
consistent with the assumed geometries. More important, however, the melt mass distributions 
reasonably envelop SCDAP/RELAPS predictions of melt mass at vessel breach for both Zion 
and Surry. SCDAP/RELAP5 predicts that dissolution products and clad material will be 
permanently retained in core blockages and that the amount of Zr in the melt at vessel breach 
will be negligible. The SCDAP/RELAP5 calculations also predict that conditions leading to 
melting of upper plenum steel will also lead to hot leg failure. Steel enters the melt only to the 
extent that debris submerges thin structures in the lower plenum. 

In the absence of active containment cooling, CONTAIN calculations with sources from 
SCDAP/RELAPS show that the containment pressure is - 0.20 - 0.25 MPa at the time of vessel 
breach for Zion and - 0.15 MPa for Surry. Much of this difference results from the fact that 
Surry is a subatmospheric plant. 
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3.11 

Greek 

Nomenclature 

= fraction of Zr oxidized core-wide 
= mass of control rod material in melt at vessel failure 
= mass of Zr initially in core 
= mass of steel in melt at vessel failure 
= mass of steel in lower plenum 
= mass of U02 in melt at vessel failure 
= mass of Zr in melt at vessel failure 
= mass of 2x0, in melt at vessel failure 
= atmosphere moles in containment just prior, to vessel failure 
= mole of hydrogen produced from Zr oxidation 

= initial RCS pressure 
= initial RCS temperature 
= ' volume of lower plenum 
= hydrogen concentration in the containment atmosphere 

I 

* P a w  = mass density of control rod material 1 

Pu02 = mass density of UO, 
Puouzro2 = mass density of U02/Zr02 eutectic 
Pzr = mass density of Zr 
Pzro2 = mass density of ZrO, 

. I  



Table 3.1 Characterization of the Suny plant 

Thin upper plenum steel (mt) 

Thin lower plenum steel (mt) 

Parameter 

16 

7.8 

Thermal power (MW) 

Containment volume (m’) 

Subcompartment volume (m3) 

Cavity volume (m’) 

Containment pressure (MPa) 

Containment temperature 6) 

Number of fuel assemblies 

51.0~103 

800 

290 

0.069 

3 14 

Number of fuel assemblies at edge of core 

Fuel assembly dimensions (m) 

RCS volume (m3) 

Lower head ID (m) 

Lower head thickness (m) 

Core inventory (mt) 
uo2 
Zr 
Steel 
CRM 

Total 

Value 

2441 

157 

52 

0.214 

238 

4.0 

0.127 

79.8 
16.5 
3.8 
2.7 

102.8 

Lower plenum volume (m3) I 26.6 
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Table 3.2 Definition of probability levels 

11 Process Likelihood I Process Characteristics II 
~ ~ ~ 

-1 

10-1 

. lo-* 

Behavior is within known trends - best estimate. 

Behavior is within known trends but obtainable only 
at the edge of spectrum parameter. 

Behavior cannot be positively excluded - upper bound. 

I 
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Parameter 

RCS pressure (MPa) 

RCS temperature (K) 

RPV water (mt) 

RPV temperature (K) 

Initial hole dia. (m) 

Final hole dia. (m) 

Fraction Zr oxidized 

UO, mass (mt) 

Zr mass (mt) 

ZrO, mass (mt) 

Steel mass (mt) 

CRM mass (mt) 

Melt temp. (K) 

Fraction of Zr blockage relocated 

SCENARIO 

V Va VI 

16 16 8 

700 700 loo0 

75 75 10 

lo00 loo0 loo0 

0.4 0.4 0.4 

Eq. 4.3 Eq. 4.3 Eq. 4.3 

Fig. 3.4 Fig. 3.4 Fig. 3.4 

Fig. 3.7 Fig. 3.7 

Eq. 3.2 

Eq. 3.1 

Eq. 3.3 

0.0 

Eq. 3.2 

Fig. 3.10 

Eq. 3.2 

Eq. 3.1 

Eq. 3.3 

2.0 

Eq. 3.1 

2800 

0.0 

Eq. 3.3 

2800 

0.0 

0.0 

Containment pressure (MPa) 

Containment temperature (K) 

2800 

0.18 0.069 0.18 

360 316 360 

0.0 

Ejected fraction dispersed from cavity 

Fraction dispersed through gap 

Fraction dispersed through seal  table 
room and SG vents 

1 .o 1 .o 0.85 

0.16 0.16 0.16 

0.05 0.05 0.05 

Preexisting H2 Eq. 3.4 . Autoignition temperature (K) 

Melt fraction ejected into cavity 

Eq. 3.4 Eq. 3.4 + 
1.0 I 1.0 

Coherence ratio I Eq. 4.2 I Eq. 4.2 I Eq. 4.2 
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Parameter 

UOz mass (mt) 

ZrO, mass (mt) 

Zr mass (mt) 

Steel mass (mt) 

CRM mass (mt) 

Total melt mass (mt) 

Core fraction molten 

Fraction Zr oxidized 

Scenario V scenario VI NUREG-1 150 SASM SCDAP/RELAP5 
NUREGICR-5809 Appendix E 

0/10/30 0/23/55 15.7 38.1 

0/1.1/3.3 012.515.9 4.45 9.7 

010.3/0.9 0/0.7/1.6 6.35 0.0 

0.310.611.3 0.3/1.1/2.3 13.8 5.4 

0 2 2.7 1.9 

0.3112.0135.5 . 2.3129.3166.8 4.3 55.1 

0.003/0.110.33 0.0210.29/0.65 010.2810.60 0.42 0.54 

0.1510.4010.65 0.1510.40/0.65 0.0810.3210.76 0.40-050 0.53 
, 



Table 3.5 Potentiah imwrtant differences between Zion and Surrv 

Parameter Zion s w  

Thenual power 

Core mass (mt) 

Average power density (lcW/l) 

3238 2441 

125 102.8 

232 204 

40 

RCS loops 

Downcomer by-pass 

Con tainment volume (m’) 

RCS volume 

4 3 

Yes no 

76.9xlV 51x16 

353 238 



Plant 

SUrrY 

Zion 

Ratio Size 

I 

Scenario V Scenario VI 

BE Mass (mt) UB Mass (mt) BE Mass (mt) UB Mass (mt) 
Core Mass (mt) 

103 12.0 35.5 27.3 64.7 

125 23.9 59.3 36.0 84.1 

0.82 0.50 0.60 0.76 0.77 



Crucible 
Formation 

Temporary Crusts 
Gradual Relocation 

Scenario I Scenario I1 
Early Penetration Early Rupture 

P Failure 
t4 

-8 MPa -8 MPa 
Oxidic Melt Oxidic Melt 

Limited ZrlSteel Limited Zr/Steel 

Scenario I n  Scenario IV 
Delayed Penetration Late Rupture 

Failure 
-8 MPa -8 MPa 

Metallic Melt Metallic Melt 
Lots of U-P/I.JP Steel Lots of UPLP Steel 

Figure 3.1. Splinter DCH scenarios used in NUREG/CR-6075. 
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GRADUAL CRUCIBLE 
FORM ATION/FAILURE RELOCATION 

DRY CORE WET CORE 

SCENARIO V 
TMI-Like 

Operator Action 
RCS Press. (16 MPa) 

RPV Reflooded 
Oxidic Melt 

Limited Zr/Steel 
Rupture of LH 

SCENARIO VI1 SCENARIO VIII- SCENARIO VI 
RCS Press. (8 MPa) 
Lower Plenum Water Dry Lower Plenum Oxidic Melt 

Lots of Zr 

Bigger Rupture of LH 

RCS Press. (< 4 MPa) RCS Press. (< 3 MPa) 

Oxidic Melt Oxidic Melt Relocate Metal Blockage 
Limited Zr/Steel Metal Blockage Intact 
Rupture of LH Limited Zr Large Amt. Upper Plenum Steel 

Large Amt. Upper Plenum Steel 
Bigger Rupture of LH 

Figure 3.2. Splinter DCH scenarios reflecting working group recommendations. 
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Figure 3.3. Suny nuclear power plant. 
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Figure 3.5. Crucible formation in a flooded RPV - Scenario V. 
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Figure 3.8. Crucible formation in wet core scenario with partial operator intervention - 
Scenario VI. 
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4.0 QUANTIFICATION OF THE DCH P H E " O N  

The quantification of the DCH phenomenbn is carried out by means of a causal relation 
(CR1) for the containment load. CR1 is fulfilled here by the two-cell equilibrium model, which 
is developed in Appendix E of NUREG/CR-6075 (Pilch et al. 1994a). In the TCE model, the 
containment pressurization can be written in terms of the various 
latent and sensible heat of debris, oxidation of metallic debris 
combustion) that can contribute to DCH, 

where 3 is an efficiency of containment pressurization due to 
blowdown, heating of the atmosphere, and hydrogen combustion. 
compartmentalized geometry of the containment and accounts for 

energy sources (blowdown, 
constituents, and hydrogen 

the combined processes of 
The efficiency accounts for 
mitigation that is due to the 

noncoherence of debris dispersal and blowdown processes. The TCE model has been validated 
against the extensive database that is summarized in Table 4.1. Figure 4.1 compares model 
predictions with the relevant database. 

Appendix C gives an overview of other available models that have been used to predict 
DCH loads. In particular, the convection limited containment heating (CLCH) model (Yan and 
Theofanous, Appendix D in Pilch et al. 1994a) has been used (along with TCE) in resolution 
of the DCH issue for Zion, where TCE and CLCH gave similar results. The CONTAIN code 
has also been used extensively in DCH analysis of containment loads. Appendix G compares 
CONTAIN and TCE predictions for conditions near the upper end of our distributions. 
CONTAIN predicts loads comparable to or less than the TCE model. Consequently, we do not 
expect different modeling approaches to yield significantly different loads for the same input 
conditions. 

The working group discussions from NUREG/CR-6075, Supplement 1 (Appendix A in Pilch 
et al. 1994b) defined two new scenarios (V and VI) which involve significant quantities (- 10-75 
mt) of nearly saturated water that would be coejected with the melt into the reactor cavity. This 
is a situation that has not been addressed by the existing database; however, the working group 
(Appendix A in Pilch et al. 1994b) expressed an opinion that water in the primary system at 
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vessel breach is expected to mitigate the impact of DCH. We note that a related experiment 
involving large quantities of cavity water (Allen et al. 1993; 1994a) suggests that DCH energies 
went entirely into vaporizing water, pressurizing the containment to levels comparable to 
containment pressures observed in (essentially) dry DCH tests. RPV water (unlike cavity water) 
will partially flash to steam during isentropic blowdown. The contribution to containment 
pressure from this mechanism is less than - 0.075 MPa for - 75 mt of water. The calculations 
and results presented here are performed by ignoring any impact of coejected water. The 
margins to a significant DCH threat are high enough for Surry so that the impact of coejected 
water can be ignored in these analyses; however, it may become necessary to address this 
phenomenon explicitly in the extrapolation effort. 

We note that the Surry reactor cavity is not likely to be deeply flooded in station blackout 
scenarios. The walls of the Surry cavity rise from the basement floor so that the cavity cannot 
act as a sump for the plant. Consequentlyj we expect only condensate levels of water in the 
cavity at the time of vessel failure in station blackout scenarios. The Surry IPE, however, notes 
that containment sprays could deeply flood the cavity in those accidents that progress with plant 
power (e.g., TMI-II) or have power restored prior to vessel failure. Such deeply flooded 
situations could preclude lower head failure, but this is an area of ongoing NRC research. 

Most input parameters in the TCE model are related to initial conditions and material 
properties. The key modeling parameter in the TCE model is the melt-to-steam coherence ratio. 
Because the entrainment time is short compared with the blowdown time, molten debris is 
exposed to a small fraction of the primary system steam during the dispersal process. Since this 
steam is the medium for carrying the melt energy and the hydrogen produced by steam-metal 
interactions to the main containment volume, this incoherence is a crucial mitigating factor. 
With this understanding, it is possible to reduce most of the complexity of cavity phenomena to 
the coherence ratio = 7,/7,, in the TCE model). We now focus on the coherence ratio and 
its quantitative representation in the calculations (Le., pdf4, see Figures 2.1 and 2.2). 

Appendix E in NUREG/CR-6075 (Pilch et al., 1994a) develops a correlation for the 
coherence ratio based on experiment values obtained by a procedure best suited to the TCE 
model. For this application, the Surry data are best correlated by 



It is assumed that R, values are distributed normally about the mean given by Equation 4.2 with 
a relative standard deviation of 18 percent as indicated by the database. A comparison of the 
correlation against the Suny database is shown in Figure 4.2. The correlation has also been 
successfully developed for the Zion database, the differences being that the lead constant should 
be replaced by 9.661 and the relative standard deviation is 29 percent. Although modeling 
uncertainty is accounted for directly in R,, additional uncertainty in computer values of R, arise 

because the causal relation (Equation 4.2) is evaluated for a distributin of melt masses. 

The database for the coherence ratio largely overlaps the range of individual parameters that 
are of interest to reactor applications (Table 4.2). However, the database does not include all 
possible combinations of parameters for each of the potential applications; consequently, the 
correlation for the coherence ratio is required to fill gaps in the database. It is significant that 
this process is one of interpolation rather than extrapolation. 

Rapid ejection of hot melt through a breach in the RPV leads to ablation, which increases 
the initial hole size. Appendix J in NUREGKR-6075 (Pilch et al. 1994a) develops a model for 
hole ablation. The final hole size can be computed from 

0," 
1 + 0.6934 [Ir! 

I 
where 

MA0 MA0 

(4.3) 

is the characteristic time to eject all the melt from the RPV in the absence of ablation and where 
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is the characteristic time to double the initial hole size by ablation. 

(4.5) 

Figure 4.3 validates the 
model against the existing database. This figure also illustrates that ablation increases the hole 
size only slightly for initial hole sizes characteristic of lower head rupture; consequently, 
ablation will not have a strong influence on the calculations performed for this report. Although 
a point estimate of the initial hole size is specified in this report, a distribution of final hole sizes 
results beciuse the causal relation (Equation 4.3) is evaluated for a distribution of melt masses. 

A second phenomenological uncertainty concerns hydrogen combustion during DCH. The 
working group for Zion resolution (Appendix A in Pilch et al. 1994a) emphasized that hydrogen 
combustion should be treated in a manner consistent with the expected conditions in the 
containment. Appendix E (Pilch et al. 1994b) addresses the issue of jet combustion, entrainment 
into a jet, stratification, global mixing, and volumetric combustion phenomenology in more 
detail. Our conclusions regarding hydrogen combustion during DCH events can be summarized 
as follows: 

1. 

2. 

3. 

. , -  

DCH-produced hydrogen (plus some entrainment of H2 from the preexisting 
atmosphere) can bum as ajet in the dome and contribute to peak containment pressures. 
These burning jets would represent an adequate ignition source for deflagrations if 
flammable conditions exist in the containment. 

Stratification of hot jet combustion products will occur in the dome, thus impeding the 
mixing of combustion products with the cooler preexisting atmosphere. Thus, we 
picture hot nonflammable gases accumulating in the upper dome and the cooler, 
potentially flammable, preexisting atmosphere displaced downward in the lower dome 
regions. 

Flame propagation is difficult to achieve in stratified containment atmospheres with 
-50 percent steam, and the burning process is too slow and inefficient to contribute 
to peak loads except possibly at the upper end of H2 distribution. Explicit trekment of 
deflagrations to better define and bound uncertainties in hydrogen combustion was 
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included in the Zion supplement (Pilch et al. 1994b) and our current analyses. The 
fraction of the preexisting hydrogen that can bum on DCH time scales and contribute 
to peak loads is given by 

Even for finite combustion completeness (qJ, heat transfer to structures can exceed the 
energy release rate that is due to the deflagration so that the deflagration does not 
contribute to peak DCH loads. The deflagration model also handles the continuum of 
cases where deflagrations can contribute to peak DCH loads depending on atmosphere 
composition and temperatures induced by the DCH event itself. Deflagration-enhanced 
DCH loads are predicted for a TMI-like scenario with essentially no steam in the 
atmosphere, but the increased pressure is offset by the lower initial pressure in the 
containment. 

4. Slow volumetric combustion of preexisting hydrogen can occur in parallel with potential 
deflagrations, but slow volumetric combustion does not contribute to peak loads. 

5. Sudden volumetric combustion (autoignition) of preexisting hydrogen is essentially 
impossible in a stratified atmosphere because heating of the containment atmosphere is 
limited by mixing. However, to better bound uncertainties in hydrogen combustion 
phenomena, we recommend an autoignition temperature of 950 K based on separate 
effects data. 

6. Combustion initiated by mixing of hot gases with the preexisting atmosphere is too slow 
to contribute to peak pressure. This is because the mixing time scale of the atmosphere 
is long compared with the time scale for structure heat transfer. Here, we refer to 
global mixing of the atmosphere, not entrainment into a burning jet, which is already 
accounted for in item 1 above. This mixing limited combustion occurs in parallel with 
potential deflagrations and volumetric combustion. 

These insights and recommendations are consistent with peer review comments for 
NUREGKR-6075 (Pilch et al. 1994a) concerning the autoignition temperature and the need to . 
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consider partial combustion of the preexisting hydrogen. These recommendations have been 
factored into the calculated results presented in Section 6. 

The amount of material participating in DCH is typically less than the melt mass on the 
lower head at the time of bottom head failure. Experiments show melt retention in both the 
crucible (scaled to the bottom head of the RPV) and the reactor cavity below the RPV. On 
average, 99 percent of the melt was ejected into the cavity in Surry experiments (ET-9, 11, 12; 
Blanchat et al. 1994). A conservative upper bound of 100 percent is used for all the scenarios 
in the supplement. These same Surry counterpart experiments (conducted at - 11 MPa driving 
pressure) have also shown that only 80 3. 7.7 percent of the melt in the cavity is dispersed into 
the containment. Other experiments (Allen et al. 1991,1994b) with Surry cavities, but at lower 
driving pressures ( 4 MPa) have resulted in - 63 percent dispersal. Consequently, debris 
dispersal increases with increasing RCS pressure. We assign a dispersal fraction of 85 percent 
to our 8 MPa scenarios and 100 percent to the 16 MPa scenarios. 

In Zion geometry, numerous experiments have shown that debris dispersed from the cavity 
through the instrument tunnel (not the annular gap) will enter the upper dome, some through the 
seal table room (located directly over the cavity exit) and some through vents above the reactor 
coolant pumps. The Zion experiments, however, did not model the seal table that blocks access 
into the seal table room because the experiments did not model the "penthouse" over the cavity 
exit (a steel enclosure with blowout panels intended to deny unauthorized personnel access to 
the cavity) and because the experiments did not model the vast array of in-core instrument guide 
tubes that will be dispersed from the cavity with the debris. Minimal transport to the dome is 
supported by additional scoping experiments using water (FA1 1991; Ginsberg 1988). 

Debris transport through the seal table room to the dome is also expected in Surry geometry, 
but the database is limited to only three experiments: SNL ET-9, 10, and 11 (Allen et al. 
1994a). The seal table (which was simulated in two of the experiments) failed in ET-10, 
allowing transport through the seal table room to the dome. The seal table, however, remained 
intact in ET-1 1 , blocking transport through the seal table room. An important difference in the 
tests is that the annular gap around the RPV (which exists in the plant) was modeled in ET-11 
but not in ET-10. For the evaluations in this report, we assume 5 percent transport through the 
seal table room to the upper dome. Such treatment, however, is deemed conservative because 

access to the 
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cavity), which will be blown upward, because the seal table may not fail, and because the 
experiments did not model the vast array of in-core instrument guide tubes that will be dispersed 
from the cavity with the debris. 

A second possible flow path to the upper dome is the annular gap around the RPV. The 
SNL ET-11 experiment showed that the melt-laden gas will melt the insulation and sweep it 
from the gap. The SNL HIPS-8C experiment also simulated the gap without insulation. 
Analysis of these two experiments indicates that the fraction of dispersed debris that goes 
through the gap is equivalent to the minimum flow area (without insulation) through the gap 
divided by the sum of the minimum gap and tunnel flow areas (see Appendix I in Pilch et al. 
1994a for more development of the phenomena involved and validation against a database for 
Zion and Surry designs). The HIPS-10s experiment (Allen et al., 1990) showed that the incore 
instrument tubes and their supports are forcibly ejected from the cavity; consequently, the 
minimum tunnel flow area is evaluated without the presence of these structures. For Surry, the 
minimum tunnel flow area is -6.4 m2 and the minimum gap flow area (at the level of the 
nozzles) is - 1.0 m2. Consequently, - 16 percent of d l  dispersed debris will be transported 
through the gap to the dome. This assessment of gap transport may be conservative because the 
experiments did not model the neutron shields or other structures in the gap, because water is 
expected to be coejected from the RPV with the melt, and because - 10 - 40 percent of the melt 
could be intercepted by the missile shield, Bertodano (1993). Transport through the gap can be 
added to the -5 percent transport through the seal table room, so that 21 percent of all 
dispersed debris will enter the dome. This bounds all observations in the Surry experiments 
(Blanchat et al. 1994), and we expect this quantification to reasonably bound the expected 
behavior in the plant. Nonetheless, containment loads are not sensitive to reasonable variations 
in dome transport of debris because hydrogen combustion is the dominant contributor to loads. 
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4.2 Nomenclature 

breach area in RPV 
discharge coefficient (0.6) 
heat capacity of RPV steel 
initial hole diameter 

characteristic ablation rate 

characteristic heat transfer rate to structure 

energy release rate from combustion of preexisting hydrogen 
fraction dispersed 
fraction of preexisting hydrogen burned on DCH timescales 
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hd.w 

Greek 

AD, 
AEj 
AP 

rl 

V C  

debridwall heat transfer coefficient during ablation (see Appendix J, 
NUREG/CR-6075) 
heat of fusion for RPV steel 
initial melt mass 
initial RCS gas mass 
initial containment pressure 
initial RCS pressure 
coherence ratio 
debris temperature 
RCS gas temperature 
melting temperature of RFV steel 
temperature of RPV lower head at vessel failure 
total internal energy of containment atmosphere 
cavity volume 
RCS volume 

change in hole diameter 
energy contribution of DCH process 
pressure increase in containment due to DCH 
mass density of debris 
mass density of RPV steel 
relative bias 
relative (root mean squared) standard deviation 
characteristic time to double the initial hole size by ablation 
characteristic time to eject melt from RPV in the absence of ablation 
total heat capacity of dispersed debris divided by total heat capacity of the 
atmosphere 
pressurization efficiency 
combustion efficiency 



Table 4.1 Survey of DCH-relevant experiments 

Experiment Series Number Nominal Cavity Water 

SNL/DCH 4 1: 10 surry None 

sNL/TDs 7 1:lO surry None 

SNL/LFP 6 1: 10 surry None 

sNL/wc 3 1: 10 surry None 
Cavity 

SNIJIJ~T-SU~~~ 9 1: 10 surry Cavity 
Cavityhasement 

S NIJIJ3T-S UT 3 15.75 S U T  None 
Cavity/basement 

ANL/CWTI 2 1:30 Surry-like Cavityhasement 

- 

of Tests Scale Type 

I 

&/ET 6 1:40 surry None 
Cavity 

&/U * 3 1:40 surry None 

FAVDCH 4 1:20 S U T  Basement 
Cavity/basement 
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Table 4.1 (continued) 

Experiment Driving Driving 
Series Gas Pressure 

(MPa) 

Melt Mass 
erg) 

SNL/DCH 

sNL/TDs 
N2 2.6 - 6.7 20, 80 

K O  3.7 - 4.0 80 

SNL/IET - 1  H,O I 5.9 -7.1 1 
sum 

SNL/LFP 

sNLmc 
43 

H20 2.5 -3.6 50, 80 

H,O 3.8 - 4.6 50 

SNL/IET I H20 I 12 I 158 
S U T  

ANL/CWTI I N2 I 4.7 - 5.0 I 4.1 

ANLIIET I H20 I 5.7- 6.7 I 0.72, 0.82 

ANL/U I H20 I 3.0 - 6.0 I 1.13 

FAVDCH I zb 1- 2.4 - 3.2 I 20 

reriments 

Composition 

Fe/AI,O, 0.06 

Fe/A120JCr 0.065 

Fe/AI2OJCr 0.04 - 0.09 

Fe/AI2O&r 0.04 - 0.10 

Fe/AI2OJCr 0.04 

FeIA1,OJCr I 0.072-0.098 

~~~ 

U02/Zr62/SS I 0.13 

FeIA1,OJCr I 0.011 

UO,/Z~/Z~O,/SS I 0.01 1 

0.025 
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Table 4.1 (concluded) 
Survey of DCH-relevant experiments 

0.13-0.19 

0.1 

0.2 

N O  
partial 

insulation 

N O  

Atmosphere 
Composition 

Containment 
Structures 

Experiment 
Series 

Containment Annular 

0.08 No 11 SNLIDCH 

II S N L I T D S  0.09 - 0.23 ( Air, Ar Open containment 11 SNLILFP Ar I Compar$nEtaliz,d 

11 SNLIWC , 0.16 I No Ar I Essentially open 

N2, N21Air, 
N2/AirlH2, 

CO,/Air/H, 

surry 
subcompartment 

structures 

SNLIIET 
SunY 

0.2 
No 

AirlH201H2 surry 
subcompartment 

structures 

SNLIIET 
surry 

/I ANLICWTI Compartmentalized 
Ar I by baffle 

N,, N21Air, 
N2/AirlH2, 

H2OIAirlH2 

surry 
subcompartment 

structures 

ANLIIET 
No 

N2/Air/H2 suny 
subcompartment 

structures 

ANLIU 

N2 Surry (Like) 
subcompartment 

structures 

FAIIDCH 



Comdete database 

CAVITY 

surry, surry 

SUrrY SNL/ANL IET Surry tests 
POpm = 6 MPa 

fdbp Todm'RCB M ' d M g  

0.6- 1.0 3.0- 11.0 2.8- 21.4 

0.6- 0.9 4.2 3.9 - 6.0 

SNL/IET Surry tests 
PORCs = 13 MPa 

NPP 
PORCs = 8 MPa 
Doh = 0.4m 
PRcs = K 
Mod = 50 mt 

surry 

surry 

NPP 
PORCs = 16 MPa 
Doh = 0.4m 
PRCs = 8 0 0 K  
Mod = 50 mt 

0.9 3.2 2.9 

- 1  3.5 6.2 

0.001 - 0.014 

0.0027 

0.0033 

0.002 

0.002 

~~ 

11 *Only experiments where dispersal is complete or nearly complete (fdlao 2 0.5) considered. 



1 .o 
0.9 

0.8 

tij F 
Z L  0.3 

Measured Efficiency 

- -  leO 
OeY I 

a a 

0.8 1 
0.7 

0.6 

0.5 I 

0.1 5 

/ 3 

A SNUlET 
A ANUlET 
0 FAI/DCH 

v SNUIET/S 
v ANUU 

urN= ,290 

ubi== ,050 

o 'ANUCWTI 

Figure 4.1. Validation of the two-cell equilibrium model against all experiments with 
compartmentalized geometry. 



Figure 4.2. Validation of the coherence ratio for Surry-like cavity designs for scenarios without coejected water. 
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5.0 QUANTIFICATION OF CONTAINMENT FRAGILITY 

This section characterizes the strength of the Surry containment in probabilistic terms. The 
pressure capacity of the Surry containment is treated as a random variable because of the 
variability in material properties, of unknown differences between the as-built and design 
conditions, and modeling uncertainties. The probability that the containment failure pressure 
is less than a specified pressure is known as the containment overpressure fragility curve. 

Fragility curves represent a probabilistic estimate of the capacity of the containment. In 
general, the fragility curve could be derived from data and full-scale experiments. However, 
the containment fragility curves are dependent on site-specific detail and, without detailed model 
tests, they must be derived from analysis. As a practical matter, the fragility curves are derived 
from a combination of material property data, tolerances in dimensions from drawings, and 
judgment of the analyst. Judgment is used in determining what level of analysis is required and 
what failure mechanisms are considered to govern the containment capacity. Typically, adequate 
material property data exist to characterize variability in material properties. Finally, analyst 
judgment is used to assign "modeling" uncertainty to the models to characterize the analyst's 
confidence in the ability of the selected models to represent the actual failure mechanisms 
involved. Modeling uncertainty could, in principle, be reduced with further analysis or testing. 
Funding constraints, however, usually require the analyst to exercise his or her judgment to 
reflect the uncertainty involved. 

In addition, it should be noted that a containment fragility curve is, in fact, a plant- specific 
entity. It is to be anticipated that the fragility curves derived for a specific containment are 
sensitive to local design details, tolerances, and the design philosophy used for that particular 
containment. While it is likely that various submodels representing different local containment 
failure modes may be applicable to a variety of containments of a given type, it is also true that 
the combination of failure mechanisms existing in a given contakment is unique. Thus, the 
reader is cautioned against reading any generic applicability into the fragility curves developed 
for any specific containment. 
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5.1 Fragility Curve Selected for DCH Evaluation 

The containment building is constructed of reinforced concrete and rests on an unexcavated 
bed of stiff, silty clay. There is a waterproof membrane beneath the bottom of, and outside of, 
the containment walls below grade. The inside of the structure is lined with steel plate to form 
a gas-tight barrier. The containment structure is designed for a leakage rate not to exceed one- 
tenth weight percent per day at the design pressure of 0.41 ma-abs (45 psig). 

The number of points at which the gas-tight liner is penetrated is limited in order to 
minimize the potential for leakage. The penetrations include: 

. 1. a personnel air lock, 
2. an equipment hatch, 
3. piping penetrations, 
4. electrical penetrations, and? 
5. the fuel transfer tube. 

All penetrations are leak-tight assemblies welded to the steel liner. 

The containment foundation mat is a 3-m (left) deep cylinder. The containment foundation 
mat, walls, and dome are heavily reinforced with steel bars (rebars) and other steel inserts. The 
rebars in the bottom part of the mat are placed in a grid pattern. The top part of the mat 
contains rebars laid in concentric circles with radial spokes. 

The containment cylinder wall has rebars placed in identical patterns near the inside and 
outside wall faces. Each pattern consists of vertical and horizontal members. The two patterns 
are connected by rebars inclined at 45" diagonal angles to resist seismic stresses. Set at 45" 
inclines near the base mat are she& assemblies to resist the loads associated with the 
containment pressurization resulting from a design basis accident (DBA). 

The containment dome is a hemisphere with an inside radius of 19.2 m (63 ft). Rebars are 
placed in a pattern of arced spokes extending in two layers from the center of the dome outward 
to connect with the rebars in the cylinder wall. The concrete dome is only 0.762 m (2.5 it) 
thick rather than 1.37 m (4.5 ft) thick as in the cylinder wall. 
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The liner completely envelops the interior of the concrete structure to form a gas-tight 
membrane. It is constructed of carbon steel. The liner is anchored at close intervals to the 
inside of the concrete structure for support and for transfer of loads. The anchors are designed 
so that failure will occur at the anchor and liner integrity will not be affected. The liner 
thichesses are as follows: 

1. 63.5 mm (0.25 in.) on the containment foundation mat, 
2. 69.8 mm (0.375 in.) on the cylinder wall, 
3. 127 mm (0.5 in.) on the dome, and 
4. 190 mm (0.75 in.) under the in-core instrumentation area and sump area. 

The containment fragility curve used for this study (Figure 5.1) is taken from the Surry IPE 
(Surry 1992), which in turn adopted the aggregate fragility curve from the NUREG-1150 study 
(Breeding et al. 1992). This curve reflects the most recent judgment of the licensee of the plant. 
As described by the licensee, the Surry IPE fragility was derived as follows. The Surry IPE 
fragility curve was based on the input of four experts (from Sandia National Laboratories, 
Anatech Research Corporation, United Engineering & Constructors, and Sargent & Lundy), who 
were asked to determine what distribution characterizes the failure pressure for static loading of 
the Surry containment and what conditional probabilities describe the failure modes at each 
pressure. The failure modes were determined by the break size assumed. A large hole or 
rupture was defined as an opening greater than 0.046 m2 (0.5 ft2) which resulted in containment 
depressurization in less than 2 hours. A small leak was anything smaller than 0.046 m2 (0.5 ft2). 
Finally, the failure mode of "catastrophic rupture," denoted CR, was considered; this implied 
the complete failure of a substantial portion of the containment pressure boundary, with possible 
disruption of the piping systems that penetrate the containment wall. (No similar gross structural 
failure was implied by the rupture failure mode.) Each expert worked independently, but had 
access to a variety of past reports and analyses as well as the containment drawings for Surry. 
The containment fragility curve based upon the three limiting failure modes and their associated 
uncertainties is shown in Figure 5.1. 

Three pressure rise cases were described in the original definition of the issue for the 
experts-: 

1. Pressure spike at vessel breach, 
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2. Late deflagration, and 
3. Late, gradual pressure rise. 

Typical rise times for cases 1 and 2 would be on the order of a few seconds. Typical rise times 
for case 3 would be on the order of an hour. While very high atmospheric temperatures might 
be observed for a fraction of a minute in case 1, the bulk temperature of the steel liner which 
forms the pressure boundary is not expected to exceed 300 to 350°F. 

5.2 References 

Breeding, R.J. et al. (1992). Evaluation of Severe Accident Risks: Quam$wtion of Major Input 
Parameters, NUREGKR-4551, SAND86-1309, Vol. 2, Rev. 1, Part 3, Sandia National 
Laboratories, Albuquerque, NM. 

Stewart, W.L. (1991). Probabilistic Risk Assessment of Surry Nuclear Power plant Units 1&2 
for Individual Plant &ams in response to Generic Letter 88-20, Suppl. I: Final Report, Vols. 
I-V, Virginia Electric and Power Company, NRC Docket #05000280 (Unit l), #05000281 
(Unit 2). 
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Table 5.1 Fragility of the Surry containment 
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Figure 5.1. Cumulative failure probabilities. 



6.0 RESULTS AND SENSITIVITIES 

6.1 Results 

Each scenario identified in Section 3, supplemented by the respective coherence ratio 
distribution as discussed in Section 4 and the fragility curve of Section 5, was run through the 
arithmetic defined by the probabilistic framework of Section 2 to produce probability 
distributions for the final hole size, coherence ratio, containment temperature, and containment 
pressure. Finally, the containment failure probability was computed. The calculations were 
carried out using the computer code TCE/LHS as listed in Appendix B of NUREG/CR-6075, 
Supplement 1 (Pilch et al. 1994b) with 200 samples. 

SCDAP/RELAPS calculations were performed (based on working group recommendations) 
to confirm the basic features of Scenarios VII and VIII. Three cases were run with 
SCDAPlRFLAP5 to represent the full spectrum of expected pump seal LOCAs: no leaks, 
250-gpm/pump7 and 480-gpm/pump. Appendix E presents these calculations in detail, and the 
results are summarized in Section 3.3. The key conclusion, however, is that hot leg failure is 
predicted to occur before core relocation for all SBLOCAs that proceed without operator 
intervention. Consequently, Scenarios VII and VIII are not further analyzed in this report. 

Table 6.1 provides a concise summary of where to find each of the calculated distributions 
and the range of the calculated parameter organized as lower bound (LB), best estimate (BE), 
and upper bound (VB). The distributions for hole size, coherence ratio, and containment 
temperature are provided so the reader can see firsthand the range over which these key 
intermediate parameters vary. No intersection of the load distribution with containment fragility 
is predicted; therefore, we conclude that probability of containment failure by DCH in the Surry 
plant is zero for the scenarios analyzed. 

Examination of the results led to the following observations: 

1. Scenario VI produces the higher load even though the RCS pressure is lower, because 
of a bigger hydrogen combustion contribution resulting from metals in the melt (simply 
because there is more melt). 
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2. The calculated final breach diameters are well within the scaled range used in the 
experiments. 

3. The debris interacts with only a fraction of the blowdown gas, as indicated by the 
coherence ratio. 

Scenario V is an operator intervention accident with features roughly similar to the TMI-II 
accident. The TMI-II accident differs from Scenario V in that fan coolers were operational so 
that there was essentially no steam in the reactor building (compared with -60 percent steam 
in Scenario V). To examine this scenario, we ran a TMI-like case with no steam in the 
containment atmosphere. We refer to this as Scenario Va, and the initial conditions are listed 
in Table 3.3. 

A hydrogen bum occurred at TMI-11 when the hydrogen concentration in the dome was 
-7.9 percent, which was above the local flammability limit of -4.0 percent. Consequently, 
we cannot guarantee an ignition source, which would bum off the hydrogen in the containment 
prior to the DCH event. Deflagrations, which contribute to peak containment pressure, are 
expected in this scenario because of the high hydrogen concentration and the low steam 
concentration in the atmosphere. The deflagration model developed in Appendix E (Pilch et al. 
1994b) adequately handles this situation. 

Figure 6.5 shows the results of Scenario Va with TMI-like containment conditions. The 
upper bound pressure is 0.580 MPa, which is below the threshold (-0.61 MPa) for Surry's 
containment fragility. The predicted pressure for TMI-like conditions is only slightly lower than 
for Scenario VI, which had much more steam in the building. This is because the increased 
pressures resulting from the deflagration in the TMI-like case are offset by the lower initial 
containment pressure. 

The operation of fan coolers was responsible for the low steam concentrations in the TMI-II 
atmosphere. The Surry IPE does not credit fan coolers in its containment analysis; however, 
some accident sequences leading to vessel failure will have containment sprays operational. 
Spray operation has the effect of reducing the steam concentration just like fan coolers while 
raising the question of whether it will significantly mitigate DCH loads. The following brief 
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discussion shows that heat transfer to containment sprays is not rate limited, but that not enough 
water is held in the atmosphere to significantly affect peak DCH loads. 

There are three separate containment spray systems at Suny which can supply a total of 1.1 
m3/s of water to the atmosphere with a Sauter mean diameter of 0.2 mm. At any given instant, 
the suspension of water in the atmosphere is given by 

where H ( -50 m) is the height of the building and Y (-20 m/s) is the vector sum of the 
terminal drop velocity ( -3  m/s) and the downward convective flow (- 17 m/s, Marx 1988) in 
the atmosphere induced by the spray operation. The transient time of a water drop in the 
atmosphere is - 2.5 s and the DCH time scale to peak pressure is - 5 s; consequently, we might 
reasonably assume that - 5  m3 (5 mt) of water can interact during the DCH event. Heating and 
vaporizing this amount of water represents an energy sink of -13.3xlCP J, which can be 
compared to 

VAP E -- -64x109~ 

added to the atmosphere by DCH (TCE model). Therefore, the potential energy sink afforded 
by the spray is only 20 percent of that necessary to quench the DCH event. Even then, water 
vaporization will add moles to the atmosphere so the potential impact of containment 
pressurization is less than 20 percent. 

The DCH energy is added to the containment over - 5 s so the rate is - 1 2 . 9 ~ 1 0 ~  J/s. At 
any given instant, there are N = VSPRAY/VDROP or -6.57~10" drops suspended in the 
atmosphere. TCE predicts a peak atmosphere temperature of - 1300 K (ignoring the spray) so 
heat transfer to the drops is dominated by radiation; consequently, the suspended water drops 
can absorb energy at the rate of 70x109 J/s, which is large compared with the energy addition 
rate that is due to DCH. Consequently, heat transfer to containment sprays is not rate limited. 
In summary, containment sprays represent a heat sink for ,DCH that might reduce loads only 
marginally. 
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The TCE model was used to quantify containment loads in our analyses. The CONTAIN 
code has attempted a more complete kinetic representation of DCH processes. Point calculations 
have been performed with the CONTAIN code for initial conditions selected near the upper end 
of our mass distributions. The calculations are documented in Appendix G and compared with 
predictions using the TCE model. 

The TCWCONTAIN comparisons are summarized in Table 6.2. The CONTAIN results 
(loads in particular) are comparable to or less than TCE results. The CONTAIN results for 
Scenario Va are noticeably lower than TCE predictions. This is because the containment 
temperatures are sufficiently high that CONTAIN’S more complete treatment of heat losses 
makes a noticeable difference. Recognizing modeling differences between TCE and CONTAIN, 
the comparison is significant because the different modeling approach represented by CONTAIN 
equally supports resolution of the DCH issue for Surry. 

The figure of merit for DCH resolution is based on a conditional (on core damage) 
containment failure probability. DCH is considered resolved if the CCFP is less than 0.1. The 
CCFP can be decomposed into the product of two probabilities: the probability (conditional on 
core damage) that the RCS pressure at vessel breach is high enough such that DCH cannot be 
precluded (Le., the probability of HPME), and the probability that DCH will fail containment 
given an HPME event. 

The resolution approach taken for Surry in the main body of this report and for Zion (Pilch 
et al. 1994a, b) is to define a small number of splinter scenarios that envelop the expected core 
melt progression behavior for the accident sequences with the potential for leading to HPME and 
DCH. However, we stop short of assigning probabilities to the various splinter scenarios. 
Consequently, this approach has focused solely on the probability that DCH will fail the 
containment given an HPME event. On this basis alone, the DCH issue is resolved for both 
Surry and Zion because there was no intersection of the load distribution and the fragility 
distribution. 

Resolution of the DCH issue, however, can be approached from a complimentary 
perspective that looks at the probability (conditional on core damage) of an HPME. If this 
probability is sufficiently small, then DCH can be resolved from the likelihood perspective 
without recourse to load or fragility evaluations. 
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DCH has been examined from this perspective for a limited number of sequences for Surry 
in Appendix F. PRA studies show that station blackout accidents dominate those core damage 
accidents that have the potential of leading to high-pressure melt ejection. Table 6.3 shows the 
probability of being in various pressure ranges for all station blackout accidents. The combined 
probability (for all station blackouts) that vessel breach will occur with the RCS exceeding 1.38 
MPa is -0.077. Consequently, the likelihood of HPME in Surry is low for those station 
blackout accidents without power recovery or operator intervention. For a short-term station 
blackout, there is a high likelihood that accident-induced failure of the surge line or hot leg will 
occur as energy is redistributed from the core region to the components by natural circulation. 
Uncertainties are larger for long-term station blackouts because we lack a fully integrated best- 
estimate calculation. Uncertainty estimates in these probabilities are beyond the scope of this 
effort. The likelihood of WME for accidents that proceed with power (e.g. , TMI-11) or proceed 
to vessel breach following kwer  recovery is also beyond the scope of the current effort. 

The DCH issue is not resolved solely on the basis of HPME probabilities; however, the 
trends clearly support resolution of this issue for Surry. It is likely that additional analyses could 
resolve DCH for Surry solely from the perspective of HPME probabilities. This is not 
necessary for Surry and we recommend that no further analyses be performed. However, when 
attempting to resolve DCH for other plants, it may be necessary to focus on HPME probabilities 
or combine HPME probabilities with containment failure (given HPME) probabilities to achieve 
adequate resolution. 

6.2 References 

Marx, KO. (1988). Analysis and Computer Simulation of Confined Ring Vortices Driven by 
Falling Sprays, Phys. Fluids, 31 (2), P. 263-277. 
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Table 6.1 Summary of results 

Fig. 6.1 

Distribution/Result 1 
0.407 LB 
0.440 BE 
0.469 UB 

Hole size (m) 

Coherence ratio Fig. 6.2 

Containment temperature (K) 

0.147 LB 
0.604 BE 
1.13 UB 

Containment pressure @Pa) 

Fig. 6.3 

Containment failure 

455 LB 
587 BE 
980 UB 

Scenario V 

Fig. 6.4 

Figure 
Location 

0.276 LB 
0.356 BE 
0.595 UB 

Fig. 6.1 

Fig. 6.2 

Fig. 6.3 

Fig. 6.4 

Range * 
0.405 LB 
0.420 BE 
0.438 UB 
0.07 LB 
0.259 BE 
0.503 UB 
420 LB 
488 BE 
582 UB 

0.294 LB 
0.341 BE 
0.408 UB 

0 

Scenario VI 

Figure 
Location 

* LB, lower bound (p = 0.01); BE, best estimate (p = 0.50); UB, upper bound 
@ = 0.99). 
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Table 6.2 Comparisoqof TCE and CONTAIN results 

~ 

Pam (Pa) 

Tam 6) 
H2 Produced (ks) 

Preexisting H2 burned on DCH time 
sfxle (kg) 

H2 burned on DCH time scale (kg) 

Carryover fraction (%) I 

I  scenario^ I scenariova I ScenariovI 

0.474 0.492 0.456 

686 1279 774 

101.40 101.40 120.69 

34.85 212.47 41.53 

136.25 313.87 162.22 

21.00% 21.00% 21.00% 

TCE Results I I I 

CONTAIN Results I '  1 

Tmu 6) 
Time at P,, (s) 

H2 Produced (kg) 

Preexisting H2 burned on DCH time 

H2 burned on DCH time scale (kg) 

sfxle (kg) 

Carryover fraction (%) 

palax (Pa) I 0.486 I 0.366 I 0.458 

689 1230 705 

5.4 8 6.8 

104.01 103.65 147.38 

39.39 205.78 43.39 

143.40 309.43 190.77 

19.58% 11.64% 20.02% 
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Table 6.3 HPME probabilities for Surry for all station blackout accidents 

Pressure Range, / Probability 

0.00500 
0.01490 
0.05678 
0.92332 

I System setpoint' (16 m a )  ' I  

High (6.89 - 16 MPa) 
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Low ( < 1.38 MPa) 

I 
I 

I i 
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Figure 6.5. Scenario V with TMI-like containment conditions. 

86 



7.0 CONCLUSIONS AND RECOMMENDATIONS 

The conclusions listed below are the result of insights from SCDAP/RELAPS and 
CONTAIN analyses and of analyses of splinter scenarios defined in working group meetings 
using the methodology previously developed in "REG/CR-6075. We recognize that there is 
some uncertainty in our understanding of in-vessel core melt progression and direct containment 
heating and in the tools used to model these phenomena; however, at this point, the analyses and 
conclusions in this report represent our current best estimate. 

1. 

2. 

3. 

4. 

5.  

Existing and new SCDAP/RELAPS were examined for a short-term station blackout 
scenario with no recovery or operator intervention with three different pump seal leak rates: 
(1) no leaks, (2) 250 gpm per pump, and (3) 480 gpm per pump. In all cases analyzed, the 
RCS depressurized to roughly containment pressure well before lower head failure. 

SCDAP/RELAPS analyses indicate that only a very small amount of metallic debris 
relocates to the lower plenum. In-core metallic blockages tend to stay in place, Le., they 
do not relocate to the lower plenum. The amount of metallics in the lower plenum at vessel 
breach predicted by SCDAP/RELAPS were -0.1 mt Zr, -5 mt lower plenum steel, and 
no upper plenum steel. 

The methodology developed in the Zion resolution effort for quantifying melt mass 
distributions was applied to Surry with Surry-specific input. SCDAP/RELAPS calculations 
were used to guide the development of the melt mass distributions. SCDAP/RELAPS 
predictions of Zr content in the melt were broadened to account for likely uncertainties in 
late-phase core melt progression. The melt mass distributions and melt compositions 
envelop SCDAP/RELAPS predictions for Surry. 

CONTAIN calculations using input from SCDAP/RELAPS for a 480-gpm/RCS pump case 
resulted in containment conditions (P -0.15 MPa) somewhat lower than those found for 
Zion, primarily because Surry is a subatmospheric plant. 

The new splinter scenarios defined in the working group meetings for Zion were analyzed 
for Surry using the methodology developed in NUREGICR-6075. There were no load-to- 
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6. 

7. 

strength intersections and, thus, the containment failure probabilities were zero for the 
scenarios analyzed. Therefore, the primary conclusion is that DCH is resolved for Surry. 

Point calculations of DCH loads have been performed with the CONTAIN code for initial 
conditions selected near the upper end of our mass distributions. The CONTAIN 
predictions of containment loads were comparable to or less than similar predictions using 
the TCE model. 

The probability of HPME is low for Surry. Consideration of uncertainties iq 
SCDAP/RELAPS analyses for station blackout accident (without power recovery or operator 
intervention) indicates that the probability of vessel failure with the RCS exceeding 1.38 

MPa (200 psi) is -0.077 for all station blackout accidents. 
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APPENDIX A 
Peer Review of NUREG/CR-6109 

NUREG/CR-6109 uses the methodology developed in NUREGKR-6075 and its supplement 
for the Zion nuclear power plant (NPP) to assess the direct containment heating (DCH) issue for 
the Surry NPP. The preliminary draft of NUREG/CR-6109 had a broader scope than the current 
version, and a different title: "Integrated Report on DCH Issue Resolution for PWRs." 
However, the initial peer review suggested that attempting to define an extrapolation 
methodology to resolve the DCH issue for all PWRs was premature. Consequently, the scope 
of NUREG/CR-6109 was redefined to be a second demonstration of the methodology (based on 
comparisons of containment loads with containment strength) developed in NUREG/CR-6075 
and its supplement. NUREGKR-6109 also explores DCH resolution from the perspective that 
high-pressure melt ejection events are unlikely. The current version of NUREG/CR-6109 
focuses specifically on the Surry NPP and does not directly propose any broad approach for 
extrapolation that could resolve the DCH issue for other NPPs. The first version of 
NUREG/CR-6109 was reviewed by a group of 13 experts who provided extensive comments. 
In the current version of NUREG/CR-6109, we have accounted for comments on the original 
version of NUREG/CR-6109 that pertained specifically to Surry and will address their comments 
on extrapolation in future reports; however, we have not provided a response to each comment 
as we did in NUREG/CR-6075 since many of the comments no longer apply to the new version 
of NUREG/CR-6109. 

This version of NUREG/CR-6109 was reviewed by six members of the working group on 
NUREG/CR-6075. Their comments are included here for completeness, and we have revised 
the report to address their concerns. 
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Fauske &i Associates, Inc. 

January20, 1995 

Dr. Mohsen Khatib-Rahbar 
Energy Research, Inc. 
61 10 Executive Boulevard, Suite 502 
Rockville, Maryland 20852 

Dear Mohsen: 

As requested, I have reviewed draft NUREG/CR-6109 entitled, "me Probability of Containment 
Failure by Direct Containment Heating in Suny". This report provides a logical extension of 
the peer reviewed approach used for the Zion reactor documented in NUREGKR-6075 and 
Supplement 1 of NUREGKR-6075. I frnd that the report is consistent application of the 
previous methodology and,is documented in a manner consistent with the previous approach. 
In addition, I find that the authors have been responsive to comments from the peer review 
committee with respect to dry scenarios and the potential for hot leg creep rupture, as well as 
for "wet scenarios" that could result from operator actions. 

I agree with the approach taken in the report and the conclusions presented. Furthermore, these 
conclusions have the support of a well controlled experimental program and the approach usd 
in this draft NUREG is consistent with the experimental program and the scaling methodologies 
laid out in the SASM process. Of course, there are some differences which have evolved from 
an improved understanding from additional studies with respect to hot leg creep rupture, the 
character of the molten mass as a result of the downward melt progression, etc. These 
differences are adequately discussed in the draft NUREG. 

. -  

I have reviewed this report as requested with the material from Appendices D and E missing. 
I have assumed that the results from these analyses are consistent with those performed for the 
Zion assessment and therefore have no surprises. Obviously these represent an important part 
of the justification for the fundamental conclusions in this study. Therefore, my acceptance of 
this draft NUREG is predicated upon the fact that these analyses that will be supplied in the final 
report and are consistent with the discussion in the report. Given the results of the Zion study, 
this is a logical extrapolation but the reviewers should be made aware of the character of 
analytical results before the final NUREG is printed. 

16W070 West 83rd Street 0 Burr Ridge, Illinois 60527 (708) 323-8750 
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Lastly, I have some minor comments that the authors should address in the final version. 

e Equation 4.1 on page 5 1 includes an 7 which is defined as "an efficiency 
that accounts for mitigation of DCH due to compartmentalization 
geometry of the containment.. . 'I. It should be clearly noted that this 7 is 
an efficiency of containment pressurization due to the combined processes 
of blowdown, net steam generation, heating of the atmosphere and 
hydrogen combustion. In other words, this is not an efficiency of DCH, 
or the mitigation of DCH by itself. Even if there was no potential for 
direct containment heating, this parameter would not be zero. 

Equation 4.6 on page 55 includes an r] which is defined as the fraction of 
combustion completeness. To avoid confusion for the different uses of 7, 
this value should be given a unique characterization, such as qcc. 

e In the middle of page 73 there is a reference to Appendix C discussing the 
results of SCDAP/RELAPS. I believe this should be Appendix E. 

e On page 75 there is a reference to Marx (1988). I do not find this 
reference at the end of this section. This should be added in the final 
version. 

Thank you for giving me the opportunity to review this important application of the issue 
resolution process for direct containment heating. I hope that my comments have been 
constructive and should there be any questions, please feel free to give me a call. 

Sincerely yours, 

Robert E. Henry 
Senior Vice President 

REH:jal 
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UNIVERSITY OF MARYLAND AT COLLEGE PARK 
RELIABILITY ENGINEERING 

MATERIALS AND NUCLEAR ENGINEERING 

January 16, 1995 
Dr. Mohsen Khatib-Rahbar 
Energy Research, Inc. 
P.O. Box 2034 
Rockville, MD 20847 

Dear Dr. Khatib-Rahbar: 

I have completed my review of NUREGCR-6109. I have concluded that the authors 
have adequately considered and addressed important points related to the Surrey 
DCH issue. Accordingly, I concur with the conclusion of the report that suggests 
closure of the DCH issue for the Surry plant. 

In reviewing NUREGKR-6109, I have generated some comments and corrections for 
improving the report. I have listed them below: 

General Comment: 

This report addresses two distinct and somewhat disjoint probabilistic approaches: one 
to estimate the probability of DCH given HPME, and another to assess the probability 
of HPME given a core damage. While the Surry DCH issue may be resolved based on 
the probability of DCH alone, the report also calculates the conditional probability of 
HPME. However, the report fails to discuss how these two probabilities should be 
used together for the plants that cannot be resolved based on one of these 
probabilities. As it stands in this report, discussions about HPME probability (e.g., 
Appendix F) are superfluous and should be eliminated. However, if the purpose is to 
provide an example of a resolution based on both probabilities when applied to other 
plants, then it is important to discuss the integration of these two probabilities. 

page 3 (3rd Paragraph): 

I don't recall that the 0.1 "figure of merit" being used in NUREG/CR-6075. Anyhow, the 
figure of merit does not play a role in Zion and Surry closures. However, it deserves a 
more careful evaluation, especially if it is playing a role in the DCH resolution of other 
plants (or plant categories). I disagree with the statement that this figure of merit is 
consistent with the NRC safety goals. A value of 0.01 is more consistent (based on 

BUILDING 090 COLLEGE PARK, MARYLAND 20742-2115 (301) 4544951 FAX # 001) 454-4741 
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the 1 O4 per year for core damage probability and the 1 O4 per year for catastrophic 
containment failure and environmental release). 

page 40-50 (Figures 3.4, 3.6, 3.7, 3.9, 3.10): 

In my reviews of NUREGKR-7075, I suggested using a PDF instead of a DPD. This 
allows a better visualization of the relative frequencies. In these figures, besides the 
DPD form, a cumulative probability distribution function (CPDF) is also shown. This is 
another way of displaying the relative frequencies, but I believe PDFs are superior for 
this purpose. 

Appendix F 

In this appendix prcbability of HPFviE is based or, the NUREG-I 5 50 data. However, 
the fragility data for containment failure are taken from Surry IPE. Since the results of 
the internal sequences in NUREG-I150 and IPE are different (e.g., in NUREG-1150, 
station blackout constitutes 67.5% of the total core damage frequency, whereas in IPE 
this is 42.8%), it makes sense to use the IPE results for calculating the probability of 
HPME. 

Tables F.1 and F.2: 

Mean frequency values of LOCAs for NUREG-I 150 results are inconsistent in these 
two tables. 

Table F.6 and Figure F.6 

The data shown in this table includes all sequences in the event tree of Figure F.6, 
but excluding the first event in the tree (Le., it excludes "Type of Station Blackout'' 
event). To make them consistent, and to easily calculate the probability of 0.077 from 
this tree, I suggest the authors quantify the event tree in Figure F.6 by including all of 
the events in the tree. 

Figure F.6 

I suggest changing the second event "RCS Failure Before Core Damage" to "Stuck 
Open PORV or Pump Leak Before Core Damage". This makes this event consistent 
with the next event in the tree. 

Figure F.6 

While the discussions provided in the text of Appendix F covers the SCDAP/RELAPS 
calculations for some discrete RCS seal leaks, it fails to address why the two leak 
rates of 250 gpm and 480 gpm covers all ranges of leaks. Also, from a probabilistic 
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view point, the leak rate is a continuous random variable, and its probability cab be 
found for "ranges" of leak rates as opposed to exact leak rates. For example, it is 
possible to have a probability for leak rates of 250 gpm and below, or 250-480 gpm, 
but a probability for exactly 250 gpm or 480 gpm may not exist. 

In conclusion, I would like commend the authors of NUREG/CR-6109 for their work 
and their cooperation with peer reviewers. Please don't hesitate to call me at 
(301)405-5226, if there are any questions. 

Sincerely yours, 
I 

1 h L . L  . A "  ,/! .>{,&J<r-vr- 

Mohammad Modarres 
Professor of Nuclear 
Engineering 
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PURDUE UNIVERSITY 

SCHOOL OF NUCLEAR ENGINEERING 
January 19, 1995 

Dr. M. Wayne Hodges, Director 
Division of Systems Research 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

Dear DK. Hodges: 

Subject: Comments on Draft NUREGKR-6109, "The Probability of Containment 
Failure by Direct Containment Heating in Surry" 

The Surry Nuclear Power Plant has basically similar DCH characteristics as the Zion 
Nuclear Power Plant. Based on this observation, the methodology developed in 
NUREG/CR-6075 for the analysis of the Zion NPP was applied to the Surry NPP by 
SNL. As indicated in my earlier comments on NUREG/CR-6075 and its supplement, 
this methodology and the TCE model are sound when they are applied to a containment 
geometry with a significant subcompartment structures and a moderate vessel break size 
(5 40 cm). The DCH initial conditions were chosen based on the expert recommenda- 
tions and SCDAFYRELAPS sample calculations. These initial conditions used in 
m E G / C R - 6 1 0 9  are within the bound of the model limitations, therefore, the results 
and conclusions have similar validity as those for the Zion NPP. 

The Appendix E is missing from the report at this time. Therefore, the input from the 
SCDAPRELAPS calculations and the uncertainty of the initial conditions cannot be 
evaluated in detail. However, it appears that SCDAP/RELAl?S calculations are con- 
sistent with the expert recommendations. 

In Section 6, the probability distributions of the hole size, coherency ratio and others 
are given. The authors stated that the arithmetic defined by the probabilistic framework 
of Section 2 lead to these results. However, this process has not been clearly demon- 
strated. For example, in the case of the hole size, there should be some mechanistic pred- 
iction of the rupture break size and its uncertainty or range due to the difference in melt 
progression. Before performing the arithmetic, these predictions should be clearly stated 
with references such that we can distinguish between what we can predict and what we 
are estimating. 

Sincerely , 

M. Ishii 
Professor of Nuclear Engineering 

MVks 1200 NUCLEAR ENGINEERING BUILDING WEST LAFAYETTE. IN 47907-1290 
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CALIFORNIA I NSTITUTE OF TECHNOLOGY 
PASADENA, CALIFORNIA 9 1 125 

GUGGENHEIM AERONAUTICAL Mail Stop: 105-50 
LABORATORY Telephone: 818 395 3283 

Fax: 8 18 449 2677 
E-mail: jeshep@galcit.caltech.edu 

February 3,1995 

M. Wayne Hodges 
Division of Systems Research 
Office of Nuclear Regulatory Research 
U. S. Nuclear Regulatory Commission 
Washington, DC 20555-0001 

RE: Review of "REG/CR-6109 

Dear Mr Hodges: 

I have examined this report, "The Probability of Containment Failure by Direct 
Containment Heating in Suny" although I have not yet been sent Appendix D. I have 
paid particular attention to the those aspects of the report that deal with the mechanisms 
of mixing and combustion, since I feel most qualified to discuss those issues. 

Substantial effort has already been expended on reviewing the previous report 
NUREG/CR-6075 which covers many of the generic DCH issues in addition to the 
specifics for Zion. It appears that the lessons learned fiom that exercise have been 
incorporated into the present report. By and large, there are no surprises and the 
outcome of this exercise are consistent with findings for &ion. 7' 

Several notable points: 

1. Experimentation on the Suny geometry is much more limited than for the Zion 
configuration. 

2. Most experiments have apparently been carried out without the in-core instrument 
guide tubes or associated support structures. It is not clear how this has been factored 
into the analysis of the flow areas and percentage of debris as summarized on pp. 55-57 
and pp. B-4 and B-5. Does the quoted minimum tunnel flow area (p. 57) of 6.4 m2 
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include the obstructions or not? In addition, how is the flow restriction of the seal table 
and the steel hatch incorporated into the flow area analysis? 

This is an important issue since a key element the TCE model (and indeed in any control 
volume model which specifies the flow paths) is the trapping of debris in the 
subcompartment connected to the reactor cavity. As discussed in several places (e.g., p. 
B-5), the debris can also pass through the annular gap directly into the upper dome of the 
containment, bypassing the subcompartment. The flow losses due to the potential area 
restrictions, seal table, steel hatch and guide tubes are clearly the key issue in determining 
the fraction of material dispersed through the two paths. 

In the HIPS-1 OS tests, the guide tube and support structure models were forcibly ejected 
(p. B-5). How is this result used and is it reasonable to extrapolate it to reactor scale? 
The implication is that the guide tubes and supports will always be ejected under DCH 
conditions. Is there a threshold RCS pressure at which this is expected to always occur 
and if so, will this result in a qualitative change in the DCH process that could affect the 
conclusions of this report? 

3. Hydrogen combustion is a key factor in determining the peak overpressure. Despite 
the conflicting experimental results on ignition and combustion during DCH, all of the 
experiments and simulations indicate that the peak overpressures do not pose a threat to 
the containment since %e load curves do not intersect the fragility curve". I think that 
this conclusion is correct although I do not believe that all of the conclusions on p. 54 and 
55 are supported by the experimental data and analyses on hydrogen combustion that 
have been carried out over the last 15 years. 

In conclusion 3 of p. 54, I do not understand Eqn (4.6) or the blanket statement that 
"Flame propagation is difficult to achieve in a stratified containment atmosphere". What 
is the physical basis for this conclusion and what sort of stratification (density, 
compositional or both) and ignition sources are being considered here? 

Conclusion 6 of p. 55 states that combustion initiated by hot gases is too slow because it 
is mixing limited and the mixing is slow. I think that this is inccrrect since the hot gases 
are likely to be in the form of burning jet of hydrogedsteddebris as observed visually 
in many of the SNL experiments. Such a jet is an extremely efficient ignition source of a 
very large and distributed nature. If a flammable mixture preexist; in the containment, 
only a small fraction of the atmosphere has to be mixed into the jct for ignition to take 
place and a propagating flame (deflagration) to occur. This type of behavior has been 
observed in jet ignition experiments at RPI. 

Regarding the relative magnitude of the combustion and heat transfer time scales, this is a 
very sensitive function of the pre-existing hydrogen concentration. Almost all of the 
previous considerations on DCH have focused on mixtures with high concentrations of 
steam (50%) and very lean hydrogen concentrations (less than 4 %). But at somewhat 
higher concentrations and lower amounts of steam, hydrogen combustion can apparently 
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l€VY & RSSOCIRT€S 
3880 5. 6mcorn Rve., Suite 112 

San Jose, CR 951 24 
408136916500 

FRX 408l369-8720 

Dr. Richard Lee 
Accident Evaluation Branch 
Office of Nuclear Regulatory Research 
Nuclear Regulatory Commission 
Washington, D.C. 20555-001 

Dear Richard: 

I have reviewed the proposed corrections to NUREGKR-6 109 in response to the 
comments in my letter of January 16,1995 to M. Wayne Hodges of NRC and I find the 
revisions to be generally responsive. 

Sincerely Yours, 

Salomon Levy 
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January 16, 1995 

M. Wayne Hodges, Director 
Division of Systems Research 
Office of Nuclear Regulatory Research 
Nuclear Regulatory Commission 
Washington, D. C. 20555-001 

Dear Mr. Hodges: 

As per your request of December 14, 1994, I have reviewed NUREGKR-6109, “The 
Probability of Containment Failure by Direct Containment Heating in Surry ”. My 
comments which follow, were prepared without Appendices D and E and may have to be 
supplemented after their receipt: 

I. NUREGKR-6109 makes a good case that DCH is not an issue for Surry by 
showing that the DCH calculated loads are below the containment strength capability. 
This finding is strengthened further by establishing a relatively low probability for high 
pressure in the pressure vessel at the time of vessel breach. 

2. NUREGKR-6109 is well written and several of the appendices are useful in 
explaining and supporting the conclusions. 

3. In my view, quantification of initial conditions remains the issue with the most 
uncertainties in the resolution of DCH. The primary reason is the lack of information and 
validated models to predict core melt progression particularly in the latter stages of a 
severe accident. In spite of my participation in the peer comments and subsequent 
working group for NUREGKR-6075, I was surprised to find that my review of 
NUREGKR-6109 identified two new concerns in initial conditions which may deserve 
comments, if not evaluations in NUREG/CR-6109. 

0 Table 3.4 shows that the sceiiarios employed in Ntl~G/CR-6109 assume 
no control rod material (CRM) in the molten material at vessel breach while both 
SASM (NUREG/CR-5809) and SCDAPRELAPS, Case 5 include 2 to 2.7 metric 
tons of CRM. While there is a consensus that the control rod materials will melt 
first, it is apparent that in SCDAP/RELAP5 the molten CRM materials reach the 
bottom of the vessel while in NUREGKR-6109 they are presumed to be trapped 
in the crust at the bottom of the reactor core. Because a definite selection among 
these two approaches is difficult at this time, it is recommended that sensitivity 
studies be performed with 50 percent and 100 percent of the CRM materials 
added to the molten corium in the bottom of the reactor vessel. 
0 SASM (NUREG/CR-5809) highlighted the presence of solids in the 
corium material at the bottom of the vessel. hNUREG/CR-6109, about 50 



percent of the corium is presumed to be solid and to not participate in the ejected 
materials. Also, i t  should be noted that in Appendix B of NUREGKR-6109 no 
test with ejection of a solid-liquid mixture was ever carried out and it is not clear 
that some solids will not be entrained with the liquid melt during ejection from the 
vessel. Such solids could contribute to the energy transported to the containment 
if they are in the form of small particles. Additional comments about this 
possibility should be provided in NUREGKR-6109. Reasons should be given for 
the neglect of solid materials or a prescribed fraction of the solids included in the 
calculations. 

4. Uncertainties continue to prevail in the last stages of melt progression, particularly 
just before the failure of the reactor vessel. The following are typical examples: 

0 In NUREG/CR-6 109 the outer most row of fuel assemblies is assumed to 
not participate in the ejected material and that presumption is applied to all 
scenzrios. -4s noted in NUREGKR-6109, some of those outer most assemblies 
underwent melting in the SCDAP-RELAPS evaluations (see page 28) and on page 
F-6 it is noted that "core damage progression is coupled to the natural circulation 
flow patterns" and these patterns are known to be influenced by the ballooning of 
the fuel rod cladding and the downwards movement of molten core materials. It is 
suggested that particularly in dry core scenario cases, a fraction of the outermost 
fuel assemblies be incorporated in the melt. 
0 Another uncertainty area is whether there will be significant relocation of 
metallic blockages in any of the scenarios considered. Present SCDAP-RELAPS 
calculations do not predict any remelt of the metallic blockages but that result is 
not surprising because of the assumptions embedded in the SCDAP-RELAPS 
molten pool model at the bottom of the reactor vessel. On page 15, it is noted that 
this is due to inefficient heat transfer between the molten debris and the overlying 
water because of an oxidic crust separating them. On the same page, it is repofled 
that the bottom molten pool contains 3 to 4 metric tons of stainless steel. 
However, the possibility of this molten steel rising to the top of the pool is not 
considered. As it rises, the molten steel will interfere with the formation of an 
oxidic crust to :eparate the water from the debris and it will reach the water while 
being considerably superheated and above the melting temperature of the molten 
oxides. This could lead to much faster heat transfer to the water and possibly high 
radiation from the top of the pool to <ne metallic blockages. (The MP-2 
experiment is cited on page 22 to support that downward failure of an oxidic 
crucible is unlikely. However, that crucible test was not subjected to radiation 
from below as well as heat generation from above). I continue to suggest 
sensitivity studies with respect to the content of metallic in the melt. It was 
disappointing that in the sensitivity of parameters on Zion DCH loads (letter of 
11/2/94 from M. W. Hodges to S. Levy), the metallic content was not varied 
because it may have the greatest impact on DCH loads. 

5. The probability for high pressure in the pressure vessel at the time of vessel breach 
was obtained from only station blackout scenarios in NUREGKR-6109. Yet, in 
Appendix F, several other scenarios are listed which might lead to high pressure ejection, 
e. g. ATWS and SGTRs, and they need to be considered or their contribution estimated if 
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such probability methodology is to be used to support increased loadings beyond those 
reported in the Surry plant. 

6.  In Appendix B, the occurrence of steam-explosions in the cavity tests is noted. It is 
necessary to ascertain that if such steam explosions occur in the plants that they will not 
destroy the cavities and allow-an increased amount of ejected molten material to enter the 
dome directly. 

revisited and so does the statement on page 15 that "the likelihood of HPME events with 
operator intervention is outside the scope of this work" 

resolved issue for the Surry plant but to insure defendable extrapolation of NUREGKR- 
6 109 methodology to other plants. 

7. The size of the hole assigned to a local rupture of the lower head needs to be 

I hope that these comments are helpful. They are not meant to imply that DCH is not a 

Sincerely yours, 

Salomon h h  Levy 
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M. Wayne Hodges, Director 
Division of Systems Research 
Office of Nuclear Regulatory Research 
Washington, D.C. 20555-0001 

January 13, 1995 

Dear Dr. Hodges, 

I have reviewed the revised draft of NUREG-CR-6109, !!The 
Probability of Containment Failure by Direct Containment 
Heating in Surryltt by M. M. Pilch, et. al. 

It is my opinion that the report provides information which 
is sufficient to resolve the GCH issue fo r  the Suriy, plant. 
I support the steps described in showing that the loads 
and containment strength distributions have no intersections. 

The authors of the report have done an outstanding job of 
communicating the fundamental aspects of DCH phenomena and 
accident scenarios. The level of understandability should 
make it possible for both new and older workers in the field 
to realize the depth of technology which it contains, and on 
which its conclusions are based. 

The use of existing experimental work, computational models, 
and supportable engineering judgements provide a convincing 
process for closing the issue of DCH in Surry. Moreover, 
applicable peer review wisdom, obtained from the Zion DCH 
resolution, is incorporated in the Surry study. The overall 
result is a consistent argument which appears credible from 
multiple viewpoints. 

Even though additional technical opinions could lead to some 
shifting of probability distributions and causal 
relationships, I think that the authors have been careful to 
employ conservative bounding limits where arguments may still 
exist. That le&s me to believe that eve2 2s asre DCH 
phenomenological and system understanding is gained, 
refinements in the study described will not change the 
conclusions reached for the Surry DCH issue. 

Yours truly, 

F. J. Xoody 
GE Nuclear Energy 
Mail Code 747 
175 Curtner Avenue 
San Jose, CA 95125 

(408) 925-6434 phone 
2790 fax 

cc. Dr. Richard Lee 
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APPENDIX B 
Summary of DCH Experiments and Insights 

B.W. Spencer, Argonne National Laboratory 
M. Pilch and M.D. Allen, Sandia National Laboratories 

The experiment database for DCH has been accumulating since the early 1980s. Work in 
the United States has been sponsored by the Nuclear Safety Analysis Center (NSAC), Electric 
Power Re-ch Institute (EPRI), and particularly by the Nuclear Regulatory Commission 

(NRC). Essentially all the work performed to date has been conducted in the United States. 
Some work has been performed in the United Kingdom in support of Sizewell B licensing. 

The experimental work performed to date falls into two major categories: 

Essentially isothermal tests with low-temperature, simulant material, in which the 
objectives have been primarily to gain insights about the hydrodynamic aspects of the 
various phenomena associated with DCH, and 

Tests involving use of high-temperature core melt simulants, particularly iron-alumina- 
based thermites and U02/Zr02/Zr/stainless steel melts, addressing separate effects as 
well as the integral effects of DCH processes. 

The experiment programs have provided insights regarding DCH phenomena and have 
supported development of physical models of DCH-related processes. Such models have been 
developed for stand-alone purposes, for adaptation into computer codes such as CONTAIN, and 
for use in scaling methodologies. The severe accident scaling methodology (SASM) study 
(Technical Program Group 1991) focused attention on the possibility of a direct scaleup of DCH 
integral-effects tests if the conduct of those tests is based on applicable scaling laws, Le., based 
on a knowledge of the dominant physical mechanisms and scaling approach to preserve those 
mechanisms. With such an approach, the results of integral, well-scaled DCH tests could be 
directly scaled up to the reactor system, offering a complementary" approach to reliance on 
computer codes for the scaleup. 

The SASM scaling approach recognized the difficulty of scaling up DCH because of the 
many processes involved in multiple regions of the nuclear power plant (NPP). In particular, 
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they recognized a need to distinguish physical phenomena relevant to DCH occurring in four 
separate regions of the NPP, namely: 

The reactor Dressure vessel, containing corium melt on the vessel lower head plus steam and 
hydrogen, and possibly water, at elevated pressure; 

The reactor cavitv region beneath the vessel where, upon breach of the vessel lower head, 
the corium melt is ejected, spreads, and momentarily collects on the floor; vessel blowdown 
ensues as the breach clears of liquid, and the core materials become entrained and dispersed 
from the cavity by the high-velocity steam blowdown; 

The subcompartment region at the basement level of the containment where the ejected 
corium melt is initially dispersed and may largely collect; and 

The dome region of the containment where the ejected corium plume may penetrate if not 
intercepted by the subcompartment structures. 

In general, the simulant material tests have examined the DCH phenomena primarily in the 
reactor cavity and subcompartment regions, whereas nonisothermal separate-effects tests and 
integral-effects tests have examined phenomena in all the regions in scaled experiments. The 
remainder of this section is organized roughly around DCH phenomena by region, followed by 
a discussion of integral experiments. 

DCH experimental programs have concentrated on a limited number of NPP configurations 
(principally Zion and Suny). Simulant-material work addressing cavity interactions has been 
performed for Sizewell B (Macbeth and Trenberth 1987; Macbeth et al. 1988), Grand Gulf 
boiling water reactor (BWR) (Spencer et al. 1984), and a combustion engineering (CE) plant 
without bottom head penetrations (Sharon et al. 1992). 

B.l Melt Ejection Stage 

Experiments have been performed in which the melt simulant initially resided at the bottom 
of a pressurized vessel, then was ejected into a scaled cavity. These melt ejection tests have 
revealed the following: 
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@ectionjlow regime: The melt is typically ejected through the breach by expansion of the 
overlying pressurized gas. Initially, the melt flows out predominantly as a single-phase 
liquid. Subsequently, the melt depth decreases so that the depression in its surface above 
the opening causes “punchthrough” (Pilch and Griffith 1992) of the overlying gas. Hence 
a period of combined melt and gas two-phase ejection ensues. Eventually the melt is largely 
depleted and a single-phase gas blowdown follows until pressure equilibration between the 
vessel and the containment atmosphere is reached. This three-stage melt ejection process 
has been observed using both low-temperature simulants (Spencer et al. 1983a) and high- 
temperature melts (Spencer et al. 1987; Pilch and Tarbell 1985). 

0 Breach enlargement: During the melt ejection process, the high-velocity melt ablates the 
sides of the vessel breach, causing it to enlarge (Pilch et al. 1994). This enlargement of the 
opening has O C C U K ~  during tests with high-temperature melts (Pilch and Tarbell 1985) 
unless it was spifically precluded by apparatus design (Spencer et al. 1987). The vessel 
blowdown occurs following the melt ejection-induced enlargement, and therefore occurs 
through the final breach size rather than the initial size. The approach in recent 
experimental programs (Pilch and Allen 1991) has been to design the apparatus to preclude 
breach enlargement (since it is difficult to control), and to use a hole size based on the final 
ablated size (from analyses). This approach is consistent with the SASM recommendations. 

Eflervescence: Early melt ejection tests using iron-alumina thermite were performed using 
different inert gases to see if the selection of gas played any role (Tarbell et al. 1983). 
Gases were selected for their high calculated solubility (NJ versus low solubility (COJ in 
the melt. Photographs of the ejected melt stream showed that the stream driven by the 
soluble N2 gas largely atomized as it exited the pressure vessel, which is attributed to 
effervescence, whereas the stream driven by low-solubility C02 remained largely intact. A 
steam-hydrogen mixture was expected to behave more like the soluble N2 gas. 

B.2 Cavity Interactions 

Debris dispersal from the reactor cavity has been the focus of many programs since the Zion 
Probabilistic Safety Study (ZPSS 1981). Analyses (Spencer et al. 1982, 1983a) showed that the 
threshold for dispersal from the Zion reactor cavity is reasonably predicted by the Kutateladze 
criterion proposed in the Zion Probabilistic Safety Study. IDCOR (Fauske and Associates 1985) 
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categorized existing cavity geometries into 14 classes and provided a subjective assessment of 
the dispersive or nondispersive qualities of each class. The IDCOR notion that cavity geometry 
influences debris dispersal has been confirmed only partially by more recent experiments. 
Separate-effect experiments using low-temperature simulant fluids in the Zion, Surry, and Watts 
Bar geometry ("LItu et al. 1988a; 1988b; Tutu and Ginsberg 1990; Tutu 1990), in the Sizewell 
B geometry (Macbeth and Trenberth 1987; Macbeth et al. 1988; Rose 1987), and in Korean 
designs (Chun et al. 1991; Kim et al. 1992), all show that cavity geometry is important only at 
low RCS pressures where dispersal is incomplete. However, correlations proposed by those 
authors and independent correlations (Technical Program Group 1991) based on some of the 
Same data suggest that debris dispersal is nearly complete at reactor scale for RCS pressures in 
excess of about 4 MPa, regardless of the cavity geometry. Typical dispersal fractions of greater 
than 60 percent have been observed in recent large-scale integral-effects DCH experiments at 
Sandia National Laboratories (SNL) (Allen et al. 1992c, 1992d, 1992e, 1992f, 1992g, 1992h) 
and smaller scale counterparts at Argonne National Laboratory (ANL) (Binder et al. 1992a, 
1992b, 1992c, 1992d, 1992e, 19920. Henry et al. (1991) analyzed the dispersal process and 
concluded that only a portion of the dispersed material is finely fragmented, with the remaining 
material pushed from the cavity as a film. Henry's predictions have been confirmed by recent 
separate-effects tests conducted at Purdue (Ishii et al. 1993) using water as a simulant for molten 
core material. 

Experiments by Macbeth et al. (1988) suggest that the fraction of melt swept from the cavity 
is independent of physical scale. Correlations by Tutu and Ginsberg (1990) for the Zion and 
Surry cavities mased on 1/42 scale experiments conducted at Brookhaven National Laboratory 
(BNL) and unpublished 1/10 scale experiments conducted at (SNL)] suggest that the extent of 
dispersal is nearly independent of physical scale. The correlations of Levy (Technical Program 
Group 1991) based on the same data suggest that dispersal increases with physical scale. Other 
experiments (Kim et al. 1992; Binder et al. 1992c) also show that the extent of dispersal is 
nearly independent of physical scale. More recently, the large-scale (1/40) experiments at ANL 
(Binder et al. 1992a, 1992b, 1992~' 1992d, 1992e, 19920 show that the extent of melt dispersal 
is independent of physical scale. 

The annular gap around the reactor pressure vessel (REV) is a potentially important pathway 
for debris dispersal. Debris dispersed from the cavity through this pathway enters the upper 
dome of the containment, where DCH processes are most efficient. The HIPS-8C experiment 
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(Pilch et al. 1988) demonstrated that significant debris can be dispersed through the annular gap 
(Zion-like geometry) when insulation and nozzles are not present. More prototypic experiments 
(Blanchat et al. 1994) have been conducted with nozzles and insulation in the gap. A closer look 
at all these data (Pilch et al. 1994) indicates that the fraction of debris dispersed through the gap 
is given by 

where Aa and A, are the minimum flow areas in the annular gap and the instrument tunnel, 
respectively . 

Reactor cavities normally exist so in-core instrument guide tubes can have access to the 
lower head of the RPV. Most dispersal experiments have been conducted without these 
structures in the cavity. Rose (1987) found that modeling the guide tubes and their supports 
dramatically reduced dispersal of low-temperature simulant fluids from a model of the Sizewell 
B cavity. The support structures are much more massive in the Sizewell reactor than mical 
U.S. reactors. Allen et al. (1990) found that the guide tubes and their supports were forcibly 
ejected from a model of the Surry cavity during the dispersal process. The distinguishing feature 
here is that a high-temperature melt cut the supports free from the anchors in the floor of the 
cavity (by ablation). 

k 

In summary, it appears that no cavity design can be considered retentive at the high RCS 
pressures of interest. Significant mitigation of DCH cannot be found in current cavity designs 
or the structures typically found in reactor cavities. 

I 

B.3 Subcompartment Region 

Early low-temperature visualization tests were performed at 1:40 scale of the Zion NPP to 
address the likely disposition of debris ejected from the cavity (Spencer et al. 1983~). These 
tests revealed that the dispersed plume was largely intercepted by seal table structures. Fifty to 
70 percent of the dispersed mass was retained in the subcompartment volume in the immediate 
vicinity of the seal table. Most of the rest of the debris was dispersed onto the basement floor, 
and only a few percent escaped to the region above the subcompartments. Hence it became an 
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important feature of integral tests to model this subcompartment geometry because of the 
potential it had to limit the plume transport to the dome. 

High-temperature melt ejection tests were performed specifically to examine the effect of 
the plume path length on energy transfer. The limited flight path (LFP) tests were performed 
in the Surtsey facility at 1 : lO scale (Allen et al. 1991b) with steam as the driving gas. In these 
tests, containment compartmentalization was crudely simulated by placing a simple concrete slab 
above the cavity exit. This slab divided the vessel into a subcompartment and upper dome 
region. The key finding was that the DCH heating and metal-steam reactions were almost 
entirely limited to the cavity and subcompartment regions and did not involve the "dome" region 
above the concrete slab. Hence the importance of compartment geometry was reaffirmed by 
these tests as well as the new importance of cavity interactions (oxidation heat source-hydrogen 
generation). These early findings have been confirmed in more recent experiments conducted 
with fully prototypic models of the Zion or Surry subcompartment structures (Allen et al. 1992c, 
1992d, 1992e, 1992f, 1992g, 1992h, 1993, 1994a; Binder et al. 1992a, 1992b, 1992c, 1992d, 
1992e, 1992f; Henry et al. 1991; Blanchat et al. 1994). 

In all accident scenarios, water will be present on the subcompartment floor and may also 
spill into the cavity for some scenarios in some plants. Experiments have been conducted to 
address the role that water may play in DCH. Experiments show that water on the 
subcompartment floor has an insignificant impact on DCH loads, although meldwater 
interactions on the floor may continue to produce hydrogen, but on a time scale too long to 
contribute to peak DCH loads. A small amount of water in the cavity, from steam condensation, 
for example, is a trivial heat sink for the corium and will have negligible effect on DCH loads. 
If the water depth becomes of the order of half the tunnel height or greater, however, then its 
presence is significant because of the potential for enhanced quenching of corium and because 
of the potential for steam explosions. 

Caution should be observed, however, when extrapolating experiment observations of steam 
explosion phenomena to plant scale because steam explosions are potentially sensitive to melt 
composition and physical scale. An exhaustive treatment of steam explosion phenomena has not 
been the focus of the DCH program. We note that many plants have cavities that are excavated 
from the soil and bedrock beneath the plant foundation (e.g., Zion). Excavated cavities are not 
easily damaged by steam explosions. Surry, however, is one of several plants that have cavity 
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walls built up from the basement floor. Such cavities typically have a design pressure of - 1.5 
MPa. Energetic steam explosions will likely fail the cavity walls and disperse debris into the 
basement where the debris cannot participate significantly in DCH. Steam explosions in the 
cavity have the potential to damage structures in the vicinity of the cavity exit; however, most 
plants would require damage to multiple structures before significant new debris transport to the 
dome is possible. 

Isothermal visualization tests have revealed that the corium stream channels through the 
depth of water onto the floor, where it spreads (Spencer et al. 1983b). A water slug involving 
the mass of water initially present in the tunnel is then accelerated out the tunnel and shaft. 
After the slug is ejected, the vigorous entrainment and dispersal process in the cavity involves 
both the water and the core debris (i.e., they are essentially coentrained and codispersed). In 
tests with high-temperature simulants, water was found to increase the debris fraction dispersed 
(Spencer et al. 1983b), which is presumably due to a combination of quenching, augmented 
steam flow, and liquid dynamic pressure. Tests performed at 1:20 scale with iron-alumina 
thermite produced steam explosions. These pressurization events destroyed the cavity models 
(Tarbell et al. 1991). However, no attempt was made to match the structural strength of the 
prototypes. Tests performed at lirge scale (1:lO) but with relatively little water in the cavity 
indicated there was little difference in debris dispersal or containment pressure increase, but that 
slightly more hydrogen was generated when water was present (Allen et al. 1992a). 

Tests performed at 1:30 scale using UO,/ZrO,/stainless steel corium simulant did not 
produce steam explosions, although the transient cavity pressure was very high during the cavity 
clearing time (Spcncer et al. 1988). Tests with water in the cavity have typically shown 
increased hydrogen production (especially when inert blowdown gas was used); similar or 
somewhat less DCH pressurization compared with the dry case (steam generation substitutes for 
atmosphere heatup); and have resulted in a lower atmosphere temperature. In the CWTI tests 
using appreciable cavity water, the temperature of the atmosphere remained at saturation, such 
that the DCH heating-related pressurization load was transformed to a melt quench-steam 
generation pressurization load, Le., "steam spike" (Spencer et al. 1988). A similar conclusion 
was drawn from SNL/IET-8B (Allen et al. 1993), which used prototypic 1: lO linear scale 
structures of Zion and a cavity one-half full of water. 

' I  



B.4 Integral-Effects Tests 

DCH experiments have been conducted at SNL and ANL and by Fauske and Associates 
(FAI). Of interest here are experiments employing high-temperature chemically reactive melts, 
driven under pressure into a simulated reactor cavity, with the whole system confined in a vessel 
so that containment pressure could be measured. A brief survey of these experiments is 
presented in Table B. 1. Experiments have been conducted at four different physical scales, with 
two different cavity designs, with and without subcompartment structures, with reactive and 
nonreactive blowdown gases, and with reactive and nonreactive atmospheres. 

B.4.1 SNLDCH Tests 

Four DCH-series tests were performed in the Surtsey facility (1: 10 linear scale) (Tarbell et 
al. 1987, 1988; Allen et al. 1991a). They addressed the effects of melt mass, plume disruption, 
and air versus inert atmosphere. The corium melt simulant was Fe/Al,O, thermite with a mass 
scaled to 65 percent of the total core mass in Zion. However, energy was scaled to -100 
percent of the core. There was no water or steam in any of these tests. The melt generator- 
cavity assembly was inside the Surtsey vessel and there were no subcompartment structures. 
The gas used to drive the melt was nitrogen. 

Results showed containment pressurization ranging from 0.10 to 0.22 MPa for the four tests. 
The lowest pressure was attained with a reduced melt mass. The highest pressure was attained 
when the debris-gas plume was ejected onto the side of the vessel, apparently enhancing its 
breakup and energy exchange with the atmosphere. Cavity sweepout in these tests ranged from 
52 to 97 percent of the ejected melt. Oxidation of the iron ranged from 35 to 100 percent. The 
use of an inert atmosphere in DCH-4 did not significantly lessen the pressurization since the 
lower available energy was apparently compensated for by the smal!er specific heat of the argon 
gas compared with the air atmosphere. 

B.4.2 ANLCWTI Tests 

Five CWTI-DCH tests were performed in the COREXIT facility (1:30 linear scale) (Spencer 
et al. 1988). These tests addressed the effects of subcompartment structures, presence of water 
(in the cavity and on the subcompartment floor), and air versus inert atmosphere. The tests 
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featured the use of a reactor material corium [60% UO,, 16% ZrO,, 24% SSt (stainless steel)], 
and a melt mass that scales to -70 percent of the Zion core mass. However, the scaled energy 
is equivalent to -60 percent of the core energy. The orifice size was scaled to 38- or 76-cm 
penetration failures. The initial driving pressure was -5 MPa of argon gas. The containment 
atmosphere was air or argon at 0.1 MPa absolute. The cavity was constructed of steel (rather 
than concrete as in the SNL DCH tests); the use of steel promoted retention of debris in the 
cavity through a crust. 

The results showed containment atmosphere pressurization ranging from 0.12 to 0.42 MPa. 
Corium sweepout ranged from 9 to 61 percent. The lowest pressure was attained in two tests 
that employed the subcompartment structure and no water in the cavity. In both of these cases, 
the peak pressure rise was 0.12 MPa, despite the fact that one was performed in an inert 
atmosphere and the other in an air atmosphere. A hydrogen bum occurred in the latter test from 
hydrogen produced by reactions between metal and water on the subcompartment floor. The 
two tests with water resulted,in the highest system pressure rises. The water essentially filled 
the cavities in these tests up to the top of the horizontal tunnel. These two tests produced 
considerable hydrogen generation amounting to 77-79 percent complete oxidation. Interestingly, 
the containment atmosphere remained at water saturation temperature for these tests, indicating 
the energy had gone into generating steam rather than heating the atmosphere. 

The largest heating of the atmosphere occurred for the test with water in neither the cavity 
nor the subcompartment structure. The pressure rise peaked at 0.22 MPa despite the fact that 
only 9 percent of the melt mass was swept from the cavity. With this small plume and no 
structure, the energy transfer to the atmosphere was very effective, as was oxidation in air (67 
percent oxidation). 

These tests showed the large oxidation possible with steam present, the possibility of 
hydrogen combustion without steam inerting, the importance of subcompartment structures to 
lessen pressurization, and the role of cavity water in preventing atmosphere heatup and rendering 
DCH a "steam spike." 



B.4.3 SNL/ANL Counterpart IET-Zion Tests and the ANL U Tests 

A series of counterpart tests (SNL/ANL ET) has been performed under nominally identical 
conditions and an identical scaling approach, differing only in physical scale (Allen et al. 1994a; 
Binder et al. 1994). The purpose was to assess the successfulness of the scaling approach 
insofar as it correctly permitted scaleup of test results between 1:40 and 1: 10 scales. These tests 
utilized the Zion NPP geometry. 

The corium melt simulant was Fe/Al20, thermite doped with about 10 wt. % Cr to increase 
the release of oxidation energy. When they were adjusted to scale, the melt masses were 34 
percent of the total core mass in Zion. However, the scaled energy is equivalent to 43 percent 
of the core energy. Steam was used to drive the melt dispersal in these tests. The initial steam 

pressure was spif ied to be 6.2 MPa to correspond to a pump seal LOCA initiated by a station 
blackout sequence. The RPV volume was adjusted to give a vessel blowdown that was to scale. 
The orifice size was scaled to a final, ablated hole diameter of 40 cm in the RPV lower head. 
A very small amount of water was on the cavity floor, representing steam condensate, but it had 
essentially no influence on the tests. The initial pressure of the containment atmosphere was 0.2 
MPa absolute. Its composition was the key variable for the three counterpart tests. 

The first counterpart tests were performed with an inert (nitrogen) atmosphere. The 
measured peak dome pressure rises were 0.11 and 0.15 MPa for l : lO,  and 1:40 scale 
respectively. The metal oxidation was 100 percent of A1 and Cr and 10 percent of iron. The 
second counterpart tests were performed with 1 atm air plus 1 atm nitrogen atmosphere. The 
peak pressure rises were higher, measuring 0.25 and 0.19 MPa, respectively for the 1: lO and 
1:40 scale facilities. Metal oxidation corresponded to 100 percent A1 and Cr plus 21 percent 
Fe. Test visualization showed a bum occurring as the corium plume exited the cavity. The 
third counterpart tests were performed with an airhitrogen atmosphere plus initial hydrogen 
corresponding to - 50 percent in-vessel zircaloy oxidation. It amounted to - 2 vol. % hydrogen 
in the containment atmosphere. The peak pressure rises were 0.28 and 0.25 MPa, respectively, 
for the 1 : lO  and 1:40 scale tests. It was deduced that the early-time hydrogen generation 
involved in the bum at the cavity exit was about the same as the previous test, and that 
additional long-term oxidation occurred after the DCH processes were completed. The final 
metal oxidation corresponds to 100 percent A1 and Cr and 26 percent of the iron. Also, it was 

B-10 



deduced that the preexisting hydrogen played essentially no role since all the burning occurred 
in the plume as it left the cavity. 

In general, these counterpart tests show that scale has practically no effect on pressurization ' 

when only debris-gas heat transfer and oxidation are involved. When hydrogen burning is 
significant, there is some increase with scale. This independence of scale may be explained by 
the dominant role of heat transfer and chemical interaction processes occurring in the cavity. 
Test measurements indicated that the gas temperature had increased to nearly that of the debris 
at the exit of the cavity. Moreover, gas sampling indicated that hydrogen made up 30-60 vol. % 
of the noncondensible gases at the cavity exit, indicating a large amount of oxidation in the 
cavity. Hence, a major portion of the DCH load is attributable to thermal and chemical 
interaction in the cavity which appears to be essentially insensitive to scale over the range of 
counterpart scales employed. 

Test results also showed that debris dispersion was very similar for the two scales. In all 
cases, >90 percent of available melt was ejected from the vessel into the cavity. The percent 
sweepout from the cavity ranged from 70 to 80 percent at 1:40 scale and from 60 to 80 percent 
at 1 : lO  scale. Essentially all the sweptout debris was retained in the subcompartments. Only 
4-18 percent reached the dome region at 1:40 scale versus 9-14 percent at 1:lO scale. 
Representative particle sizes were 0.4-1.0 mm at 1:40 scale versus 0.4-1.7 mm at 1:lO scale. 

Other tests in the IET.series demonstrated that using CO, in the initial atmosphere (0.05 
MPa air, 0.15 MPa C02 at 1: lO scale) prevented hydrogen from burning, and that small 
amounts of water on the subcompartment floor had little impact on DCH loads (1:lO scale). 

The ANL U tests were run as a counterpart to the ANL IET tests. The ANL U tests 
employed a fully prototypic uranium-based melt instead of the more commonly used Fe/Al2O, 
thermite. The efficiency of DCH interactions was found to be insensitive to differences in melt 
composition. 

B.4.4 SNL TDS Tests 

The technology development tests crr>S)  were performed by SNL to perfect experimental 
techniques employing steam as a driving gas for high-pressure melt ejection (Allen et al. 1994b). 
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Seven tests were conducted with 1: 10 scale mockups of the Suny cavity. Tests were conducted 
in the Surtsey facility without any attempt to model subcompartment structures. 

The efficiency of DCH processes showed a weak dependence on the initial atmosphere 
pressures in the range of 0.09 - 0.23 m a .  Measurements of hydrogen production during the 
DCH event are particularly useful because the atmosphere was inert, the prototypic melt 
simulants were ejected by steam driving gas, and there was no water in the system. 

B.4.5 SNLLFP Tests 

The SNL LFP tests were conducted in the Surtsey facility and included a 1: 10 scale mockup 
of the Suny reactor cavity (Allen et al. 1991b). The distinguishing feature here is that 
containment compartmentalization was approximated by placing. a simple concrete slab over the 
cavity exit. The slab divided the Surtsey vessel into an upper dome and a subcompartment. 
Flow paths around the edge of the slab allowed subcompartment gases to freely communicate 
with the dome, but most of the debris dispersed from the cavity was trapped beneath the slab. 

The concrete slab was placed at distances of 1 m, 2 m, and 8 m above the cavity exit in 
various tests. The 8 m position represented an essentially open Surtsey vessel without any 
intervening subcompartment structure.' DCH interactions were most efficient in this open 
geometry. The efficiency of DCH interactions was not strongly dependent on variations in slab 
positions between 1 m and 2 m. These tests provided experimental evidence that DCH 
interactions were largely dominated by cavity phenomena and that subcompartment mitigation 
of DCH loads was important. 

The tests were conducted with RPV holes equivalent to sizes between 0.4 m and 0.8 m at 
full scale. DCH loads were found to be very weakly dependent on hole sizes over this range. 

B.4.6 SNLWC Tests 

The SNL water cavity (WC) tests were conducted by SNL in the Surtsey facility and 
included a 1:lO scale mockup of the Zion reactor cavity (Allen et al. 1992a, 1992b). 
Subcompartment structures were not modeled. Counterpart experiments (WC-1 and WC-2) were 
conducted with and without small levels of water in the cavity. DCH loads were insensitive to 
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the addition of condensate levels of water in the cavity and some additional hydrogen was 
produced. Additional counterpart experiments (WC-1 and WC-3) showed that DCH loads were 
insensitive to variations in RPV hole size over the range 0.4 m to 1.0 m full-scale equivalent, 
although some additional hydrogen was produced with the larger hole. 

B.4.7 SNL IET-SURTY Tests 

These tests were conducted by SNL in the 1:5.75 scale containment technology test facility 
(Blanchat et al. 1994). Scaled Surry cavity and subcompartment structures were modeled. Tests 
were conducted with fully prototypic air-steam-hydrogen atmospheres. DCH-produced hydrogen 
burned as a jet when it vented to the upper dome. Autoignition (Le., sudden volumetric 
combustion of all preexisting hydrogen in the containment atmosphere) was not observed despite 
a measured (bulk) dome temperature of 1100 K. However, hydrogen combustion over a longer 
time scale was observed. One proposed. explanation (Pilch et al. 1994) for the lack of 
autoignition is that stratification and separation of hot combustion products (from burning jet) 
and the preexisting atmosphere prevented combustion on the time scale of peak containment 
pressurization. Enhanced pressurization in SNL ET-11 was attributed to significant debris 
dispersal through an annular gap around the RPV, which was simulated in this test, and to 
enhanced hydrogen combustion. 

B.4.8 FAX DCH Tests 

These tests were conducted in a 1:20 scale Zion geometry (Henry et al. 1991). Iron 
thermite at a temperature of about 2400 K was used to represent the core debris. The tests were 
performed with grossly overscaled melt mass to account for the greater propensity for debris to 
freeze on structure walls in scaled experiments. 

Four experiments comprised the test matrix. The first three were performed with nitrogen 
and the fourth with steam as the pressurizing medium. The experiments included tests with a 
dry reactor cavity, a thin layer of water (- 1 cm) in the cavity, and half-filled cavity. Water 
was on the simulated lower compartment floor for all tests. 

The mitigative nature of subcompartment structures was clearly demonstrated in the 
experiments. Virtually no direct heating of the atmosphere was seen in the tests (less than 3 

B-13 



percent efficient). The major pressurization mechanism observed was rapid steam generation 
from dynamic interactions between the molten debris and water within the reactor cavity and on 
the lower compartment floor. 

B.5 SeparateEffects Tests 

DCH separate-effects tests have been conducted at Purdue University to study the detailed 
mechanisms of debris entrainment in a reactor cavity and of trapping in a subcompartment (Ishii 
et al. 1993). The separate-effects tests are carefully designed simulation experiments using 
water-air and woods metal-air in a 1/10 linear scale model of the Zion-like geometry. Water 
or woods metal is used to simulate molten core material and air is used to simulate steam in a 
high-pressure melt ejection (HPME) event. The combination of water-air and woods metal-air 
as working fluid gives a unique database over broad parametric ranges that can be used with the 
integral-effects test (SNL/ANL) results to develop reliable mechanistic models and correlations 
for debris transport in the cavity and subcompartment and into the containment upper dome 
which could be used by CONTAIN. 

The choice of the 1/10 linear scale model for the cavity and subcompartment was based on 
two considerations. The first was the relation of the prototype scale of the existing standard 
database for liquid entrainment and droplet size. Since most of the annular flow data were taken 
in a system having a hydraulic diameter around 2 to 3 cm, the scale ratio to the prototype is 
about 1/10.  The present 1/10 linear scale model increases the scale ratio by a factor of 10. 
The property scale base can be significantly broadened by using water as well as the woods 
metal, which has hydrodynamic properties very similar to those of molten corium. When the 
existing models are improved by the use of these data, the scaling reliability will increase 
significantly. The second consideration is a scale relation to the integral-test database. The 
most extensive integral-test data were obtained by SNL in the l/l0-scale Surtsey facility. Thus, 
using the same linear scale, the separate-effect results can be compared directly with those for 
the integral tests. 

The air-water simulation experiments have been completed. Experiments performed 
included break flow that was scaled to a final ablated hole diameter of 0.35 m in the reactor 
pressure vessel lower head. The liquid film transport mechanism, entrainment process and 
subcompartment trapping mechanism have been measured by hot film probes, resistivity-based 
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film thickness probes, pitot tubes, isokinetic droplet sampling probes, and several pressure 
transducers. It was observed that the entrainment process was rather rapid (-0.2) and about 
half of the liquid that remained in the cavity at the time of gas blowdown was entrained as small 
droplets. The rest of the liquid was transported out as a liquid film. Prior to the gas discharge, 
about 15 percent of the liquid came out by its own inertia. Thus, approximately 46 percent of 
the liquid became droplets in the cavity. The volume median droplet size was in the range of 
0.2 to 0.6 mm, depending on the location and time. Approximately 3 percent of the water 
discharged into the cavity was transported to the upper dome section through the seal table room 
holes and exhaust holes. If heat transfer and chemical effects are taken into account, the fraction 
transported to the upper dome section is comparable to those observed in the SNL IET-1R test 
(Allen et al. 1992~). The rest of the liquid was initially deflected into horizontal directions by 
the bottom of the seal table room. The impingement and flow diversion into the horizontal plane 
was very effective in trapping the liquid in the subcompartment. After this impingement and 
flow diversion, smaller droplets were lifted up by the continuous gas flow and carried over to 
the dome section. However, this process was limited to very small droplets. Most of the liquid 
subsequently fell on the floor of the subcompartment and formed a thick film. 
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Table B.l Survey of DCH-relevant experiments 

Experiment Series Number Nominal Cavity Water 
of Tests Scale Type 

SNL/DCH 
(Tarbell et al. 1987, 1988; 

Allen et al. 1991a) 

1: 10 

1: 10 

1: 10 

sNL/TDs 
(Allen et al. 1994b) 

Zion 

suw 

surry SNL/LFP 
(Allen et al. 1991b) 

1: 10 

SNLIWC 
(Allen et al., 1992a, 19926) 

Zion SNL/IET-Zion 
(Allen et al. 1992c, 1992d, 

1992e, 1992f, 1992g, 1992h, 
1993a, 1994a) 

FAI/DCH 
(Henry et al. 1991) 

SNL/IET-Surry 
(Blanchat et al. 1994) 

4 1:20 Zion Basement 
Cavity/Basement 

ANL/CWTI 
(Spencer et al. 1987) 

4 

7 

6 

3 

9 

3 

5 

1:5.75 

1:30 Zion- 
like 

None 

None 

None 
Cavitv 

Cavity 
Cavity/Basement 

None 
Cavity/Basement 

Cavity/Basement 

ANL/IET 
(Binder et al. 1992a, 1992b, 
1992c. 19924. 1992e. 19920 

6 None 
Cavity 

ANL/U I 3 I 1:40 I Zion I None 
(Binder et al. 1993a, 1993b) 
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Table B.l (continued) Survey of DCH-relevant experiments 

I I 

' Driving Melt Mass 

I W a )  
Pressure o<g) 

SNLIDCH 

SNLITDS 

20, 80 

3.7 - 4.0 t 2.5 -3.6 50, 80 SNLILFP 

SNLIWC 

Experiment 
Series 

)I SNLIIET I H,O 
Zion 

Driving 
Gas 

1 ANLIU H20 

FelA1203/Cr 

uo,/zlQ/ss 
Fe/Al2O3ICr 

0.07 - 
0.098 

0.13 

0.01 1 

U021ZrlZr021SS 0.01 1 

3.8 - 4.6 I 50 

FAUDCH I N2, H20 I 2.4-3.2 20 

5.9 - 7.1 

FelA1203 I 0.025 

43 
I 

158 

4.7 - 5.0 4.1 

5.7 - 6.7 0.72. 0.82 

3.0 - 6.0 1.13 

Melt Composition 

I 
I 

FeIALOKr 0.04 - 0.09 

FeIAl2O3lCr I 0.04 - 0.10 

FelA120,/Cr I 0.04 



Table B.l (continued) Survey of DCH-relevant experiments 
I I I I 

Experiment 
Series 

Containment Annular Atmosphere 
Pressure Gap Around Composition 
W a )  RPV 

Containment 
Structures 

SNL/DCH 

sNL/TDs 
0.08 no Air, Ar Open Containment 

0.09 -0.23 no Air, Ar Open Containment 

SNL/LFP Compartmentalized 
by Slab 

0.16 no Al- 

SNLNC I 0.16 

sNLmT Zion I 
no Ar Essentially Open 

0.2 
no 

N2, N2/Air, 
N2/Air/H2, 

SNL/IET 
surry 

Zion 
Subcompartment 

Structures C02/Air/H2 

0.13-0.19 no Air/H20/H2 

insulation 
partial 

surry 
Subcompartment 

Structures 

0.2 

0.2 

ANLKWTI I 
N2, N2/Air, 

no N2/Air/H2, 
H20/Air/H2 

no N2/Air/H2 

I 
I Ar 

0.1 I no Cornpartmentalized 
by Baffle 

Zion 
Subcompartment 

Structures 

Zion 
Subcompartment 

Structures 

FAI/DCH 0.1 no N2 Zion (Like) 
Subcompartment 

Structures 
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APPENDIX C 
Tools for Quantification of DCH Containment Loads 

Kenneth D. Bergeron and Martin M. Pilch 
Sandia National Laboratories 

This section summarizes NRC-sponsored analytical tools and calculational methodologies 
for quantifying containment loads in DCH events. The complex phenomena of containment 
pressurization during a DCH event have resulted in the development of a variety of containment 
analysis tools. These methodologies quantify containment loads by representing DCH at various 
levels of detail, ranging from simple adiabatic equilibrium methods to modeling the physics 
associated with individual droplets. The tools used to calculate DCH loads are listed in Table 
C. 1, which indicates the intended application and several pertinent references for each tool. 
This appendix gives a brief description of each of the codes that can be used to calculate DCH 
loads. Each section has a description of the basic approach taken in the code to model DCH. 
The references in Table C. 1 give more complete information. 

In the DCH resolution process, it is anticipated that the two-cell equilibrium (TCE) model 
will be the workhorse tool used to compute DCH loads because it is simple, fast running, and 
has been well validated against an extensive experimental database. If more detailed calculations 
are required, it is anticipated that CONTAIN, the NRC's best-estimate code for containment 
analyses, will be used. 

C.l Two-Cell Equilibrium Model 

The TCE model is an extension of early single-cell equilibrium models to account for the 
major effects of containment compartmentalization, which airborne debris from mixing 
efficiently with the entire atmosphere by confining the bulk of the debris to the subcompartment 
of the containment. Processes contributing to DCH loads include RCS blowdown, oxidation of 
the metallic components of debris with steam, the exchange of debris thermal energy with the 
blowdown gases or the containment atmosphere and the combustion of DCH-produced hydrogen 
and some hydrogen preexisting in the containment atmosphere prior to vessel failure. 

The TCE model divides the containment into two compartments: one for the cavity and 
subcompartments and one for the containment upper dome. DCH-governing phenomena (debris- 
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gas heat transfer and debris oxidation) are assumed to proceed independently to equilibrium in 
the two volumes. Therefore, the calculated loads are ,equal to the sum of the energy given up 
in the two compartments. The debris ejected from the RPV and dispersed from the cavity is 
partitioned between the subcompartment and dome to account for flow paths where the debris 
is carried to the containment upper dome without interacting significantly with the 
subcompartment, e.g., through the RPV annular gap. Debris dispersed into the subcompartment 
equilibrates predominantly with blowdown steam that is coherent with the dispersal process, 
while debris dispersed to the dome equilibrates predominantly with the dome atmosphere. 

DCH-produced hydrogen can bum as a hot hydrogen jet as it vents to the upper dome. 
Preexisting hydrogen in the containment atmosphere can bum as a deflagration (if the 
appropriate conditions exist) or as an autoignition event if DCH heats the atmosphere 
sufficiently. The energy released from possible deflagrations contributes to enhanced DCM loads 
only if the combustion rate exceeds the heat transfer rate to structures. 

TCE avoids predicting overly conservative loads by taking into account mitigating processes. 
This includes (1) accounting for the limited amount of hydrogen combustion that occurs on DCH 
time scales, (2) confining most of the debris dispersed from the cavity to the subcompartment, 
and (3) limiting the amount of water and blowdown steam participating in DCH (called the 
coherence ratio). The TCE model provides models for the coherence ratio, the fraction of debris 
transported to the dome, and the extent of hydrogen combustion on DCH time scales. 

Calculations of loads in DCH experiments with the TCE model have been very encouraging 
(Pilch et al. 1994) (see Figure C. 1). These validation results, together with the simplicity of use 
of the TCE model, have resulted in the selection of this model as the workhorse analytical tool 
in applying the DCH resolution process to the Zion and Surry plants. 

C.2 Convection-Cited Containment Heating (CLCH) Model 

The CLCH model takes an approach to quantifying DCH loads similar to that taken by the 
TCE model. Like TCE, the CLCH model divides the containment into two compartments, and 
treats the phenomena governing DCH loading in these compartments independently. The major 
feature mitigating DCH loads is the implicit assumption that debris is quickly trapped in the 
subcompartment. CLCH considers a flow process in which the melt comes to thermal and 
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chemical equilibrium as it becomes entrained and swept out of the cavity by the portion of the 
blowdown steam that is coherent with the dispersal process. This rate-limiting process is similar 
to the coherent steam argument of the TCE. DCH-produced hydrogen is assumed to transport 
to the dome, where it bums as a diffusion flame. Combustion of preexisting hydrogen can occur 
as an autoignition event if DCH heats the dome sufficiently. Heat losses to structures are not 
considered. 

C.3 CONTAINCode 

The CONTAIN code (Murata et al., 1989) has for many years played an important role in 
a variety of the NRC's programs addressing DCH. The earliest studies (Bergeron et al. , 1986, 
Williams et al. 1987) combined CONTAIN'S mechanistic models for gas flow and heat transfer 
between the atmosphere and structures with rather simplistic and parametric treatments of DCH 
phenomena. As the research program has yielded' better understanding, the models in 
CONTAIN have been improved, generally becoming more mechanistic. However, key 
phenomena remain uncertain, and as a result, the current version of CONTAIN (Le., the one 
used in Appendix G of this report) offers the analyst a variety of modeling options for the most 
uncertain phenomena. A brief review of the evolution of CONTAIN DCXmodels is provided 
in the introduction to Appendix G, along with a comparison of models and calculations betkeen 
CONTAIN and TCE. A detailed discussion of the CONTAIN DCH models is provided in 
Washington (1994). Here only the basic concepts are summarized. 

CONTAIN allows the analyst to subdivide the containment into any number of nodes or 
cells, each of which consists of a well-mixed repository of gases (the atmosphere) as well a 
number of solid heat transfer structures which exchange heat with the atmosphere through an 
appropriate array-of heat transfer correlations. The cell atmospheres are arranged in a user- 
specified network of flow paths which allow pressure-driven gas flow. Cells can also contain a 

. 

liquid pool, and the user can specify flow paths between pools as well (though this option is 
seldom used for DCH calculations). When conditions in the cell atmospheres satisfy certain 
criteria, combustion of hydrogen can occur, either as a global deflagration or as a diffusion 
flame at the entrance to a cell. 

The key element of DCH calculations is to treat the suspended molten debris as a field of 
uniformly dispersed particles in the atmosphere, transferring heat through appropriate heat 
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transfer correlations and reacting chemically with oxygen and steam in the atmosphere, with 
corresponding mass transfer correlations. Debris is injected into the atmosphere via user- 
specified, time-dependent tables, which may specify a number of different debris particle sizes. 
Debris in the atmosphere can flow from one cell to another, with the debris velocity relative to 
the gas flow velocity controlled by user-specified slip factors. 

Debris is removed from the atmosphere by trapping models, a variety of which are provided 
for the user's choice. The high degree of uncertainty in phenomena involving deentrainment of 
molten debris particles from the atmosphere is reflected in the range of user-selected models. 
The most simple of these is a user-specified residence time. A slightly less arbitrary option is 
the gravitational fall time (GFT) model, which sets the residence time equal to the time such a 
particle would take to fall the height of the cell. Another simple model is the time-of-first- 
impact (TFI) trapping model, which is based on the concept that the debris is deentrained on the 
first heat transfer structure it encounters on entering the cell. For situations in which 
reentrainment is an important process, another model is available that combines a time-of-flight 
ballistic treatment with a reentrainment model based on a Kutateladze correlation for entrainment 
of liquid films into a shear gas flow (this option is abbreviated TOF-KU). 

Chemical reactions in the atmosphere and the particles are very important to DCH, and are 
also subject to significant uncertainties. As with trapping, CONTAIN offers a range of 
modeling options, allowing the user to explore the effects of different assumptions within the 
range of physical uncertainties. The rate of oxidation of metallic debris species by either steam 
or oxygen in the atmosphere is limited by both droplet-side and gas-side diffusion at the surface 
of debris particles. Another option allows the user to specify that the debris can mediate the 
recombination of hydrogen and oxygen in the atmosphere, even when conditions are not 
appropriate for bulk combustion. Finally, these chemical interactions are not limited to airborne 
debris, since there may be considerable exposure of the surface area of trapped or pooled molten 
debris to atmospheric gases or blowdown steam. Again, the user specifies the extent of these 
interactions through input to the code. 

The wide variety of modeling options that are available to the user is valuable to the analyst 
wishing to explore the full range of uncertainty in phenomena. However, considerable 
experience has been obtained through sensitivity studies and comparison of the code against 
experiments (e.g., see Figure C-2). Out of this experience has evolved a "CONTAIN DCH 
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analysis methodology" that embodies a much narrower range of code options, such as specific 
model choices and parameters that have been found to give good agreement with experiments 
(Williams et al., 1994). This methodology is discussed in more detail in Appendix G. 
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Table C.1 Summary of major NRC-developed DCH analysis methodologies and codes 

Intended Applications DCH Analysis 
Methodologies/Codes 

ModeKode References Analysis References 
~~ 

DHEAT2 Bound loads 

Bound loads 
Scaling 

1 -Cell Equilibrium 

(Williams 199 1) 

(Pilch 1992a) (Pilch 1992a) 

2-Cell 
- Equilibrium' 
- Kinetic 

Approximate loads 
Parametric sensitivity 

Experiment analysis 
Phenomenon sensitivity 

Convection Limited 
Containment 
Heating' 

(Summers 1995) (Summers 1995) 
(Kmetyk 1993) 
(Kmetyk 1994) 

("arbell et al. 1988) 
(Marx 1989) 

(Marx 1989) 
(Sweet et al. 1991) 

CONTAIN 
- 1.12 W/ CORDE 
- 1.12 Multifield' 
- 1.2 TBD' 

MELCOR' 

KIVA-DCH 

Approximate loads 
Scaling 
Experiment analysis 
Extrapolation 

(Pilch 1992b) 
(Pilch et al. 1994) 

(Pilch et al. 1994) 

Approximate loads 
Experiment analysis 
Extrawlation 

(Pilch et al. 1994) 
(Theofanous and Yan 1993) 

(Pilch et al. 1994) 
(Theofanous and Yan 1993) 

Best-estimate loads 
Experiment analysis 
Extrapolation 
Phenomenon sensitivity 

(Pilch and Griffith 1992) 
(Bergeron et al. 1986) 

(Washington and Griffith 1990) 
(Murata 1992) 

(Gido et al. 1992) 
(Washington) 

(Bergeron et al. 1986) 
(Williams et al. 1987) 

(Williams and Louie 1988) 
(Williams and Gregory 1990) 

(Gido et al. 1991) 
(Williams 1992) 

'Currently active code available to support resolution of the DCH issue. 
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APPENDIX D 
CONTAIN Calculations and Hydrogen 

Combustion Analyses for the Surry Plant 

Eden L. Tadios and Douglas W. Stamps 
Sandia National Laboratories 

D.l Introduction 

A case of a postulated station blackout in the Surry nuclear power plant was investigated 
with the CONTAIN, Version 1.12AB (CONTAIN, 1993) code using liquid water, steam and 
noncondensible (hydrogen and nitrogen) sources obtained from Idaho National Engineering 
Laboratory (INEL) (Quick and Knudson 1995, Appendix E). The SCDAP/RELAPS (SR5) code 
was used to predict the source rates. The scenario (Case 1) simulates the sequence of events 
after the loss of all AC power in the Surry PWR (pressurized water reactor). The sequence of 
events for the SR5 calculations is summarized in Table D.l. 

In the postulated scenario, gases and liquid are released from two power operated relief 
valves (PORVs), a hot leg failure, and seal leaks from all three reactor coolant pumps (RCPs). 
RCP seal leaks are associated with the loss of seal cooling water flow that would accompany the 
loss of AC power. The initial seal leaks were introduced at the time the reactor scrammed. To 
simulate failures that could develop with two-phase flow across the seal faces, the seal leak rates 
were increased from 21 gpm to 480 gpm per RCP when saturated conditions were reached at 
the RCPs. Details of the postulated accident are discussed in Appendix E. 

Sources (liquid water, steam, hydrogen and nitrogen) from the PORV are released to the 
pressure relief tank room, and the hot leg break and RCP seal leaks release the gases and liquid 
into the steam generator room (SGR). From each source location, with some exceptions, the 
discharge consists of liquid water, steam, hydrogen and nitrogen (nitrogen originates from the 
accumulator). No noncondensible gases are released from the PORV. . 

The objective of the CONTAIN calculations are to provide initial conditions at vessel failure 
(defined at 36705 seconds in the SR5 calculations) for the DCH Issue resolution and to provide 
insight into the potential of hydrogen combustion within the containment. 



D.2 Nodalization and Initial Conditions 

For the present analysis, an existing Surry plant model (Williams, 1988) was used as a 
starting point. The model nodalized the containment into 17 cells as shown in Figure D.l. 
Cells that are not in the plane of view or have been combined with another cell (e.g. Cell 9) are 
not shown in Figure D. 1 The containment dome, which includes the operating decks, is defined 
as Cell 1. Cell 2 represents the reactor pressure vessel (RPV), which is inactive in the present 
calculations and is treated as a dummy cell. The crane wall annulus is composed of Cells 3 and 
12. The upper part of the annulus is subdivided into Cells 10 and 13, while Cells 11 and 14 
make up the lower volume of the annulus. The cavity and instrument tunnel volumes are 
represented by Cell 4, while the containment basement is modeled as Cell 5. The steam 
generator room is nodalized into three computational cells: Cells 6, 7 and 17. The pressure 
relief tank room where the PORV sources are released is modeled as Cell 8. Cell 9 previously 
represented the instrument room, but its volume is now included in Cell 4. Although Cells 2 
and 9 are left intact (purely for convenience) in the input data, these cells are decoupled from 
the code calculations in the present analysis. Cells 15 and 16 model the pressurizer cubicle and 
the residual heat removal cubicle, respectively. The nodalization is summarized in Table D.2. 
With the exception of the dummy cells (Cells 2 and 9), the remaining cells in the containment 
have the same initial conditions and are listed in Table D.3 (Williams, 1988). 

D.3 Description of Calculations 

A set of source tables were generated for the CONTAIN input using data from the SR5 
calculations (Appendix E). An input data table was developed for each constituent at each of 
the source locations, and each table consists of mass flow rates and temperatures or enthalpies 
as functions of time. As stated earlier, most of the sources consisted of liquid water, steam, and 
noncondensibles (hydrogen and nitrogen). PORV sources only consist of liquid and steam, no 
noncondensibles. For DCH (direct containment heating) purposes and the present analysis, only 
steam and hydrogen will be discussed. Temperature profiles and mass flow rates of the steam 
and hydrogen sources are shown in Figures D.2-D.4, in which RCPl was arbitrarily chosen to 
represent the RCP leaks. 

In the CONTAIN model, the hot leg break sources and RCP leaks were released into the 
SGR, while the PORV sources were introduced in the pressure relief tank room. The sources 
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from the pressure relief tank room subsequently flow into the SGR and annulus, among other 
computational cells. From the SGR, flow paths are established to the annulus, dome and other 
compartments. The three RCP seal leaks are nearly identical and one RCP leak source was 
arbitrarily placed in each of the three SGR computational cells. The choice of the hot leg break 

, source location among the three SGR computational cells was also arbitrary. Because of the 
complexity of the hydrogen combustion issues, CONTAIN was run with the burn model 
disabled, but hydrogen combustion analyses were later performed using both SR5 and 
CONTAIN predictions. 

D.4 Results 

Using the sources from the SR5 calculations, the CONTAIN results for the containment’s 
cavity, SGR, annulus and dome are shown in Figures D.5 - D.13. The peak pressures and 
temperatures are directly correlated to the release of gases and liquid from the individual source 
locations. The effects of the PORV cycling is most evident in the SGR between 7000 - 9OOO 
seconds where the gas mole fractions rapidly oscillate (Figure D.8). The oscillatory behavior 
is also reflected in the containment pressure as well as the cell temperatures but to lesser 
magnitudes. 

The low flow leaks from the RCP, located in the SGR, are introduced at the start of the 
problem and are later increased to 480 gpm per RCP at 7638 seconds, at which time the 
containment pressure and temperature begin to build up. The accumulator injection is indicated 
by the rise of hydrogen concentration at about 12000 seconds (Figure D.8). The hot leg break 
is indicated by the next major peak in the containment pressure and cell temperatures at about 
23000 seconds. The effects of the hot leg break are most pronounced in the SGR atmosphere 
in terms of temperature and gas mole fractions (Figures D.8 and D.9) 

The containment pressure peaked at 0.230 MPa (Figure D.5) at about 24100 seconds, 
immediately following the hot leg failure due to creep rupture. The cavity temperature peaked 
at about 379 K after the hot leg fails, as shown in Figure D.7. The SGR experienced higher 
temperatures than the cavity due largely to the vented gases from the hot leg failure located in 
this volume. The SGR temperature reached a high of about 743 K (Figure D.9). As shown in 
Figure D. l l ,  the annulus initially reached a maximum of about 383 K during the PORV cycling 
and after the hot leg break, the temperature reaches approximately 406 K. In the dome, the 
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temperature profile follows a similar trend as the other cells, with a maximum of 450 K, shown 
in Figure D.13. The initial drop in the cell temperatures (by as much as 8 C) at the onset of 
the event is probably due to the introduction of low enthalpy liquid from the RCP leaks. The 
low enthalpy liquid consequently removes energy from the atmosphere and lowers its 
temperature. 

At lower head failure (at 36705 seconds), the containment pressure is at about 0.148 MPa. 
The corresponding temperatures in the computational cells ranged from 357 K to 370 K. 

Concentrations of gases within the containment are shown in Figures D.6, D.8, D.10 and 
D.12. The hydrogen inventory in the containment begin to build up after the accumulator 
injection at about 12000 seconds. The hydrogen concentration reached its highest concentration 
within the containment in the cavity at about 8.4 percent after vessel failure. After the hot leg 
break releases steam and liquid into the SGR, the steam concentration rises to a maximum of 
about 8.9 percent in the SGR, but drops to as low as 3.7 percent in the cavity after the vessel 
fails. 

D.5 Discussion of Hydrogen Combustion Potential 

Case 1 was analyzed using the INEL sources of gases entering the containment and 
CONTAIN predictions of the containment conditions to determine the amount of hydrogen that 
could be consumed exclusive of the DCH event. Because Case 1 was a station blackout 
scenario, no ignition sources were considered available except for autoigniting jets. It was 
assumed that no hydrogen would bum until a jet autoignited. Once a jet autoignited, a 
deflagration could be initiated in the source compartment and subsequent compartments if 
flammability limits and propagation limits were satisfied. The autoigniting jet may continue to 
bum as a diffusion flame even if the jet temperature drops below the autoignition temperature 
if diffusion flame stability criteria are met. The total amount of hydrogen consumed, however, 
was estimated by including only the amount of hydrogen that burned during the time the jets 
were autoigniting and any deflagrations that were initiated in the containment due to the 
autoigniting jets. The additional hydrogen that may have been consumed if stable diffusion 
flames existed is beyond the scope of this analysis. 
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The criteria used to determine when thejets.would autoignite were based on the data of 
Zabetakis (1956). It should be noted that Zabetakis' data are for hydrogen-steam jets while Case 
1 involved hydrogen-steam-nitrogen jets. The authors are not aware of autoignition data for jets 
having compositions of Case 1. Zabetakis' data are shown in Figure D.14. His data extend to 
74 percent steam (26 percent hydrogen). It can be seen from this figure that the jet autoignition 
temperature rises rapidly for jets with low concentrations of hydrogen. The composition of 
many of the jets analyzed for this case were in regions where the data are sparse and the 
uncertainty is large. The impact of this uncertainty will be noted during the discussion of the 
potential autoignition of the jet released from the third reactor coolant pump. 

Jet autoignition was determined by cross-plotting the hydrogen volume concentration of the 
jet at each release location against the gas temperature. The mass fractions of.the sources shown 
in Figures D.2-D.4 were converted into mole fractions. These results are shown in Figures 
D.15-D.21. The release locations in this case include the PORV, hot-leg break, and three seal 
leaks from the RCPs in Case 1. The autoignition temperature for different jet hydrogen 
concentrations was overlaid on the plots. For example, any jet having a temperature lower than 
947 K will not autoignite regardless of jet composition. A jet with 38 percent hydrogen will 
autoignite when the jet temperature exceeds 1006 K. The times at which the jets would 
autoignite were estimated by graphical analysis of Figures D.15-D.21. The analysis of 
individual source locations will be discussed next. 

No autoignition occurred in the PORV because no hydrogen was released, and even if it 
were, the jet temperature never exceeded the autoignition temperature as shown in Figure D. 15. 
The jets did not autoignite in the first two reactor coolant pumps because the jet temperature 
never exceeded the autoignition temperature as shown in Figures D. 16-D. 17. In the third RCP, 
high jet temperatures were predicted between approximately 12560 seconds and 12600 seconds 
as shown in Figures D. 18-D. 19. The jet hydrogen mole fractions were low during this time and 
were generally between 27-40 percent. In this concentration range only two data points are 
available from Zabetakis' data and jet autoignition temperatures for concentrations other than 
the data were estimated by linear extrapolation. Based on this method of estimating autoignition 
temperatures, the jet temperatures were always below the autoignition temperatures. However, 
at 12590 seconds, the difference was only 6 K. Different methods of interpolating the data can 

yield lower autoignition temperatures. Also this difference is small relative to the uncertainty 
in the data. For example, at lower temperatures the uncertainty was as much as approximately 
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40 K because of the influence of jet velocities. Given these two sources of uncertainty, the 
autoignition of the jet released from the third RCP cannot be precluded. If the jet did autoignite, 
the jet temperature was not predicted to remain at elevated temperatures for very long and an 
insignificant amount of hydrogen would be consumed from the autoigniting jet. This does not 
consider the amount of hydrogen that may continue to be consumed if the diffusion flame were 
stable. Even though little hydrogen would be consumed in the jet per se, the autoigniting jet 
becomes an ignition source for the premixed gases in the containment. This point will be 
discussed later. In general, the temperature of the jet from the hot leg is below the autoignition 
temperature except for a time period between 26600 seconds and 27400 seconds. During that 
time, the jet temperature exceeded the autoignition temperature during six brief times. The fust 
time autoignition occurred was at 26637 seconds and is a possible ignition source for the 
premixed gases in the containment. 

The total amount of hydrogen consumed in the autoigniting jet from the hot leg was 
estimated by multiplying the average mass flow rate of hydrogen during the time period from 
26600 seconds to 27400 seconds by the total time the jet autoignited. It was estimated that 
approximately 6 kg of hydrogen was consumed in the jet. This amount of hydrogen represents 
approximately 1.5 percent of the total hydrogen that flowed into the containment. As discussed 
earlier, even if the jet from the third RCP autoignited, the total amount of hydrogen that would 
have been consumed would be negligible because the jet autoignition time was very short. 

If the jet from the third RCP autoignited at 12590 seconds, combustion would occur in the 
steam generator rooms. The other rooms in the containment would not be flammable at that 
time. In the source room, the hydrogen, oxygen, and steam concentrations were approximately 
10.7 percent, 8.5 percent, and 48.0 percent, respectively, at 12590 seconds. This mixture is 
combustible according to the Whiteshell data (Kumar, 1985). Combustion could then propagate 
into the other steam generator rooms, but not into other compartments of the containment. 
Based on the correlations used in the CONTAIN code (CONTAIN, 1993), the combustion 
completeness of a deflagration would vary between approximately 20-60 percent in the steam 
generator rooms. It should be noted that the steam concentrations in the steam generator rooms 
were beyond the conditions in the database and that it was necessary to extrapolate the 
CONTAIN correlation to estimate the combustion completeness. The total hydrogen consumed 
was estimated to be approximately 6 percent of the 217 kg of hydrogen that had been released 
into the containment at that time. 
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If the jet from the third RCP did not autoignite, combustion would be initiated in the steam 
generator rooms when the hot leg jet autoignited at 26637 seconds. Most of the rooms had 
between 5.7-6.2 percent hydrogen, 8-9 percent oxygen, and 46-52 percent steam except for one 
steam generator room which had slightly more hydrogen at approximately 7.8 percent. The 
mixture was flammable in the steam generator room in which the jet from the hot leg 
autoignited. Several other rooms in the lower part of the containment also contained flammable 
mixtures although propagation criteria may not have been satisfied for the bum to propagate in 
all of these rooms. For example, combustion probably would not have propagated in rooms 
below the steam generator room because the downward propagation criterion was not satisfied. 
It may also be possible that the flame would not have propagated in other rooms because the 
horizontal propagation criteria may not have been satisfied. It would not be expected that the 
bum would propagate into-the dome because the dome mixture is just below the flammability 
limits. According to Kumar's data, the flammability limits for 51.8 percent steam is 5.72 
percent hydrogen. The dome had only 5.66 percent hydrogen and 51.8 percent steam. The 
premixed combustion analysis assumed no bums O C C U K ~  in the dome, cavity or basement. The 
remaining rooms with flammable mixtures have approximately 6.2 percent hydrogen and 47 
percent steam. Based on the CONTAIN correlation, the combustion completeness was 
approximately 18 percent. Assuming the flame propagated both upward and horizontally, the 
total hydrogen burned was estimated to be approximately 9 kg of hydrogen. By 26637 seconds, 
approximately 335 kg of hydrogen had been released into the containment. It was estimated that 
approximately 3 percent of'the hydrogen in the containment would be consumed. These 
estimates were based on the assumption that the jet from the third RCP did not autoignite at 
12590 seconds. If the RCP jet autoignited at that time and some of the hydrogen was consumed 
from premixed combustion, it is still possible that a second combustion event would occur at 
26637 seconds when the hot leg jet autoignited. In either case, however, the combustion 
completeness would be low. 

D.6 Conclusions 

For DCH purposes, the dome conditions are most important in the analysis of containment 
integrity. The CONTAIN simulations show that the highest load on the containment with a 
dome pressure of 0.230 MPa, due to high flow rate of steam released from the RCPs. High 
temperatures occur in the subvolumes of the containment (Le., steam generator room and 
annulus) but are only moderately high in the dome, reaching 450 K. At the time of vessel 
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breach, the containment pressure was at about 0.148 MPa while the compartment temperatures 
ranged from 357 to 370 M. 

Hydrogen combustion analyses were performed using the results from SCDAP/RELAPS and 
CONTAIN analyses. The results of the analyses indicated that autoignition would occur in the 
hot leg and possibly in the third reactor coolant pump. Autoignition would not occur in the 
PORV or other reactor coolant pumps because the jet temperatures were below the autoignition 
temperature. The amount of hydrogen consumed in the autoigniting jet from the hot leg was 
approximately 1.5 percent of the total hydrogen released into the containment. Because the 
autoignition time would be brief, a negligible amount of hydrogen would be consumed if the jet 
from the third reactor coolant pump autoignited. 

If the third reactor coolant pump jet autoignited at approximately 12590 seconds, combustion 
would occur in the steam generator rooms. Approximately 6 percent of the premixed hydrogen 
in the containment at that time would be consumed. If the third reactor coolant pump did not 
autoignite, then combustion in containment would be initiated at 26637 seconds when the hot leg 
jet autoignited. Combustion would occur in several of the rooms in the lower part of the 
containment but not in the dome. It is estimated that 3 percent of the premixed hydrogen in the 
containment at that time would be consumed. Even if combustion occurred at 12590 seconds 
because of an autoigniting jet at the third reactor coolant pump, a second bum would likely 
occur at 26637 seconds when the hot leg jet autoignited. 
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Table D.l SCDAP/RELAPS calculations sequence of events (Quick and Knudson, 
Appendix E) 

Event Case 1 Time of 
Event (sec) 

II TMLB' initiation ' 0  

Introduction of seal leaks of 21 gpm per RCP, leak diameters = II 0.00331 m 
0 

~~ 

Steam generators dryout (pressurizednon-pressurizer loops) 

Onset of pressurizer PORV cycling 

RCP saturation; seal leaks increased to 480 gpm per RCP; leak 
diameters = 0.019Om) 

End of full loop (liquid) natural circulation 

Collapsed liquid level falls below the top of fuel rods 

End of pressurizer PORV cycling 

Vapor in the core exit begins to superheat; hot leg countercurrent 
circulation begins 

4850/5020 

6020 

7638 

7692 

8783 

8980 

8900 

10372 Collapsed liquid level falls below the bottom of the fuel rods 

Pressurizer drains 

Onset of fuel oxidation 

10830 

10980 

11 First heatup to molten fuel temperatures; in the first channel 12213 

I G o r  injection begins 12362 

( m g m e n t a t i o n ;  in the second channel 13780 
~~ ~ 

Pressurizer loop hot leg nozzle fails by creep rupture 22975 
~~ 

Hot leg break initiated; break diameter = 0.150m 22975 

23200 Accumulators empty; injection ends with collapsed liquid level 
-0.22 m below top of fuel rods 

Second core dryout; collapsed liquid level falls below the bottom of 
the fuel rods 

79 kg Ag-In-Cd melts and slumps into lower head 

1209 kg Ag-In-Cd melts and slumps into lower head 
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Table D.l SCDAPLRELAP5 calculations sequence of events (Quick and Knudson, 
. AppenclixE) 

I 

50 kg Ag-In-Cd melts and slumps into lower head 

117 kg Ag-In-Cd melts and slumps into lower head 

Core slumping into lower head; 58.648 kg U02, 14966 kg Zr02  

Lower head failure; by creep rupture -0.66 above the inside 
bottom surface of the head 

End of calculation 

Event 

~~ 

3 1350 

32725 

32406 

36705 

37705 

Case 1 Time of 
I Event (set) 

201 kg Ag-In-Cd melts and slumps into lower head I 28900 

267 kg Ag-In-Cd melts and slumps into lower head 29595 
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Cell 
Number 

Cell Volume 
Description (m3) 

Cell 1 

Cell 2 

Cell 3 

(1 Cell 17 I Steam generator Room A I 1199.587 

Dome 1820.405 

RPV (dummy cell) 

Crane wall annulus #1 ' 2302.613 

Table D.3 Initial conditions (Williams 1988) 

Cell 4 

Cell 5 

Cell 6 

Cell 7 

Cell 8 

Cell 9 

Cell 10 

Cell 11 

Cell 12 

Cell 13 

Cell 14 

Cell 15 

Cell 16 

Cell 

Cavity and instrument tunnel 290.0 

Basement and upper hoist volumes 7527.0 

Steam generator Room C 1326.191 

Steam generator Room B 1 147.653 

Pressure relief tank room 477.337 

Instrument room (dummy cell) 

Upper annulus #1 and instrument control room 1820.405 

Lower annulus #1 1074.851 

Crane wall annulus #2 2302.613 

Upper annulus #2 and upper hoist volume 2 1 64.342 

Lower annulus #2 1074.85 1 

Pressurizer cubicle 841.973 

Residual heat removal cubicle 437.977 

Initial Conditions 

All cells 
(except cells 2 & 9) 

Initial Inventory 
(mole fraction) 

T = 311.0K 
P = 68.94 kpa 

N2 = 0.75525 
0, = 0.19475 

H20 (steam) = 0.05 
H2 = 0.0 

D-11 



1 

Figure D.l Schematic of Containment Design and Nodalization for Surry 
Power Plant (Williams, 1988) 
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Figure D.4 Gas Temperature at Source Locations 
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Figure D.12 Dome Gas Mole Fractions 
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Figure D. 14 Autoignition Temperature Data for Hydrogen-Steam Jets (Zabetakis, 
1956) 
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Figure D.20 Je t  Hydrogen Concentration and Temperature of the Gases Hot Leg 
Break 
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APPENDIX E 
A SCDAP/RELAP5 ANALYSIS SUPPORTING DCH ISSUE 

RESOLUTION FOR THE SURRY PWR 

K. S. Quick and D. L. Knudson 
Idaho National Engineering Laboratory 

E.l INTRODUCTION 

Molten core materials could be ejected into the containment building by a high pressure 
RCS (reactor coolant system) following reactor vessel failure during certain severe accidents. A 
rapid rise in containment temperature and pressure, or DCH (direct containment heating), could 

associated with DCH could lead to containment failure. The potential for such a failure has driven 
a number of DCH-related studies, including this analysis to support resolution of the issue for the 
Surry PWR (pressurized water reactor). The support provided centers on a ‘best-estimate’ 
SCDAPDLAPS (Allison 1993) analysis of core damage progression and the behavior of the 
RCS during a station blackout without recovery and without operator actions. 

result from that HPME (high pressure melt ejection). In an extreme case, the pressurization t 

A station blackout was considered because core damage and melting could occur, 
providing a potential for DCH that may or may not develop in many other postulated reactor 
accidents. Furthermore, it was assumed that the extent of core melting without recovery and 
without operator actions will reasonably bound conditions that could develop as a result of any 
other accident. 

Analysis of RCS behavior was important because experimental results have indicated that 
natural circulation flows can develop without operator actions (Stewart 1986 and Stewart 1992). 
Those flows can redistribute core decay energy, which can lead to creep rupture failures in ex- 
vessel pressure boundaries (Bayless 1988 and Knudson 1993). [The surge line, the hot leg 
nozzles, the SG (steam generator) tubes, and the pressurizer PORVs (power operated relief 
valves) are the most vulnerable boundaries in the Surry PWR.] Depressurization through an 
accident-induced failure of the RCS pressure boundary prior to lower head failure could prevent 
or mitigate ,the severity of the HPME, and thereby reduce any associated threat to containment 
integrity. 
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And finally, an analysis of core damage progression was needed to determine melt mass, 
melt composition, melt temperature, and related data that can be used to develop initial conditions 
that contribute to containment loads. The analysis was performed using a realistic 
SCDAP/RELAP5 model to provide the best estimate of potential HPME conditions. A separate 
study of the results (and other appropriate information) is planned to determine if DCH is or is not 
expected to cause containment failure in the Surry PWR. 

A detailed description of the SCDAP/RELAP5 model and the specific calculation 
performed is provided in Section E.2. SCDAP/RELAP5 results are given in Section E.3 while 
associated conclusions are summarized in Section E.4. Section E.5 contains a list of references. 

E.2 SCDAP/RELAP5 ANALYSIS 

The best-estimate SCDAP/RELAP5 analysis of a station blackout (without recovery and 
without operator actions) in the Surry PWR is described in this section. The Surry PWR is a 
Westinghouse-designed nuclear power station with a rated thermal power of 2441 MW,. The core 
consists of 157 15x15 fuel assemblies with an active fuel height of approximately 3.66 m. There 
are three primary coolant loops. Each loop contains a U-tube SG, a RCP (reactor coolant pump), 
and associated piping. A single pressurizer is attached to the hot leg piping in one of the three 
loops. Two PORVs, with a combined capacity of 45.1 kg/s, can be used to relieve excess RCS 
pressure from the top of the pressurizer. One accumulator, with 29,100 kg of borated water at 
322 K, is attached to each cold leg. The accumulators, which are initially pressurized to 4.24 MPa 
by a nitrogen cover gas, are the only operational part of the ECCS (emergency core cooling 
system) during a station blackout. A large, dry, subatmospheric containment building surrounds 
the reactor systems. 

The specific station blackout sequence considered is designated TMLB’. This sequence is 
initiated by the loss of offsite power. Onsite AC (alternating current) power is also unavailable 
because the diesel generators fail to start or fail to supply power. Decay heat removal cannot be 
maintained in the long term because there is no AC power for the electrical pumps and the steam 
driven auxiliary feedwater pumps also fail to supply water. When the TMLB’ sequence begins, 
power is lost to the control rod drives and pumps. A reactor scram follows, with coastdown of the 
main feedwater pumps and RCPs. Feedwater is quickly reduced to zero as the main feedwater 
valves close. The turbine stop valves close and the pressure in the SGs increase until the relief (or 
dump) valves open. SG pressures are maintained between the opening and closing pressures of 
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the relief valves thereafter. Water in the secondaries is completely vaporized as heat is transferred 
from the RCS to the SGs. Once water in the secondaries is depleted, the SGs no longer remove 
significant amounts of heat. Core decay energy then heats the RCS, resulting in system 
pressurization controlled by cycling pressurizer PORVs. The RCS pressure can also be influenced 
by RCP seal leaks, which could develop following the loss of seal cooling associated with the loss 
of AC power. After the RCS saturates, a high pressure boiloff begins, ultimately leading to core 
uncovery and heatup. Without recovery of power or equipment, the transient proceeds to severe 
core damage and melting. 

SCDAPBLAPS is an integrated computer code designed for reactor accident analysis. It 
can be used to simulate a very wide variety of system transients of interest in reactor safety, but it 
is specifically designed to calculate RCS behavior during severe accidents. SCDAPBLAPS was 
developed by incorporating coding from SCDAP (Bema 1984), TRAP/MELT (Jordan 1985), and 
COUPLE (Lemmon 1980) into RELAPS (Allison 1990). SCDAP provides coding for simulation 
of the reactor core, including logic for oxidation, hydrogen generation, ballooning and rupture of 
the fuel rod cladding, fission product release, fuel and cladding liquefaction, flow and freezing of 
liquefied core materials, and associated geometry changes. TRAP/MELT allows simulation of 
fission product transport and deposition, including aerosol agglomeration, deposition, 
evaporation, condensation, and the chemisorption of vapors by stainless steel. COUPLE provides 
coding for two-dimensional, finite-element heat conductiordconvection calculations at user 
specified locations. Such detailed thermal simulation is typically used to represent molten regions 
in the core and/or lower head. And finally, RELAPS contains'coding to allow simulation of fluid 
behavior throughout the system, as well as the thermal behavior of structures outside the core, 
based on a one-dimensional, two-fluid, nonequilibrium, six-equation 'hydrodynamic 
representation. Feedbacks between all parts of the code have been developed to allow an integral 
analysis capability. The user can then provide model input to activate those parts of the code - 
necessary to simulate the problem of interest. 

The SCDAPBLAPS transient calculation completed in this analysis includes a seal leak 
rate of 480 gpm per RCP. The calculation required the use of (1) RELAPS to simulate thermal- 
hydraulics and heat transfer affecting the plant structural mass; (2) SCDAP to simulate core 
components during degradation, melt, and relocation to the lower reactor vessel head; and (3) 
COUPLE to represent the lower head during thermal attack by relocated core materials. Generic 
input for each of those modules is described in SectionsE.2.1, E.2.2, and E.2.3, respectively. 
Input necessary to establish the transient calculation is discussed in SectionE.2.4. And finally, 
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steady state conditions (developed as a starting point for the transient calculation) are described in 
Section E.2.5. 

Before those sections are given, it should be noted that ReleaseB of MOD3.1, with 
updates, was used to complete this analysis. The updates included (1) logic to allow user-defined 
relocation of in-vessel stainless steel into an in-core molten pool or the lower head (as 
appropriate), (2) logic to allow user control of core relocation to the lower head based on crust 
stability on the core periphery, and (3) minor error corrections that have been added to subsequent 
versions. 

E.2.1 RELAP5 Input 

RELAP5 input was used to develop a model to represent the thermal-hydraulics of the 
reactor vessel, all three primary coolant loops, the pressurizer, all three SGs, and selected parts of 
the secondary systems. The corresponding nodalization for the reactor vessel is shown in 
Figure E.l. As indicated, five parallel flow channels (with cross connections) extend from the 
lower plenum through the core to the upper reactor vessel head. If the appropriate conditions 
exist, this nodalization will allow development of in-vessel natural circulation. Core components, 
which will be discussed in detail in Section E.2.2, are represented by the shaded regions. Heat 
structures, which are represented by those areas filled with slanted lines, were included to 
simulate the structural mass of the reactor vessel walls, the core barrel and baffle, the thermal 
shield, the upper and lower core plates, and other structures in the upper and lower plena. The 
external surfaces of all structures were assumed to be adiabatic, with the exception of the lower 
reactor vessel head as discussed in Section E.2.3. 

Modeling provisions were made to monitor the temperature of upper plenum stainless 
steel structures in this analysis. If a given structure temperature reached the melting point, that 
structure was relocated to the in-core molten pool (if one existed) or to the lower head through 
user-defined slumping input. (As previously indicated, user-defined slumping input was added to 
Release B of SCDAP/RELAPS/MOD3.1 for this analysis.) In addition, a modeling approximation 
was developed to account for thin (cross-section) stainless steel structures in the lower head that 
would be expected to melt as a result of being submerged in relocated core materials. Specifically, 
it was estimated that there is about 7.8 mt of thin stainless steel in the lower head of the Suny 
PWR. An assumption that the thin steel was a linear function of height (between the bottom of the 
lower head and the bottom of the core) and the depth of relocated debris was used to estimate the 
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amount of thin stainless steel that would be expected to melt. The appropriate mass was then 
added to the lower head debris through the user-defined slumping input. 

A junction connecting the top of the downcomer (Component 102) to the upper plenum 
(Component 172) at the hot leg elevation is shown in Figure E.l. This junction represents a small 
leak path associated with clearances between the hot leg nozzles (which are welded to the reactor 
vessel wall) and the internal hot leg piping (which is welded to the core barrel). The resulting gap 
in the hot leg piping, which allows some flow to bypass the core, is a design requirement to allow 
removal. of the core internals. 

Nodalizations of the primary coolant loop containing the pressurizer are shown in 
FiguresE.2 and E.3. With the exception of the pressurizer and associated surge line piping, 
similar nodalizations were included in the model to separately represent the other two primary 
coolant loops in the Surry PWR. 

As indicated in Figures E.2 and E.3, both fluid volumes and heat structures were included 
to represent the primary coolant loop piping, the pressurizer and associated surge line, and the SG 
with associated relief valves. Without AC power, accumulators are the only part of the ECCS that 
required simulation. The SG main feedwater system and associated piping were only needed to 
establish steady-state conditions prior to transient initiation. Auxiliary feedwater systems were 
not modeled because they are not operational in the subject transient. The external surfaces of all 
heat structures were assumed to be adiabatic. Relative elevations for the reactor vessel and 
primary coolant loop models (referenced to the bottom of the lower head) are listed in Table E. 1. 

Model input was included to track the potential for creep rupture failures in the surge line, 
hot leg nozzles, and SG tubes. Consistent with the best-estimate approach of this analysis, a break 
was introduced at the appropriate location in the RCS pressure boundary if rupture was predicted. 
However, the break size was assumed to be constant at 0.01769m2 regardless of where the 
rupture occurred. That break size was derived from a previous Surry study where creep rupture 
failure was estimated to result in a break that was approximately 32.3% of the surge line flow area 
(Bayless 1988). The constant break area used was calculated by applying that fraction to the Surry 
surge line flow area of 0.05477 rn2. Obviously, this flow area would be too large to represent 
creep rupture failure of a SG tube. However, scoping calculations indicated that SG tube failures 
will not occur prior to lower head failure. Other uncertainties associated with this simplification, 
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which will be discussed in SectionE.3.1, are not expected to be significant with respect to 
resolution of the DCH issue for the Surry PWR. 

A single valve was used to represent both pressurizer PORVs in the Surry PWR. The 
valve was appropriately sized to provide the combind flow capacity of the PORVs. Similarly, a 
single valve was used to represent all three pressurizer SRVs (safety relief valves), although the 
SRVs were not challenged in this analysis. It was assumed that plant air and battery power were 
sufficient to operate the PORVs throughout the transient. Furthermore, the potential for other 
PORV failure modes was not considered. 

Valves were also used to allow simulation of RCP seal leaks. As indicated in Figures E.2 
and E.3, leaks were modeled at the discharge elevation of each RCP. (SCDAPmLAPS allows 
only one connection to a pump outlet. However, the inlet of the connected pipe is hydraulically 
equivalent to the RCP outlet in the code.) The relationship between transient time and valve flow 
areas used to model seal leakage in this analysis is described in Section E.2.4. 

RCP seal leaks, discharges from the pressurizer, and break flows (if creep rupture occurs) 
were directed into a component representing the Surry containment (see Figures E.2 and E.3). 
Component input included the total containment volume and estimates of the total mass of 
concrete and steel. However, the calculated containment pressure was expected to be high (by as 
much as a factor of 2) since there was no attempt to model the containment in detail. Detailed 
modeling was not justified because flows from the RCS will be choked most of the time in the 
calculation and because a separate (detailed) analysis is planned to provide a full evaluation of 
containment response. 

The nodalization shown in FigureE.2 was used in conjunction with the reactor vessel 
nodalization from TMLB’ initiation to the onset of core heatup. (In this analysis, the onset of core 
heatup was assumed to correspond to a core exit superheat of at least 2.78 K coincident with a 
void fraction of at least 0.95.) During this portion of the transient, full loop natural circulation of 
subcooled and saturated liquid can develop. As the core heats the primary coolant toward 
saturation, however, voids begin to form and collect in the top of the SG U-tubes. When that 
occurs, full loop natural circulation of liquid is interrupted. 

At the onset of core heatup, FigureE.2 nodalization was replaced by FigureE.3 
nodalization. This substitution provided flow paths needed to allow simulation of hot leg 
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countercurrent natural circulation. Hot leg countercurrent natural circulation became possible 
after saturated liquid in the hot legs flashed and/or drained to the vessel. At that time, temperature 
gradients from the core to the SG U-tubes can drive steam flow along the top half of the hot leg 
(Components 400, 402, and 404), through a portion of the SG U-tubes (Component 408), and 
back to the vessel through a cooler portion of the SG U-tubes and the lower half of the hot leg 
(Components409 and 430, respectively). (It should be noted that the nodalization shown in 
Figure E.3 will also support development of full loop natural circulation of steam if RCP loop 
seals clear.) 

Development of the hot leg countercurrent flow model was based on a previously- 
developed Suny model (Bayless 1988) and Westinghouse experimental data (Stewart 1992) as 
follows. Flow areas (which are dependent on hot leg and SG tube splits) and loss coefficients 
controlling countercurrent flow were extracted directly from the Surry model and incorporated 
into a new Surry input deck (which is compatible with the current code version). That was 
justified because the previous Surry model was developed to match loop heat transfer based on 
experimental data. 

Specifically, flow areas and loss coefficients were adjusted in the previous analysis so that 
a total of 29.4% of the energy generated in the core would be transferred to the three primary 
coolant loops in the Surry PWR during a fixed time period following the onset of countercurrent 
natural circulation. However, the energy transferred to the loops was found to be lower when the 
current version of SCDAPBELAPS (Le., MOD3.1) was used with new Surry model. In other 
words, changes in SCDAP/RELAPS (from 1988 to the present) resulted in reduced countercurrent 
heat transfer. A detailed investigation was not conducted, however, it appeared that recent 
changes in the correlation used in the code to calculate heat transfer in tube bundles @e., the SGs) 
could be a factor in the observed reduction. An appropriate model adjustment was required to 
match the experimental data on loop heat transfer rates in order to perform a best-estimate 
analysis. 

The adjustment process was completed by altering loss coefficients used in the 
nodalization shown in Figure E.3. [Flow areas associated with dividing the hot leg and assigning 
35% of the SG tubes for hot flow were not changed (Bayless 1988)l. Loss coefficient alterations 
were made to establish loop heat transfer (as discussed above) and to refine flow patterns 
consistent with experimental data. Specifically, data indicated that hot and cold mixing fractions 
should be approximately 0.87 (Stewart 1992). (The hot mixing fraction is the fraction of hot leg 
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flow entering the SG inlet plenum that is mixed with plenum steam before entering the tubes. 
Conversely, the cold mixing fraction is the fraction of tube flow entering the SG inlet plenum that 
is mixed with plenum steam before returning to the vessel through the bottom half of the hot leg.) 
The data also indicated that the recirculation ratio should be about 1.9 (Stewart 1992). (The 
recirculation ratio is the SG tube flow divided by the hot leg flow. A ratio greater than one 
indicates that SG tube-to-plenum-to-SG tube recirculation is larger than the flow entering the SG 
inlet plenum from the hot leg). 

A trial-and-error method was required to complete the adjustment process. The process 
was considered complete when heat transfer, mixing fractions, and recirculation ratios in all three 
primary coolant loops were in reasonable agreement with target values. A comparison of the 
target values with the final model calculation is given in Table E.2 as evidence that an acceptable 
adjustment was made. Loss coefficients from the final iteration were then used in this analysis. 

A horizontal section of the surge line in the Surry PWR connects to the centerline of the 
hot leg pipe. That orientation required a surge line split to represent potential countercurrent flow 
in a fashion similar to the rest of the loop piping (as indicated in FigureE.3). The normal 
connections for the split nodalization are the connection between the top of the hot leg and the top 
of the surge line and the connection between the bottom of the hot leg and the bottom of the surge 
line. In addition to the normal connections, connections were provided so that the bottom of the 
hot leg can communicate with the top of the surge line and the top of the hot leg can communicate 
with the bottom of the surge line. Those connections, which are illustrated in Figure E.4, include 
two valves (Components 463 and 465) and two sections of pipe (Component 462 and 464) to 
compensate for centerline-to-centerline elevation differences between the hot leg pipe halves and 
surge line pipe halves. The valves were configured to open and close with the pressurizer PORV, 
providing a best-estimate approach for modeling the surge line response as follows. 

The valves prevent hot to cold (top to bottom) communication when the PORV is closed, 
which allows development of countercurrent flow in the horizontal section of the surge line. 
When the PORV opens, the valves open allowing both hot and cold flow streams to be drawn into 
both halves of the surge line, as one would expect. In addition, any undrained pressurizer liquid 
can only flow toward the reactor vessel through the bottom halves of the surge line and hot leg. 
Interface drag prevents liquid draining when the PORV is open and the valves (realistically) 
prevent liquid from getting into the top half of the hot leg pipe when the PORV is closed. 
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E.2.2 SCDAP Input 

Two criteria were used to establish the five flow channels shown in Figure E.l. The first 
(and most important) consideration was to split the core so that similarly powered fuel assemblies 
could be grouped together. Splitting the core into channels with similar flow areas was a 
secondary consideration. Cross sections of the resulting five channel model are shown in 
Figures E.5 and E.6. [Data needed for developing the split and the balance of the SCDAP input 
was largely based on the UFSAR (Updated Final Safety Assessment Report) for the Surry PWR.] 

The 15x15 assemblies in each flow channel contain 204 fuel rods and a total of 21 lattice 
positions for control rods and instrument tubes. The fuel rods have a Zr clad and an active (UOd 
length of approximately 3.66 m. An initial fuel rod pressure of 5.29 MPa was assumed. The 
control rod material is Ag-In-Cd in the ratio of 80-15-5. Control rods are clad with stainless steel 
and are configured for insertion into Zr guide tubes. With only 48 CRAs (control rod assemblies), 
about 69.4% of the control rod guide tubes in the Surry PWR are empty. 

A SCDAP fuel rod component was required in each channel to represent the fuel rods. 
Based on a previously developed approach (Knudson 1993), a SCDAP control rod component 
was used in the outer four channels to represent the control rods, empty control rod guide tubes, 
and instrument tubes. The center channel contains only empty guide tubes which were 
represented by a SCDAP water rod component. Therefore, the core model was composed of a 
total of 10 SCDAP components. Ten axial nodes were assigned to each component consistent 
with the hydrodynamic nodalization shown in Figure E. 1. 

The SCDAPRELAPS implementation of a 1979 ANS (American Nuclear Society) 
Standard was used to calculate core decay heat. Specifically, ANS 79-3 with three fissile isotopes 
( 235 u7 238U, and 239Pu) and a 2 yr average burnup was assumed. A chopped-cosine axial power 
profile was also used. A peak-to-average power ratio of 1.154 in the third axial node characterized 
that profile. (Data defining the radial power profile was provided in Figure E.5.) 

SCDAP input is required to define certain core damage parameters. The values used in 
this analysis are listed in Table E.3. The following outlines the logic used to establish the values. 

Debris formation during core degradation results in flow restrictions, which will affect 
core heatup. Until fully mechanistic models are developed, the user must specify the flow area to 
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be applied in core regions where cohesive debris has formed. Any input from 0 to 100% of the 
nominal flow area can be specified. However, the current version of the code will set the debris 
flow area to zero for all inputs of 10% or less. It was clear that an input greater than 10% was 
needed since a flow area of zero corresponds to coplanar blockage, which has not been observed 
in tests performed to date. Unfortunately, there is no other basis for setting the input at this time. 
However, selecting large values will tend to delay core heating and melting, which could be non- 
conservative with respect to the potential for HPME and DCH. Therefore, the minimum flow area 
through cohesive debris was set to 11% of the nominal flow area as indicated in Table E.3. 
Although that value is on the low end of the expected range, there is insufficient data to justify 
larger values without the risk of generating non-defensible results. 

Relocation of the core to the lower head cannot occur until melt develops and/or spreads 
to the core periphery in the current version of the code. There are then two options for controlling 
relocation. In the first option, a simple model is used to estimate the thermal stability of a 
peripheral oxide crust. Relocation occurs when the crust is estimated to melt. In the second 
option, relocation occurs as soon as the melt reaches the periphery. (Those options are considered 
an interim solution until a mechanistic crust failure model is completed.) The second option was 
used because an early relocation could occur, which could affect the potential for HPME. 

Debris-to-coolant heat transfer is either on or off in the current version of 
SCDAP/RELAPS. Debris quenching occurs with the heat transfer turned on, up to the limit 
imposed by the amount of water available in the lower head. The potential for pressurization 
associated with quenching was of interest in this analysis because of the corresponding 
implications on HPME and the DCH issue. On that basis, heat transfer was turned on as indicated 
in Table E.3. 

E.2.3 COUPLE Input 

The COUPLE representation of the reactor vessel lower head is shown in Figure E.7. The 
axisymetric mesh includes a total of 320 nodes with 285 elements. Two elements were used to 
represent the thickness of the carbon steel portion of the lower head, with an adjoining single 
element representing the stainless steel liner. (Because the liner is very thin, the elements 
representing it appear to be a heavy line in the figure.) Remaining elements were initially filled 
with primary coolant, which can boil and/or be displaced as debris relocates from the core. 
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Heat transfer from relocated debris to the lower head will be affected by the debris 
roughness and any gases that become trapped between the debris and the vessel wall. A layer of 
zero-width elements was aligned with the inner surface of the lower head to provide a way to 
simulate that contact resistance. A constant coefficient of 500 W/m2-K was used to represent the 
heat transfer across that gap in all c'alculations. Code-calculated convection heat transfer to the 
containment atmosphere was modeled on the external surface of the lower head. 

E.2.4 Transient Calculation 

The SCDAPNLAPS transient calculation completed in this analysis included RCP seal 
leakage. (As previously discussed, best-estimate input was used to develop the rest of the model.) 
Under normal operating conditions, high pressure systems provide cooling water flow to the seals 
to offset a design leak rate of approximately 3 gpm per RCP. However, the loss of all AC power 
results in a loss of seal cooling water. Without cooling water, leak rates increase as RCP seal 
temperatures increase. Leak rates of 21 gpm per RCP have been calculated for intact RCP seals 
subjected to normal RCS temperatures and pressures (Boardman 1985). 

Leak rates will be higher if one or more of the three seal stages in a Westinghouse RCP 
fail, The primary factors affecting seal behavior during a TMLB' sequence are high temperature 
survivability and the potential for hydraulic instability under two-phase flow conditions (Ruger 
1989). Unfortunately, the prediction of failure of any particular seal stage (which leads to a 
particular leak rate) is not straightforward. For that reason, a panel of experts was assembled to 
make a probabilistic determination of RCP leak rates in Westinghouse PWRs for use in 
completing NUREG-1150 (Wheeler 1989). The panel concluded that the maximum leak rate 
(with a low probability) was 480 gpm per RCP. Based on results from the experts, a leak rate of 
21 gpm per RCP was introduced at TMLB' initiation in this analysis to represent leakage 
associated with the loss of seal cooling. The maximum leak rate of 480 gpm per RCP was then 
introduced at the time saturated conditions were reached at the pumps. 

E.2.5 Steady State 

Steady state initialization. of the SCDAP/RELAP5 model was required to provide a 
starting point for the transient calculation. Initialization involved bringing the model to a stable 
state representing full power operation of the Surry  PWR. Initialization was considered 
acceptable when calculated conditions and published operating conditions (from the Surry 
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UFSAR) were in reasonable agreement. A comparison of selected parameters is provided in 
Table E.4 as evidence that an appropriate initialization was achieved. 

E.3 RESULTS 

A best-estimate SCDAP/RELAPS analysis of a TMLB’ transient in the Surry PWR with a 
seal leak rate of 480 gpm per RCP was completed. The sequence of events for this case is listed in 
Table E.5 while DCH related-parameters are given in Table E.6. The tables provide quantitative 
information that may be helpful in conjunction with the following transient description. 

The reactor scrammed and RCPs tripped due to the loss of AC power at TMLB’ initiation 
(at 0 s). Seal leaks of 21 gpm per RCP were introduced at that time to simulate leakage associated 
with the loss of seal cooling that would accompany the loss of AC power. An initial RCS pressure 
reduction occurred because boiling on the SG secondary side was sufficient to remove core decay 
heat and cool the RCS. However, the SG heat sinks were not sustainable without feedwater. As a 
result, the RCS pressure began to increase following SG dryout (at -4800-5000 s). The pressure 
increase terminated at the pressurizer PORV opening set point, which was reached at 6020 s as 
indicated in FigureE.8. A gradual RCS heatup and boiloff followed where PORV cycling 
providing pressure control between 15.8 and 16.3 MPa. 

Saturated conditions were reached at the RCPs at 7638 s. Seal leaks were increased to 
480 gpm per RCP at that time to simulate failures that could develop with two-phase flow across 
the seal faces. That rate corresponds to the maximum leakage that would be expected if all seal 
stages in a Westinghouse RCP failed (Boardman 1985 and Wheeler 1989). 

Core decay heat was transported to the SGs by full loop natural circulation of liquid until 
7692 s. By that time, vapor generated in the core had collected in the top of the SG U-tubes, 
preventing further liquid circulation. Energy dissipated through RCP seal leaks exceeded core 
decay heat by 8980 s. As a result, the RCS pressure dropped below the PORV set point, which 
ended further PORV cycling as indicated in FigureE.8. The pressure reduction resulting from 
RCP seal leak flows persisted until the initial accumulator pressure of 4.24MPa (and the 
associated injection) was reached at 12 362 s. 

As indicated in Figure E.9, the first core uncovery began at 8783 s and was complete by 
10 372 s as a result of boiling and venting through the RCP seals. By 8900 s, voiding in the SG 
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tubes and hot legs allowed development of hot leg countercurrent natural circulation. Heat 
transfer to the ex-vessel piping by the countercurrent flow produced a heatup and an associated 
creep rupture failure of the hot leg in the pressurizer loop at 22 975 s as indicated in Figure E.lO. 
(It is important to note that SG tubes were not predicted to fail at any time during this calculation 
since they remained relatively cool as indicated in Figure E.lO). 

A 0.150 m diameter break was introduced at the time of hot leg failure, allowing further 
RCS pressure reduction and injection of the remaining accumulator inventory. The accumulators 
emptied at 23 200 s, with a core collapsed liquid level -0.22 m below the top of the fuel rods. A 
second heatup and boiloff at low RCS pressure followed, with a second (and final) core uncovery 
completed at 24 056 s as indicated in Figure E.9. 

The first formation of an in-core molten pool occurred as a result of heating to ceramic 
melt conditions at 12 213 s. However, accumulator injewere immediately relocated to the lower 
headctions (starting at 12 362 s) delayed further melting until 27 649 s, when control rod absorber 
materials began to melt and relocate to the lower head. Core melting followed since accumulators 
(the only cooling water source) emptied by 23 200 s. The melt spread both axially and radially 
until the pool reached the core periphery at 32 406 s. At that time, the contents of the in-core 
molten pool (58 648 kg of U02,14 966 kg of Zr02) was relocated to the lower head over a 60 s 
time period, resulting in a final debris depth of about 1.36 m as indicated in Figure E.ll .  (Note 
that some debris had accumulated from prior relocations of control rod materials.) It was 
estimated that 5420 kg of thin cross-section lower plenum stainless steel would be submerged by 
the relocated core materials. Therefore, that steel was added to the lower head debris bed 
assuming that it would melt as a result of being submerged. Following the first core relocation to the 
lower head, a second relocation of molten materials (4976 kg of U02 and 1170 kg of Zr02) took place at 
36 260 s. 

Partial quenching of the debris was calculated during the relocations. However, quenching 
was limited by the amount of water available in the lower head. The amount of water was limited 
because some of it was vaporized, some of it was displaced by relocating debris, and some of the 
water was pushed out of the lower head by the pressurization associated with the vapor 
generation. Consequently, the debris was only cooled from 2873K to about 2560K during 
relocation as indicated in Figure E.12. A gradual heatup of the debris then followed as indicated 
in the figure. Once quenching was complete, the remaining coolant settled on top of the lower 
head debris and heatup of the lower head began. A corresponding failure of the lower head as a 
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result of creep rupture was predicted at 36 780 s. The failure location was approximately 0.66 m 
above the bottom of the inside surface of the lower head. 

The RCS pressure at the time of failure was about 0.16 MPa with the water inventory 
shown in Figure E.13. A total of 383.6 kg of hydrogen was produced through oxidation of about 
54% of the in-core Zr as indicated in Figure E.14. All of the generated hydrogen was ultimately 
vented into containment, primarily through RCP seal leaks as indicated in Figure E. 15. Molten 
material relocation after 32 406 s was not predicted. 

E.3.1 Uncertainties 

Numerous uncertainties arise when any detailed analysis is performed with a complex 
computer code like SCDAPDLAPS. In this case, there are uncertainties that could impact the 
predicted melt mass, melt composition, and other results that could be used to establish DCH 
initial conditions for the Surry PWR. There are also uncertainties that could impact the potential 
for HPME through their influence on the timing of predicted RCS pressure boundary failures. 
However, only uncertainties falling into the second category are discussed here because 
SCDAPDLAPS results indicate that HPME will not occur in the Surry PWR during the subject 
TMLB’ sequence. Since HPME is not predicted to occur, the melt mass and other DCH initial 
conditions are inconsequential. On the other hand, any uncertainties that could alter conclusions 
relative to the potential for HPME in the Surry PWR merit further discussion as outlined below. 

It was recognized that hot leg countercurrent natural circulation would control ex-vessel 
heating and the timing of ex-vessel failures before this analysis began. Therefore, a significant 
effort was focused on development of a best-estimate model of countercurrent natural circulation 
in the Suny PWR (within time and budget constraints). The resulting model closely correlates 
with previous SCDAP/RELAP5 analyses and available experimental data. Results using that 
model indicate that the hot leg will fail 9431 s before relocation into the lower head begins and 
13730 s before the lower head would fail in the sequence considered. Those margins will increase 
if heat transfer by hot leg countercurrent natural circulation was underpredicted and conversely, 
the margins will decrease if the heat transfer was overpredicted. Because experimental data is 
limited, there is also a possibility that the heat transfer was overpredicted to the point where lower 
head failure would actually occur before a hot leg (or other ex-vessel) failure. However, the 
potential for that result appears to be very unlikely based on the current understanding of hot leg 
countercurrent natural circulation. 
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The current version of SCDAP/RELAP5 does not allow relocation of the core into the 
lower head until melt develops and spreads to the core periphery. This restriction appears to be 
reasonable based on preliminary hand calculations indicating that stresses are much higher (and 
therefore, failure is more likely) in side wall crusts of an in-core crucible than in bottom crusts of 
the same thickness (personal communication with S .  A. Chavez, Idaho National Engineering 
Laboratory, Idaho Falls, ID). Furthermore, natural circulation within the molten pool should 
result in relatively thin side wall crusts, providing an additional factor favoring side failure before 
bottom failure. However, there is no known experimental or analytical verification supporting this 
code feature. Therefore, some uncertainty in the results of this analysis must be acknowledged. 
Although it is expected to be unlikely, 'an early bottom crust failure could allow core relocation 
with a potential for lower head failure before ex-vessel failure. 

There are two options in the current version of SCDAP/RELAP5 for controlling 
relocation to the lower head once melt is established on the core periphery. The option allowing 
relocation as soon as melt reaches the periphery was used in this analysis. That approach neglects 
the potential relocation delay that could occur as a result of side wall crust stability. However, 
accounting for side wall crust stability did not appear necessary since hot leg failure was predicted 
well ahead of core relocation (and associated lower head failure). 

A constant coefficient of 500 W/m2-K was used to represent debris/vessel heat transfer in 
this analysis. However, there is a considerable amount of uncertainty in this parameter, primarily 
because the surface roughness at the debris/vessel interface in severe reactor accidents has not 
been characterized. It is important to note that this uncertainty is not critical with respect to the 
potential for HPME in this analysis since hot leg failure was predicted to occur 9431 s before 
relocation. In other words, an infinite coefficient, which would have led to an almost 
instantaneous failure of the lower head, could have been used without changing the results 
relative to the potential for HPME. 

The current version of SCDAP/RELAPS provides two options for heat transfer between 
debris and coolant during core relocation into the lower head. In the first option, debris is 
relocated without heat transfer, providing the potential for a relatively early lower head failure. 
Relocating debris is quenched in the second option, within limits imposed by the amount of 

. coolant available in the lower head. The second option was used in this analysis because the 
potential for repressurization associated with debris quenching was considered the best estimate 
while the first option is biased to accelerate lower head failure. However, the results indicate that 

I 

I' ~ 
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either option could have been used without impact on the potential for HPME. Specifically, a 
relatively early lower head failure would not alter conclusions relative to the potential for HPME 
because hot leg failure was predicted well ahead of core relocation. In addition, the potential for 
HPME was not affected by any repressurization because there was a relatively small amount of 
water available for quenching (as a result of a hot leg break) and because there was sufficient time 
to vent excess vapor and reduce RCS pressures before failure of the lower head. 

Creep rupture failure of the hot leg was predicted in the TMLB’ sequence considered in 
this analysis. A corresponding hot leg break was introduced at the predicted failure time, 
consistent with the best-estimate nature of this calculation. However, a constant break flow area 
of 0.01769 m2 was used based on a previous estimate for creep rupture of the S m y  surge line. 
Although one would expect a larger break flow area to develop in the hot leg (since it is larger 
than the surge line), a more rigorous evaluation of breaks resulting from creep rupture was 
avoided by using that break flow area. Furthermore, it is clear that this simplification had no 
adverse impact on the results of this analysis since the break area was large enough to allow rapid 
and complete depressurization of the RCS. A slightly faster depressurization associated with the 
use of a larger (and perhaps, more defensible) break flow area would be insignificant, given the 
predicted margin of 13 730 s between hot leg and lower head failures. 

Uncertainties in the prediction of ex-vessel creep rupture are believed to be relatively 
small because rupture depends on natural convection heating and the corresponding creep damage 
response, which are experimentally based. Unfortunately, there are numerous (and potentially 
large) uncertainties in the simulation of core melt progression leading to melt relocation and lower 
head failure, primarily because there is a lack of experimental data for thorough validation of the 
late phase core damage models. However, those uncertainties are not expected to be large enough 
to offset the large predicted margin between hot leg and lower head failures. In other words, the 
uncertainties are not expected to change the respective ordering of the RCS pressure boundary 
failures . 

E.4 CONCLUSIONS 

A best-estimate SCDAPRELAPS analysis of the Surry PWR during a TMLB’ sequence 
without recovery and without operator actions was completed. The analysis was designed to 
evaluate the behavior of the RCS and the progression of core damage with seal leaks of 480 gpm 
per RCP. Conclusions developed on the basis of this analysis are presented below. 
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Natural circulation of steam (and steam flow associated with pressurizer PORV 
cycling) will induce creep rupture failures in the hot leg piping before failure of 
the lower head. 

~ 

The RCS will depressurize through the hot leg failure before the lower head fails. 

Hot leg countercurrent natural circulation of steam will be established in the Surry PWR 
after the SG tubes and the hot legs are voided. Decay energy is transferred from the core to 
structures in the primary coolant loops by that flow. Steam flows associated with PORV cycling 
will also transfer heat to the loop structures until RCS pressures are reduced by the RCP seal 
leaks. As a result, the hot leg will be heated to the point of creep rupture failure before failure of 
the lower head. 

The hot leg break that develops as a result of creep rupture will allow a rapid 
depressurization of the RCS. As the pressure drops, all available accumulator inventories will be 
injected into the core. Some RCS repressurization can occur during the injection, depending on 
the amount of accumulator water available and the condition of the core. However, any excess 
steam will be vented through the hot leg break, allowing complete depressurization of the RCS to 
the containment pressure long before the lower head fails. 

HPME is unlikely in the Surry PWR during a station blackout with seal leaks of 
480 gpm per RCP. 

The SCDAPEELAPS results for the TMLB’ sequence considered indicates that the 
margin between RCS depressurization (through the hot leg break) and lower head failure is large. 
Although uncertainties in the results were identified, the uncertainties do not appear to provide 
support for any condition where the lower head could fail before failure of the hot leg. Since hot 
leg failure and complete RCS depressurization is expected, HPME in the Surry PWR during the 
sequence considered appears to be unlikely. 

Conditions in the lower head at the time of failure will be characterized by a low 
RCS pressure and a relatively large oxidic melt mass. 

The RCS pressure will be at (or very near) the containment pressure at the time of lower 
head failure as a result of a (relatively early) hot leg failure. The total oxidic debris (U02 plus 
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2102) in the lower head will be about 74 mt. However, a fraction of that debris will be solidified 
as heat is transferred from the melt to the lower head. Therefore, the molten mass of oxidic debris 
(available for ejection into the containment building) will be somewhat lower. 

The conclusions of this analysis are specific to the Surry PWR but should be 
applicable to Surry-like PWRs. 

This analysis was based on a best-estimate SCDAPJRELAPS model to determine the 
Surry PWR response during a specific TMLB’ sequence. Therefore, the results and conclusions of 
this analysis are specific to the Surry PWR. However, the results and conclusions of this analysis 
should be applicable to other three loop Westinghouse PWRs with similar geometries and core 
powers. 
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Table E.l. 
SCDAP/RELAPS model elevations relative to the lower reactor vessel head 

Location I Relative Elevation (m) 

Top of the active core 

Surge line (at the connection to the hot leg piping) 

Hot leg nozzle 

11 Inside surface of the bottom of the lower head (reference) 

6.722 

8.089 

8.089 

0 

Pressurizer SRV 

3.064 I 11 Bottom of the active core 

23.13 

Recirculation ratio (range: 1.7-2.2) 

8.089 I 

1 .gb 1 .gc 

23.13 I I I Pressurizer PORV 

Table E.2. 
Comparison of countercurrent flow parameters with values calculated by SCDAP/RELAPS 

11 Parameter I Targetvalue Calculated Value 

11 Fraction of core energy absorbed by all primary coolant loops I 0.2ga 0.29 

11 Hot mixing fraction (range: 0.85-0.89) I 0.87b 0.87' 

11 Cold mixing fraction (range: 0.85-0.89) I 0.87b 0.87' 
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Parameter 

Minimum cohesive debris flow area 

Early relocation (relocation to lower head when melt spreads to core periphery) 

Debris-to-coolant heat transfer during core relocation to the lower head 

Molten pool relocation time interval 
( ( i  ~ 

Value 

1 1% of nominal 

Yes 

60 s 

Yes 
... I 
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Table E.5. 
Sequence of events 

Event 

TMLB’ initiation 

Introduction of seal leaks of 21 gpm per RCP; leak diameters = 0.00331 m 

Steam generators dryout @ressurizer/non-pressurizer loops) 

Onset of pressurizer PORV cycling 

Time (s) 

0 

0 

185 0/5 020 

6020 

RCP saturation; seal leaks increased to 480 gpm per RCP; leak diameters = 0.0190 m 7638 

11 End of full loop (liquid)natural circulation 7692 

)[Collapsed liquid level falls below the top of the fuel rods 8783 

8980 

8900 

I I End of pressurizer PORV cycling 

11 Vapor in the core exit begins to superheat; hot leg countercurrent circulation begins 

11 Collapsed liquid level falls below the bottom of the fuel rods 10 372 

10 830 

10 980 

12 213 

11 Pressurizer drains 

11 Onset of fuel rod oxidation 

11 First heatup to molten fuel temperatures; in first channel 

11 Accumulator injection begins 12 362 

13 780 

22 975 

22 975 

23 200 

24 056 

11 First fuel rod fragmentation; in the second channel 

11 Pressurizer loop hot leg nozzle fails by creep rupture 

11 Hot leg break initiated; break diameter = 0.150 m 

11 Accumulators empty; injection ends with collapsed liq level -0.22m below top of fuel rods 

11 Second core dryout; collapsed liquid level falls below the bottom of the fuel rods 

11 79 kg Ag-In-Cd melts and slumps into lower head 27 649 

28 775 

28 900 

29 595 

31 350 

32 725 

32 406 

32 466 

1209 kg Ag-In-Cd melts and slumps into lower head 

201 kg Ag-In-Cd melts and slumps into lower head 

267 kg Ag-In-Cd melts and slumps into lower head 

50 kg Ag-In-Cd melts and slumps into lower head 

117 kg Ag-In-Cd melts and slumps into lower head 

Core slumping into lower head; 58 648 kg U02, 14 966 kg kg Zr02 

5420 kg of submerged ‘thin’ stainless steel added to lower head debris 
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Event 

Second core relocation into lower head; 4976 kg U02,1170 kg 2102 

Lower head failure; by creep rupture -0.66 m above the inside bottom surface of the head 

End of calculation . 

E-23 

Time (s) 

36 260 

36 780 

37 780 



Table E.6. 
DCH parameters at selected times 

Parameter @ 32 406 sa @ 36 780 sb @ 37 780 sc 

Lower head pressure (MPa) 0.1702 0.1699 0.1700 

Lower head liquid temperature (K) I 387 

Containment pressure (MPa) 0.1563 

Containment vapor temperature (K) 336 

Mass of in-vessel liquid (kg) 16 412 

Integrated H2 generated (kg) 383.6 

Integrated H2 flow into containment (kg) 383.6 

Lower head debrisd: Ag-In-Cd (kg) 1923 
~ ~~ ~ 

Stainless steel (kg) I 5420 

388 

0.1603 

340 

11 154 

388 

0.1608 

34 1 

10 890 

383.6 I 383.6 

383.6 I 383.6 

1923 I 1923 

5420 I 5420 

zro2 (kg) 14 966 14 966 16 136e 

Maximum temperature (K) 2873 3443 3653f 

Averagemoltentemperature(K) I 2873 I 3232 I 3303 

Molten fraction 0.91g 0.65 0.70 

a. Corresponding to the time that the f i s t  major core relocation into the lower head began. 
b. Corresponding to the time of lower head failure. 
c. Corresponding to the end of the calculation. 
d. Includes 1923 kg of Ag-In-Cd from earlier relocations and 5420 kg of thin cross-section steel in the lower plenum that woulc 

e. Includes 4976 kg UOz amd 1170 kg of ZrOz that relocate between lower head failure and the end of the calculation. 
f. This temperature reflects the non-physical condition associated with retaining the melt in the lower head when it should have 

g. The fraction is estimated to be 0.91 because earlier relocations (1923 kg Ag) were quenched and 5420 kg of lower plenum SS 

be expected to melt as a result of being submerged by core materials. 

relocated to containment.. 

was assumed to be added at the lower plenum temperature. 
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Figure E.l. Suny reactor vessel nodalization with provisions for in-vessel natural circulation. 
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Figure E.2. Pressurizer coolant loop nodalization for the Surry PWR without provisions for hot 
leg countercurrent natural circulation. 
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Figure E.3. Pressurizer coolant loop nodalization for the Surry PWR with provisions for hot leg 
countercurrent natural circulation. 
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of split hot leg 

Figure E.4. Nodalization detail showing the surge line connection to the split hot leg. 
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relative power =1.164 
b 

b t 

36 fuel assemblies 
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Fourth flow channel: 
60 fuel assemblies 

relative power =1.005 

Fifth (outer) flow channel: 7 
36 fuel assemblies 

relative power 4.762 

Figure E.5. Cross section of the five channel core with assembly and channel relative power 
levels. 
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Figure E.6. Cross section of the five channel core with CRA (control rod assembly) locations. 
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Figure E.7. COUPLE mesh representing the lower reactor vessel head of the Sunry PWR. 
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Figure E.8. Pressure in the reactor vessel lower head. 
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Figure E.11. Lower head debris depth (referenced to the bottom inside surface of the head). 
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Figure E.12. Lower head maximum debris temperature. 
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Figure E.13. Mass of liquid in the reactor vessel. 
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Figure E.15. Total hydrogen vented to containment. 
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APPENDIX F 
Likelihood of DCH 

F.l Introduction 

A necessary condition for DCH is that the reactor pressure vessel (RPV) fails while the 
reactor coolant system (RCS) is still at elevated pressure. The main body of this report 
addresses DCH when high pressure sequences exist. This appendix addresses the likelihood that 
the RPV will fail while the RCS is still at pressures high enough to lead to a potential direct 
containment heating threat. Section F.2 provides an overview of relevant issues and research 
programs. Section F.3 provides a specific application to the Surry plant using methodologies 
similar to those developed for "REG-1150. As part of this application, existing 
SCDAP/RELAPS calculations were used to assess whether 'accident-induced failure of the RCS 
would lead to rapid RCS depressurization before bottom head failure. Where possible, parallel 
insights are brought in from the Surry IPE. Conclusions are summarized in Section F.4. 

F.2 Overview of NRC-Sponsored Research . 

F.2.1 Probability of High-Pressure Sequences 

The NRC has, sponsored many probabilistic risk assessments (PRAs), beginning with the 
Reactor Safety Study, that have identified the most probable core melt sequences. The more 
recent PRAs, NUREG-1 150 in particular, have identified which of these core damage sequences 
will be at high pressure when the core uncovers. I Summary core damage sequence information 
is provided for the Surry plant in Section F.3.1 

The dominant core damage sequences are plant-specific, so the NUREG-1 150 results cannot 
be generalized to cover all plants. In fact, the Accident Sequence Evaluation Program (ASEP) 
investigated the feasibility of extending plant-specific PRAs to other plants and concluded that 
this would not be possible because there are too many plant-specific considerations that affect 
the frequencies of various sequences. The individual plant examinations (IPEs) have been 
completed for all plants and they provide information on the most probable core damage 
sequences. However, the IPEs may not indicate the pressure at core uncovery for the various 



sequences (e.g., the relative contribution of various pump leak rates to the overall sequence 
frequencies). 

Although plant-specific core damage sequence information is not available for all plants, the 
past PRAs indicate that there are a limited number of sequences that would be expected to lead 
to vessel breach at high pressure. Stylized RCS pressure traces (capturing general trends of 
calculations) for some of the sequences that have been found important in PRAs are shown in 
Figure F. 1. Station blackout sequences or sequences that progress similarly to station blackout 
sequences are normally the dominant high-pressure core damage sequences. Emergency core 
coolant (ECC), other than accumulators, is lost immediately in most of these sequences. In 
some cases (such as long-term station blackout), steam generator auxiliary feedwater is available 
for a limited time, but eventually fails. In other cases (such as short-term station blackout), 
auxiliary feedwater fails immediately. Further variations include pump seal loss-of-coolant 
accidents (LOCAs) and stuck-open power-operated relief valves (PORVs). 

Most other nonrecovered.core damage sequences that have been identified in the completed 
PRAs would be expected to reach low pressure either before core damage begins or between the 
onset of core damage and vessel breach (Le., after core damage occurs yet before vessel 
breach). For example, large LOCA sequences reach low pressure before core damage occurs. 
Smaller LOCAs may be at elevated pressure before core damage, but only very small LOCAs 
are not expected to be at low pressure before vessel breach. Possibilities for such very small 
LOCAs include pump seal failure, which is included as one of the variations of station blackout 
sequences. Anticipated transient without scram (ATWS) sequences would normally be at high 
pressure when core damage begins, but at the plants studied to date, the operator would be 
expected to depressurize the system before vessel breach. For plants without depressurization 
capability, the ATWS sequences might proceed at high pressure, but the RCS response would 
be expected to be similar to the response during a station blackout sequence following core 
voiding. 

Based on these considerations, the variations of station blackout cover the range of RCS 
responses predicted for the high-pressure core melt sequences from currently completed PRAs. 
However, the containment response also must be considered. The various sequences discussed 
in the previous two paragraphs would have approximately the same integral blowdown source 
to containment, but the timing could vary considerably. The timing differences would be 
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bounded by the short-term and long-term station blaqkout sequence variations. Other sequences 
have been identified in PRAs that could have a greater impact on containment response, 
however. In some sequences, engineered safety features (ESFs) such as containment sprays or 
ECC might be operating, thus affecting containment response. For example, sequences with 
ECC initially operating but then failing in the recirculation mode would have a larger 
containment blowdown source, which would result in a.higher containment steam concentration 
than sequences with immediate failure of ECC. Operation of containment sprays would also 

have a large impact on containment response by reducing containment pressure, temperature, 
and steam content. In NUREG-1150, such sequences were found to be small contributors to the 
internal events analysis, but could be more important at other plants, or when evaluating external 
events. 

F.2.2 Probability of High-Pressure Melt Ejection 

DCH risks could be reduced if the effects of HPME were prevented or mitigated through 
RCS depressurization before lower head failure. The factors that contribute to the probability 
of HPME are discussed in this section (based on the assumption that plant operators do not take 
actions to intentionally depressurize). Intentional RCS depressurization as a means to prevent 
or mitigate the effects of HPME is discussed in Section F.2.3. Factors that contribute to the 
probability of HPME include both depressurization and repressurization mechanisms as discussed 
below. The analysis of severe accident progression to evaluate the probability of HPME, 
including the depressurization and repressurization aspects, is also described. 

Without operator actions, failure of the RCS pressure boundary is the only mechanism for 
depressurization. Vulnerable areas in the RCS pressure boundary include the pressurizer 
PORVs, the reactor coolant pump (RCP) seals, the surge line piping, the hot leg nozzles, and 
the steam generator tubes. 

Primary system pressure will be controlled by pressurizer PORV cycling during severe 
reactor accidents without RCS leaks. There is a potential for PORV failures before core 
damage, as discussed in Section F.2.1, and an increased potential during protracted accident 
sequences since the valves are not normally designed for repeated cycling. As an accident 
progresses, fluid temperatures discharged through the PORVs will increase. PORV failures 
could also result from valve operation at temperatures above design conditions. At this point, 
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data are not available to determine the mode of PORV failure. However, RCS depressurization 
could occur if the PORVs fail in an open or partially open position. 

The loss of RCP seal cooling, resulting from a loss of ac power or a loss of component 
cooling water, would subject the pump seals to RCS fluid temperatures. Without failure of any 
of the seal stages in a Westinghouse RCP, seal leakage would increase from 3 gpm to 
approximately 21 gpm per RCP under those conditions wardman et al. 1985). Leak rates as 
high as 480 gpm per RCP could occur if all three seal stages in a Westinghouse RCP 
subsequently failed (Boardman et al. 1985). Although other designs have not received the same 
attention as the Westinghouse RCPs, a potential for leaks as a result of severe reactor accident 
conditions is anticipated in all RCPs. Obviously, such leakage also provides a potential for RCS 
depressurization. 

Without operator actions, natural circulation flows could develop and redistribute core decay 
heat in the RCS during severe reactor accidents. Full loop, in-vessel, and hot leg countercurrent 
natural circulation modes are possible. Experiments performed for Westinghouse-type 
pressurized water reactors (PWRs) (Stewart et al. 1986) indicate that hot leg countercurrent 
natural circulation flows could be expected in any PWR with U-tube steam generators. Recent 
experimental work @. Marzo, 1993) shows that natural circulation paths can also be established 
in plants with once-through steam generators (OTSG) and suggest that failure of the RCS 
boundary may occur on a time scale comparable to plants with U-tube steam generators. Ex- 
vessel heating associated with natural circulation could lead to creep rupture failures in the RCS 
pressure boundary. The surge line, the hot leg nozzles, and the steam generator tubes appear 
to be the most vulnerable failure locations. (Flow to cycling PORVs during accidents without 
leaks would also contribute to the heating of the surge line and the hot leg nozzle in the 
pressurizer coolant loop.) A potential for RCS depressurization would occur if any point in the 
RCS pressure boundary were heated to a failure condition. 

It should be noted that all potential RCS pressure boundary failures discussed in this study 
are influenced by the accident progression. If any one of the accident-induced failures occurs 
before failure of the lower head, there is a potential for preventing or mitigating the effects of 
HPME and DCH through RCS depressurization. 
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The primary mechanisms for RCS repressurization include the effects of accumulator 
injection and the potential for debris-to-coolant heat transfer during molten relocation from the 
core to the lower head. It should be noted that ECC systems other than accumulators could also 
produce a repressurization. However, if other ECC systems are available early in the transient, 
the accident would not normally proceed to the point of HPME. The consideration of those 
conditions is of no interest on that basis. If the other ECC systems are not initially available, 
but are restored after core damage has begun, the melt progression might not be terminated. 
For these cases, the pressurization from the other ECC systems could be important. 

Both mechanisms for repressurization are similar. Specifically, the mechanisms involve the 
generation of excess vapor that is not immediately removed from the RCS or condensed in 
cooler parts of the RCS. If the RCS is depressurized to the initial accumulator pressure, cold 
water will be injected. Heat transfer from the core to the injected water will generate some 
amount of vapor. The RCS will then repressurize to some point above the accumulator pressure, 
terminating the injection. (The injection process can be repeated if the RCS is depressurized 
through removal of the excess vapor. However, subsequent cycles occur at lower pressures 
since accumulator pressures decrease with each discharge into the RCS.) Sequences that lead 
to core melt could have some liquid inventory in the lower head and lower plenum at the time 
of core relocation. Interaction between the molten debris and that coolant could result in RCS 
repressurization through the rapid generation of a substantial amount of vapor. Note that either 
mechanism for repressurization could accelerate or contribute to failures in the heated RCS 
pressure boundary. These effects have been included in the HPME evaluations for this 
appendix. 

Although the potential for HPME is a function of RCS depressurization and repressurization, 
there are many interrelated complexities in the progression of severe reactor accidents that 
influence the timing and magnitude of the depressurization and repressurization events. Those 
complexities include thermal-hydraulics and heat transfer through core heatup, ballooning and 
rupturing of the fuel rod cladding, oxidation, core quenching and fragmentation, the formation 
of in-core blockages, and the processes of melting and relocation of core materials. In severe 
reactor accidents without operator actions, thermal-hydraulics and heat transfer are established 
through natural circulation processes. Computer-based tools provide an effective method for 
analyzing these complexities. 
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There are several computational tools currently available for analysis of the RCS response 
during severe reactor accidents (Le., SCDAP/RELAPS, Allison et al. 1991; MELCOR, 
Summers et al. 1991; and M A P ,  Fauske and Associates 1987). The MAAP code has been 
usxi extensively in the PES. However, the SCDAP/RELAP5 computer code provides the most 
mechanistic treatment of severe reactor accidents while others are designed for parametric 
studies. The SCDAP/RELAP5 code has an additional advantage in that it is the current d e  
of choice for best-estimate NRC severe accident analyses. As a result, there are ongoing 
development and maintenance activities to enhance code capabilities and to help ensure cade 
perfOrmance. 

The computational tool must adequately simulate natural circulation processes because of 
its importance in severe reactor accidents without operator actions. Numerous natural circulation 
studies have been performed with various computer codes, as documented by Martinez et al. 
(1991). Those studies included assessments of natural circulation and decay heat redistribution 
in station blackout transients. The results indicate that core damage progression is coupled to 
the natural circulation flow patterns. Hot leg countercurrent flow is of particular interest with 
respect to the probability of HPME since it is an important mechanism in the development of 
RCS pressure boundary failures. 

Bayless (1988) developed an approach for simulating hot leg countercurrent flow in the 
Surry PWR using SCDAP/RELAPS. The modeling approach evolved from low-pressure 
countercurrent flow experiments performed by Westinghouse (Stewart et al. 1986). The 
Westinghouse experiments were successfully simulated using the COMMIX computer d e  
(ANL, 1985). The COMMIX model of the Westinghouse experiment was then scaled up to 
represent the high-pressure conditions of a PWR and SCDAP/RELAPS was benchmarked against 
the COMMIX results. The SCDAP/RELAP5 modeling approach used to represent 
countercurrent flow in the Surry PWR was taken from that benchmark. An independent 
assessment of the resulting countercurrent flow model was, performed using the MELCOR 
computer code (Martinez et al. 1991). The MELCOR natural circulation results were found to 
agree with those calculated with SCDAP/RELAPS. Pafford subsequently simulated high- 
pressure Westinghouse natural circulation experiments with a SCDAP/RELAPS model utilizing 
the Bayless modeling approach and obtained reasonable agreement with the data (Stewart et al. 
1986). 
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SCDAP/RELAPS appears to be a reasonable computational tool for assessing the phenomena 
related to the probability of HPME based on its mechanistic nature and its capability to represent 
natural circulation. For that reason, malyses documented in this report were based on 
SCDAP/RELAP5. It should be noted that an independent peer review indicated that some of 
the SCDAP/RELAPS models are not completely adequate for representing certain aspects of late- 
phase core melt phenomena (Corradini et al. 1993). Since those limitations are primarily the 
result of a limited database for late-phase core melt progression in full-scale PWR geometries, 
other computer codes will. have the same limitations. The uncertainties arising from the 
limitations were considered in the analyses contained in this appendix. 

F.2.3 Intentional RCS Depressurization 

Intentional depressurization of the RCS before vessel breach could be effective in eliminating 
or reducing HPME severity, which would eliminate or mitigate the effects of DCH and the 
potential for containment failure. Therefore, intentional RCS depressurization represents one 
possible plan of action to reduce the risks for those PWRs with a non-negligible potential for 
containment .failure. 

Within the context of this report, intentional RCS depressurization refers to a deliberate 
operator action to latch open pressurizer PORVs at some time during a severe reactor accident 
to avoid the potential for HPME. Intentional depressurization would only be proposed for core 
melt sequences. that would be expected to progress to vessel breach. Furthermore, intentional 
depressurization' would not be proposed in sequences where cooling water is available to 
establish feed-and-bleed operations. Experimental and analytical results indicate that core heatup 
can be effectively arrested by implementing feed-and-bleed on either the primary or secondary 
side of the RCS (Shimeck et al. 1982; Loomis and Cozzuol 1988). Obviously, intentional 
depressurization could not be employed without backfits in plants without PORVs (Le. , certain 
CE PWRs). 

Because of the potential risk reduction benefits, intentional RCS depressurization has been 
a subject of international interest for a number of years (OECD 1989). The NRC initiated a 
program in the mid-1980s at the Idaho National Engineering Laboratory (INEL) to study 
intentional depressurization. The INEL project was originally established as an analytical 
investigation using SCDAPIRELAPS. The project was subsequently expanded to encompass all 
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facets of the process, including human factors considerations, the performance of instrumentation 
and required equipment under accident conditions, and PRA insights. 

The impact of PORV opening times with respect to intentional depressurization of the Surry 
PWR during a station blackout transient was initially evaluated using SCDAP/RELAPS (Hanson 
et al. 1990). An early depressurization was considered where PORVs were assumed to be 
opened at the time of steam generator dryout. In addition, late depressurization was evaluated 
where PORVs were assumed to be opened at the time core exit temperature reached 922 K. 
That temperature indicates that the core is uncovering and that fuel damage is imminent. Both 
PORV opening times were found to effectively reduce the RCS pressure in the Surry PWR 
before lower head failure. However, early depressurization led to early and extensive core 
damage compared with late depressurization. It was concluded that late depressurization was 
preferred over early depressurization because core damage is reduced and because there is more 
time for accident recovery (through restoration of ac power, by securing firewater or other 
alternative cooling water sources, etc.). 

Brownson (1991) developed an approach for extension of the Surry late depressurization 
results to other PWRs operating in the United States. The approach involved grouping the 
PWRs, selecting a representative plant from each group for systematic evaluation, and then 
extending the evaluation results to the remaining PWRs in each group. However, uncertainties 
in the extension of results were identified that required detailed transient calculations. 
SCDAP/RELAP5 was used to complete the required late depressurization calculations for a 
Babcock & Wilcox (B&W) PWR, a CE PWR, and a 4-loop Westinghouse PWR (Brownson et 
al. 1993). Within documented constraints, the results indicated that intentional depressurization 
could eliminate the potential for HPME in 3- and 4-loop Westinghouse PWRs and mitigate the 
severity of HPME in B&W and CE PWRs. The documented constraints include equipment 
operability and survivability issues and human factors considerations that would have to be 
addressed before intentional depressurization is implemented in any operating PWR. 

F.3 Application to Surry 

Figure F.2 summarizes our approach for estimating the probability of HPME. Many 
different accident sequences can lead to core damage. For simplicity, these are combined into 
seven plant damage states (PDSs), which characterize the condition of the plant at the onset of 
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core damage. The PDSs are regroupings of the core damage accident sequences according to 
important characteristics that affect the subsequent accident progression and the source term. 
Section F.3.1 discusses the seven PDSs for Surry. The RCS pressure at vessel breach is a 
function of the PDS characteristics and core melt phenomena. Accident-induced RCS 
depressurization in Surry is the focus of Section F.3.2. 

For each PDS, the RCS pressure at vessel breach can be grouped into one of four ranges. 
In this appendix, we carry this procedure through for two PDSs representing short-term and 
long-term station blackout accidents, respectively. Ideally, DCH load calculations could be 
performed for the unique conditions of each event that leads to vessel failure. This may be 
impractical; consequently, we were motivated to identify a small number of splinter scenarios 
that envelop the many possible damage states at vessel breach. Finally, the probabilities 
(conditional on core damage) for a given pressure range can be summed over all PDSs. This 
process can then be repeated for each pressure range. The summary results represent the 
probability of HPME given core damage. This process is discussed for Surry in Section F.3.3. 

F.3.1 Probability of High-Pressure Sequences in Suny 

This section provides perspectives on the frequencies of accidents with high RCS pressures 
at core uncovery. Note that the pressure at the time of core uncovery can be either higher or 
lower than the pressure at the time of vessel breach (Le., either depressurization or 
repressurization is possible following core damage). These possibilities are discussed in Section 
F.2.1. The dominant PDSs from NUREG-1 150 are described. This information feeds into the 
development of the three enveloping scenarios that are actually used in the DCH analyses. 

The internal event core damage frequency estimates for Surry in NUREG/CR-1150 were: 

Mean 4.01E-5/ yr 
5 percent Lower 6.75E-6/yr 
95 percent Upper 1.3 1E-4/yr 

These values represent reasonably low values for frequency estimates of internal-event core 
damage. Of concern here is the fraction of accidents that are expected to be at high pressure 
at the onset of core damage. In dividing the accident sequences into PDSs, a number of factors 
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are considered. The first factor in delineating PDSs is the one of most concern (Le., the status 
of the RCS at the onset of core damage). For Surry, the RCS status is divided into eight 
categories: 

T - no break (transient) 
A - large LOCA (6" to 29") , 

S1 - medium LOCA (2" to 6") 
S2 - small LOCA (1/2" to 2") 
S3 - very small LOCA (less than 1/2") 
G - steam generator tube rupture with steam generator integrity 
H - steam generator tube rupture without steam generator integrity 
V - interfacing LOCA 

It is important to note that these categories do not correspond directly to the initiating event 
categories used in the core damage accident sequence analysis for Surry. For example, if an 
event begins as a transient, but results in the failure of a reactor coolant pump seal before core 
damage, it is categorized in the PDS analysis as a small break. To simplify the analysis, the 
many possible PDSs were combined into seven PDS groups. Within each group, four RCS 
pressure ranges were considered at the onset of core damage: 

System setpoint pressure - 2500 psia (17.2 MPa) 
High pressure 
Intermediate pressure 
Low pressure 

- 600 - 2000 psia (4.1 MPa - 13.8 MPa) 
- 200 - 600 psia (1.4 MPa - 4.1 MPa) 
- < 200 psia (< 1.4 MPa) 

In the discussions below, each of the seven PDS groups is described. Table F.l contains 
the mean core damage frequency for each group and the fraction of accidents expected to occur 
within each of the four pressure ranges. Table F.2 compares the relative frequency for each 
PDS, with both NUREG-1150 and IPE results shown. Tables F.l and F.2 show that station 
blackout accidents (both longterm and shortterm) are the dominant accidents proceeding to core 
uncovery while the RCS is still pressurized. 
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PDS Group 1 - Slow Blackout 

Group 1 is the most likely PDS group. This PDS consists of long-term station blackout 
sequences without any containment systems available. All of the sequences in this PDS are 
initiated by the loss of off-site power, foIlowed by failure of on-site emergency ac power and 
successful operation of the turbine-driven portion of the auxiliary feedwater system. Core 
damage may occur in approximately 7 hours as a result of battery depletion (4 hours until battery 
depletion and an additional 3 hours until core uncovery) or sooner owing to loss of coolant 
through a reactor coolant pump seal LOCA or a stuck-open PORV. Any loss of RCS integrity 
prior to core damage involves no more than the equivalent of a small break LOCA. Source term 
code package calculations (STCP) indicate that the pressure would be intermediate or higher for 
these conditions. 

: I  

PDS Group 2 - Loss-of-Coolant Accidents 

PDS group 2 includes LOCAs of all sizes. A variety of emergency core cooling failures 
ultimately lead to core damage. Because RCS integrity is lost at the outset, none of the 
sequences proceed to core damage at the system setpoint or high pressure. Intermediate 
pressures can occur for the smaller breaks. 

PDS Group 3 - Short-Term Station Blackout 

Short-term station blackout events begin with a loss of off-site and on-site ac power, but 
proceed rapidly owing to the failure of turbine-driven auxiliary feedwater. All of these 
sequences at Surry proceed to core damage with the RCS intact and at the system setpoint 
pressure. 

PDS Group 4 - Event V 

Event V is an interfacing systems LOCA, involving failure of the boundary between high- 
and low-pressure systems. The low-pressure system fails when it is exposed to the"high RCS 
pressure, resulting in loss of coolant outside the containment boundary. Because of the relatively 
large piping involved, the accident will proceed at relatively low pressure. The DCH concern 
is minimal because the RCS pressure is low and the containment is already by-passed. 

', I 
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PDS Group 5 - Transients 

The transient group at Surry consists of accidents initiated by either a loss of main feedwater 
or the loss of a DC bus. This is followed by a loss of auxiliary feedwater and a failure to 
provide feed-and-bleed core cooling. Containment systems are successful in these accidents. 
At core uncovery, these accidents have an intact RCS at the system setpoint pressure. 

PDS Group 6 - ATWS 

Anticipated transients without scram events make up group 6,  These are transient events 
with failure of both the automatic reactor protection system and the manual scram systems. The 
core power is estimated to be much higher than available heat removal (without the power 
conversion system), and rapid steaming and boiloff result. Even with the PORVs held open by 
the steaming, the reactor will proceed to core damage at or near the system setpoint pressure. 
After core uncovery, the power drops as the water level falls, so opening the PORVs can 
depressurize the RCS. 

PDS Group 7 - Steam Generator Tube Ruptures (SGTRs) 

PDS group 7 consists of SGTR accidents involving a single tube rupture, followed by failure 
of the operators to depressurize the RCS and prevent loss of coolant through the faulted steam 
generator (and outside containment). This accident may proceed at relatively high pressure (the 
tube break is small). However, the concern for DCH is lessened because the containment is 
already by-passed. 

F.3.2 Accident-Induced Reactor Coolant System Depressurization 

RCS depressurization before lower head failure could eliminate the potential for or reduce 
the severity of HPME during severe reactor accidents. The RCS of a PWR could be 
depressurized through accident-induced ex-vessel pressure boundary failures (see Section F.2.2) 
or as a result of deliberate operator actions (see Section F.2.3). An assessment of the potential 
for HPME in the Surry PWR with respect to accident-induced ex-vessel pressure boundary 
failures was recently completed (Knudson and Dobbe, 1993). Based on results from the 
assessment, it was concluded that there is a low probability for HPME in the Surry PWR during 
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station blackout accidents that progress without recovery and without operator actions. The 
remainder of this section contains a summary of the assessment supporting that conclusion. 
Complete assessment details are provided in the reference. 

Assessment Approach and Scope 

The Suny assessment was limited to an evaluation f a station blackout scenario. The 
station blackout scenario was selected because it is expected to cover the possible range of RCS 
responses during the high-pressure melt sequences considered for this report (see Section F.2.1) 
and because it is the single largest contributor to the frequency of core damage for the Suny 
PWR (see Section F.3.1). The specific station blackout scenario considered was a TMLB' 
sequence, which was initiated by the loss of all ac power and a simultaneous loss of auxiliary 
feedwater. The potential effects of operator actions and accident recovery were not considered. 
The assessment was completed in two parts including (1) a detailed SCDAP/RELAPS/MOD3 
analysis of the TMLB' sequence in the Surry PWR and (2) an evaluation of associated RCS 
depressurization-related probabilities. 

Part one of the assessment consisted of a SCDAP/RELAPS/MOD3 analysis to quantify 
(1) the time and location of the initial RCS pressure boundary failure, (2) the associated RCS 
conditions at the time of the initial pressure boundary failure, and (3) the RCS conditions at the 
time of reactor vessel lower head failure. Plant modeling based on previous work (Bayless, 
1988) was included to allow for the development of full-loop, in-vessel, and hot leg 
countercurrent natural circulation. Natural circulation flows provided a mechanism for the 
potential development of ex-vessel failures (in the surge line and hot leg piping, steam generator 
tubes, etc.). 

Code calculations from accident initiation through the time of lower head failure were 
performed with and without hot leg countercurrent natural circulation, with and without RCP 
seal leakage, and with variations on some of the more important core damage progression 
parameters. Best-estimate parameters were used as inputs where there are data or where the 
effects of the parameters are well characterized. For core damage progression parameters with 
a high degree of uncertainty, values were selected to minimize the time to lower head failure, 
producing a conservative evaluation of the potential for HPME. 
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The code calculations assumed that there was sufficient plant air and battery power to 
operate the PORVs throughout the transient. Furthermore, the potential for PORV failures that 
could result from repeated cycles at extreme temperatures was not considered. Simple structural 
models of the ex-vessel piping were included to track the potential for creep ruptures induced 
by the combined effects of elevated temperature and pressure assuming that all ex-vessel piping 
was free of structural defects and degradation. Any predicted ex-vessel failure was appropriately 
recorded although an associated RCS blowdown was not simulated. Instead, the code 
calculations were extended to lower head failure without RCS depressurization following induced 
failures, providing an approach for estimating the possible timing difference among all events. 

Six different SCDAP/RELAPS/MOD3 calculations were performed in the first part of the 
assessment. In the base case, full-loop, in-vessel, and hot leg countercurrent natural circulation 
flows were considered. This case represents conditions that could develop following TMLB' 
initiation without operator actions. Hot leg countercurrent natural circulation was eliminated in 
case 2 to minimize the core heatup time by minimizing ex-vessel heat transfer. Case 2 was 
performed to evaluate the effects of hot leg countercurrent flow on the potential for HPME. 
Cases 3 through 6 were designed to account for all modes of natural circulation along with the 
potential effects of RCP seal leakage (the "old" O-ring materials are used in the Surry RCPs). 
In those cases, breaks providing initial leak rates of 21 gpm per RCP were introduced at TMLB' 
initiation and larger break sizes were introduced at the time liquid in the RCPs reached saturated 
conditions. The initial leak rate (of 21 gpm per RCP) represented leakage associated with the 
loss of seal cooling that would accompany the loss of ac power. Larger break sizes were 
introduced to represent the potential for failures associated with instabilities that could occur 
when the seals are exposed to high-temperature, two-phase fluid conditions. A continuous leak 
rate of 21 gpm was not included in cases 1 and 2 because it would not be expected to 
significantly alter the results since the flow rate is only a small fraction of the PORV capacity. 

In case 3, break sizes were increased when RCP liquid rexhed saturated conditions to 
provide initial leaks of 250 gpm per RCP, representing the most probable leak rate (Wheeler et 
al. 1989). In case 4, breaks were increased to provide initial leaks of 480 gpm per RCP, 
representing the maximum leak rate corresponding to failure of all three seal stages in a 
Westinghouse RCP (Boardman et al. 1985). Case 5 was identical to case 3 with the exception 
of how heat transfer from molten materials was treated during relocation from the core to the 
lower head. In Case 3, molten materials were relocated from the core to the lower head without 
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heat transfer. In Case 5,  molten materials were assumed to quench during the relocation (up to 
the physical limit associated with the amount of water in the lower head). Results from cases 
3 and 5 provide insight into the effects of debris cooling on the potential for HPME. Case 6 
was identical to case 4 with the exception of the treatment of fuel cladding deformation. In case 

4, it was assumed that deformation was limited to 2 percent owing to an oxide buildup on the 
outer surface of the cladding prior to the onset of ballooning. The limit on cladding deformation 
was increased to 15 percent in case 6 to represent an upper bound on the average deformation 
that could be expected. 

Probabilities of RCS depressurization-related issues were evaluated in part two of the 
assessment. The specific depressurization issues that were considered were identified through 
examination of the APET developed in NUREG-1 150 (NRC, 1990). Specifically, the APET was 
examined to compile a list of those RCS depressurization-related issues that have the largest 
influence on the risks associated with HPME. The list included a surge line/hot leg failure issue 
and an RCS pressure at vessel breach issue that could be affected by the 
SCDAP/RELAPS/MOD3 analyses completed after NUREG-1 150. Those issues can be 
expressed as follows: 

1. What is the probability that the surge line or hot leg will fail and depressurize the RCS 
to a low pressure before lower head failure? 

2. What are the probabilities of being at a low, intermediate, and high RCS pressure at the 
time of reactor vessel breach? 

Similar to the treatment of DCH in NUREG-1150, low, intermediate, and high RCS 
pressures were taken to be pressures below 1.38 MPa, pressures between 1.38 and 6.89 MPa, 
and pressures above 6.89 MPa, respectively. In NUREG-1 150, the transition between high and 
intermediate pressure ranges was set at 4.1 MPa (vs 6.89 MPa here) to address concerns related 
to the timing of accumulator injection. For our purposes here, using 6.89 MPa is more 
appropriate because it gives a more uniform spread among the pressure ranges. It was assumed 
that HPME would not occur at low RCS pressures. 

The approach used to evaluate the issue probabilities was closely patterned after the expert 
In general, the issues were first decomposed elicitation method used in NUREG-1150. 
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(separated) into parts that were easier to evaluate; endpoint probabilities were established for 
each part; a distribution was assumed between the endpoints; and the resulting distributions were 
recombined to arrive at a probability for the issue. However, establishing the endpoint 
probabilities was the key to the process. Although current SCDAP/RELAPS/MOD3 results were 
used as a basis, the endpoints were not simply derived from the results. Instead, an attempt was 
made to capture the potential uncertainties in the results with the endpoints. In some cases, 
engineering judgments were made to assess the magnitude of the potential uncertainties. In other 
cases, potential uncertainties were addressed by completing sensitivity calculations using 
SCDAPlRELAPS/MOD3. 

Assessment Results 

The SCDAP/RELAPS/MOD3 results listed in Table F.3 summarize the predicted response 
of the Surry PWR for all calculations performed in the first part of the assessment. Base case 
results indicate that natural circulation of steam and steam flow through the cycling pressurizer 
PORVs can induce creep rupture failures in the surge line and hot leg piping before failure of 
the lower head (assuming the RCS is not depressurized by leaks). Without leaks, the RCS 
pressure is maintained by pressurizer PORV cycling as shown in Figure F.3. During each valve 
cycle, energy is transferred from the core to the surge line and hot leg piping. Hot 'leg 
countercurrent natural circulation is established between PORV cycles, which also transfers core 
decay heat to the hot legs. However, the surge line is heated to a failure condition before the 
hot legs because it is relatively thin. Tube failures would not be expected at the temperatures 
predicted at the time of hot leg failure because the circulating steam loses a significant amount 
of energy before reaching the steam generators, leaving the tubes relatively cool, as shown in 
Figure F.4. The predicted steam generator tube temperatures could increase if steam generator 
tube leakage was included. Previous studies indicate that the RCS pressure could be reduced 
from the PORV set point pressure to a value below 1.38 MPa before the predicted lower head 
failure through either a surge line or hot leg breach (Bayless, 1988). 

Case 2 results indicate that surge line and hot leg failures can be expected before the lower 
head fails even if hot leg countercurrent natural circulation is not established (assuming the RCS 
is not depressurized by leaks). Hot leg countercurrent natural circulation provides an effective 
mechanism for transferring core decay heat to the ex-vessel piping. If that heat sink is 
eliminated, heatup of the core and in-vessel structures will accelerate with corresponding 
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increases in steam temperatures. Under those conditions, however, the surge line and hot leg 
will also be exposed to higher temperatures during each PORV cycle, which leads to surge line 
and hot leg creep ruptures before lower head failure. Without hot leg countercurrent natural 
circulation, steam generator tube failures would not occur since tube heating is minimal. 

The RCS pressure is reduced below the pressurizer PORV set point by the seal leak rates 
considered in cases 3 through 6. PORV cycling ends with that pressure reduction as shown for 
case 5 in Figure F.5. Although surge line heating decreases when PORV cycling ends, ex-vessel 
heating continues as a result of hot leg countercurrent flow. Results from cases 3 and 5 indicate 
that both surge line and hot leg failures would occur before lower head failure if the RCS 
pressure were reduced below the pressurizer PORV set point by seal leaks of 250 gpm per RCP. 
Although the hot leg is relatively massive, it would be heated to a failure condition before the 
surge line because of the decrease in surge line heating and because the hot leg is exposed to the 
highest-temperature steam leaving the reactor vessel. RCS depressurization through either 
breach would occur before the lower head fails. Given that the steam generator tubes are free 
of defects, the results indicate that failure of the tubes would not be expected with leaks of 250 
gpm per RCP. 

SCDAP/RELAPS/MOD3 results for cases 4 and 6 indicate that a lower head failure would 
be the first breach of the RCS pressure boundary in the Surry PWR if RCP seals leak 
480 gpm/pump. The onset of core damage is accelerated by the higher leak rate. However, the 
higher RCP leak rate also depressurizes the RCS to allow earlier accumulator injection, which 
can delay further core degradation. The most important aspect associated with RCP seal leak 
rates, however, has to do with their effect on ex-vessel heating. The total core decay energy 
is split into the portion that is deposited in the vessel and ex-vessel structures by circulating 
steam and the portion that is dissipated through RCP seal leaks. The results indicate that seal 
leaks of 480 gpm per RCP dissipate a relatively large fraction of core decay energy, leaving a 
relatively small fraction for ex-vessel heating. As indicated in Table F.3, ex-vessel failures 
occur before lower head failure with seal leaks of 250 gpm per RCP while ex-vessel failures do 
not occur with leaks as high as 480 gpm per RCP. 

Transfer of debris and coolant heat during molten relocation from the core to the lower head 
can significantly delay vessel breach. Minimum and maximum debris-coolant heat transfer are 
the only options currently available in SCDAP/RELAPS/MOD3. With the minimum option, it 
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is assumed that the debris relocates from the core to the lower head in a coherent stream without 
heat transfer, which results in a rapid lower head thermal attack. With the maximum option, 
it is assumed that the debris will break up as a result of interactions with water (and structures) 
in the lower plenum and lower head. The code then calculates a complete quench of the debris, 
up to the limit imposed by the amount of coolant available. A large RCS repressurization can 

result during quench, as indicated in Figure F.5. However, a thermal attack on the lower head 
is delayed until the debris reheats. Case 3 and 5 results indicate that the delay in lower head 
failure could be more than 1 hour in the Surry PWR. 

Changes in deformation associated with ballooning of the fuel rod cladding can significantly 
change the progression of core damage and the time to lower head failure. The core flow 
resistance in case 6 was relatively high, with a ballooning deformation limit of 15 percent. As 
a result, the core was reflooded from the top down by an accumulator injection that was forced 
through the core by-pass. A boiloff was then required before the core could reach molten 
temperatures. The accumulators were essentially emptied during the reflood, which eliminated 
the possibility of effective cooling during the subsequent reheating. A relatively large relocation 
of approximately 44,370 kg of molten UO, occurred as a result. With deformation limit of 2 
percent in case 4, periodic accumulator injection provided only partial cooling of the core hot 
spots. However, the partial cooling occurred over a prolonged period and was sufficient to 
delay relocation, which consisted of about 12,940 kg of molten UO,. The delay in relocation 
produced a corresponding delay in lower head failure of 43.2 minutes (compared with the higher 
deformation case). 

The SCDAP/RELAPS/MOD3 calculations were reviewed to identify potential uncertainties 
that could affect the predicted response of the Surry PWR. The review focused on uncertainties 
that could affect the timing of the RCS pressure boundary failures since that timing is critical 
in this assessment of the potential for HPME. 

Uncertainties in (1) the current oxidation models in the code, (2) the core decay power, (3) 
the initial steam generator liquid inventory, and (4) the nature and rate of core damage 
progression, tend to accelerate or delay both ex-vessel failures and lower head failures. For 
example, the current version of SCDAP/RELAPS/MOD3 only calculates oxidation of the 
zircaloy cladding of in-core components, which is terminated as soon as rodlike geometry is lost. 
As a result, the rate of core heatup could be underpredicted in the current calculations since the 
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oxidation reactions are exothermic. If core heatup is underpredicted, core and circulating steam 
temperatures will be underpredicted. Therefore, the timing of both lower head and ex-vessel 
failures could be delayed by the current treatment of oxidation in the code. A more detailed 
treatment of oxidation would be expected to accelerate both lower head and ex-vessel failure 
times without a significant change in the relative timing between the events. 

Uncertainties in the following conditions tend to change the time of ex-vessel failures 
relative to the time of lower head failure: 

1. The treatment of in-core crust heat transfer; 

2. The flow and heat transfer characteristics of a degraded core,. particularly during 
accumulator injections; 

3. Natural circulation flow and heat transfer; and 

4. The effects of repressurization resulting from vapor produced during accumulator injection 
and during molten relocation to the lower head. 

For example, if the heat transfer from the molten pool to the in-core crust is overpredicted, 
relocation and lower head failure could be earlier than expected relative to predicted ex-vessel 
failures. 

Sensitivity calculations were performed and engineering judgment was used in an attempt 
to account for the potential effects of the uncertainties in the SCDAP/RELAP5/MOD3 
calculations. The results of that effort are reflected in the probabilities listed in Tables F.4 and 
F.5 for the following scenarios: 

1. TMLB' sequences without RCP seal leaks (at full system pressure); 

2. TMLB' sequences with seal leaks of 250 gpm per RCP; 

3. TMLB' sequences with seal leaks of 480 gpm per RCP; and 
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4. TMLB' sequences with stuck-open or latched-open PORVs. 

Probabilities for scenarios (1) through (3) were generally based on SCDAP/RELAPS/MOD3 
results completed in the first part of the assessment. Specifically, scenario (1) was based on 
results from the base case and case 2; scenario (2) was based on results from cases 3 and 5 ;  and 
scenario (3) was based on results from cases 4 and 6. A SCDAP/RELAPS/MOD3 analysis of 
intentional depressurization of the Surry PWR (Brownson et al. 1993) was used to establish 
probabilities for scenario (4). The probabilities listed in Table F.4 account for potential 
uncertainties that could affect the timing of accident-induced failures as well as estimates of RCS 
depressurization that could follow ex-vessel failures. Uncertainties in temperatures, pressures, 
and relocation mechanisms were identified that could affect the calculated time of both vessel 
and ex-vessel failures. Variations on those parameters were considered in order to establish a 
possible failure window around each calculated failure time. The ex-vessel failure windows 
were shifted to account for the time required for RCS depressurization to 1.38 MPa. 
Probabilities for an ex-vessel failure with depressurization before lower head failure were then 
determined by comparing the appropriate failure windows. The probabilities listed in Table F.5 
include potentials for repressurizing (as a result of accumulator injections and/or debris and 
coolant heat transfer); however, potentials for accident induced RCS failures were not 
considered. As a result, the probabilities listed in Table F.5 define the RCS pressure at the time 
of lower head failure for those cases that are not depressurized through accident-induced ex- 
vessel failures. Those probabilities were determined by overlaying the potential RCS pressure 
response onto the accident-induced failure window. Complete details associated with the 
development of all RCS depressurization probabilities have been documented in Knudson and 
Dobbe (1993). 

Summary 

In the calculations representing scenarios (l), (2), and (4), natural circulation of steam and 
steam flow through the PORVs led to surge line and/or hot leg failures before lower head 
failures without operator actions. After accounting for uncertainties in the calculated results, 
it was concluded that there was a high probability for being at a low RCS pressure at the time 
of lower head failure as a result of accident-induced ex-vessel failures. Specifically, 
probabilities for a surge line or hot leg failure with RCS depressurization below 1.38 MPa 
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before lower head failure were assigned values of 0.98, 0.98, and 1.0, given the occurrence of 
scenarios (l), (2), and (4), respectively. 

Accident-induced RCS failures were not calculated before lower head failures in the cases 

representing scenario (3). For that reason, a probability of 0.0 was assigned to the surge line 
and hot leg failure issue. However, the probability of being at or below 1.38 MPa at the time 
of lower head failure (without an ex-vessel failure) was estimated to be 0.47. In addition, the 
probability of seal leaks as large as 480 gpm per RCP is very low (Wheeler et al. 1989). In 
other words, conditions associated with scenario (3) are unlikely and if they occurred, there 
would be a reasonable probability for being at low pressure as a result of seal leakage. 
Therefore, there is a low probability for HPME in the Surry PWR during station blackout 
accidents that progress without recovery and without operator actions based on those 
considerations for scenario (3) and the surge line and hot leg failure issue probabilities for 
scenarios (l), (2), and (4). A best-estimate SCDAP/RELAPS calculation (Appendix E) for the 
480 gpm/pump scenario was found to depressurize the RCS owing to hot leg failure, further 
reinforcing the conclusion. The probabilities in Table F.4 have not been updated to reflect this 
new information. 

F.3.3 HPME Probabilities for Surry 

Event trees (Figure F.6) were used to combine the individual probabilities for the induced 
RCS failures and depressurization that were developed in Section F.3.i, giving the probability 
of vessel breach occurring at various pressure levels for particular sequences. The long-term 
and short-term station blackout sequences that were identified in NUREG-1150 and described 
in Section F.3.1 were evaluated. The relative frequencies of long-term versus short-term station 
blackout sequences are taken from information listed in Table F.2. 

The probabilities for hot leg and surge line failure are taken from Table F.4 for the short- 
term station blackout accident. The intentionally bias.ed SCDAP/RELAPS calculations indicated 
that the reduced RCS pressure accompanying the 480-gpm/pump leak made hot leg and surge 
line failure unlikely, although best-estimate calculations (Appendix E) suggest otherwise. For 
this analysis, we conservatively assume that a 480-gpm/pump seal  leak will not lead to hot leg 
and surge line failure. 
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For short-term station blackouts, the RCS pressure at vessel breach is taken from Table F.5. 
System setpoint pressures are realized only if the PORV does not fail open and if the hot leg or 
surge line does not fail. 

SCDAP/RELAP5 calculations for the long-term station blackout were not performed, so it 
was necessary to draw on other sources of information. For long-term station blackout 
sequences without induced failures (stuck-open PORV or pump seal leak) before core damage, 
the analogous short-term station blackout probabilities were used. This approximation is justified 
because this variation of the long-term station blackout sequence should progress like the short- 
terh station blackout counterpart. 

For long-term station blackout sequences with either a stuck-open PORV or pump seal leaks 
combined with steam generator depressurization before core damage, source term code package 
calculations for Surry indicate that the RCS pressure would be in the range of 5 - 8 MPa during 
the period of core uncovery to core slump with a spike to nearly the system setpoint during core 
slump. Spontaneous failure of the hot leg has been observed at these RCS pressures in more 
recent SCDAP/RELAP5 calculations for short-term station blackouts in Surry (Knudson and 
Dobbe, 1993) and Zion (Appendix C in Pilch et al. 1994) if the hot leg is sufficiently hot. Mot 
leg failure in the long-term station blackout might also be expected because heating of the hot 
leg largely occurs during the Zr oxidation phase; however, STCP calculations cannot assess the 
likelihood of hot leg failure. Considering uncertainties in STCP predictions, we conservatively 
assume that there is only a 50 percent probability that the hot leg or surge line will fail after 
core damage for a pump seal leak initiated prior to core damage during a long-term station 
blackout accident. Uncertainties in these assessments are large, but they could be resolved with 
fully integrated SCDAP/RELAP5 calculations for the long-term station blackout accident. 

For long-term station blackouts, the RCS, with a stuck-open PORV, is expected to be fully 
depressurized at vessel failure either because of the extended blowdown time or because the 
surge line fails. System setpoint pressures are realized only if the RCS does not vent (stuck 
PORV, pump seal leak, or hot leg and surge line failure) before the vessel fails. For a pump 
seal leak without hot leg and surge line failure, the probabilities of being in various pressure 
ranges are taken from Kelly (referenced in NUREGKR-4551, Vol. 2, Part 6). Kelly considered 
uncertainties in RCS depressurization (following the core slump pressure spike) and timing 
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uncertainties in lower head failure for situations where accumulators dump prior to core 
uncovery. The STCP predicts just such a situation for a long-term station blackout in Surry. 

The probability of a vessel breach occurring at various pressure levels was calculated from 
the event tree in Figure F.6. The results for the long-term and short-term station blackout 
sequences are shown in Table F.6. The HPME probability for a long-term station blackout is 
more uncertain than for a short-term station blackout because we lack a fully integrated best- 
estimate calculation for the long-term station blackout. Table F.6 shows that the probability of 
HPME is 0.077. 

F.4, Conclusions 

PRA studies show that station blackout accidents dominate those core damage accidents that 
have the potential of leading to high pressure melt ejection at Surry. The combined probability 
(for all station blackout events) that vessel breach will &ur with the RCS exceeding 1.38 MPa 
is -0.077. Consequently, the likelihood of HPME in Surry is low for those accidents without 
power recovery or operator intervention. For a short-term station blackout, there is a high 
likelihood that accident induced failure of the surge line or hot leg will occur as a result of the 
redistribution of energy from the core region to the components by natural circulation. 
Uncertainties are larger for a long-term station blackout because we lack a fully integrated best- 
estimate calculation. Uncertainty estimates in these probabilities are beyond the scope of this 
effort. The likelihood of HPME for accidents that proceed with power (e.g., TMI-IJ) or proceed 
to vessel breach following power recovery is also beyond the scope of the current effort. 
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Table F.l Summary of pressures for each Surry plant damage state 

-- 
0.00 

0.00 

1 .OO 

Fraction of 
Accidents with 
Core Uncovery 

Occurring at 
System Setpoint 

Pressure 
(2500 psia) 

-- 
0.00 

0.00 

0.00 

Fraction of 
Accidents with 
Core Uncovery 

Occurring at High 
Pressure 

(600 - 2000 psia) 

~~ 

Fraction of 
Accidents with 
Core Uncovery 

Occurring at 
Intermediate 

Pressure 
(200 - 600 psia) 

Fraction of 
Accidents with 
Core Uncovery 
Occurring at 
Low Pressure 
(< 200 psia) 

1. Long-term /I station blackout 
2.2E-5 0.54 0.13 I 0.33 0.00 

11 2. LOCAs 6.OE-6 0.00 0.00 I 0.19 0.81 

3. Short-term /I station blackout 
5.4E-6 1.00 0.00 0.00 0.00 

I 11 4. Event V 1.6E-6 -- 
1 .oo 0.00 5. Transients 

7. SGTR 1.8E-6 

1 .00 0.00 

0.00 0.00 



Table F.2 Relative contribution of each plant damage state to core damage 
frequency for internal events 

I NUREG-1 150 I IPE 

PDS Group 
Mean Frequency 

(per Year) 

LOCA PDS-2 I 6.0~10" 

Mean Frequency 
Fraction of CDF 

Station Blackout 
Short-term PDS-1 
Long-term PDS-3 

TOTAL 

Fraction of CDF 

5 . 4 ~  1 Od 

2 . 7 ~  1 0.' 
2.2x105 

I 0.428 

Transients 
Transients PDS-5 
ATWS PDS-6 

TOTAL 

0.150 

2.1x10" 
1 .6x10" 
3. 7x10" 

2.17~10" 

Event V PDS-4 I 1.6~10" 

~~ ~ 

CDF 

SGTR PDS-7 I 1 .8x10d 

4 . 0 6 ~  10' 

0.133 
0.542 
0.675 3.2 1 x lo5 

0.290 

0.052, 
0.039 
0.091 9.14~106 0.122 

0.039 I 1.61~10" I 0.021 

0.045 I 1.04x105 I 0.139 

I 7.495~10~' I 



Table F.3 Summary of Surry SCDAP/RELAPS/MOD3 results (in minutes)' 

Event Base 2 3 4 5 6 

Core uncovery 

First fuel clad failure 

Surge line failure 

First hot leg failure 

First fuel melting 

First core relocation 

Lower head failure 

RCS .pressure at lower head 
failure (MPa)b 

176.7 

235.5 

237.5 

258.3 

278.3 

480.8 

482.0 

16.0 

177.3 

206.0 

215.5 

234.3 

253.0 

257.8 

260.1 

16.0 

~ 

189.3 

220.5 

337.2 

334.8 

241.8 

403.3 

405.7 

8.6 

~ ~~ 

167.7 

197.3 

>463.3' 

> 463.3b 

234.8 

426.0 

433.0 

1.4 

~~ 

189.3 

220.5 

337.2 

334.8 

241.8 

403.3 

479.6 

6.5 

167.7 

205.2 

> 396.7' 

> 396.7b 

345.0 

383.8 

389.8 

1.4 

a Listed values do not include credit for depressurization that could occur through 
potential ex-vessel failures before lower head failure. 

A greater-than sign (>) indicates that, the event had not occurred by the end of the 
calculation at the indicated time. 

Table F.4 Probabilities for a surge line or hot leg failure with RCS depressurization to 
1.38 MPa (or less) before lower head failure given the occurrence of the specified scenarios 
for Surry 

Scenario Probability 
~ ~ 

1. TMLB' sequences without RCP seal leaks 0.98 

2. TMLB' sequences with seal  leaks of 250 gpm per RCP 0.98 

0.0 3. TMLB' sequences with seal leaks of 480 gpm per RCP 

4. TMLB' sequences with stuck-open or latched-open PORVs 1.0 
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Table F.5 Probabilities for being at low, intermediate, and high RCS pressure at the time 
of reactor vessel breach given the occurrence of the specified scenarios without accident- 
induced RCS failures for Suny 

Probabilitv. at vessel breach. for 

Scenario 
High RCS Intermediate RCS Low RCS 
Pressure Pressure Pressure 

(> 6.89 MPa) (1.38 - 6.89 MPa) ( < 1.38 MPa) 

1. TMLB' sequences without RCP seal 1 .o 0.0 0.0 

2. TMLB' sequences with seal leaks of 0.21 0.75 0.04 
leaks 

250 gpm per RCP 

480 gpm per RCP 

or latched-open PORVs 

3. TMLB' sequences with seal leaks of 0.13 . 0.40 0.47 

4. TMLB' sequences'with stuck-open 0.0 0.0 1 .o 

Table F.6 HPME probabilities for Suny 

Pressure Range 

Probability of Vessel Breach in Pressure Range 

Station Blackout Station Blackout Blackout 
Long-term Short-term All-Station 

System setpoint (16 MPa) 0.00434 0.00066 0.00500 

High (6.89 - 16 m a )  0.0 1457 0.00033 0.01490 
Intermediate (1.38 - 6.89 MPa) 0.05565 0.001 13 0.05678 
Low ( < 1.38 MPa) 0.72844 0.19488 0.92332 
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Figure F.1. RCS pressure response for various sequences. 
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Figure F.5. RCS pressure in Surry case 5. 
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Figure F.6. Event tree for assessing HPME probability for Surry. 
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APPENDIX G 
Comparison of CONTAIN and TCE Calculations 

Kenneth E. Washington and David S. Stuart 
Swdia National Laboratories 

G.l Introduction 

This appendix presents the results of nine series of CONTAIN code calculations used to 
model DCH loads for the Surry plant. Each series varies one or more of the basic CONTAIN 
modeling parameters, such as those controlling H2 ignition temperatures, heat losses to 
conthment structures, debris settling, and participation of codispersed cavity water. The 
primary objective of this appendix is to compare the CONTAIN results with those obtained using 
the two-cell equilibrium (TCE) models assuming a similar set of initial and boundary conditions. 
Secondary objectives include assessing the sensitivity of the CONTAIN results to the parametric 
assumptions included in each of the nine series. 

Three.specific cases have been selected for the CONTAIN/TCE comparisons (referred to 
here as V, Va, and VI). Initial conditions for these cases were selected near the upper end of 
the mass distributions for Scenarios V, Va, and VI described in Section 3 of the main body of 
the report. The first two cases are full-pressure cases (16 m a ) ,  while the third is a partially 
depressurized (8 MPa) case. The nine sensitivity studies will be performed on each of the three 
cases (V, Va, and VI) for a total of 27 CONTAIN calculations. 

Differences observed between the Surry loads and supporting results obtained using these 
two independently developed and validated models are discussed in this appendix, with special 
attention given to the cases where CONTAIN gives similar or greater loads than TCE. This 
comparison is important because both models have been favorably validated against the available 
DCH database, yet there are potentially important modeling differences. These differences are 
driven by differing underlying assumptions and interpretations of DCH phenomena and the 
experimental database. The purpose of the comparisons in this appendix is to quantitatively 
assess the impact of these differences. In_particular, we will identify the extent to which TCE 
is conservative (relative to CONTAIN) for the select&\cases. 

The most significbt difference between the two models is that CONTAIN explicitly includes 
transient models representing the competition of energy addition .to and removal from the 
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containment atmosphere, while TCE does not. In particular, the CONTAIN models include 
chemical reactions, heat and mass transfer, debris transport and trapping, and hydrogen 
combustion that compete with heat transfer to containment structures. On the other hand, TCE 
represents DCH using an equilibrium model, where only combustion of preexisting hydrogen 
is allowed to compete with heat losses to containment structures. 

The nine series of CONTAIN sensitivity studies described in this appendix will explore 
conditions under which the TCE approximations lead to more and less conservative predictions 
than CONTAIN. In those instances where comparisons indicate TCE to be nonconservative 
relative to CONTAIN, physically based explanations will be sought and offered. 

Section G.2 describes the CONTAIN DCH analysis methodology. It concludes with a 
summary of the lessons learned from the assessment activities that are applied to the CONTAIN 
Surry plant analyses. Section G.3 lists the parameter matrix used for the CONTAIN sensitivity 
studies. Section G.4 describes the CONTAIN results compared with TCE and the impact of 
those CONTAIN parameters varied for the sensitivity studies on containment loading. Section 
G.4, the final section, includes a discussion of insights from these comparisons. 

6.2 CONTAIN DCH Analysis Methodology 

The purpose of this section is to describe the methodology used in applying the CONTAIN 
DCH models to the quantification of DCH loads in the Surry plant. A brief overview of 
previous validation efforts and results is also included. 

A detailed description of the DCH models available in CONTAIN is provided in Washington 
(1994) and a detailed assessment of the CONTAIN model against the DCH database is described 
in Williams et al. (1994). A short summary is given in Appendix C of this report. 

The CONTAIN DCH analysis methodology consists of a fixed input prescription that 
evolved out of the assessment of CONTAIN against the available DCH experimental database. 
This evolution proceeded in the following four phases: 

1. Early experiment analyses and plant calculations 
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2. Assessment against high-temperature inert limited flight path (LFP) and water cavity 

3. Assessment against high-temperature chemically reactive integral-effects test (ET) data 
4. Selection and assessment of entrainment correlations against cold simulant data and 

selected IET experiments 

(WC) data 

The first phase focused on the heat and mass transfer DCH models in CONTAIN. This 
phase spanned several prior years md included application of earlier versions of the CONTAIN 
DCH models. Many'insights into the uncertainties in DCH were identified as a result of these 
early calculations (Williams, 1987a, 198%; Williams and Louie, 1988; Gido et al., 1991; and 
Williams and Gregory, 1990). These insights motivated the development of several new models, 
such as drop size distributions, debris-gas slip flow, diffusion flame burning, volumetric 
hydrogen recombination, and improved models for trapping. Validation of these modeling 
improvements and new models were the focus of the LFP, WC, and IET assessment activities 
in the second and third phases. 

An important feature of the second-phase assessment was that an approximation to the 
known experimental debris dispersal fraction and rate was used as input, an approach intended 
to remove some of the uncertainty about entrainment phenomena from the assessment process. 
A uniform input methodology for nonentrainment processes was developed during this effort and 
applied to all of the LFP and WC tests (Williams, 1992a). The calculated peak pressures and 
hydrogen generation compared favorably with the measured results. An important insight from 
the second phase of the model validation was support for the theory that debris in the cavity and 
immediate subcompartments interacts with blowdown steam to produce hydrogen (Williams, 
1992b). 

Minor refinements justified by the LFP and WC assessments were made to the analysis 
methodology (Le., input prescription). The prescription was then applied to the assessment 
against the IET experimental database in the third phase. As in the LFP and WC cases, the IET 
calculations were performed using an approximation to the known experimental debris dispersal 
fraction and rate. Again, the results obtained were favorable; however, several uncertainties 
were identified in this work. Most notably it was observed for the Zion IET experiments that 
good agreement for AP and hydrogen production is obtained either when water in the cavity is 
assumed to vaporize and interact with debris in the cavity, or when nondispersed debris in the 
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cavity and subcompartments is assumed to react with blowdown steam. Unfortunately the 
existing database cannot be used to resolve which of these processes is dominant, or whether 
they are relatively equal. Therefore, if water is believed to be present in the cavity, the 
interaction of water with debris in the cavity should be considered as a sensitivity. The standard 
input prescription used here includes the interaction of nonairborne debris in the cavity and 
subcompartments with blowdown steam, but water in the cavity is not included because it is not 
part of the postulated accident conditiofis for this study. 

The fourth phase involved assessment of models for debris discharge from the reactor 
pressure vessel (RPV) and entrainment from the cavity. Three entrainment models--Whaley- 
Hewitt, Levy, and Tutu--were assessed against the large body of cold-simulant experimental data 
in stand-alone form in the first part of the fourth phase. This phase was then extended to apply 
these models embedded within the CONTAIN code to the IET-9 and IET-10 experiments. The 
results of the cold simulant assessment are summarized in Williams (1992~). These efforts 
showed that the available correlations can be tuned (Le., using a geometry-dependent cavity 
coefficient) to perform reasonably well for specific cold-simulant experimental series. However, 
the models require different cavity coefficients in order to obtain favorable comparisons across 
different geometries and experimental series. Further, when applied to the high-temperature 
ET-9 and ET-IO tests, the models require yet another cavity coefficient to obtain good 
agreement. On a more positive note, the predicted peak pressures using the Whaley-Hewitt and 
Levy models for ET-9 and ET-10 were not very sensitive to the predicted entrainment rates. 
This insensitivity is most likely attributable to the large dispersal fractions in the tests. 

In the calculations presented here, dispersal fractions are assumed to be 100 percent for 
cases V and Va, and 85 percent for case VI to match the TCE calculations; therefore, the 
dispersal correlations are not needed. In addition, no attempt was made to use the CONTAIN 
models for debris entrainment fraction and rate. Instead, the TCE coherence ratio model was 
used as a stand-alone side calculation and the results translated into an equivalent entrainment 
rate for use in CONTAIN. The entrainment fractions were specified to match the fractions 
assumed in the TCE analysis as shown in Table G. 1. For processes that are more completely 
understood, a standard analysis methodology for mechanistic models in the CONTAIN code was 
used. In particular, the models in CONTAIN for debris-gas heat transfer, chemistry, particle 
trapping, debris transport, and hydrogen transport and combustion were used. 
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For the CONTAIN analyses described in the next section, the Surry containment was 
represented using a 16 cell nodalization plus a cell for the RCS to generate the gas blowdown. 
The input deck used in this study was adopted from the deck used in previous DCH and non- 
DCH containment load analyses (Williams et al., 1987a; Williams and Louie, 1988; Gido et al., 
1991); therefore, it has been extensively checked for accuracy with respect to the Surry plant. 

6.3 The Sensitivity Study Parameter Matrix 

Three specific cases. (V, Va, and VI) were selected for the CONTAIN/TCE comparisons. 
These cases were selected near the upper end of the mass distributions described in Section 3 
of the main body of the report. The first two cases are full-pressure scenarios (16 MPa), while 
the third case is a partially depressurized (8 MPa) case. The second case is further characterized 
by a significantly higher initial mole fraction of H2 in the containment atmosphere because active 
containment cooling was assumed to condense steam from the containment atmosphere prior to 
vessel failure. The remaining initial and boundary conditions for the cases performed are given 
in Table G .  1. 

. 

Nine variations of these scenarios were run with CONTAIN using various combinations of 
modeling options. Table G.2 summarizes the modeling assumptions included with each of the 
variations. Modeling options which differ from the base case are indicated with shading on the 
table. 

6.4 Discussion of Results 

For reference, a relatively complete list of results, along with the corresponding input 
parameters, is given in Table G.4. The remainder of this discussion will focus on key trends 
Seen in the results. 

6.4.1 General Trends in the CONTAIN Results 

Figure G. 1 shows all the peak pressure results, grouped by scenario. The peak pressures 
corresponding to those cases where temperatures 'exceeded the ignition temperatures for 
preexisting H2 are highlighted with a @ in the figure. Before examining the specific differences 
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between the TCE and CONTAIN results, a review of the CONTAIN sensitivity studies leads 
to the following general conclusions: 

1. 

2. 

3. 

6.4.2 

The pressure results were primarily sensitive to switching off heat transfer (the last 
three on the right of each cluster), which typically added around 1 bar. 

Cases in which preexisting hydrogen burned tended to give significantly higher 
pressures than corresponding cases when it did not. This threshold effect is 
characteristic of hydrogen combustion; in these runs, combustion of preexisting 
hydrogen O C C U K ~ ~  when the temperature of the atmosphere exceeded the user-specified 
SRTEMP, which ranged from 600 to 2000 K. Because the adiabatic cases result in 
higher temperatures, they tended also to be the cases with combustion of preexisting 
hydrogen, a positive feedback effect that is somewhat artificial in these sensitivity 
studies (but that could qualitatively be accurate in some scenarios). 

Other parameters or model choices did not have very large effects. These include the 
alternative gravitational fall time trapping model, turning off interactions between the 
atmosphere and nonairborne debris, introducing codispersed water, and the very small 
particle case (which was chosen to reproduce the thermal-chemical equilibrium 
assumptions in TCE). 

Comparison with TCE Results 

The TCE temperature and pressure results agree quite well with the nonadiabatic CONTAIN 
results for cases V and VI. For case Va, the TCE results lie somewhat between the CONTAIN 
adiabatic and nonadiabatic results. 

Key results obtained using TCE and CONTAIN are shown in Table G.3. This table includes 
the base case CONTAIN results and the results of two of the nine sensitivity studies. The first 
sensitivity study, Sens #2, introduces additional conservatism by forcing preexisting hydrogen 
to bum at temperatures above 600 K, as opposed to the 950 K base case. The purpose of this 
sensitivity study is to determine the magnitude of the effect of burning the preexisting hydrogen 
should it be allowed to bum and compete with heat loss mechanisms. This was done using 
CONTAIN rather than TCE because such a sensitivity with TCE would yield significantly higher 
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loads of less utility because there is no competition from heat loss. The second sensitivity, Sens 
#8, is an adiabatic calculation using CONTAIN. In this calculation the burning of all preexisting 
hydrogen was disabled by setting SRTEMP = 2000 K to allow a more direct comparikn with 
the CONTAIN and TCE base cases in which preexisting hydrogen did not bum. Transient 
CONTAIN pressure, temperature, and hydrogen combustion results are shown in Figures G.2 
through G.4 for the base cases. 

The first thing to note about the results shown in Table G.3 is that the base case predictions 
using CONTAIN and TCE are in very close agreement with each other for cases V and VI. 
This is partly because containment temperatures in the dome are sufficiently low that for these 
cases CONTAIN’S detailed treatment of heat transfer gives results that are not significantly 
different than those for TCE. This is also due to the assumption in TCE that burning of 
preexisting hydrogen beyond DCH time scales can be neglected (this is approximately valid). 
The close agreement between the CONTAIN and TCE predicted loads for these cases is also 
supported by the essentially identical predictions for DCH-produced hydrogen and hydrogen 
burning on DCH time scales. The CONTAIN and TCE peak temperatures are also in good 
agreement with each other. Note that both models predict that containment temperatures are 
well below the assumed 950 K threshold for the burning of preexisting hydrogen. 

The potential contribution,of the burning of preexisting hydrogen is addressed in the Sens 
#2 CONTAIN sensitivity cases. These sensitivities were performed because there is considerable 
uncertainty in the threshold temperature for preexisting hydrogen combustion. From more 
sophisticated chemical kinetics models, we in fact know that hydrogen recombination is not 
strictly a threshold phenomenon, and that it is a function of temperatures and concentration. 
Moreover, there remains significant uncertainty regarding the recombination of hydrogen under 
DCH conditions, where hot debris particles are present in the atmosphere. It has been 
hypothesized that under. these conditions, even at temperatures below 950 K, preexisting 
hydrogen may recombine rapidly enough to contribute to DCH loads. The recombination rate 
used in CONTAIN is sufficiently high (equivalent to 5 m/s flame speed) to conservatively assess 
this effect. The results indicate that approximately an additional 0.1 MPa would result if 
preexisting hydrogen bums. Because of the significant margin to the Surry containment failure 
pressure, preexisting hydrogen burning for these scenarios and this plant is not a major factor 
in determining whether containment failure occurs. 
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The debris carryover results in Table G.3 show that the CONTAIN trapping models predict 
essentially the same amount of debris canyover as was assumed in the TCE analysis for the 
16 MPa cases. This result was obtained using the same prescription developed and applied to 
the validation of the trapping models against the DCH database (unlike the methodology for 
entrainment, nothing was done to the trapping or slip model input to force agreement with TCE). 
The agreement between the CONTAIN prediction and the TCE assumption indicates that the 
area ratio method used to make the TCE assumption is reasonable. This result is desirable 
because it allows us to compare other aspects of the modeling on an equal footing with the TCE 
model and therefore enables insights into the conservatism included to be more straightforwardly 
extracted. For the 8 MPa case VI, CONTAIN predicted 12 percent carryover (based on melt 
mass at vessel failure) while TCE predicted 17.8 percent (same basis as CONTAIN). This result 
was somewhat expected because of the lower driving pressure in this case. This result also 
indicates that the 17.8 percent carryover prediction in TCE is in the conservative direction for 
the postulated conditions (this may not hold for other initial and boundary conditions). 

The base case results for case Va in Table G.3 shows TCE to be significantly conservative 
relative to the base case CONTAIN results. This is explained by the fact that temperatures in 
the containment are sufficiently high that CONTAIN’S more complete treatment of heat losses 
makes a significant difference in case Va. Both CONTAIN and TCE predict containment 
temperatures well above the 950 K threshold for preexisting hydrogen combustion. At these 
temperatures, the effect of CONTAIN’S models for convection and radiation heat transfer in the 
dome and subcompartments diverges from the simpler TCE treatment, which only includes 
radiative heat losses in the dome. This difference translates into a difference in preexisting 
hydrogen burning before the peak load is reached. As shown in Table G.3, CONTAIN predicts 
254 kg to bum on a DCH time scale, and TCE predicts 313 kg. The importance of heat losses 
to containment structures is also shown by the Sens #8 results for all three cases. The loads 
increase by approximately - 0.15 - 0.25 MPa when heat losses are disabled. Approximately 
the same amount of hydrogen is burned in this problem on DCH time scales as in the TCE 
prediction. Beyond the DCH time scale in Sens #8 for case Va, an additional 100 kg of 
hydrogen bums and contributes to the peak pressure in the CONTAIN result. 

To summarize, for cases V and VI, the temperatures seen in the CONTAIN runs are not 
very high, and it is for this reason that the simplified treatment in TCE is capable of yielding 
results that are quite close to CONTAIN’S (for V, the pressure from CONTAIN slightly exceeds 
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that from TCE, while for VI, the converse is true). For case Va, where preexisting hydrogen 
burning results in a much higher temperature, the TCE-predicted pressure is significantly higher 
than the CONTAIN predictions, a result that is not surprising given the nonlinear nature of time- 
dependent DCH phenomena, especially radiative heat transfer. 

A major conclusion of this study is that, for the accident conditions, and for a. broad range 
of sensitivity cases, the peak pressures predicted by both TCE and CONTAIN are well below 
the failure pressure for the Surry containment. The interactions occurring in DCH events are 
quite complex and the trends observed in this set of model comparisons might not extend to 
other accident conditions and/or other plants. However, these comparisons of two different 
computational models of DCH loading lend support to the'notion that a basic understanding of 
the dominant processes involved in DCH has been achieved. 
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Case Number V 

RCS pressure (MPa) 16 

1 RCS temperature (K) 700 

Debris temperature (K) 2800 

RCS volume (m') 238 

Va VI 

16 8 

700 lo00 

2800 2800 

238 238 
Final hole size (m) 

uo2 (mt) 

zro2 (mt) 
Zr (mt) 

Steel (mt) 

Cavity dispersal fraction 

Containment initial pressure (Pa) 

0.44 0.44 0.47 

30 30 55 

3.3 3.3 5.9 

0.9 0.9 1.6 
1.8 1.8 2.3 

100% 100% 85 % 

0.22 0.076' 0.22 

Containment initial temperature (K) 

Initial mole fraction of air 

These values differ slightly from those listed in Table 3.3 because these comparison 
calculations were performed before the initial conditions were frozen for Scenario Va. 

400 3 14' 400 

0.4 0.903 0.4 
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Initial mole fraction of steam 

Initial mole fraction .of H2 
0.557 0 0.557 

0.043 0.097 0.043 

Pilch coherence ratio 

Entrainment time (s) 

0.6713 0.6713 1.6914 

4.77 4.77 6.92 



Table 6.2 Base case and sensitivity study modeling assumptiom.* 

I 

Heat Transfer 
to Containment 
Structures 

1 -Base YeS 

2 YeS 
3 YeS 

4 YeS 
5 YeS 
6 YeS 
7 No, adiabatic 
8 No, adiabatic T F  . . . . . . . . .  .::, . : (A ::,.':.'! ;:(. .... 

... ..: " ......... 

Ignition 
Debris Particle 

Interactions 
Codispersed I Water Trapping 

0 F K  
No TOF/KU 

TOF/KU 

No TOF/KU 
No TOF/KU 
No TOF/KU 

' _  ' .:,, ;,;::,y&g:.: :.:, jj..:..;:'.' .......... ................ .:::+ .... ... 
........................................... , ',:,::,:.;,:i;j. :::, J'&;&$::,: ': TOF/KU 

Characteristic 
Dimension of 
Nonairborne 

Debris 
Deposits 
0.063 m 
0.063 m 
0.063 m 

0.063 m 
0.063 m 
0,020 m 
0.063 m 
0.063 m 
0.063 m 

a Differences between sensitivity study parameters and those of the base case are shaded. 



Table 6.3 Comparison of CONTAIN and TCE Surrv DCH results 

Case Va 
TCE 
CONTAIN 
Sens #2 
Sens #8 

0.492 1279 101 2 12lNA 
0.366 1230 104 1501263 
0.380 1255 104 1921278 
0.558 1528 104 10 1 / 195 

0.456 42lNA 
15179 

Sens #2 0.537 691269 
Sens #8 0.653 1121 7186 

313lNA 
2541367 
29613 82 
2051299 

Debris 

136lNA 
1421158 
2221379 
1271127 205 

21 
20 
20 
20 

Sens #2: CONTAIN with preexisting hydrogen burns above 600 K. 
Sens #8: CONTAIN with no heat losses and with preexisting hydrogen burning disabled. - 

162lNA 
1631226 
2 1714 17 
1551234 

a For the CONTAIN results, the fvst value is the amount burned after 5 s as an approximate measure of what is 
burned on DCH time scales, the second is total burned after 60 s. The DCH time scale is estimated in TCE using 
a simple heat loss calculation (see Appendix C). The values for preexisting hydrogen burned are nominal values 
based upon subtracting DCH-produced hydrogen from the total burned, Le., as if all DCH-produced hydrogen 
always burned fmt; this is not always true in the CONTAIN model. 

G-13 



Table G.4 CONTAIN DCH Surry analysis 
CONTAIN DCH Surry Analysis 

in Support of the DCH Issue Resolution Effort 
Study I I CaseV I CaseVa I Case VI 

- 

I I I 
4 wlo nonairborne D1 

P, from DCH (Pa) 0.4863 0.3633 0.5131 
T, from DCH (K) 686 1223 1161 
Total run time (s) 20.0 20.0 20.0 

? d 

E 
E 

SRTEMP = 600 K 
P, from DCH (Pa) 0.5814 
T, from DCH (K) 907 
Total run time (s) 20.0 
Time to P, (s) 12.0 

H2 burned @ 20 s (kg) 
% produced @ 20 s (kg) 

H2 burned @ 5 s (kg) 221.62 
379.49 
104.06 
19.28% Carryover fraction @ 20 s (%) 

I 
Gravitational fall 
P, from DCH (Pa) 0.4852 
T, from DCH (K) 684 

Time to P, (s) 5.2 
H2 burned @ 5 s (kg) 
H2 burned @ 20 s (kg1 

Total run time (s) 20.0 

141.47 
157.18 
104.02 
21.04% 

H2 p r o d u d  @ 20 s (kg) 
Carryover fraction @ 20 s (%) 

0.3799 0.5372 
1255 910 
20.0 20.0 
5.0 10.5 

295.84 217.35 
381.84 416.95 
103.77 147.77 
19.34% 10.79% 

0.3661 0.4574 
1223 706 
20.0 20.0 
8.0 6.6 

252.07 162.74 
365.13 224.10 
103.75 148.02 

20.03% 12.05% 

G-14 



E Study 

5 

6 
0.4119 
1206 
20.0 
8.8 

280.67 
375.43 
103.80 
18.77% 

Table 6.4 CONTAIN DCH Surry analysb 

0.5186 
730 
20.0 
5.0 

214.09 
247.96 
152.40 
10.81% 

I .  

P, from DCH (Pa) 
T, from DCH (K) 
Total run time (s) 
Time to P, (s) 
H2 burned @ 5 s (kg) 
H, burned @ 20 s (kg1 
H, produced @ 20 s (kg) 
Carryover fraction @ 20 s (%) 

0.5128 
677 
20.0 
8.0 

157.05 
176.48 
103.28 
18.85% 

9 Adiabatic, wlo nonairborne DI, single bin = 0.0005 m 
SRTEMP (K) I 2000 I 950 I 2000 . .  
P, from DCH (Pa) I 0.6385 I 0.6142 I 0.6569 
T,fromDCH(K) I 947 I 1807 I 1136 
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Table 6.4 CONTAIN DCH Surry analysis 
II CONTAIN DCH Surry Analysis II 

in Support of the DCH IssueResoltkon Effort 
Study I . I CaseV I CaseVa I Case VI 
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Peak Pressure 
-.- 

0.7 

Bil Base 

rn SRTEMP = 600 K 

rn Gravitational fall 

wlo nonairbome DI 

5000 kg codispersed &iter, 

88 5000 kg codispersed water, 

IB Adiabatic 

BAdiabatic, SRTEMP =2OOO K 

DFTEMP = 400 K 

DFTEMP = 400 K, diatrap = 0.02 rn 

Adiabatic, wlo nonairbome DI, single 
bin = 0.0005 rn 

8 -indicatescaseswhere pre-existirg 
hydrogen b m d  

Figure G.l. Peak pressures from CONTAIN and TCE calculations of the Surry plant. 
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Figure G.2. CONTAIN results for hydrogen mass burned. 
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Figure 6.3. CONTAIN results for containment pressure. 
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Figure 6.4. CONTAIN results for containment dome temperatures. 
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