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ABSTRACT 

This report summarizes the review and evaluation by experts of the current understanding of the 
molten fuel-coolant interaction (FCI) issues covering the complete spectrum of interactions, i.e., 
from mild quenching to very energetic interactions including those that could lead to the alpha- 
mode containment failure. The experts' review and evaluation took place in the form of a 
Second Steam Explosion Review Group (SERG-2) Workshop, held in Annapolis, Maryland, on 
June 15 and 16, 1995. The first such workshop (SERG-1) took place in 1985. 

Extensive discussions took place at the SERG-2 workshop on the alpha-mode failure issue, based 
on the experts' responses to the questions raised, and consensus opinions on the status of 
resolution of the issue emerged from the discussions. Of the eleven experts polled, all but two 
concluded that the alpha-mode failure issue was resolved from a risk perspective, meaning that 
this mode of failure is of very low probability, that it is of little or no significance to the overaU 
risk from a nuclear power plant, and that any further reduction in residual uncertainties is not 
likely to change the probability in an appreciable manner. 

* 

To a lesser degree, discussions also took place on the broader FCI issues such as mild quenching 
of core melt during non-explosive FCI, and shock loading of lower head and ex-vessel support 
structures arising from explosive localized FCIs. These latter issues are relevant with regard 
to determining the efficacy 'of certain accident management strategies for operating reactors as 
well as for advanced light water reactors. The experts reviewed the status of understanding of 
the FCI phenomena in the context of these broader issues, identified residual uncertainties in the 
understanding, and recommended future research (both experimental and analytical) to reduce 
the uncertainties. 
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EXECUTIVE SUMMARY 

A group of international experts from academia, industry, and research organizations was invited 
by the Office of Nuclear Regulatory Research of the U. S. Nuclear Regulatory Commission, to 
participate in the Second Steam Explosion Review Group (SERG-2) Workshop, held in 
Annapolis, Maryland, on June 15 and 16, 1995. The first such workshop (SERG-1) took place 
in 1985. The m a h  objective of the SERG-2 workshop was to reassess the potential for 
containment failure arising from in-vessel steam explosions following a core melt accident 
(identified in the literature as the alpha-mode failure) by examining all the recently available 
information. A secondary objective was to review the current understanding of broader fuel- 
coolant interaction (FCI) issues such as mild quenching of core melt during non-explosive FCI, 
and shock loading of lower head and ex-vessel support structures arising from explosive 
localized FCIs. These latter issues are relevant with regard to determining the efficacy of 
certain accident management strategies for operating reactors as well as for the advanced light 
water reactors. The reassessment and review were to be benefited from the significant progress 
in FCI related research made in the U.S. and in other countries since the SERG-1 workshop. 

To accomplish the stated objectives, the invited experts were requested to provide written 
responses to a number of questions and issues focussing on the major FCI-related topical areas 
such as premixing, triggering, and propagation phenomena, FCI energetics, damage 
consequences, and certain other phenomena like chemical augmentation, pressure suppression 
effect, etc., in the context of the alpha-mode issue and also, other FCI issues. The questions 
also covered the role and importance of accident progression and melt relocation in providing 
initial conditions for FCI, status and capabilities of analytical tools, and residual uncertainties 
in the understanding of various FCI phenomena in the context of broader FCI issues. Extensive 
discussions took place at the SERG-2 workshop on the alpha-mode failure issue, based on the 
individual responses to the questions raised, and consensus opinions on the status of resolution 
of the issue emerged from the discussions. To a lesser degree, discussions also took place on 
the broader FCI issues mentioned above with a view to identifying residual uncertainties in our 
current understanding of these issues. This report summarizes the presentations/discussions of 
the experts in three major categories: (1) improved understanding of the alpha-mode failure issue 
towards its resolution, (2) identification of residual uncertainties in the understanding of FCI 
phenomena, and (3) recommendations for future research. 

Of the eleven experts polled, all but two concluded that the alpha-mode failure issue was 
resolved from a risk perspective, meaning that this mode of failure is of very low probability, 
that it is of little or no significance to the overall risk from a nuclear power plant, and that any 
further reduction in residual uncertainties is not likely to change the probability in an appreciable 
manner. The dominant overall judgement of the experts is that the combination of events 
leading to alpha-mode failure is highly unlikely. The quantification (Le., the probability of 
alpha-mode failure given a core melt accident) provided by those SERG-2 experts, who also 
participated in the SERG-1 workshop, was generally an order of magnitude lower than the 
SERG-1 estimate and two orders of magnitude lower than the WASH-1400 best estimate (see ’ 
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Table E.l for details). Some experts did not provide quantitative probability estimates. 
Instead, they used qualitative measures such as "physically unreasonable" and "vanishingly 
small". Some other experts also provided qualitative estimates such as "very unlikely" and 
"probably low. I' 

The strongest physical argument put forward to substantiate the quantification of the alpha-mode 
failure or to provide a basis for the qualitative estimate as discussed above is that the fuel mass, 
which is expected to participate in an energetic FCI, is limited. The argument is supported by 
substantial progress made in the area of premixing research since the SERG-1 workshop, 
specifically, experimental verification of premixing, steam voiding, and water depletion 
phenomena with saturated coolant at low pressures (- 0.1 m a ) .  The limits-to-mixing argument 
is not appropriate at high pressures (> 1-2 m a ) ,  and the experts argued that at such pressures, 
it would be difficult to trigger an explosion. In the quantification of the alpha-mode failure 
probability by some experts, a conservative approach to triggering was taken whereby it was 
assumed that an explosion would be triggered at low pressures during a premixing transient. 
Also, a thermodynamic-based approach was taken to calculate expansion work (equivalently, 
thermal-to-mechanical energy conversion) in the same context. This approach is conservative 
and does not require the knowledge of propagation phase details. Other mitigative factors such 
as limited thermal-to-mechanical energy conversion and a range of dissipative phenomena 
involved in slug motion to the upper head are expected to reduce the energy conversion further 
in a prototypic reactor system. These factors were considered in arriving at the estimates of the 
alpha-mode failure probability. 

While the main focus of the SERG-2 workshop was on the alpha-mode issue, the status of 
understanding of various related FCI phenomena and uncertainties therein were discussed briefly 
in the context of other issues such as localized FCIs leading to shock loading of lower head and 
cavity support structures, and non-energetic FCIs resulting in debris quenching and coolability. 
The experts acknowledged the underlying uncertainties in the late phase melt progression 
phenomena, and one of them stressed the importance of considering more realistic melt 
progression Scenarios in setting up FCI initial conditions. The experts agreed, however, that for 
lack of a better knowledge of late phase melt progression, a bounding approach to initial 
conditions would be adequate for FCI analysis from a risk perspective. Most experts shared the 
view that triggering was a complex phenomenon not well understood and recommended a 
conservative approach to triggering (Le., the assumption that triggering always takes place) at 
low pressures. Substantial progress was noted in the understanding of premixing. Some experts 
argued, however, that the dynamics of melt jet breakup was not properly understood. Further 
efforts to reduce residual uncertainties in jet breakup phenomena, while not necessary for 
resolving the alpha-mode issue, were deemed important by some of the experts for addressing 
broader FCI issues. Likewise, an improved understanding of the propagation phase details was 
deemed necessary for similar purposes. The experts agreed that the existing methods (analytical 
tools) were adequate to perform FCI energetics and damage calculations, but noted a need for 
fiuther assessment of these tools against more representative experimental data. Some of the 
experts also noted a need to understand better the material and geometric scale effects in a 
prototypic reactor system. 
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Recommendations for future research were offered by the experts in various phenomenological 
areas. Some of the recommendations reflect national nuclear safety program policies and 
perspectives and, when implemented, will provide additional confirmation to the current 
resolution status of the alpha-mode issue. Other recommendations relate to broader FCI issues 
including, for example, experimental investigation of melt quenching and melt jet breakup, 
pressure suppression effect on triggering, explosivity of prototypic melts, and possible chemical 
augmentation of FCI energetics. On the analybcal side, recommendations emphasized 
assessment of existing analytical tools and improvement of such tools, as necessary, to address 
the full spectrum of FCI phenomena. 
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Table E.1 - Alpha-Mode Failure Probability Estimates 
Given a Core Melt Accident 

* WASH-1400 best estimate < lo-', SERG1 consensus estimate < 10" 

Note: The SERG-1 column in this table shows the range of estimates to be lo2 to 10". The NUREG-1 116 shows the 
range to be 10' to 10". The latter document contains estimates from additional SERG-1 experts who are not listed here, 



1. INTRODUCTION 

This report summarizes the review and evaluation by experts of the current understanding of the 
molten fuel-coolant interaction issues covering the complete spectrum of interactions, Le., from 
mild quenching to very energetic interactions including those that could lead to the alpha-mode 
(denoted henceforth as a-mode) containment failure. The review and evaluation took place in 
the form of a Second Steam Explosion Review Group (SERG-2) Workshop, held in Annapolis, 
Maryland, on June 15 and 16, 1995. The first such workshop (SERG-1) took place in 1985. 

The Fuel-Coolant Interactions (FCI) process involves transfer of energy from molten fuel to a 
surrounding coolant. During a postulated core melt accident, the time scale for this mode of 
energy transfer may range from milliseconds to tens of seconds and even to hours. Interactions 
occurring in the milliseconds range could lead to energetic steam explosions which, if excessive, 
could challenge reactor vessel and containment integrity and, in turn, could create a potential 
leakage path for radiological releases. It is in this context that the FCI is considered a severe 
accident issue of potential risk significance and a more complete understanding of FCI is sought 
in the framework of severe accident research. Interactions occumng in the range of tens of 
seconds to hours are normally associated with quenching characterized by slow and partial 
fragmentation of melt and possible formation of a coolable debris bed. An understanding of the 
FCI issue associated with this form of interaction is important from the standpoint of debris 
coolability and subsequent arrest of accident progression. 

Energetic interactions could threaten reactor vessel or containment integrity either in the form 
of shock loading of structures over a very short time (typically less than ten milliseconds) or in 
the form of missile generation over longer times (typically up to few hundred milliseconds). The 
failure mode induced by in-vessel steam explosion-generated missiles, identified in the 1975 
Reactor Safety Study (WASH-1400)' as the a-mode containment failure, was the primary focus 
of NRC reseafch in the early days. In 1985, the first Steam Explosion Review Group (SERG-1) 
workshop was convened by NRC to discuss and systematically evaluate the a-mode failure issue. 
At the conclusion of the workshop, there was a consensus among the experts that the occurrence 
of an explosion of sufficient energetics which could lead to an a-mode containment failure had 
a low probability ( range of values between 10' and lo-', given a core melt accident). However, 
the experts also concluded that additional research would be necessary to develop a more 
complete understanding of the fundamental processes involved in FCI so that the a-mode failure 
probability could be estimated with a high level of confidence. 

Much of the FCI research since 1985 has been aimed at enhancing the technical basis for 
understanding the a-mode failure issue, estimating the bounds of potential energetics, 
determining conditions under which energetic interactions could occur, and resolving residual 
uncertainties in our understanding of fundamental processes involved in energetic FCI. 
Significant new FCI programs (in addition to those in the U.S.) were initiated and progress made 
in other countries (e.g., France, Germany, Japan, and the United Kingdom) during this period 
as well. To share the benefit of the progress made internationally on the FCI issue, the 
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Committee for the Safety of Nuclear Installations (CSNI) Principal Working Group 2 (PWG2), 
through its Task Group on In-Vessel Degraded Core Behavior (IVDCB), organized a second 
Specialists’ Meeting on Fuel-Coolant Interactions in January 1993 at Santa Barbara (the first 
such meeting held more than twelve years ago). Research results presented in the meeting (see 
NUREG/CP-0127)3 confirmed the conservatism embedded in the assessment of the a-mode 
failure as documented in the first SERG report (NUREG-1116y. The meeting concluded that 
there was a substantially reduced potential to intermix large quantities of molten fuel and water 
thereby limiting the steam explosion energetics and rendering the a-mode containment failure 
of no significance to risk. The meeting also concluded that significant progress was made in the 
understanding of fundamental aspects of FCI phenomena. 

1.1 SERG-2 Workshop Objectives 

Given the above body of knowledge on FCI and given that the ongoing FCI programs in the 
U.S. as well as abroad encompass broader FCI issues, the NRC convened the SERG-2 
Workshop with the objectives of (1) reassessing the status of the a-mode failure issue towards 
its essential resolution, (2) reviewing the current understanding of broader FCI issues, (3) 
identifying residual uncertainties in our understanding of these broader FCI issues, and (4) 
providing recommendations for any future research efforts deemed necessary. 

I 

1.2 

To accomplish the SERG-2 Workshop objectives stated above, a group of experts from 
academia, industry, and research organizations in the U.S. and abroad was invited to form the 
SERG-2 panel. These experts have been formerly or are currently active in various aspects of 
FCI research, including experimental programs, modeling and analysis, and application of 
research results to integral plant safety assessments. Many, but not all, members of the SERG-2 
panel also served in the SERG-1 panel. A number of questions were formulated for extensive 
discussion at the workshop. The questions focussed on major FCI-related topical meas such as 
premixing, triggering, propagation, FCI energetics, and damage consequence, as well as specific 
topics such as chemical augmentation, and pressure suppression effect. The questions also 
covered the role and importance of accident progression and melt relocation in providing initial 
conditions for FCI, residual uncertainties related to FCI issues, and status and capabilities of 
analytical tools. To facilitate discussion at the workshop, the panel members (henceforth 
referred to as experts) were asked to provide their written responses to the questions ahead of 
time. The invitation letter from Dr. T. P. Speis, the Deputy Director of the Office of Research 
at NRC, to the selected experts with an attached questionnaire, a list of experts, a second list 
of workshop attendees, and a schedule for the workshop are provided in Appendix A. 

Experts’ Review and Evaluation Process I 

The workshop was chaired by Dr. Speis who summarized, in his opening remarks, the FCI 
related research and SERG activities to date, delineated the objectives of the SERG-2 workshop, 
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&d described the workshop format. The latter consisted of individual presentations by the 
experts followed by questions and answers on the presentations, and open discussions at the end 
of groups of presentations. Dr. D. Fletcher, a member of the SERG-2 panel, was not able to 
attend the workshop but provided his responses for discussion and dissemination at the 
workshop. Dr. Fletcher’s presentation was given by Prof. Theofanous. Prof. I. Catton, a 
member of the Advisory Committee on Reactor Safeguards (ACRS) and a SERG-1 panelist, was 
invited to be a SERG-2 panel member. He elected to participate in the workshop as an ACRS 
member rather than as a panel member. 

Following the individual presentations and subsequent open discussions among the experts, the’ 
major points brought up during these presentations/discussions were summarized in six topical 
areas. These are: (1) the a-mode failure probability (Dr. H. Fauske), (2) premixing @r. B. 
Turland), (3) triggering @r. D. Cho), (4) propagation (Prof. M. Corradini), (5) mechanical 
energy release @r. R. Henry), and (6) the issue resolution processes (Prof. T. Theofanous). 
At the conclusion of the workshop, the experts were given the opportunity to modify and/or 
supplement their individual responses based on additional information generated during the 
workshop. They were also invited to comment on the draft of this report. 

1.3 Organization of the Report 

The organization of this report is similar to that of the SERG-1 report (NUREG-1116). 
Presentations and discussions at the SERG-2 workshop are summarized in Chapter 2. Section 
2.1 provides a summary of the experts’ reassessment of the a-mode failure issue toward its 
resolution. Residual uncertainties in the understanding of FCI phenomena, identified by the 
experts, are summarized in Section 2.2, and recommendations for future research are 
summarized in Sections 2.3. The workshop objectives, schedule, and related items are 
delineated in Appendix A. Individual (unedited) responses of the SERG-2 experts are given in 
Appendix B, whereas the consensus results for each of the major FCI topical areas are given in 
Appendix C. Additional comments and contributions by the experts are given in Appendix D. 

The draft version of the report was reviewed by the experts and their comments have been 
addressed, as appropriate, in the final report. The most significant comment was that the report 
should truly reflect the main focus of the SERG-2 workshop, which is reassessment of the a- 
mode failure issue, and should also strike a proper balance in documenting the discussion of 
residual uncertainties in relation to broader FCI issues noting that these issues were discussed 
only briefly at the workshop. The draft report was revised and restructured to address this 
significant comment. Specifically, the discussion of a-mode issue is elaborated in the final 
report with relevant supporting text on the status of understanding of various FCI phenomena. 
Residual uncertainties are discussed in Section 2.2 in the context of broader FCI issues. Finally, 
recommendations for future research are discussed in Section 2.3. Specific comments by the 
experts on the draft report have been addressed in the process. Also, the main body of the 
report has been made concise in the process, leaving out the details which can be found in the 
attached appendices. 
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2. SUM,MARY OF THE SERG-2 WORKSHOP FINDINGS 

2.1 Reassessment of the Alpha-Mode Failure Issue 

The SERG-2 experts were asked (see Appendix A - attachment to Dr. Speis' letter) to express 
their views on the status of understanding of the a-mode containment failure issue. All but two 
experts concluded that the a-mode failure issue was resolved from a risk perspective, meaning 
that this particular mode of failure is of very low probability, that it is of little or no significance 
to the overall risk from a nuclear power plant, and that any further improvement in our 
knowledge of the various FCI phenomena and any further reduction in residual uncertainties are 
not likely to change the probability in an appreciable manner. Individual expert's deliberations 
on the issue are given in Appendix B, and a consensus summary is given in Appendix C-1. 

Table 1 summarizes the experts' estimates of the probability of a-mode failure given a core melt 
accident, compares the same with the estimates arrived at the SERG-1 workshop and with the 
WASH-1400 best estimate, and presents the status of resolution of the issue from a risk 
perspective. The estimates of failure probability expressed by those SERG-2 experts, who also 
participated in the SERG-1 workshop, are generally an order of magnitude lower than the 
SERG-1 estimates. Note that the SERG-1 individual estimates range from 10' to lo-' (see 
NUREG-1 116), whereas the SERG-2 individual estimates range from lW3 to lo-'. Note also that 
the WASH-1400 best estimate failure probability is <lo2. Some experts suggested the 
probability estimate was vanishingly small so that there was no particular need to quaritify the 
same. Some other experts expressed the view that the quantitative estimates of probability for 
such issues as the a-mode failure are not particularly meaningful. Rather, they used the term 
"physically unreasonable" as a qualitative measure of the failure probability. One expert was 
unwilling to provide any quantitative estimate suggesting that more information was needed, but 
gave a qualitative estimate as "probably low." Finally, one other expert initially offered a 
quantitative estimate, but later modified his position by providing a qualitative estimate as "very 
unlikely. " 

The dominant overall judgement of the experts is that the combination of factors leading to a- 
mode containment failure is highly unlikely. The factors, briefly, are: large coherent pour of 
melt into the lower plenum, large-scale fuel-coolant mixing in the lower plenum, and high 
thermal-to-mechanical energy conversion during the propagation and expansion phase. 

A typical melt release scenario considered by the experts in rendering their judgement is 
associated with the release of melt from the core region through one or more pathways, leading 
to one or more molten jets penetrating (not necessarily simultaneously) into the water in the 
lower plenum. A massive single, large diameter coherent pour is generally not considered 
credible, but if it occurred, the experts argue that it would likely produce a vapor chimney 
thereby effectively separating the melt from the coolant, limiting further mixing, and possibly 
inhibiting any triggering. Further, the experts generally agree that the melt mass participating 
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in FCI at any particular instant of time is limited to the pour stream (single or multiple), and that 
any previously accumulated melt at the bottom of the pool does not participate to any significant 
extent in the interaction. These arguments provide the basis for setting up initial conditions for 
FCI. Variations in melt mass, jet diameter, temperature, and composition are considered so as 
to encompass the full spectrum of FCI initial conditions, and to account for uncertainties in late 
phase melt progression. This bounding approach, similar to the one proposed in an earlier 
assessment of steam explosion induced containment failure (NUREG/CR-5030)4, is considered 
adequate by the experts. 

There is general agreement among the experts that substantial progress has been made in the 
area of premixing research since the SERG- 1 workshop. The MAGICO experiments, performed 
at the University of California at Santa Barbara (UCSB) using ensembles of hot solid spheres 
and saturated coolant at low pressures, demonstrated the principles of water depletion phenomena 
and provided a strong "limits-to-mixing" argument in support of the low likelihood of the a- 
mode failure. Other similar experiments are now being conducted in France (BILLEAU) and 
Germany (QUEOS). Premixing research in the past ten years has also involved development 
of analytical tools (codes) and validation of these tools with experimental data derived mainly 

. from solid particle experiments. Several multiphase, multifield computational analysis codes, 
as summarized in Table 2, are now available for performing multidimensional calculations of 
fuel, steam, and water distributions. Of these, CHYMES and PM-ALPHA have undergone 
validation against data from experiments (CHYMES validated against the MIXA experiments 
involving pours of molten droplets of Ua-Mo and PM-ALPHA validated against MAGICO 
experiments involving pours of hot solid steel spheres into saturated water), and have been used 
for plant calculations (a generic PWR and Sizewell B, respectively). Other codes (IFCI, 
TEXAS, COMETA, MC3D, and IVA-KA) have undergone some degree of validation, and have 
also been used recently for pre-test and post-test calculations of FARO experiments. Moreover, 
many of these codes are in stages of continued development and assessment. 

The substantial progress made in premixing research as mentioned above led to a significantly 
improved understanding of the phenomena. Based on this improved understanding and based 
on available experimental data, code calculations, and other basic principles arguments, the 
experts agree that mixing of fuel and saturated coolant at low pressures would lead to regions 
of large void fractions, and that water depletion from the interaction zone would have a 
mitigative effect on the FCI energetics. Most experts also agree that the concept of "limits-to- 
mixing" provides a strong supporting argument in favor of low likelihood of the cr-mode failure. 

The experts note that triggering, which plays an important role in linking premixing with 
propagation, is a complex phenomenon that is difficult to model and to investigate 
experimentally. There is a lack of understanding of both the triggerability of a prototypic melt 
and trigger availability in a prototypic situation. From the perspective of risk significance of 
the a-mode failure issue, most experts agree on a conservative approach to triggering at low 
pressures (-0.1 m a )  whereby a premixture would be assumed to trigger at the worst time 
during a premixing transient leading to trigger amplification or shock wave propagation. The 
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limits-to-mixing argument is not appropriate at high pressures, and the experts argue that at such 
pressures, it would be difficult to trigger an explosion. 

Most experts also agree that a knowledge of propagation phase details is not necessary for 
resolving the a-mode failure issue because the issue can be treated conservatively from the 
standpoint of energetics using variants of the thermodynamics approach. The experts believe 
that the limited melt mass available on basis of melt relocation and premixing arguments, would, 
in all likelihood, lead to sufficiently low mechanical energy so that there would be a substantial 
margin to a-mode failure. It is also recognized that a number of mitigative mechanisms are at 
play, including dissipation by energy transfer to intermediate structures, gas venting if the slug 
contains significant voids, and bypass of gas around the slug if the slug is not continuous. These 
mitigative mechanisms can further reduce the yield or offset possible increase (e.g., chemical 
augmentation of FCI energetics due to chemical energy release from metal-water reactions). 
Accounting for the mitigative mechanisms, some experts believe that published estimates of 
mechanical energy release and structural damage are conservative. 

A discussion was held the second day of the SERG-2 workshop on the subject of “orderly 
closure” of the a-mode failure issue using, for example, Theofanous’ Risk Oriented Accident 
Analysis Methodology (ROAAM) as discussed in Appendix C-6. The proposed effort would 
utilize and integrate the international expertise on the subject to reach a more formal closure on 
the issue. The need for such a formal closure was favored by only a few experts. 

2.2 Residual Uncertainties in the Understanding of FCI Phenomena 

Table 3 summarizes the residual uncertainties in the understanding of FCI phenomena as 
identified by the SERG-2 experts. Individual experts’ views are presented in Appendix B and 
discussion summaries of major FCI topics are presented in Appendix C. Consideration of these 
uncertainties is relevant for an improved understanding of other important FCI-related issues 
such as localized FCIs resulting in shock loading of the lower head or reactor cavity structural 
support, and melt fragmentation and debris quenching. Experts generally agree that further 
reduction of the residual uncertainties is not likely to change the a-mode failure probability in 
an appreciable manner. Rather, it will provide additional confirmatory evidence for the 
consensus that a-mode failure is highly unlikely or physically unreasonable, and will increase 
the level of confidence associated with such judgement. 

Uncertainties in melt progression and FCI initial conditions have been discussed previously in 
reference to the a-mode failure issue and is not repeated here. It suffices to say that these 
uncertainties q e  the Same or similar to those considered in the context of other severe accident 
issues and that, in the issue resolution process, it is an acceptable method to treat these 
uncertainties in a bounding manner. One expert stressed, however, the need to address more 
realistic melt progression scenarios in setting up FCI initial conditions. 
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With the exception of certain residual uncertainties related to melt jet breakup as discussed 
below, the experts generally agree that the topic of premixing has been researched extensively 
in the past ten years. However, it is noted that additional confirmatory research, both 
experimental and analytical, is underway in some countries as a matter of national nuclear safety 
program policies. 

The experts note that the physics of jet breakup is not fully understood, and there is limited 
assessment of breakup models in the existing codes against experiments involving melt jets (e.g., 
FARO). A proper assessment would require precise experimental data on jet breakup which, 
at present, is not available. Consequently, there remains some uncertainties in modelling the 
jet breakup processes, and in advancing the limits-to-mixing argument for melt jets on a firm 
basis. The jet breakup can influence the subsequent FCI processes (e.g., melt quenching, steam 
explosions, shock propagation in a multiphase system) as well. Therefore, the experts agree that 
an improved understanding of jet breakup is relevant to such issues as debris coolability, and 
shock loading of lower head and cavity support structures. 

Residual uncertainties identified by the SERG-2 experts in the area of triggering are: (1) pressure 
effect on triggering, (2) triggerability of prototypic melts, and (3) triggering of multiple 
explosions. Some experts believe that if an explosion is triggered at a high ambient pressure, 
it would likely be'more energetic than the one at low ambient pressure. Another pressure effect 
relates to the suppression of triggering at or above certain pressure threshold. Past FCI 
experiments Seem to suggest that triggering may be influenced by pressure, but there is no clear 
evidence that the pressure threshold is universal for all melt compositions of interest. The 
ongoing and planned KROTOS experiments are expected to provide additional information on 
these residual uncertainties. 

Currently available experimental data with prototypic materials suggest that it is difficult to 
trigger melts containing UO, compared, for example, with simulant melts (both oxidic and 
metallic). The reasons for this reduced triggerability of the UO, melts are not known. Some 
experts suggest that melt properties may have a significant influence on the FCI processes, and 
that this influence is neither thoroughly understood nor properly modeled in the codes. The 
experts agree that an improved understanding of the triggerability would require identification 
of those material properties that distinguish one material fiom another with regard to their 
explosion potential. A related issue is that of trigger availability in a prototypic situation. A 
previous extensive review of triggering research by Fletche? led to the conclusion that the 
triggerability is influenced by a number of parameters (e.g., fueUcoolant properties, plant design 
features, and plant operating conditions), but not in any predictable manner. From the risk 
perspective, the experts agree that for low pressure scenarios, the conservative assumption of 
the existence of a trigger source of sufficient strength to initiate an FCI should be made. 

The possibility of multiple explosions was raised by one expert, and a scenario was postulated 
whereby an initially small pressure perturbation would lead to fragmentation and mixing of a 
larger melt mass, and would provide a source for possible triggering of multiple secondary 
explosions of higher magnitudes. Other experts contend that multiple secondary explosions from 
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a primary explosion is fundamentally no different from the broader d a t i o n  concept in FCI, 
in which an d a t i n g  propagation from a primary explosion may lead to further breakup of melt 
particles thus creating premixtures for possible secondary explosions. 

The experts generally agree that while detailed models of propagation phenomena are not 
required for analysis of the a-mode failure, other FCI-related issues such as shock loading of 
structures, lower head loading, etc., would require such details. Practically, all experts also 
agree that a two-dimensional propagation code would be necessary for these purposes but they 
differ in their opinions on the need for a three-dimensional code. There are currently several 
multi-field multidimensional FCI codes at various stages of development and validation. 

The chemical augmentation of FCI due to the presence of metal@) in the melt was recognized 
by most experts as a possibility, but a varying degree of importance was assigned to it by 
different experts. Generally, if the core melt contains significant quantities of metallic 
constituents which react chemically in the explosion time scale, all phases of FCI may be 
affected. Given the uncertainties, however, and noting that the augmentation is material 
sensitive, the experts find that the significance of chemical augmentation is less clear in a 
prototypic system. 

2.3 Recommendations for Future Research 

One of the objectives of the SERG-2 workshop was to formulate recommendations for future 
research addressing a broad range of FCI issues. The experts were asked to recommend specific 
research that would be needed to reduce residual uncertainties and to improve our understanding 
of various FCI phenomena in the context of broader FCI issues. The experts’ individual 
recommendations are provided in Appendix B. In many cases, these recommendations are 
guided by national nuclear safety program policies and are oriented toward developing 
independent knowledge bases with regard to investigation of the a-mode failure issue. These 
recommendations are not elaborated further in this section, but the interested readers are referred 
to Appendix B for details. Other recommendations for specific research, needed to reduce 
residual uncertainties identified in the preceding section of this report, are summarized in Table 
3 and discussed in the text below. Table 4 summarizes the ongoing or planned FCI experimental 
programs in several countries addressing many of the recommendations in Table 3. 

The current parametric approach to treating melt progression and FCI initial conditions provides 
conservative bounds for the limiting conditions. Some experts felt that an improved estimate of 
the FCI initial conditions would be desirable, and recommended development andor assessment 
of late phase melt progression modeling capabilities within the severe accident codes. 

The experts strongly recommended improved modeling of melt jet breakup and continued 
assessment of the available premixing codes with the fragmentation modeling capabilities. They 
further recommended that the analytical codes be used for mixing calculations involving melt 
jets, for plant-scale calculations (simulating pours of various diameters), and for standard 
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problem exercises. Current and future FCI experiments, particularly those using melt jets, are 
recommended to be well-instrumented for void fraction and other related measurements so that 
the premixing codes can be assessed against a wider data base. These experiments should be 
performed at a reasonably large scale and under prototypic conditions (Le., melt composition 
and volume fraction, melt temperature, mass flow rate, and ambient pressure). 

The experts recommended several specific studies of triggering acknowledging, however, that 
due to the complexity of the phenomenon, a conservative approach to triggering would still be 
a valid option. The recommendations include experiments to determine a pressure threshold, 
experiments with sufficiently small triggers and with an inert gas void to demonstrate whether 
a propagation can occur under these conditions, and experiments to determine the minimum 
trigger strength required for steam explosions. The experts also recommended experiments to 
provide better understanding of the triggerability of prototypic melts. 

Continued development and validation of two-dimensional propagation codes were recommended 
by the experts to provide a methodology for estimation of localized FCI loading, and to address 
the geometric scale effects. Some experts even suggested three-dimensional codes for a more 
accurate description of the propagation phenomena. The experts also recommended continuation 
of one-dimensional propagation experiments with different melt materials, stressing the 
importance of well-characterized initial conditions where the void and fuel distributions prior to 
the FCI event would be measured, and stressing the usefulness of the results for material scaling 
purposes as well as for providing conservative (because of constraints) bounds for explosive 
yield. Further recommendations covered such issues as shock wave propagation in two and 
three dimensions accounting for the effect of reflected waves and shock-structure interactions, 
development of appropriate analytical models, and validation of the multidimensional propagation 
codes using appropriate experimental data. Finally, a recommendation was offered to test the 
propagation codes with respect to their capability for calculating an escalating interaction given 
a small trigger (- 1-10 Wa). 

On the issue of damage consequences, the experts recommended a thorough assessment of the 
existing structural codes for their intended use in FCI-related response analysis. Finally, with 
regard to the chemical augmentation issue, the experts recommended a modest research effort 
to investigate augmentation in metal(zirdoy)-water and metal-oxide-water systems. 
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Table 1 - Alpha-Mode Failure Probability Estimates 
Given a Core Melt Accident 

* WASH-1400 best estimate < la2, SERG-1 consensus estimate < lo" 
i 

Note; The SERG-1 column in this table shows the range of estimates to be lo2 to 10". The NUREG-1 116 shows the 
range to be lo-' to lo5. The latter document contains estimates from additional SERG-1 experts who are not listed here. 



Table 2. Status of Development and Validation of Analytical Tools (Codes) 

c 

Severe accident codes which provide ranges 
of melt initial conditions for FCI 
calculations 

2D, 3-fluid Euledan, R-T breakup model 
lD, 2-fluid Euleriad3-fluid Lagrangian 
2D, 3-fluid Eulerian, R-T breakup model 
lD,  3-fluid Eulerian, R-T breakup model 
3D, 3-fluid Eulerian, R-T breakup model 
3D, 3-fluid Eulerian, R-T breakup model 
3D, 3-fluid Eulerian, R-T breakup model 
2D, 3-fluid Eulerian, breakup capability 
lD, 2-fluid Eulerian/3-fluid Lagrangian, 
R-T and K-H breakup models 

Triggor of predetermined strength activated 
when certain predefmed criteria met 

lD,  3-fluid Eulerian, HD breakup 
3D, 3-fluid Eulerian, HD breakup 
lD,  3-fluid Eulerian, HD breakup 
2D, 3-fluid Eulerian, HD breakup 
3D, 3-fluid Eulerian, breakup 
3D, 3-fluid Eulerian, breakup 
lD, 2-fluid Eulerian.3-fluid Lagrangian, 

thermal breakup 
-~ ~~~ 

special tools for expansion work and slug 
acceleration calculations; 
structural codes for impact loading and 
structural response calculations 

Status of V a l i d a h  

Early phase melt progression modeled and assessed 
adequately; late phase melt progression modeling 
incomplete and assessment inadequate 

~~ ~~~ ~ ~ - __  
Validated against MIXA experiments, plant calculations 
Pre and post-test calculations of FARO experiments 
FARO calculations, additional validation in progress 
Validation against FARO data 
he and post-test calculations of FARO experiments 
Calculations of ALPHA experiments 
Prt+ and post-test calculations of FARO experiments 
Validation against MAGIC0 and FARO data, plant 
calculations 
Pre and post-test calculations of FARO experiments 

No separate validation of triggering models or phenomena 

Pre and post-test calculations of KROTOS 
Validation against SIGMA and KROTOS experiments 
Validation against KROTOS experiments 
Validation in progress 
Validation in progress 
Validation in progress 
Pre and post-test calculations of KROTOS, WFCI data 

~ 

no separate validation exists for specjal analysis tools; 
primarily engineering judgement used; structural codes well 
validated in other fields of engineering and science, but not 
specifically for FCI analysis 

R-T Rayleigh-Taylor instability; K-H Kelvin-Helmholtz instability; HD Hydrodynamic 



Table 3. Fuel-Coolant Interactions: Residual Issues 

0 improved late phase melt progression modeling 
and assessment 

0 continued assessment of premixing models and 
codes; plant safety assessment 
improved modeling of jet breakup 

experimental evaluation of effect of pressure on 
triggerability 

0 experimental evaluation of triggerability for UO, 
melts 
determination of minimum trigger requirement for 

propagation 

continued assessment of existing propagation 
models and codes 

0 improved modeling of fragmentation; modeling of 
fluid-structure interactions and far-field effects 

0 one-dimensional propagation experiments with 
well-characterized initial conditions 

0 experiments with simulant and prototypic melts 
0 chemical augmentation experiments with melts 

containing metals 



Table 4. Summary of Active FCI Jhperimental Research Programs 

Investigate premixing md jcl brukup phcwmarr in mC STX ~ ~ r i c s  of experhncnts wing mdm thcnnite @bo d F+O, wib AI) d 
molten aleel jctS (20 kg melt at atmospheric presrure io a square test rcction of hted dimension up to 850 mm) I 
Invedgalc the effccta of RPV upper hterml structures m slug accekrah ushg EO kg ofmolcCa Wood’s llKul urd a driver gas U a 
maximum pressure of 14 MPa in a 1:lO wrlc facility 

Investigate explosive melt-eodrat mtcnctioar mvohGng both prdotypic md simulant mchs (typically up to 4 kg of IJq-ZrO, and ACOd in 
weU-chuacterizcd, amall gcamctry (up to 200 mm d m & r  test vcsscl), usually at atmospheric pressure; some hrmre experiments arc 
plumed at higher systan pressures to investigate tbe triggcrabiity iswc 

Investigate predxing md water depk(i0a p h -  under well cha~cterizcd conditions with tau of L i l c g m s  of hol solid puticks (2 to 
10 mm size rpbcrcs of steel, A/O,, Zro,, etc. up Lo a tanpcralure of 2uw) K); nuLC local void fraction mewurancnts using optical and 
X-nj’ techniqWS Md also globd m U S U I W l U l I S  

~- ~ ~ 

Investigate material scaling urhg different bhury oxidic melts (1600 to 1800 K); determine ia!lucncc of melt physical properties m 
fragmcnlatim and triggerability 

acterized, o n d i i a u t  facility using single 

ANL (USA) I Perfom cxperimcnts using small mass of metallic and mixed meh (up lo 1 kg of Zr md Zr.2103 at atmospheric pressure in a wcll- 
characterized, small gcomttry (100 mm diunctcr test vessel in 1 Q c r  diameter containment) to d c 4 c ~ c  whctbcr 01 not cbauical 
augmcntatim of FCI energerics occurs, and to determine the exLent of such augmcatatim 

I I 
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' + * * i t *  ' 

UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20!x&owi 

May 10, 1995 

Professor George S. Bankoff 
Chemical Engineering Department 
Northwestern University 
Evanston, IL 60208 

Dear Professor Bankoff: 

The U.S. Nuclear Regulatory Commission (NRC) has decided to convene a group of 
experts to review the current status of the molten fuel-coolant interactions 
(FCI )  issue covering the complete spectrum of interactions, i .e., from mild 
quenching to very energetic interactions including those that could lead to 

Review Group (SERG) workshop will be held in Annapolis, Maryland, on June 15 
and 16, 1995. As an internationally recognized expert in this field of 
research, I would like to invite you to participate in this review workshop. 
The objectives of the second SERG workshop are to: (1) review the current 
status of our understanding of the FCI issue, (2) identify any residual 
uncertainties, (3) revisit the a-mode failure issue in order to make a more 
definitive statement (i.e., quantitative) vs. the more qualitative ones made 
at the first SERG workshop, and (4) provide recommendations for future 
research efforts in the broad area of FCIs. 

* the a-mode containment failure. For this purpose, the second Steam Explosion 

To help focus on the objectives of the second SERG workshop, I am providing 
some background on the FCI issue and the progress made to date toward a more 
complete understanding of the issue. 
energetic FCI) and its effect on containment integrity were identified first 
in WASH-1400 and later quantified in some fashion in NUREG-1150. In 1985, the 
first SERG workshop was convened by NRC to discuss and evaluate systematically 
the FCI issue with emphasis on the a-mode containment failure probability. 
7he experts, who participated in that workshop, reviewed the then current 
understanding of the potential for containment failure arising from in-vessel 
steam explosions during core melt accidents in light water reactors. At the 
conclusion of the workshop, there was a consensus among the experts that the 
occurrence o f  a steam explosion of sufficient energetics which could lead to 
an a-mode containment failure had a low probability. 
concluded that more work would be necessary to develop a high confidence level 
in quantifying the bounds of potential energetics in FCI, in quantifying the 
associated uncertainties, and in determining the conditions under which 
energetic interactions could occur. 

Recall that the steam explosion (highly 

However, the experts 

Much o f  the FCI work since 1985 has been aimed at enhancing the technical 
basis o f  the conclusions reached by the SERG experts, resolving residual 
uncertainties in our understanding o f  the FCI issue, in particular, 
quantification o f  the a-mode failure issue, and at achieving final resolution 
of the issue. Recently completed work at the University of California, Santa 
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Barbara (UCSB) examined experimentally the water depletion phenomenon during 
premixing, and also the fragmentation kinetics during propagation. The 
significance of the water depletion phenomenon is that it puts bounding limits 
on interacting water, steam, and debris masses in a multiphase system, thereby 
providing a strong technical argument against the u-mode failure. The 
knowledge o f  fragmentation kinetics is essential in studying propagation and 
escalation of pressure waves, and the resulting potential for failure of lower 
head and adjoining structures. 

Other recently completed and/or ongoing work in the area of FCI includes the 
experimental program at the University o f  Wisconsin (UW) to address the 
scaling issue related to thermal-to-mechanical energy conversion to ensure 
that no major uncertainties due to scaling are ignored, and work at the 
FARO/KROTOS facilities at JRC/Ispra on high pressure melt quenching tests 
using prototypic melts (FARO) as well as melt-coolant premixing tests 
(KROTOS). 
period leading to a number o f  computer codes for model ing separate effects 
phenomena as well as integral FCI evaluation o f  complete reactor systems. The 
recently initiated work at the Argonne National Laboratory (ANL) is intended 
to examine the possible chemical augmentation of steam explosion energetics 
due to the presence of metal (Zircalloy) in the melt, and the possible 
manifestation of such augmentation through dynamic loading of containment 
structures. 

Additionally, analytical work on FCI was carried out during this 

Significant new FCI programs (in addition to those in the U.S. and JRC/Ispra 
mentioned above) were initiated in other countries during this period as well. 
Notably among these programs are those in Germany, France, Japan, and the U.K. 
The work in Germany concentrated on determining premixing conditions which 
would result in maximum explosive energy release, and on determining the 
mechanical conversion so that the worst case loading on the vessel head could 
be calculated. The BILLIEU experimental program on steam explosions and 
associated analytical development were initiated in France in 1990. 
program in Japan was also initiated in 1990 to study, in part, melt-coolant 
interactions and to quantify loads to the containment during FCI. 
work in the U.K. during this period was mainly analytical in nature 
(development and/or assessment of FCI codes), and 1 imi ted experimental 
programs were carried out to support the analytical activities. 

The ALPHA 

The FCI 

To share the benefit of this significant progress on the FCI issue, the 
Committee for the Safety of Nuclear Installations (CSNI) Principal Working 
Group 2 (PWG2), through its Task Group on In-Vessel Degraded Core Behavior 
( IVDCB),  organized a second Special ists' Meeting on Fuel Coolant Interactions 
in January 1993 (the first such meeting held more than twelve years ago). 
International work was presented at this meeting in two broad categories 
covering the fundamentals of FCI - premixing and quenching, and propagation 
and energetics. Additionally, papers were presented on integral assessments 
related to steam explosions (see NUREG/CP-0127, NEA/CSNI/R(93)8). In light of 
the additional insights gained from the collective research efforts in the 
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years since the first SERG workshop in 1985, the risk assessment presented in 
the meeting confirmed the conservatism embedded in the first SERG report 
(NUREG-1116). Furthermore, the assessment concluded that, in 1 ight of the new 
knowledge gained on the water depletion phenomenon and its quantification, 
there was a substantially reduced potential to intermix large quantities o f  
molten fuel and water thereby limiting the steam explosion energetics and 
rendering the a-mode containment failure of no significance to risk. 

Given the above body of knowledge on the FCI issue, it now appears that there 
is a renewed consensus that the a-mode failure is of very low likelihood, and 
there is a general agreement that future efforts (experimental and analytical) 
are confirmatory in nature and focused on further enhancement of the 
quantification in areas/parts of the issue where residual questions remain. 
At the same time, a close examination of the ongoing U.S. programs and the 
programs outside the U.S. suggests that FCI research has broadened to 
encompass more than the a-mode failur 
plan, for example, has emphasized the 
i s u e .  

To reiterate, then, the objectives of 
review the current status o f  the FCI 
uncertainties, (3)  revisit the a-mode 

issue. The recent 4-year FARO program 
ex-vessel aspects of the overall FCI 

the second SERG workshop are to: (1) 
ssue, (2) identify residual 
failure issue in order to make a more - - *  

definitive statement on our understanding, and (4) provide recommendations for 
future research efforts. In order to facilitate the discussions at the 
workshop which are aimed at achieving the above objectives, I have enclosed a 
number o f  questions and issues (Enclosure 1) with this invitation, which you 
should review and address prior to the meeting. 
to these questions and issues in writing to the NRC in advance of the 
workshop. You will also be expected to verbally summarize your responses in 
about 40 minutes on the first day o f  the meeting. 
summaries, there will be open discussion on various issues starting the first 
day o f  the meeting and continuing on to the second day. Later on the second 
day, you will be expected to summarize the workshop outcome along the 
objectives mentioned above. 

Please provide your responses 

Following individual 

The administrative arrangements for the workshop are being handled by the 
Brookhaven National Laboratory. 
Historic Inns of Annapolis under "Brookhaven National Laboratory/NRC" at a 
rate of $76.00 per night (including tax). 
at (410) 263-2641 to make your own reservation. 
assistance such as area map, direction to the hotel, seasonal events in the 
area, etc., you may contact Ms. Kathy Ryan at (516) 282-2630. 

A block of rooms has been set aside at the 

Please contact the hotel directly 
For other travel related 
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I In closing this letter, I would like to emphasize that your participation i s  
crucial to the success of this workshop and I hope to see you in Annapolis 
shortly. 
need additional information, please feel free to call Dr. Sudhamay (Sud) Basu 
of my s t a f f  at (301) 415-6774. 

In the meantime, if you have any questions concerning this letter or 

I Sincerely , 

Themis P. Speis, Deputy Director 
Office of Nuclear Reaul atorv Research .. - 

Enclosure: As stated 

I *Identical letters to be sent to: Berthoud, Catton, Choy Corradini, Fauske, 
Fl etcher, Henry, Jacobs, Sehgal , Theof anous , and Turl and - -  
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Enclosure 1 

1. 

2.  

3.  

4. 

5. 

6. 

7 .  

Questions and Issues for the SERG-2 Workshop Participants 

In your opinion, what is the status of our understanding of the a-mode 
containment failure issue for the LWRs? 
resolved, i.e., of little or no risk significance? 

Is it, in your opinion, 

(a) If yes, cite the relevant references 

(b) If essentially resolved, what additional confirmatory research is 
required, in your opinion, to fully resolve the issue? 

(c) If not resolved, i.e., if the residual uncertainties still remain 
large and/or if there are still unanswered questions about the a- 
mode failure, discuss specific additional research that will be 
needed to answer the questions and to address the uncertainties. 
Discuss the approach to research areas thus identified, potential 
benefits to be derived from the research, and indicate the time 
frame for accomplishing the research objectives. 

Discuss the role and status of premixing in addressing the 0-mode 
failure issue. 

Discuss the role and status of propagation in addressing the a-mode 
failure issue. 

Discuss the role and importance of triggering (trigger availability and 
triggerability) in addressing the a-mode failure issue. Discuss the 
role of pressure threshold in suppressing the triggering. 

Discuss the role and importance of accident progression and melt 
relocation in addressing the a-mode failure issue. 

Discuss the role and consequence of mechanical energy release and 
damage-producing events in the context of the a-mode failure. 

In your opinion, is our current knowledge of premixing and propagation 
phenomena adequate for a better quantification of the a-mode failure? 
Based on your own knowledge, are you now able to assign a better 
probabi 1 i ty (1 i kel i hood) measure to thi s f ai 1 ure mode? 

(a) If yes, provide your estimate(s) and the basis for it. (Note: The 
plural is for distinguishing among various severe accident classes 
if you wish.) 

(b) If no, do you think it i s  reasonable to expect that this will be 
possible sometime in the future? Provide your reasoning and 
indicate what key developments will be needed to meet the 
expectation. , 



2 

8. Discuss the status and capabilities o f  the analytical tools/computer 
codes available to address various components of the FCI methodology 
(e.g., tools to estimate premixture) or to perform integral FCI 
assessments. How much verification have these analytical tools had? 
Are there well defined experiments against which a number o f  these tools 
can be assessed? Provide your recommendations regarding the need to 
perform a "standard" problem, preferably one in conjunction with an 
integral evaluation. 

9. How much o f  the research performed (both experimental and analytical) in 
support o f  the 0-mode f ai 1 ure i ssue i s a1 so appl i cab1 e to "1 oca1 i zed" 
FCIs (e.g., an energetic FCI next to a structural boundary where there 
is a need to evaluate the dynamic loading on the structure)? 

10. Discuss the possibility and importance of chemical augmentation to 
energetic FCIs. Discuss the impact of chemical augmentation on the 
dynamic loading of structures. 
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Second Steam Explosion Review Group (SERG-2) Workshop 
MaryIand Inn, Annapolis, Maryland 

June 15=16,1995 

June I S ,  1995 

9:00 a.m. 

9:lO a.m. 

9:30 a.m. 

10:15 a.m. 

11:OO a.m. 

1 1 :45 a.m. 

1:00 p.m. 

1:45 p.m. 

2:30 p.m. 

3:15 p.m. 

3:30 p.m. 

4:15 p.m. 

5:OO p.m. 

5:45 p.m. 

6:30 p.m. 

June 16,1995 

8:30 a.m. 

10:30 a.m. 

10:45 a.m. 

12:45 p.m. 

2:OO - 3:OO p.m. 

3:OO p-m. 

3: 15 - 6:OO p.m. 

, 

Opening Remarks 

Introduction - Setting the Workshop Focus 

Individual Presentation 

Individual Presentation 

Individual Presentation 

Lunch Break 

Individual Presentation 
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RESPONSE TO QUESTIONS AND ISSUES-SERG2 

S. G. BANKOFF 
Chemical Engineering Dept. 
Northwestern University, Evanston LL 60208 

Q-1 
(a) The probability of an alpha-mode containment failure, in my opinion, is vanishingly 
small. If required to choose a numerical value for the probability per reactor severe 
accident 1 would give it as 10*-5 to show improvement since my last SERG estimate of 
10*-4, based on information obtained since that time. 
The argument is based on the following physics. In order for a fuelcoolant interaction 
occur that is sufficiently powerful to rupture the reactor pressure vessel (RPV) and the 
containment head, the following events must occur sequentially 
1. A massive pour of core melt from the core region into the lower head must occur in a 
time Scale of seconds in coarsely-premixed form. 
2. The size range of at least 10-20 tonnes of this melt must be approximately 0. I to l'0 
cm in order for the particles not to be quenched before the triggering even& and for the 
bulk of the energy transfer to occur in a time scale of tens of milliseconds. 
3. The particles must be in film boiling, with the void hct ion of the coolant being less 
than 0.5, in order for a detonation to propagate after mixing. 
4. A coherent liquid slug must be accelerated upwards after the propagation stage which 
seals off the expanding mixture , thereby converting thermal energy into mechanical 
energy 
S.This slug must remain intact as it sweeps aside the upper core plate and other steel 
structure below the containment head 
In my opinion all five of these steps are physically impossible, or at least of very low 
probability. The arguments for this opinion will be given below. 

A listing of some of the relevant references is given here. Others are cited at the end 

1. S. G. BankofE, D. H Cho, A W. Cronenberg H IC Fauske, R E. Henry, T. J. 
Marciniak, R C. Reid and G. R Thomas, (1982) "Assessment of Steam Ertplosion 
Potential in Hypothetical LWR Core Meltdown Accidents", Draft submitted to Nuclear 
safety Analysis Center, Electric Power Research Institute.. 

2. S. G. -0% (1978) "Vapor Explosions: A CnticaI Review", Prw. 6th htl. Heat 
Transfer Coderenee, 6,355-360. 

3. R E. Henry and H K. Fauske, ('1981) "Required Initial conditions and the Attainment 
of a Permanently Coolable State", Fuel-Coolant Tnteractions, HTD-V19,99-108, A $. M 
E. 
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4. D. H. Choy H. K Fauske and M. A. Grolmes, (1976) " Some Aspects of Mixing in 
Large Mass, Energetic Fuel-Coolant Interactions", Proc. htl: Mtg. Fast Reactor Safety, 
Chicago, iL.CONF-761001,4,1852-1861. 

5. €3. D. Turiand. D. F. Fletcher, K. I. Hodges and G. J. Attwood (1994) "Quantification 
of the Probability of Containment Failure Caused by an In-Vessel Steam Expiosion for 
the Sizewell B PWR", hoc. CSM Spec. Mtg. on Fuel-Coolant Interactions, Jan. 1993, 
Santa M a r a ,  CA. 

6. Theofanous, T. G., et al, (1987) "An Assessment of Steam-Explosion Lnduced 
Containment Failure, Parts I, 11 ,111, and IV" ,Nuclear Sci. and Eng.,97 (four 
articles),282-326. 

7. T. G.Theofanous and W. W. Yuen (1994). "The Probability of Alpha-Mode 
Containment Failure Updated" .Proc. CSNI Spec. Mtg. on Fuef-Coolant InteractionsJan. 
1993, Santa Barbara, CA, NuREG/CP-O127. 

8. D. F. Fletcher (1994) "A Review of the AvailabIe Information on the Triggering Stage 
of a Steam Explosion". Nucl. safety, 35,3657 

(b) I have some concerns about the possibility of multiple explosions satisfying several 
of the conditions above, but cannot suggest a suitable experiment properiy to examine 
this possibility, given the cost and the instrumentation difficulties which exist. 

(c) Further development of the d e s  could be usefid, particularly for identiijing 
conditions which would not rupture the containment, but which would cause the lower 
head to fail. An interesting set ofexperiments would be to pour a tonne of so of Woods' 
metal into a water pool of 1-2 meter depth in a time scale of 1-2 s7 with the interfacial 
contact temperature (ICT) being above and below the freezing point of the metal, and 

distriiutions. The solidified particles would collected for size analysis. Ifthe ICT is 
brought close to, but below the spontaneous nuckation temperahne (SN), tfiis d d  
even more instnaive, but would possi'bly be dangerous, and would be expenshe to carry 
out safely. This is needed because the ratios of the length and mass scales of current 
experiments to the corresponding reactor scales are so small that the codes have 
considerable 'es attached to them. 

with X-ray pulse instrumentation to determine the local particle concentratt 'om and size 

The fixe1 liquid SurEaCes will always be in film boiling as they enter the pool, unless the 
vapor is locally the continuous phase. This is because the ICT is above the spontaneous 
nucleatioa temperature, except for very fine particles which quench rapidly. Ifthe fuel 
enters in the form of smalldiameter jets leaking &om holes in the lower sugport plate;:. 
these will breakup into drops which Mi through the pool and settle onthebottoxh, if 
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triggering does not occur first. However, an unreasonable number of small leaks must 
develop simultaneously, or nearly so, for the pool to have abut  ten tomes in transit at 
the Same time. A single large jet seems unlikely, but if it occu~s, a calculation by Han a d  
Bankoff (9) shows that it would be protected by a thick vapor layer, which would entrain 
water into the upwardly-flowing vapor, but would not entrain fuel droplets off the surfsct 
of the jet. Unless triggering occurred, this jet would penetrate to the bottom vety nearly 
intact, except for contact with submerged steel. Once a stratified corium layer is formed 
on the bottom, with water above it, rapid solidification and the coarseness of the 
premixture would preclude an alpha mode event 
Thus, it is extremely unlikely that about ten tomes of fie1 in &ansit duough the pool with 
a size range of 0.1 -10 cm can be generated in a welldispersed array. The lower bound 
corresponds to particles which would be quenched prior to the triggerihg event, and the 
upper bound to particles which are to be fragmented into fine debrisin a time scale of 
milliseconds behind the detonation fiont, and hence can contn'bute to maintaining the 
pressure of the front The upper size limit has been made rather gemus, because the 
expansion stage is of order of seconds, or less, and further heat transfer can then occur. 

Nevertheless, assuming for the sake of argument that upwards of ten tomes of fuel 
particles in the correct size range can be generated falling through the pool at the same 
time, there is another difficulty, tint pointed out by Henry and Fauske (lo), and since 
verified by Theofmow and coworkers (6), as well as other investigators. In a region of 
high fuel particle concentration the heat transfer by d a t i o n  and cowection to the 
coolant is so large that the rising vapor becomes essentially continuous, carrying the 
water droplets out of the region. This "vapor chimney" effect was estimated by applying 
the Kutateladze fluidization criterion to the vapor-liquid fieId Han and Bankoff (1 1) , 
using the PHOENICS code, showed that the vapor production rate can be very large at 
the pour rate (which could threaten the containment) of 9OOO kg/sec. Even with poor 
breakup ( 5 cm particles), and higher than expected pressure (1 Mpa), the pool level 
swell nearly doubles the depth of the pool in one set. Such a large array of particles 
would occupy nearly all of the cross-section of the pool, so that a orie4imensiod 
calculation is sufficient. Furthermore, some of the cuarse fuel partides are 1- so 
thatmostofthefuelparticles remainintheupperbalfofthepoolforthefirstsecond If 
a smaller pour occupies only the central region of the pool, or a restricted portion of the 
pool d c e  area, bypass of the upwardly -flowing liquid can OCCIP. The fkel particIes 
can then penetrate the pool more easily, but the water depletion effect will still be present 
in the regions of high firel particle concentration As discussed later, these waterdepleted 
regions cannot participate efficiently in an explosion 

To these considerations must be added the mechanical energy requirements for 
producing particles in the above size range in the time period of transit into and though 
the pool (4)- Mechanistic models due to Henry and Fauske (12,13) for the breakup rate in 
liquid-liquid film boiling and for the limiting size of the fuel particles thus produd  
indicatethatfine-scale premixingcanbeexpectedincurrent"1argeScale" 
but yirtdly no premixing on the reactor scale. This variation of particulation scalebas 
demonstrated experimentally by Theofhnous and Saito (14) using waier and liquid 

B-4 NUREG- 15 24 



nitrogen. One comes to the conclusion that effectively no premixing would occur in the 
reactor system which could threaten the containment. 

Q-3 

To discuss triggering properly, one must first assume that there exists a coarse premixture 
which can sustain a propagating interaction (detonation) far from the trigger source. As 
pointed out by Henry (19, this is not always easy to ascertain. A strong trigger will 
fragment fuel particles, which will then release their energy to the coolant rapidly, so that 
local escalation can occur. However, far From the source, the projmgation may die, since 
the fiagmented particles initially acted as amplifiers for the trigger -induced mixing. If 
only a limited region is involved, it will not be possible to distinguish between the 
triggering effect and the true escalation effkct A very powerful trigger could conceivably 
perform all necessary fragmentation for a large-scale event However, such a powerfit1 
external trigger cannot be identified for a reactor accident 

Self-triggering is always a stochastic event, since the time and place cannot be pdEted  
in advance.However, pouring experiments by Long, involving 50 kg of aluminum into 
water, showed that it could be quite reproducible, providing the proper combination of 
pool temperature and depth, pouring rate, and bottom surface condition were present 
The hypothesis was that if the tank bottom is wetted by water, a thin water film can be 
entrapped below the aluminum mass when it reaches the bottom. This film quickly 
superheats to the spontaneous nucleation temperature and explodes locally. Ifthe bottom 
was coated with grease or paint, the explosion did not occur. In the reactor situation, the 
submerged steel in the pool, after long periods in contact with grease-fke water, would 
be well-wetted. Hence, at low pressures, it may be assumed that, with literally millions 
of contact events between tonnes of corium and submerged steel, the probability of 
triggering would be essentially unity, if a propagating detonation is possible. Hence no 
credit can be taken for the difficulty in triggering, except at hi& pessmes Such 
pressures have variously estimated at 65 bars, 30 bars and even 10 bars. In almost all 
actual severe accident cases, however, the pressure would be quite low, because at high 
pressures it is difficult to get water into the core. 

On the other hand, it is impossible to trigger an escalation went in a vaporanthuous 
region This is because the trigger implies the arrival of a pressure wave which collapses 
the vapor film around neighboring droplets. These then produx additional vapor, which 
transmit a pressure wave to other droplets in film boilingThis is not possible ifthe 
medium between the drops is highly compressible, as with void €iactions above 05, or 
with a vapor-continuous medium. 

It has been noted above that propagation may be difficult to ascertain in small-scale 
events. This would not be the case in l a r g 4 e  events involvingtens of tonnes of 
coarsely-premixed material. Immediately behind the propgating fiont is the reaction 
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zone which terminates, according to detonation theory, at the Chapman-Jouguet (C-J) 
plane. Here the velocity is sonic relative to the Front, which is thus protected fiom 

comparison to a characteristic length, such as the pool diameter or depth, and haice -i 
be considered to be locally onedimensional, even if the full-scale propagation front is 
curved. The theory assumes that at the C-J plane the mixture consists of of a 
homogeneous mixture of fuel debris and coolant, with equilibrated velocity, temperature 
and pressure. According to the homogeneous theory, such as for gaseous detonations, the 
premixture is compressed by the advancing pressure wave adiabatically to a pressure 
peak, known as the Neumann spike. The mixture then reacts, following a straight line on 
the pressure- specific volume diagram, which is tangent to the Hugoniot curve. This 
curve is the locus of states of the reacted mixture as a function of final pressure at the C-J 
plane. Further expansion can take place in the far field, which may be at rest with respect 
to the laboratory fiame, and hence at supersonic velocity relative to the shock front 
When applied to vapor explosions, this is the famous Board-Hall theory (16,17), which 
gives an upper bound close to (actually greater than, owing the additional compression by 
the front) the constant- volume temperature equilibration pressure of Hicks and Merbies 
(1 8). Actually, in a multiphase detonation the €&el and coolant temperatures may not be 
equal at the C-J plane, and even the velocities may not be equal, althougb some critexion 
of sonic velocity through the mixture must be satisfied. Thus, only partial thermal energy 
transfer between the fuel and coolant may be achieved at the end of the reaction zone (C- 
J plane), leading to reduced explosion eficiency, as shown by Bankoff and Jo (19). 
Sharon and Bankoff (20) integrated the multiphase mass and momentum consemtion 
equations behind the fiont to the near-attainment of velocity equilibmtioa With low 
initial fuel concentrations, corresponding to high void hctions, the reaction zone was 
up to a meter in length- Such detonations were deemed impossible, since sideways 
expansion would weaken the front excessively. Similar calculations were independently 
perfoxmed by Scott and Berthoud (21), with similar results. 
This effect of reduced efficiency with high initial void fractons, predicted by the 
dynamic equations behind the front, is subject to some uncertainty, owing to the 
empirical character of the firasmentation constitutive equation However, the amended 
Board-Hall theory due to Sharon and Bankoff (22) gives the same results without 
recourse to empiricism. If the energy traasfer is incomplete at the C-J plane, the 
Hugoniot curve has a sharp "knee" so long as vapor is present, but at the critical pressme 
the curve turns sharply upwards, reflecting the low compressibility of the "liquid" 
(supercritical) region. With large initial specific volumes, corresponding to high vapor 
content, the tangency point on the Hugoniat curve is necessarily then slightly below the 
critical pressure. The highest pressures (and hence efficiency) are obtained in the 
neighborhood of equal volumes of water, vapor and fuel in the premixture. Such high 
mass concentrations of fuel would actuaUy lead to much higher void fractions - This is a 
principal argument against the possiWity of an efficient detonation which would cause 
tlie containment to fkil. 

~ ~ ~ k ~ i i i i ~ g  by i ~ i ~ f ~ c t i ~ i i  FZVCS piGg&iig hiii &C fzi fidd. Xiis ~ i j r i  m& k thiri in 

Q-5 



In the Th4l accident the corium entered the pool though a side pour, and formed a layer 
on the bottom which quickly solidified. This seems to be a more likely event than pour 
into the pool through the lower core support plate (LCSP). This is partly because the 
crust above the plate is more protective, being cooled from the bottom by radiation to the 
pooi and also vapor rising from the pool. In any case, a thick layer of melt, overlain by a 
water pool with a vapor layer in between, is not an efficient premixture for a propagating 
detonation. Such detonations have been studied in small-scale experiments, but the 
region of intennixing is thin., being limited by the propagation time and therefore by the 
mixing energy requirement. The side pour comes fkom the top of the melt pl, where 
the oxidic content is higher, and therefore the chemical energy content and the thermal 
conductivity are both lower. Both effects would lead a lower stratified-explosion 
efficiency. 

A potentially major issue, to my mind, is the possibility of multiple explosions, with a 
later explosion being much more powerful than its predecessors. Such events are well- 
known in volcanic eruptions, such as Krakatoa, which resulted from very large scale 
mixing of seawater with magma, followed by pressure generation which led to s e v d  
minor releases, but which eventually led to rapid depresurization. This, in turn, allowed 
an enormous detonation to proceed, which blew away the island and c a a  ten-fmt tidal 
waves 2000 miles away.The possibility here is that a one-tonne explosion might blow 
away the ESP, causing large-scale mixing of the contents of the melt pool and the lower 
plenum pool. it is not clear what would then happen. A rapid pressunzatr on might occur, 
but no detonation or slug impact on the upper core support plate. On the other hand, the 
mixed material might fill back into the lower plenum and then explode. In my opinion 
this possibility has been insufficiently examined The Sizewell B study (5)  did some work 
on it, but ended up by simply assigning a slightly revised probability in tthe Monte Carlo 
calculation. The codes are currently incapable of following the path of the accident 
anywhere close to this scenario, which is undoubtedly why little attention has been paid. 
However, rough calculations to estdblish order of magnitude of the energy releases would 
be very useful now, and a more detailed analysis should be performed in the near fimae. 
For example, it makes a difference if the LCSP is simply folded out of the way, or 
whether it is blown upwards in an essentially horizontal position, still =parat& the melt 
from the watedsteam coming up from the pool. 

. .  

A vapor explosion differs from an underwater explosion in the damage mechanism. la an 
underwater explosion with conventional explosive, such as tetryl, which has a high 

charge is due to the shock wave, the pressure rising to hundreds of thousands of bars 
over milliseconds, or less. In an alpha mode postulated Mure, the expansionoccurs 
over a second or so, and develops mechanical energy in the liquid/solid mixture whid is 
accelerated into the containment head. For this to occur the liquid slug must be 
continuous. otherwise, the pressure of the qanding mixture is vented through the -. - : 
porous slug, and little slug acceleration takes place, except that genemted by the 

brisance, or vety rapid pressure rise, the damage done to the submann - eby*depth 
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frictional pressure drop of the flow through the slug. Furthermore, the slug must serve as 
a pressure seal, which implies that it occupies the entire cross Section of the RPV. If not, 
the expanding mixture simply bypasses around the slug. In the WASH -1400 scenario the 
liquid slug is generated by an explosion in the lower half of the coolant pool in the lower 
plenum. This accelerates the upper half of the pool upwards to form, together with the 
s t r u d  steel and the core melt, a massive upwards-moving slug. It is clear now that 
this scenasio is mythical, having been postulated to give the most consexvative possible 
estimates of damage potential. First of all, the explosion is probably triggered in the 
upper half of the pool. The upper half of the pool contains large waterdepleted regions, 
owing to the large void fractions in regions of high fuel concentratiomHence a 
vaporlwaterl fuel mixture is blown upwards. More vapor is generated when the liquid 
water mixes with the core melt. Hence the slug always contains a coikiderable amount 
of vapor, even if it is not vapor-continuous. Moreover, Taylor instability will quickly 
cause the slug to degenerate into an array of drops. Harper, et al(22) examined the 
exponential growth of Taylor instability fingers into an accelerated liquid sphere at Bond 
numbers greater than 1 0 3 .  This can be very rapid In the reactor case the acceleration of 
a 2m high slug by the 200 bar pressure diflerence is about 1400 g. In experiments 6y  Seo 
and Bankoff(23), a water column 0.2 m high was accelerated upwards by a 50 bar 
pressure difference, so that the acceleration was about 1500 g Taylor instability 
penetrated from the lower face to the top of the slug by the time that the slug was 
displaed its own length, in agreement with an approximate nonlinear Taylor instability 
theory. Howevex, the slug might be significantly decelerated upon encountering 
stnrctural steel obstacles. Detailed calculations are need& to establish the acceleration 
vs. distance upwards of the moving mass. Codes for this calculation are not yet available. 
The fluid-solid interaction codes are needed also to establish whether the bottom head 
fails, even if the containment does not This is important, because coolability strategy 
implies flooding the cavity below the RPV in order to cool the lower head, and thereby 
terminate the accident For this calculation two-dimensional cudes are needed, and the 
pressure-time history on the bottom head waI1 must be calculated 

Q-7 

(a) As noted above, my current estimate is 10"-5 to 1W4, with the weighting on the 
lower figure. This is basedon the work done at Santa Barbara and in the W, which 
arrived at similar overall probabilities per reactor severe accident, 
I think we have enough knowledge to say that the alpha mode failure is an extremely 
minor risk, even though the consequences would potentially very serious. when 
combined with the probability per reactor year of a meItdown accident, and loo0 
Westemdesign reactors operating world wide, there would be a mean waiting time of 
10,OOO years for this mode of f8tlure. I mnclude that resources should be largely shifted 
elsewfiere, such as the coolability question. This estimate was b w n  at the last SERG 
meeting, but had not been subjected to more precise verification. The progress since 
then has been good, although the scales of the experiments have been necessarily small. 
No contradictory information has been uncovered as a result of this work which wodd 



increase the probability of alpha-mode failure. This in itself is important, since one could 
not predict with confidence that this would be SO. 

First of all, there is a great deal of overiap between d e s ,  which is understandable h m  
the viewpoint of national objectives. However, a much more vigorous international effort 
to coordinate and slim down this effort might be appropriate, in order to reduce costs and 
minimize confusion. The difficulty is that each code has a number of adjustable 
parameters, used to fit predictions to experimental data. They are also inserted in order to 
make smooth transitions From one flow regime to another, or to make smooth transitions 
fiom premixing to triggering, propagation, expansion and finally structural damage. The 
end result is that one has a large integral code, which it takes an expert living with the 
code for a good part of a year to decipher, and which has m a y  compensating errors. 
Even if the codes currently give consistent predictions, despite using different 
constitutive equations, there is no guarantee that they will agree even approximately 
when scaled up to reactor dimensions and masses, or that they will predict correctly$he 
actual accident course.. Furthermore, sufficiently large expeximents to overcome the 
scaling problem are not foreseeable, since the output of such an experiment is only an 
integral pressure record at various locations, some temperature measurements during the 
premixing stage, and some rough efficiency estimates- More improved instrumentation 
for this Scale explosion does not appear at this time to be fkasible, aside fiom the cat and 
enhancement of public fears which would ensue. Hence it is still necessary to rely on 
fundamend principies, as outlined above. 

The KROTOS, FARO and ALPHA (Japan) experiments are useful for assessing the 
d e s ,  although it is a source of uneasiness that codes with quite different CoIlSfiMive 
equations from different countfies and labomtones can be made to fit the same pressure- 
time data. The experiments to date have not yielded local velocity, phase mas fractios 
pressure or temperature data, so that there no crosscheck on the physics behind& 
codes at the present time. Some progress has been made on premixing, using pulsed X- 
rays and the FLUTE instrumentation (Theofbous), but no verification cumembg 
escalation or propagation. Apart &om these comments concerning the explusion itself: 
there is a great deal to bedone on the colic relodon and the fluid-stwture intexadons 
applied to the slug d o .  Littie has been done concerningthe fluid mechanics of the 
slug acceleration, and the multiple explosion d o ,  both of which, in my opinion, are 
velyimportant- 

The KROTOS and FARO experiments have, in a sense, acted as standard problems, 
shce all codes have been tuned to them. They are thus probably useless for comparison 
purposes. The one computational test at reactor d e s  that I can think of gives a 
comparisonwitb~~~ltheory,Thiscanbe~byboosbngthefragmentationrate 
behind the propagating fiont to the pint where velocity and temperature equilr'bration 
are achieved when sonic velocity relative to the is achieved. Since the principles 
are simplymass and momenturn coLlservatioEl mthe multi- interaction region, 
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together with thermodynamic principles, they should all agree with each other and with 
Board-Hall theory. A follow-up set of calculations in which only partial fragmentaton, 
and hence only partial energy transfer, is achieved at the sonic-velocity plane would be 
an even better tesf and can be compared with improved predictions along the line of the 
Sharon-Bankoff and the Scott-Berthoud predictions. 

Q-9 

The localized pressure prediction has been discussed above. Here a twwiirnensional 
capability is useful, subject to the limitations noted above. I rather doubt that a three- 
dimensional capability is needed in the near future. This is, however, an important topic, 
since the coolability problem, and hence the reactor and containment design, is 
intimately tied in. 

There is no doubt that chemical reaction of highly-superheated pure aluminum is Vky 
significant, but this is not very pertinent to melt containing zirconium, which is partly 
oxidic, and the rest diluted by solution in the steel - I think this should be (and is being) 
looked at, but I do not expect that any great modification will result from this effect. This 
problem should be wound up quickly. 
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[. In your opinion, what is the status of our understanding of the a mode containment failure &sue 
for  the L WRs? Is it, in your opinion, resolved, Le., of ZMe or no risk signijicance? 

(a) If yes, cite the relevant references 

(b) If essentially resolved, what additionaI confirmatory research is required, in your opinion, to 
fully resoIve the issue? 

(c) If not resolved, Le., if the residual uncertainties still remain large andlor if there are still 
unanswered questions about the a-mode failure, discuss specific additional research that 
will be needed to answer the questions and to address the uncertainties. Discuss the 
approach to research areas thus identified, potential benefits to be derived from the 
research, and indicate the time frame for accomplishing the research objectives. 

As you may already know, detailed studies relative to Steam Explosion in P W R  started only recently in 
France e.g. around 1990. We then do not have clear answers but we am in the process of obtaining such 
answers. We are developping the MC3D Code in order to describe the usual Werent sequences of a 
Steam Explosion Le. the PREMIXING and TRIGGERINGRROPAGATION phases. These. studies were 
undertaken because, after analysis, we found we cannot bound with sufficient credibility the effect of a 
S.E by producing figures for : 

- the amount corium mass which can be involved in a SE 

- the efficiency of this S.E. 

Indeed we think that this approach suffers h m  simplicity : 

- restricting the amount of melt which can participate to a Steam Explosion may be a trick. In fact, it is 
likely that the melt which mixes with water wil l  participate, more or less, to the interaction. If we agree 
with the usual S.E. sequence, once triggered somewhere, the explosion will propagate through the 
whole mixture , inducing a more or less efficient heat transfer between corium and water according to 
the conditions in the mixture (geometry, thexmodynamic conditions for coolant). Then, if we look at 
fig. 1, we find that a mechanical energy release of 1 GJ (order of magnitude suf€icient to induce risk in 
vessel behaviour) can be reach with 7 tons of Corium and an efficiency of 10 percent or 50 tons of 
corium and an efficieny of 1.5 percent, or a mixture of these conditions 

- using efficiency can also be incorrect for two main reasons. Efficiencies are deduced fiom smaU d e  
experiments (25 kilograms at maximum of melt in the Sandia FITS program, in the W d t h  S U W  
program and in the Japanese ALPHA program) and their use for reactor situations is &cult because : 

- we have to take into account the effect of SCALE which is not firmIy established. In fact, there are 
physical reasons which favoured an increase of efficiency with scale. First, as during a Steam 
Explosion, heat is fust transfered fiom fuel to some amount of coolant and then to the surrounding 
cold coolanf there is a volume to surface ratio which characterizes the ratio of heat received by 
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coolant (roughly proportional to the volume of the interaction zone) to the heat lost by the coolant 
(roughly proportional to the surface of the interaction zone). So, when the characteristic size L of the 
interaction zone increases, this ratio, linked with the interaction efficiency, increases proportionalIy 
to this size L. Secondly, in a large scale system, the increased contraint will lead to a longer time for 
heat transfer between corium and water which only disappear when the pressure in the interaction 
zone is released. We can also expect higher pressure peaks in more constrained systems. In a reactor 
hypothetical accident, we can also think that the surroundings will not be as cold as in the 
experiments (where, very often a zone of subcooled water surrounds the interaction zone), so the 
heat sink effect will be less pronounced. 

Some effect of scale were indeed observed in the above mentionned FITS program where it was 
found for example that the propagation velocity increases with the size of the mixture (its diameter 
in the experiment) i.e. the interaction is more coherent. Higher pressure peaks are then expected 
which would produce finer Fragmentation (higher relative velocities) leading to a more violent 
explosion. 

However, there is a counter argument: it may be more dif'ficult to get a "good mixture" with 
very large amounts of melt due to the "water depletion" effect or due to the fact that some amounts 
of the melt jets may not fragment or the bgments may be too large (10 cm instead of 1 cm which is 
the dimension often used in premixing calculations). This will be largely governed by the way the 
corium is poured into the water. 

- the experimentally measured efficiency is the response of the experimental loop to the Steam 
Explosion and its use for other situations with different surroundings has no meaning. We must keep 
in mind that a Steam Explosion results fiom the very rapid and intense heat transfer between fuel 
and coolant as a result of a fine and efficient frasmentation process. Then, the heated and 
pressurized coolant expands against the surrounding constraint and it is during this expansion phase 
that most of the mechanical energy is delivered. The expansion phase is obviously dependant of the 
loop geometry. This behaviour corresponds well to the well-known HICKS-MENZIES approach. 

The way to overcome these difficulties consists in the use of "sufficiently validated" multidimensional 
and multifield Steam Explosion Codes like PM-ALPHARSPROSE, IFCI, and more recently MC3D in 
France and IVA 3 in Germany. These codes wil l  allow us to take into account properly the scale and 
constraint effects. Then, we will be able to provide the mechanical loads (pressure peaks, kinetic energy 
of slugs or missiles) to the structure in order to better evaluate the risks (a mode failure or other types). 

Up to now, in France, we have not these "sufficientiy validated" codes so we are unable to provide 
realistic estimations (probabilities) for any types of situations including the a-mode containment failure, 
even though, we can estimate - by expert judgements - that such an event is highly unlikely. 

However7 with the tools we have already in hands i.e. MC3D for premixing and PLEXUS for fluid- 
structure interactions, we made some Screening calculations but not strictly connected to the a mode 
failure. In fact, from MC3D calculation results, we define by expert judgements, a zone in which a 
Steam Explosion could occur. Then we estimate a time history heat transfer law to the water which is 
introduced into the PLEXUS Code which calculates the effect of this energy injection into the water. The 
first parametric calculations with PLEXUS showed that there was a risk of lower head vessel rupture 
when the energy injection was located close to the vessel bottom. At this time, I have to d that these 
are preliminary results which must be taken with care. 

Our scope is that at the end of 1997 we will be able to perform calculations with MC3D of the premixing 
and propagation phases in order to transfer to PLEXUS pressure time histories for the loading of the 
different structures and kinetics of slugs or missile. Then, PLEXUS will calculate the structure responses 
without any coupling with the Steam Explosion calculations. 
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But to be sure that these calculations are pesshnistics (Le. conservative) we will have to answer the two 
following questions : 

- What are the effects of a reflexive wave on the steam explosion itself i.e. does it act as a trigger? 

- Is the maximum load on the structure obtained by fluid-structure interaction calculations or rigid 
structure calculations? 

As for the key phenomena involved an early containment failure due to a Steam Explosion (the a-mode 
containment failure), we identify and this is not really original : 

- the late phases of core degradation which are less well understood than the early phases which will give 
us the initial (boundary) conditions for a Steam Explosion calculation : 

- nature, superheat and mass of molten corium 

-mode, location and size of the crust failure allowing the corium-flow which give the pour rate 
(according to the possible paths to the lower plenum) 

- the way the corium will mix with the water (premixing) including : 

-jet and drop fragmentation in a two phase medium 

- corium-water heat transfer including the role of radiation in steam production 

- drag laws in multiphase media (mixing, water depletion) 

- the triggerability of a mixture which is far from being deterministic 

-the fine fkgmentation processes Le. how we move from the& fhgmentation (coolant jet 
penetration?) to hydrodynamic M e n t a t i o n  

- the heat transfer between the corium debris and water : is the "micro interaction concept" valid and if 
yes, how is it possible to validate it, or does turbulence, radiation into coolant permit to deal with only 
one coolant temperature? 

- the slug composition and behaviour up to the vessel head 

- the missile formation 

At the present time, I think that our phvsical understanding of all these Dhenomena is not sufficient to 
allow me to establish mobabilities of anv tvbe - of events (including the a-mode Mure issue). 
Nethertheless, when I look to the different conditiolls I think necessary to get this a mode failure : large, 
coherent and rapid enough mixing of sufficiently superheat melt with water, existence of a strong enough 
trigger, existence of a sufficiently coherent slug, ... I can extend this list of conditions without being able 
to give figures for each item [suflticiently?], I find that this mode failure is very unlikelv. 
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2. Discuss the role and status of premixing in addressing the a -mode failure issue 
1 

As I already mentionned, premixing studies should not be aimed at defining the amount of melt which 
can participate to a Steam Explosion (all the melt will be more or less involved) but at defining the initial 
conditions for the explosion itself i.e. mainly : 

- melt dispersion and characteristic size 

- water and steam volumetric concentrations and temperatures 

We think that in most of the scenarios, corium will enter the water undeq the form of jets with diameters 
fiom some centimeters to some tens of centimeters. We then have to provide models for & 
framnentation because we can expect that the non fragmented mass of a jet will not participate to a 
Steam Explosion. At the present time, all the premixing codes use corium droplets as initial conditions. 
in that case, all the melt will more or less participate but the "water depletion effect" will be 
overestimated so we cannot really prove that the calculation is conservative. At this point, we must not 
forget that the non hgmented part of the jets will participate to the thermai loading of the RPV which 
allow an easier rupture (but this is not linked with the a-mode failure) except that this rupture of the 
lower head will decrease the risk of a-mode failure). This non fragmented part may eventually be 
involved in a Steam Explosion if one is triggered in the other part which is premixed with the coolant 
Up to now, we cannot say that jet *entation is well understood. Interpretations of the FARO tests 
will certainly help. 

Then, to study the melt dispersion and water depletion effect, we have to describe : 
- the steam production in a multiphase medium 

- the different drag laws between the different components, and particularly the drag between steam and 
liquid which will carry the water out of the mixing region (bubble and droplet sizes?) 

We then have to say that none of these constitutives laws are well established. As for the steam 
production law, it exists some film boiling models validated up to 1000°C but when we leave this type of 
configuration (film boiling) there are no firm validation. As an example of this, we can look at a 
calculation made by B. Turland for the SOA Report of the EEC Group working on MFCI of the mass 
transfer rate from liquid to steam as a function of the steam void firaction for a given set of fixed 
conditions, and this using the constitutive laws of the Merent premixing codes (without including the 
radiation component) 
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Additionaly, we have to include the radiation terms and particularly its contribution to steam production 
when water is subcooled. We must note that, even if the water is initially at saturation conditions, the 
induced subcooling due to the local presslnization will be of importance. This was clearly identified in 
CHYMES calculations of the FARO tests. 

As for the drag laws, in most of the premiXing codes, they come from the work of ISHII and ZCTBER 
(1979) who derived them for a two fluid system for given sizes of droplets or bubbles. These laws are 
extended to a three fluid system in which droplet or bubble diameters ate generally specified from the 
local conditions. 

At least, we also have to describe the melt fragmentation by the steam-water flow. All the codes use a 
formulation which is more or less derived from the PILCH work for the fragmentation in liquid-liquid or 
liquid-gas system. Once again, this law has to be extended to a three phase system. 

I 
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3. Discuss the role and status of propagation in addressing the a -mode failure issue 
, 

it is during this propagation phase that the heat stored in the melt is transferred intensely into the c o o l ~ t ,  
that work will be performed against the surroundings and that kinetic energy will be imparted to a slug 
which may result in the a-mode failure. 

During this propagation phase, the obvious key phenomena are : 

- the fragmentation kinetics of the melt droplets into small debris whose size and amount must be 
specified 

- the heat transfer law from debris to coolant 

As for the fiagmentation, there are two types of processes which may be involved : 

- some kind of "thermal fiagmentation" (coolant jet may splash or penetrate into the melt?) which may 
be dominant in the early phase of the escalation process 

- followed by some type of hydrodynamic hgmentation in the later phase of the escalation (i.e. when the 
pressure peak is high leading to high relative velocities) 

To describe the propagation phase, we will have to combine these two processe: as it was done by 
Burger et al (NED, 13 1, 1991) in their attempt to reproduce the KROTOS 21 test with tin. 

If the hydrodynamic flagmentation of liquid-gas (and liquid-liquid) systems has received some attention 
leading to established constitutive laws, we cannot say the same for the so called "thermal figuration". 
For the hydrodynamic fkagmentation, it exists very few experiments in a two phase medium (SIGMA 
fkom Theofanous and some Starting experiments at IKE Stuttgart). 

The heat transfer from debris to coolant is also crucial in describing the effect of a S. E (including the a- 
mode failure issue). Recently, Theofanous presented his "xnicro interaction concept" which consists in 
transfering heat only to some amount of coolant This add new parameters which may help to better fit 
the experimental results but which need to be quanaed in order to be used for reactor calcuiation. We 
also have to prove the validity of this concept i.e. if the turbulence wil l  not distribute the debris 
throughout the coolant such that water temperatme will be more or less uniform. This homogeneity of 
temperature is also redoreed by the radiation effect which transfers heat to the water which is not in 
direct contact with the debris. 

Quantification of the heat transfer rate is not evident. The experiments of Derewnicki et al showed that 
for some tens of microseconds, liquid-liquid contact is maintained leading to very high heat transfer 
before nucleation occurs. In a propagation code, these processes have to be averaged in time on a 
timescale relevant to the phenomena To better show the difficulty of achieving this quantification, we 
can mention that it exists very few models validated on single drop experiment Le. able to recalculate the 
bubble expansion and collapse law fiom the steam production by the fragmented debris. 

Finally, the number of fields to be described in a propagation code is not well asses&- Does the debris 
travel in mechanical equilibrium with water as it is supposed in most of the codes? This obviously 
depends of the size of the debris and of their initial velocity. 
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r 4. Discuss the role and importance of triggering (trigger availability and triggerabiiity) in addressing 1 

the a -mode failure issue. Discuss the role of pressure threshold in suppressing the triggering 

I think that this problem is the one which is the less well understood. We have also to keep in min the 
stochastic nature of such an event. While performing similar experiments, you may or may not have. a 
spontaneous interaction, or the triggering location may be variable (at melt//water contact, at 
melthottom contact, or at any place in the mixture due to random processes). For reactor applications, 
we are only looking for natural triggers which may consist in entrapment of water between melt and 
structures or within the melt itself. Other natural triggers may result from small pressure waves produced 
when the melt contact a structure or when a large mass will fall from the still degrading core into a 
suitable premixture. 

Always for reactor applications, it is generally admitted that there will be a stable vapour fih around the 
melt droplets and that there is a need of an initiating pressure pulse to destabilize this film in order to 
induce some fine fragmentation. As for the fragmentation process itself, there is no definite explanation 
(see question 3 the point about single drop experiment interpretation) neither for the amount and size of 
fragments nor for the subsequent heat transfer to coolant. 

To summarize our knowledge, I would say that: 

-it will be very difficult (even impossible) to determine where a S.E. explosion will be triggered : 
stochastic nature (trigger availability) 

- for the triggerability of a mixture : 

-there is a mass effect: we cannot get an explosion with a steel droplet while we get one with 
kilogram masses of steel. Another example was obtained in the EX0 FITS program where there 
seems to be a threshold of 4 kg below which no spontaneous explosion was obtained for a corium 
melt 

- there is an effect of water subcoolinq: it is easier to trigger a mixture with subcooled water (EX0 
FITS, KROTOS with alumina at 2300OC where spontaneous explosions are observed in the 2 tests 
with water at 2OoC while there is a need of external trigger with water at 8OoC, ...) but SE can be 
triggered (ii any natural trigger can be obtained) even with water at saturation. 

-there is an effect of melt superheat which is probably due to partial fkzing during the mixing 
phase. This may be the reason why in the KROTOS fziIity using a U 0 2 - q  mixture, no 
explosions are observed even with extemal trigger similar to the ones used with Al2O3. 

The obsewations of spontaneous S.E. in the SUW facility using a U@-MO mixture may be 
explained by a higher melt superheat (3300°C) or by the presence of a metallic phase. 

We must then note that when a shock wave is produced, it is then possible to Gragment a droplet 
which is partially solidified. So in a reactor case, if the melt which is just entering the water pool is 
able to trigger a S.E., the resulting pressure wave may be able to fkgment the melt which penetrated 
before and which may have a solidified crust. 

- there is an effect of ambient pressure which may be associated with the resistance of the vapour film 
to its destabilization by a pressure wave. This has been observed in many experiments (FITS, S W ,  
ALPHA, ...) where it is more difficult to trigger an explosion at high pressure. For a reactor 
application, the question is then to estimate if we may have a natural trigger of sufficient energy to 
collapse the vapour film. This will give the answer to the pressure threshold issue. Gwe must recall 
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that one of the UK HTPR test a S.E. was observed at 58 bar but the cause of this S.E. was the 
injection of a cold water slug into the premixme: system effect?) 

In the small-scale FITS program, with iron oxide it also appears that it was easier to trigger an 
explosion when the pressure was between 2 and 8 bars instead of 1 bar. Up to now, we have not 
found an explanation for this observation and it would be interesting to know this easier triggering 
pressure range for actual corium (existence and pressure range). 

We must also recall that, once triggered, a S.E. at high ambient pressure is more energetic that at 
low ambient pressure: the volume occupied by steam is reduced allowing more heat exchange 
between melt and liquid water. It also appears that the mass of melt participating to a S.E. increases 
with ambient pressure. This was clearly observed in the UK SUW tests as seen in the following 
table: 

V, Structure A T s u  NbofSE hctionofmelt Mechanical 
(bar) involved energy (ur) (1) (049 

252 YES 1 61 2 0,13 0,162 

259 - 5 60 1 0,482 032 1 

260 - 10 60 I 0,75 0,884 

In this program, it was also observed that the explosion was more coherent at high ambient pressure: 
only one explosion occurred instead of 2 or 3 at 1 bar. 

This is probably due to the fact that the melt is less dispersed at high ambient pressure (constraint 
effect). 

Another effect which has been observed in the single drop experiments of Nelson is that the 
maximum pressure peak increases with ambient pressure whatever is the trigger pressure, as does 
the mechanical work done during the resulting bubble. 

- There are evidences that ifthe melt is predispersed, it is more S c u l t  to trigger an explosion. This 
predispersion is generally produced by the use of a grid to prehgment the pour and such a device 
has been used in- and ALPHA tests. In all the MlXA tests and in all, but one, the ALPHA 
tests no spontaneous explosions were observe& But in the ALPHA test STX 019, the predispersion 
device was probably the cause of the most energetic explosion observed in the series (in that case 
the promotion of the prefkgmentation takes over the water depletion effect) while in STX 020, in 
similar conditions, no spontaneous explosion was observed. 
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5. Discuss the rote and imporiance Of accident progresswn and melt relocatwn in addressing the 
a -mode failure issue. 

As the premixture configuration - which is important for the development of a SE - depends on the way 
the melt is poured into water - the late phase of core degradation (accident progression and melt 
relocation) is of importance for determining the consequences of a SE, including the a mode failure 
issue. 

The sensitivity of these pouring conditions of these pouring conditions can be illustrated by 
2 recalculations of the premixing FARO QT2 test with MC3D. In these calculations, we started with an 
initial jet of 1 cm droplets and according to the whole jet diameter (10 ar’20 cm) we were able or not to 
reproduce the experimental pressure evolution. Our ’ explanation is that, with the larger diameter, we 
involve more water in the film boiling confguration where the steaming rates are higher so we get a 
higher pressure in the vessel. 

Fig. 5. FARO QT2 calculation: influence of jet diameter at 
melt water contact. 

In France, the codes VULCAIN and ICAFE are dealing with this late phase of core degradation: how the 
molten pool surrounded by a crust wil l  be delivered to the water of the lower head. As their development 
has not reach a d c i e n t  level, we cannot have caidated behaviours of such pools: ie where and‘ how 
the crust will fail? Will it be sideways by the by-pass like in TMI;! or by Mure of the crust at the bottom 
of the pool? This will influence the pour rate (pour area, velocity of melt) and the melt s u m e a t  which 
may be high if the crust fails by natural convection close to the top of the pool. 

It seems obvious (expert judgement) that, in order to get a large scale efficient Steam-Explosion, it is 
p r e f d l e  to deliver the melt all over the pool under the form of about 10cm jets than to have a 
sideways flow. This corresponds to the scenario where the crust wil l  fail at the bottom of a melt pool 
with a not too large superheat (unfavourable for efficient S.E.). 

An 2D example of a MC3D calculation of sideways flow is presented on the following figure showing 
that the size of the premixing is limited to the region close to the RP.V. With such a mixture it is rather 
impossible to get a SE which can produce a slug of suf€icient energy to fail the upper head- It may be 
easier to rupture the lower head according to some PLEXUS calcuiations already mentioned at point 1. 
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Pr- de =pew d'eau Temphture du corium 

Simulation avec le logiciel MC3D d'une coulee laterale de corium 
dans le fond de cuve d'un reacteur B eau pressurisk 

For actuaI reactor cases, the effect of intend structures will have to be assessed. These structures may 
have 2 effects: they may trigger a SE as the melt contacts them and they certainly help in firagmenting the 
melt pours. NethertheIess, they will certainiy reduce the likeiihood of the a mode faiIure. 

6. Discuss the rote and consequence of mechanikai energy reiease and &mage;producihg events in 
the context of the a -mode failure 

These points have not yet been addressed in France in the context of the a mode Mure. As already 
mentioned in 1, only screening calculations with PLEXUS have been performed to study the behaviour 
of the lower head. 

At the present time, as the models for late phase of core degradation and for SE are n& yet sufficiently 
validated, we have not performed calculations for slug expulsion but it is possible to perform .such 
calcdations in a parametric manner with a given slug composition and a given energy delivery law. 
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7. In your opinion, is our current knowledge of premiring and propagation phenomena adequate for 
a better quantijication of the a -modefailure? Based on your own knowledge, are you now able to 
assign a better probability (likelihood) measure to this failure mode? 

(a) if yes, provide your estimate(s) and the basis for it. Q&@ the plural is for distinguishing 

(b) If no, do you think it is reasonable to expect that this will be possible sometime in the 
future? Provide your reasoning and indicate what key developments will be needed to meet 
the expectation. 

among various severe accident classes if you wish). 

As it has already been mentioned in points 2 and 3, I think that the ensemble of constitutive laws used in 
premixing and propagation codes is not sufficiently validated to allow us to quantify the probability of a 
mode containment failure. However, we think that we really need these "sufficiently" validated integral 
models of SE (premixing and propagation) if we really want to give probabilities for the a-mode failure. 
In fact, we think that the "step by step" method adopted by Theofanous et al and T u r h d  et al should be 
considered as a fmt "simple" approach.. To explain the word "simple" I can give an example: to 
characterize the pour by one variable: the pour area (with a probability density function) to evaluate the 
mass of melt in the p remixtute characteristic variable) is dif€icdt in that sense that a lot of other 
characteristics variables are not taken properly into account. The way to include these other variables in 
the estimation is to use validated codes to describe all the sequences involved. melt relocation, 
premixing, triggering, propagation. In fact, as I already mentioned, there is no validated way of 
determining the mass of the melt in the premixture that will participate to the SE: all the melt will more 
or less participate. It is also very difficult for me to quantify the conversion ratio for a reactor situation. I 
already said that the efficiency is the response of a system to a SE and that the extrapolation fiom an 
experiment to a reactor situation can only be done by the use of a code. 

To get these "suffici&ffy" validated codes requires their assessment against well instrumenM 
experiments. For example, we cannot say that MC3D is validated for premixhg because we have been 
able to reproduce the pressure traces of three different FARO experiments (all the other premixing codes 
have done so even with their differences as mentioned in point 2: see fig. 2). To be able to say so, it 
would be necessary to know the state of the melt when it enters the water (this is not the case for this 
experiment). Is it in the form of droplets as all the premixing codes assumes up to now? If yes, what is 
the characteristic size of these droplets and their volumetric con~trations? If no, is it collservative to 
assume that the melt is in the form of droplets instead of fragmenting jets i.e. does the overestimated 
water depletion effect takes over the ovenstma tion of the fkgmented mass? ObviouSly the answer to 
this question may only be obtained by calculations with validated codes. 

Finally, I think that the foreseen experiment BERDA at FZK in which a well characterized slug will be 
expulsed through structures towards the upper head of a vessel will allow us to validate fluid-structures 
ifiteraction codes l i e  PLEXUS in their estimation of the slug energy at impact. For a reactor situations, 
even with validated SE models we have to know the state of the upper structures which will be obtained 
from Core Degradation Codes. 
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8. Dkcuss the status and capabilities of the analytical looWcomputer codes available to address 
various componenfi of the FCI methodology (eig.;, tools to e s t h t e  premirture) or to perform 
integral FCI assessmentr. How much verifkation have these muiyticai tools had? Are there well 
defied experiments against which a number of these took can be assessed? Provide your 
recommendations regarding the need to perform a "standard" problem, preferably one in 
conjunction with an integral evaluation. 

These last years a lot of effort has been undertaken in developing and validating premixing codes and 
more recently, multidimensional propagation codes. In the past, one dimensional propagation codes were 
developped (CULDESAC at AEA and IDEM0 at IKE Stuttgart) but, to deal with reactor calculations, at 
least 2D codes are necessary like ESPROSE and IFCI in order to properly take into account the effect of 
the surroundings (the constraint). In a multidimensional FCI code, this constraint will not be uniform, 
there will be a "weak" point through which the pressure will be preferentially released. 

The numerous constitutive laws for fragmentation, drag, heat transfer, ... are extracted fiom experiments 
which were far to be in the necessan range to allow us to use them with great confidence for reactor 
calculations. For example: 

- fragmentation laws are derived from experiments which were mainly using liquid-gas systems in 
isothermal conditions (some were using liquid-liquid systems). Just recently experiments using 
single tin drop at about 1000 K (SIGMA at ,U. of Santa Barbara and an experiment at IKE Stuttgart) 
were or are to be performed. But what about a cloud of UO,-ZrO, droplets? 

- drag laws are derived fiom experiments using mainly drop or bubble at their terminal velocity and in 
isothermal conditions. 

- the film hiring heat transfer laws used in the premixing codes are validated up to 1000 K. 

- heat transfer between debris and coolant is for from being established. 

So in CULDESAC for example, a given heat transfa coefficient is provided by the user. 

At present, mostly in EEC, an ensemble of more or less analytical experiments is underway to allow a 
better qualification of these constitutive laws f o r m .  Experiments using hot solid spheres are and 
will be performed up to 2500OK (BILLEAU in CEA, QUEOS at FZK and MAGIC0 at U. of Santa 
Barbara). The use of 2D plane geometry will allow local measurements of steam and spheres volumetric 
concentrations and we then expect to validate heat transfa and drag laws in three phase systems. The 
cooling of a hot sphere (25OOOK) will be studied in the QUEOS facility and this wil l  allow us to establish 
the film boiling heat transfa at high temperanne. The study of the behaviour of an initially well 
characterized two phase flow through an atray of hot spheres at the Odord University wiIl also allow us 
to study constitutive laws in three phase systems. Hot jet m e n t a t i o n  experiments are performed at 
ME Stuttgart and are planned at CEA in order to validate the jet kgmentation models. 

For propagation, analytical fragmentation experiments of singIe hot droplet are or are to be performed 
(SIGMA, EX). At KKE it is planned to study the transition from thermal to hydrodynamic hgmentation. 

When more credible constitutive laws will be derived h m  this program and applied to integral 
experiments using prototypical materials, we will have the "sufficiently" validated codes 1 mentionned 
earlier. 
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AS for these integral experiments using prototypical materials, there are not numerous. Up to now, ody 
the FARO and KROTOS experiments performed at JRC I sprapy  be used but, in my view, they are not 
sufficient due to a lack of measurements. For example, in FARO, we need to have an estimation of the 
way the melt enters the water to better assess our premixing codes. For the vaIidation of the propagation 
codes, the KROTOS facility does not allow us to know the state of the premixture when the SE is 
triggered. We have to rely on premixing calculations so, as for as the premixing codes are not qualified, 
we cannot trust the propagation calculation results so it is difficult to validate the propagation codes. To 
overcome this difficulty it would be necessary to have measurements in KROTOS or to build an 
experiment in which the premixture will be well characterized. 

To qualify the premixing codes, we also have the MIXA experiments using U0,-Mo mixture at P AEA 
and the PREMIX experiment using AZO3 at FZK. These experiments can also be called integral due to 
the absence of local measurements. 

I 

To perform a "standart problem" is always usefid for benchmarcking codes, and this task in underway 
within the MFCI group of EEC where all the different experiments mentioned above are used by the 
different codes and discussed during meetings. To perform a bliid calculation of a foreseen experiment 
(it was done for the PREMIX test) is also not very useful because, most of the time, the experiment is 
performed in conditions which are different from the foreseen ones. 

Nethertheless, I think that a well defined standart problem will be useful because it will allow us to 
identify where our codes are different. Then we will have to test these differences against experimental 
results where these differences are supposed to be of importance in order to make 'some choice between 
the models. 

As the performed research is done in order the validate the different models necessary for describing the 
whole sequence of a SE, all  the work done can be used to study the probability of occurrence of any 
consequences of a SE. 

But, it exists some configurations which are not expected to be involved in a SE leading to a-mode 
failure of the containment. As example, lets mention the SE explosion which can occur while flooding a 
degraded core (there is no strong enough slug in that case) or the SE which can occur in stratified 
geometry if any melt reach the reactor cavity. 

I 

9. How much of the research performed 00th experimental and analyticai) in support of the a - 
mode failure issue is also appiicable io ttcocacited*t FCIs (eg., an energetic FCI next to a 
structural boundary where there is a need& evaluate the dynamic loadkg on the structure)? , 
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10. Discus the possibility and importance of chemical augmentafwn to energetic FCls. Discuss the 
hpuct of chemicai augmentation on the dynamic loading of structures. 

To answer this question, we have to estimate if the chemical reaction will significantly modify one or 
some of the phenomena involved in the whole sequence of an FCI. There is obviously the problem of 
chemical energy release which has not jet received an answer, especiaiiy in the fragmentation 
propagation expansion phases of a SE. 

For premixing, it seems that the presence of some around of Zr (5 kg) in the FARO L11 test (- 150 kg 
melt) is responsible for the different behaviour than the one observed in FARO L I4 performed in quasi- 
similar conditions but without Zr. 

In L14 (without Zr) from the TC located just below the free surface, ii was observed that the jet was less 
dispersed durinp its fall in the vapour. Confirmation of this observation is also obtained with the lower 
pressure increase in the vapour space during the fall in the vapour. 

As for the melt penetration velocity, it appears from the curves penetration velocity vs time that the jet 
was probably completely fragmented at 600 mm from the bottom in Ll1 (with Zr) as opposite to L14 
results which showed a constant peaetration velocity (no change in the slope). 

This is also consistent with the observation of a cake (116 of the total melt) in L14. 

if then seems that the presence of Zr (i.e. chemical reaction) was responsible of an increased (complete) 
hgmentation of the jet (but we have to be cautious, there is only one experimental result). This 
observation is consistent with our physics of jet Sragmentation in which the effect of gas temperature at 
jet-gas interf i i  is important (viscosity increases with tempexatme). In the case of chemical reaction, this 
temperature will be higher, so the hgmentation will be larger but we are not yet able to reproduce these 
tests. 

if this observation is confirmed, we can conclude that the presence of a chemical reaction will increase 
the amount of melt jet that will be transformed into droplets so that can participate to a SE. 

If this is mnfirmed - for the same feasolls - the fme €@mentation will be increased so that the 
consequences of the SE will be higher. But we will also have a counter effect: the presence of a non 
condensable gas will augment the difficulty to trigger a SE (the vapour film will be more stable) and may 
reduce the HT between debris and coolant in the case of a SE occurrence. 

Once again, to answer this question, we need to take into these phenomena in our codes. 
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1, 

RESPONSES TO QuEsrroNS AM, ISSUES 
FOR TIHE SERE2 WORKSHOP 

Status of the a-mode Contaiwnt F&re Issue 

I believe the issue has largely been resolved h m  a risk standpoint. The foliowing ~ W O  

papers presented at a recent CSNI SpecWsts meeting sre relevant in this regard, 

a 

e 

B. D. Turland et aL, "Quaotification of the Probability of Containment Failure 
Caused by an bVesef  Steam ExpIosion for the Sizewell B PWR," Proceedings of 
the CSM Specialists Meeting on Fuell-coolant Interactions, santa Barbara, CA, 
J - q  54,1993, MJREG/CP-O127, p ~ -  309-321. 

T. G. Theofanous and W. W. Yuen, 'The Probability of Alphamode Containment 
Failure Updat&" ibki., pp. 330.342 

To fully resuke the issue, howwer, additional confinnatbxy research would be needed, in 
pad&, in the following two areas: 

A number of experiments as well as modeling analyses have been conduded to support 
arguments for limited premixing of corium melt and water due to water depletion in the 

mixing zone. It appears tha; all these experiments and analyses were performed for the 

ambient pressure of 0.1 &a (atmospheric pressure). hi typicat low-pressUte scenarios such 
as large-break UXIAS, the containment back pressure would most likely be in the range of 
02-0.4 MPa. No experimental data or analytical work seems to be available to suppart 
"limits-to-hing" arguments for this range of ambient  pressure^. The water depledon 
phenam+non might be influenced by the much bigber steam densities at these ambient 
pfessu~es ampared to the case of 0.1 MPa It is imporrant to establish that the 
experimental and analytical r d t s  obtained for 0.2 MPa are dl valid for somewhat higher 
ambknt pressures such as 034.4 MPa I think this objedve can be achieved by condci& 
limited experiments as weil as modeling amlyses over a time frame of two years. 
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0 -ion of T&!,gx&e at Elevated 'ent Pressu re 

The Sizewell B assessment by Turfand et at. was the first to consider the effects of elevated 
pressures (6 MPa and 15 ma) in a systematic manner. The resllfts of this assessment 
suggest only a modest sensitivity M system pressure. This appears to be the net outcome 
of the increased energetics and other factors (which would tend to increase the a-m& 
Mure probability) being canceled by the low probabilities of triggering at elevated 
pressures. clearly, it wouid be important to estabIish the low probability of triggering at 
high pressure. As recently discussed by FIetcber ("A Review of the Available Information 
on the Triggering Stage of a Steam Explosion," Nuclear Safety, VOL 35, No. 1,1994, pp. 36- 
57), availabie data seem inadequate. A systematic study of the effect of pressure on 
trigyxing is needed. Tbis objective may be achieved by cunducthg experiments of a generic 
nature over a time h e  of 2-3 years. 

2 ole m s  of Pre- 

Premixing is important, since it would determine the mass of corium melt that could be 
efficiently mixed with water in the lower pIenum. Because the probability of triggering is 
high at low pressure, the role of premixing would probably be more impOrtaat for im- 
pressure scenarios than for high-pressure S&QS in addressing the a-mode containment 
failure issue. 

As discussed in Item l, it appears that available data and anaIytical work are limited M the 

system pressure of 0.1 MEk In addition., many of the aperiments and modeling idyses 
to date were performed for prefragmented melt &ops pouring into a pool of water. Thus, 
the sizes of melt drops are well defied prior to premixing. In fix&, a number of 
experiments employed heated solid spheres being poured into water. In reality, howevex, 
melt streams of various size would be draining into the lower plenum. These melt streams 

would undergo breakup as they move through the water. Available data on the melt Streara 
breaErup and premixing are large@ gIobal in nature (e.% the overall steam production rate) 
and the relevant modeling work is relatively fimited, 

3. pale and Status of Pr- 

Assessment of the a-mode Mure issue depends primarily on &e slug energy, which 3 811 

integral quantity (pressure integrated over expansionvolume), rather than de- of pr& 
distrihtions in the interaction zone. Thus, the role of propagation in addressing the a- 
mode f a h e  issue would be relatively minor except for assessing the lower head failure, 
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However, a better unders*mding of aspects of propagation in voided mixtures will aid in 
refining 'limits-to-mixing" arguments. 

The current status of propagation is probably adequate for the purpose of addressing the 
overall issue of a-mode failure. However, an adequate assessment of the Iower head M u r e  
issue would require a 2-D or even 3-D tr-tment of pressure propagations in the interadon 
zone. 

4, .- pule and Importance of 0 er Avaiiabilitv 
- 

There are a number of mechanisms that could potentially serve as triggers €or m-v-1 

melt/water interactions These mechanr_mrc generally involve pressare or flow clkiwbaces 
in the mixing zone. Examples are as follows= 

e 

0 

Mechanical impact caused by control/scraxn rod dropping, Wing objects, collapsing 
structure, etc: 

Bubble/void mhpse due to condensation following cold water ;liectioq 

Water )rammet induced by sudden valve dosure; 

Pressure and/or flow disturbances due to pump pulsatians and Cavitation; 

Pressure disturbances and flow turbulence associated with boiling during mixing of 
melt and molanc and 

&suming that the potentid triggers are ayailabe in accident situations, the triggerability i s  
expected to be relatively high for low-pressurc scenarios (sayy less than 1 ma). For high- 
pressure scenarios (say, 10 MPa or greater)y the triggerability is considered to be extremeIy 
low (perhaps almost zero?), although few supporting data currently exist 

As already discussed in Item 1, it is important to demonstrate that the triggerability is very 
low when addressing the emode fadwe issue for figh-presmre Scenarios, The triggerability 
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may be considered practically zero, if no exptosions should occur when a n u m  melt-water 
mixtures are subjected to those triggers that are potentially available in accident situations 
(some examples were @en above). Such zero triggerability may become a reality above a 
certain pressure level ("pressure threshold"). If this pressure threshold could be estabiished 
expedmentaUy, it would be possible to simply &e out the emode failure for all accident 
scenarios at pressures above the threshold leveL 

5. Role and ffess ion and Melt Relocation 

Undoubtedly, accident prolpession and melt relocation scenarios are very imponant, since 
they define t&e initial conditions for melt-water hteradoxx However, it seems dif5dt 

to quantify the effects of scddent progression and melt relocation in assessing the emode 
failure probability. Moreaver, the accident progression and melt relocaa'on scenarios would 

likely depend on the specific design of a reactor. 

pole md Co-nce of Meshaxkal Enetgy & W e  and 
Evenq 

ObviousIy, mechanical energy release and darmge-produciag events play an important role 
in the context of the emode failure. After all, it is the missile &om tfie reactor upper bead 
that theatens the integrity of the containment. The process of missile generation needs to 

be carefully evaluated I believe that recent assessments (e.g., two references cited in Item 
I) have done a credible job on this particular s u b h e .  Also, a sigdicmt effort to evaluate 
the Srug/structure interaction is currently king made at KM, Germany (R. Kreig et aL, 
"Experiments on slug @act W h g  of the Reactor Vessel Head Daring a Postulated 
SteamExpIosion," Voi. 59, No. 45,1994, pp. 178484). This effort is expected 

to Iead to a better anderstanding of the dug impact loading process 

0 

tter Ouantification of the a- m e  F W  

Some improvements are needed in our hodedge of premixing for ambient pressures 
of 024.4 MPa, as discussed in Items 1 and 2. 

Our ament knowledge of propagation is prubdbly adequate for &e purpose of a 
assigning an overall probability measure to tfic a-mode failure. 
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0 

0 

8. 

e 

0 

e 

0 

I 

For low-pressure scenarios, particularly for the ambient pressure of 0.1 MPa, &sting 
assessments such as provided in the two references cited in Item l, appear to be 
reasonable and adequate. 

For high-pressure scenarios, our knowledge of triggering needs to be improved to 

fully support existing assessments 

Dabilities of To&/& mDuer C& 

?hose premixing models which consider prefragmented melt drops pouring into water 
have been assessed against well-defined experiments (e.& heated steel balls into 
water) at 0.1 MPa No experimental data appear to be available for higher 
pressures. 

Those premijring models wbich consider melt breakups in water have been assessed 
against experiments in terms of a global property Sudh as the overall steam 
production rate. No data on local propedes (e.& the melt and void ikadions) secm 
available. 

Comparisons OftheaMilabledfld tools/computercodesagainstexpeximentsare 
very limited. These analytical took have had little verification, if any. There is  a 
strong need for asesshg the df lca i  tools and codes against welldefined 
experimental data. 

The analytical tools &able to address &is subissue are considered adequate. Sig- 
nificant components of the t d s  are believed to have been veriffcd ?he ong&g 
effort at KM, Germany, as mentioned in Item 6, is expected to provide significant 
database for assessment of the analytical took and d e s .  
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a 

I: am not sure whether there are any complete analytical tools/cdes available to 
perform integral FCI assessments. 

Beed for a "Stwda rd" Problem 

There is no need to perform a *standard" problem in conjunction with an intern 
evaluation of ~e a-mode failure issue. 

I might, however, recommend performing a well-defined "standard" problem in 
conjunction with an evaluation of pressure loading on the vessel lower head or on 
the reactor cavity waUs. 

&@icabiiity pf Re& to LOU lized FCI's 

1. believe most of the researdl performed in support of the &-mode faiiure issue is also 
applicable to "localized" FCPs such as those whicfi might cause dynamic p r m e  loads on 
structure. The pcssiile exception would be the work done on the slug impact process, ' 

I wish to note that 2-D propagation modeling is essential for an adequate assessment of FCI 
pressure ioading on a structuraI boundary (e.& the reactor lower head and ex-vessel cavity 

*I- 

10. 

The possibifity of chemical aupentation to the FCI energetics would exist whenever a 
significant amount of ufueacted Zirdoy is contained in core melt. Obviously, its im- 
portance would depend an: de extent of zircaloy oddation prior to core melt and, perhaps, 
on the amounts of oxygen dissoived in Z i r d o y  as well (e.& ~-2). According to our 

current bowiedge of melt progression scemrius, the presence of a si%nificant amount of 
meacted zircaloy in core melt appears to be a distinct posst 'b i l i ty ,  p d d a r l y  for B W s .  

The impoaanCe of chemical augmentation to the FCI energetics may be illustrated by am- 
p- tbe -red thermal energy With the heat of zr/water cfieI#ical readon, At 2oooqC, 
the stored thennal energy per gram of mdoy melt is 0.94 W, whiIe the bear of reactioi~ 
per gram of zirconium is 6.4 kJ. Clearly7 the potential chemical energy i s  much greater than 
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tbe stored t h e d  energy. If ihLE chemical energy could be released during FCIs, tfie cner- 
getics might be strongly augmented by the chemical reaction. 

Increased energetics due to chemical augmentation would definitely have an impact on the 
dynamic loading of szruu.urs -More important, however, is the possiiiil@r of &emid 

augmenmion influencing the cbracteristics of presswe loads sucb as the peak pressure and 
imgdse. At presenh no data are available to discuss tfiis possibility- 
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Questions and Issues for the SERG-2 Workshoq 

1. In your opinion, what is the status of our understanding of the or-mode 
containment failure issue for the L W h ?  Is it, in your opinion, resolved, 
Le., of little or no risk significance? 

(a) If yes, cite the relevant references 

(b) If essentially resolved, what additional confinnabry research % 
reqtlired, in p a r  opinion, to M y  resolve the issue? 

T (cl If not resolved, Le, if the residual uncertainties still remain I 
and/or if these are still unanswered questions about the a-mo e 
failare, discuss specific additional research that will be needed to 
answer the quesbons and to address the uncertainties. Discuss the 
a proach to research areas thus identified, potential benefits to be 
$rived from the research, and indicate the time fmme for 
accomplishing the research objectives. 

current opinion on the likelihood of a-mode failure has not chan ed 

failure 'ven a core melt is much less than fitst estmated by WASH-1400 
(upper %knd <10-2/ r) and the actual probabili estimate IS more an 

ression 
of any actual stochastic processes. This estimate is probably lower for 
BWR than a PWR since the physical m e t r y  is not as conducive to allow . 
such an energetic event. The a t t a d  papet discusses this in some detail in 
the htruduction with References given. 

Mi: su stantidly since the first SERG meeting Le., the probability of a-m& 

expression of OUT la cl; of confidence in the actu 9 outcome than an 
%e 

Given this opinion, the next question (which was asked) can be: "Is the ht- 
mode fdure of low enough probability to consider it a resolved safety isSue?" 
My answer to this question is that it is essentially resolved from an 
engineering 'udpent standpoint, but not necessaril from a basic physics 
standpoint. b y  judgment that a-mode Mure is of r ow probability is based 
on the belief that certain physical processes will behave in certain ways: 

(a) Fuel-cmbnt mixing with corium and water will naturally d t  m a 
ntixtUe which has a large void fraction with limited amounts of 
corium fud,.mixed with liquid coolant; Le., Vf/Vc +E 1 with Vv/Vc -1. 

(b) That under these mixture conditions an explosion is p d l e  but 
will be datively weak in energetics and not capable of generating a 
solid missile to threaten confainmen t. 

IIowever, there is still not conclusive physical evidence that these (or m y )  
~pidons are valid over many such addent conditions. Thus, it is prudent to 
continue confirmatory resear& on fueI-cnOlant interactions in 'mixing' and 
'energetics' and the scaling of these phenomena to gain further insight into 
these processes and thus increase our confidence in our opinionS. 

B -38 NUREG- 15 24 



Tt is also cruaal to point out that for the ALWR the safety isnprtance goes 
beyond a-mode failure toward how the FCI may challenge m-vessel or ex- 
vessel debris coolability, by either dynamic pwsswes threatening the vessel or 
cavity boundary integrity or by creating fine debris that will not be coolable. 
Both of these important issues are discussed in the attached paper, and are 
directly r&tecl to the need for sekcted continued work. 

2. Discuss the d e  and status of premixing in addressing the a-mode failure 
issue. 

Mixing is the most crucial phase of the F a  because it establishes the pre- 
conditions to the explosion propaption and thus has one of the strongest 
influences on the explosion energetics. Because of this the void fraction 
profile within the fuel-cooht mixturc is probably the important quantity to 
h o w  at any given time with the fuel mixing diameter as the other important 
variable. 

The status of OUT understanding of the mixing phase is not good, although 
initial 'separate-effects' experiments (Mc(A, MAGIC0 and now BILLEAU) 
give us a reasonable picture of processes for hot solid particles dropped into a 
liquid. If one .compares fuel-cooIant mixing to the mixing process studied in 
diesel engine spray breakup, o m  current experimental knowledge is integral. 
in quantitative terms with some qualitative understanding of the details of 
the process. Thus, better experimental understanding of mixing process with 
molten fuel injected intu a coolant is needed. I have discussed this in detail 
in a CSNI paper with Dr. H. Hohmann and this is rcfcmnced in the attached 
paper. 

3. Discuss the role and status of propagation in addressing the a-mode 
failure iestla 

The explosion propagation phase is the heart of the vapor expldon proces~, 
because it allows the fuel to rapidly give up its energy to the coolant in such a 
manner to 'explosively' p e r a t e  high pressure vapor. However, because it is 
preceded by the mixing phase it is strongly affected by it. Thus, it is my view 
that one can experimentally explore the energetics of the F U  with issociakd 
analysis to actually gain insight into the fuel-coolant mixing phase and to 
understand how both mixing and ?he energetics may scala For example, one 
can examine the energetics fnnn the explosion and associafed propap~on 
characteristics [peak pfessure, quasi-steady plateau pressmcs, and propagation 
velocities] and possibly deduce the initial conditions which 
the explosion propagation. This is the major focus of the attached paper. 

prior to 
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-4. Discuss the role and importance of tri erin Cb$ger availability and 
triggerability) in addressing the a-mo g % i f  e €ai ure issue. Discuss the role of 
pressure threshold in suppressb the triggdg. 

The triggering of the F a  from a safety perspective has been one of the most 
researched topics in industrial processes. Thus, I do not feel it alone warrants 
more effort at th% time. The effect of high ambient pressure is empirically 
known to suppress the trigger quite reliable. However, past Sandia and Tspra 
tests both dearly indicate a stronger trigger can again induce an energetk m, 
where one did not trigger spontaneously or with a lower trigger threshold. 
Thus, it is redly a question of what are reatistic trigger sources during the 
accident. 

5. Discuss the role and importance of accident progression and melt 
relocation in addressing the a-mode failure issue. 

The acadent progression and melt reiocation sequence is a strong 
determinant of the melt and coalant composition and temperature. It may 
also affect the melt jet relocation geometry, although this may be the only 
stochastic part of the process. Thus, one may have to parameterize this jet 
release process over a reasonable range of conditions to examine the effect of 
the jet entry on the subsequent FCI. 

6. Discuss the role and consequence of mechdnical energy release and 
damage-producing events m the context of the u-mode failure. 

This has been adequately address in our work in 1980 and 81 as well as the 
later work by Theofanous in 1987 (see attached paper references). There i s  no 
need to repeat that here and references are given in the attached paper. 

7. In your opinion, is our current knowledFe of prexnixing and propvation 
henomena adequate for a better quanhfication off the a-mode faxlure? 

f;aseti on yo'u avn kna~ledge, are you now &le to assign a better 
probability (likelihood) meastve to this fail- mode? 

(a) I€ yes, pvide  your estimatefs) and the basis for it (&&s The 
plural is for distinguishing among various s e v e  accident classes if 
you wish$' 

(b) If nu, do you think it is reasonable to expect that this will be possible 
sometime in the future? Provide your reasoning and indicate what 
key developments wiU be needed to meet the ewpectat i~~.  

I have already answered some of these point previously, so I will focus on the 
needed confirmatory research on mixing and propa bon/energetics to 

confidence in &e opinions concerning a-mode containment failure (as3vel.l 
as in-vessel and ex-vessel structural integrity and coolability). 

establish a better understanding of the physics and K us in- our 
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Mixing 

The previous 'separate-effects' mixing experiments (MIXA, MAGIC0 and 
now BILLEAU) clearly demonstrated the 'waterdepletion' concept within an 
array of hot discrete spheres quenching in water, but I do not feel that gives 
one a complete or adequate picture of fuel-coolant mixing for actual molten 
fuel jet transient breakup. However, to get a better picture under appropriate 
conditions one must be able to determine the quantitative local void fraction 
profile (and fuel mixing size) over some sizable area of the fuei-cooht 
mixture; i.e., not just Iocal regions which require multiple experiments and 
ensemblc averaging of possibly not repeatable data. This implies that 
advanced instrum entation that needs to be developed to determm e the void 
fraction and/or fuel mixture size. W e  have begun this approach at W, but 
this quixes a long tern effort. 

Another po55ibjlity is to approach the concept of mixing by observing it effects 
through the explosion propagation and energetics. This is specifidy the 
approach we have used in analyzing our own WKJ experiments and the 
KRUTOS experiments. In both cases we have used a Quasisteady 
thermodynamic approach to analyze the energetics and deduce the mixing 
conditions that lead to the observed explosion propagatioq e.g., see the papers 
at lWRETH-6. and PISA conferences._ In fact the analysis of these 
TEXAS is just an extension of this process using a transient ECI model. In 
bath cases one uses such a tool ta investigate haw the explosion pl-oces~ is 
affected by the mixing condition just prior to triggering and how mixkg may 
be altered by the experimental initial and boundary conditions. This 
approach is explained in more detail in the attached paper. 

by 

Given our previous statements on mixing and experiments related to the 
explosion ropagation and mer etics, the necessary research in this area 
should ad& scaling of the F B experiments to verify that the interpretation 
of the data has the proper relati~~t~hp to the prototypic reactor accident 
conditions. The attached paper is a first. step to directly address this point 
Past a-mode fame analyses assumed thermodynamc boundm energetics. 
If w e  are to do better we must addrcss the queshon explosion scafkg i.e., not 
only in geometric sense but also the fuel composition effects. 

An additional area of researdh into the physics of the FCI is the detailed 
mechnisxns of fuel fragmentation. The experimentg by anany invdgatorS 
has given insight mto this topic (most recently separate papers by Frost and 
Thofanous at NURET€i-5). However, this may be the most difficulr and 
elusive piece of Fa physics and may not be diredy needed for safety issues in 
the near future, I would only favor such research pudy  out of academic 
interest. 
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The final area of energetics related research involves the 'localized' effects of 
the FCI; ie., dynamic pressures. This is probably the most important area for 
the ALWR and I would support quite strongly the KROTOS and FARO efforts 
with some simulant experimental support to directly address these points. In 
this area the unique behavior of the corium fuel must be also be a d b e d .  
This is again discussed in the paper. 

8. Discuss tlte status and capabilities of the anajytical tooldcomputer codes 
available to address various components of the FCI methodology (eg, 
tools to estimate premixhue) or to perfo:m integral F a  crssessments. HOW 
much verification have these analytical L o o l s  had? Are them well defines 
experiments against which a number of these tools can be assessed? 
Provide your recommendations regarding the need to perform a 
"standard" problem, preferably one in conjunction with an integral 
evalaation. 

The attached table of mixing and explosion models is given to summarize the 
status and  CapabiIities of each one. One general comment to make is that all 
of the models are sophisticated enough in their physics relative to the. 
experiments they have been applied to, simply because the physical picture is 
not complete at this the .  

Thus, this indicates bcttcr experimental data is needed to help us understand 
the FCI process, not more FCI code development. The best indication of this 
point is that FCI models can 'predict' the data by matching specific htegrd 
FCI data of a past test, but all have great diffidty in predicting the Ibext 
experiment quantitatively. Part of this difficulty is #at experimental initial 
and boundary conditions are quite difficult to control and part of the difficulty 
iS that important aspects of the FCI models are d-empir ical  with some 
'tuning' being continually needed. 

I would recommend that future FCI model assessment focus on well- 
coniro~ed experiments. For investigation of heat transfer during mixing in 
the absence fuel hagmentation, the BKLEAU tests are recommended since 
they are on-goingand have two scpm€e and distinct methods of measuring 
thc spatial voidprofile ai a partidw time. For fuel quenching and mixing 
tests under prototypic conditiorrs I would focus on the FARO-LWR tests- 
Finally, for fuel-cmlant mixing and energetics tests I would favor l-D 
expexixnents such as KROTCE, WFCI and ZREX. These set of experimen.tS are 
specifically chosen since they have evolved from past scopmg and threshold 
experiments in which not al l  the pertinent parmeters have been measured- 
The apyroach for analysis of such tests are discussed in the attached paper. 
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9. How much of the research performed (both e erimental and analytical) in 
support of the a-mode failure issue is also app XE 'cable to 'localized' FCIS 
(e.&, an en 
to evaluate%e dynamic loading on the structure)? 

etic F U  next to a structural boundary where there is a need 

It is my view that very little previous FCI research is applicable to the 
'localized' effects of the FCT, since the proper instnunentation was not 
available for these tests or the data was not successfully gathered. Thus, it is 
most crucial to the in-vessel or ex-vessel structural integrity issues (or 
associated debris CoolabiIity). To address this issue the qerimentaI 
apparatus must be of large enough scale to measure 'far-field' explosion 
effects. The modifications planned for the FAROLWR experiment will 
probably best address this issue. One reason is that the apparatus may be of 
large enough radial size to distinguish between near and far field effects. 
Another reason is that the corium fuel and its FCI behavior is unique. Thus, 
we must have at least a limited data base with this fuel type and FARO-LWR 
is the only faciIiq equipped for this undcr prototypic conditions. 

10. Discuss the possibility and importance of chemical augmentation to 
energetic FCIs. Discuss the impact of chemical augmentation on the 
dynamic loading of structures. 

For actual severe accident conditions I do not feel that chemical 
augmentation of the 333 will be significant, primarily because the metallic 
melt fraction will be small. In addition, our experiments with a metal clad 
fuel ( m e t  and uranium-silicide fuels mixed with aluminum clad materid) 
show little chemical augmentation. Granted these are not LWR fuels, but 
zirconium is enough in thermodynamic behavior that if this avenue is 
studied, it will confirm such a judgement and yield no big surprises for 
prototypic fuel compositions. 

I think this topic is potentially quite interesting from a physics perspective, 
but we must be very careful to not d i d y  judge its reactor safety importance 
from pure metabwater FCI tests. The teason for this point is that again with 
the alusninum-ceanet or aluminmfiicide tests a less than majofity 
fraction of non-reactive fuel was needed to completely remove the 
autotatatytic effe;rts of the ahminum reaction. 
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TABLE I 

FUEL-COOLANT MIXING COMPUTER MODELS 

Sfmulate the transient process of melt penetration into a water p l  

Provide estimates of he1 spatial and temporal distribution as well as 
&e& production and pressurization during mixing. phase 

MODELS REMARKS 

CHYMES (Fletcher et al, C ulham) 

WA3 (Kolev et al, KFK) 

MG3D (Berthoud et al, CEN) 

PM-ALPHA frneofaDous et al, UCSB) 

TEXAS-V (Corradini et al, UW) 

TEI[l[RMAL (stenicki, Chu et al, ANL) 

2-D with discrete particles 

3-D with discrete partides 

3-D with discrete particles 

2-D with discrete particles 

1-D Lagrangian and Ederian, 
dynamic fragmentation 
(=uN=@ 

Z - E ~ i d s u ~  wlth d+C 
ikagmentation Wch modeI) 

1-D Lagrangian in a pool of 
water, d y n d c  fragmentation 
(mu) 

m1, TEXAS and THTRMAL dynamic fragmentation modekp 
simpMed &om analytic derivationS] 

WRC supported 
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TABLE II 

EXPLOSION/DETONATXON COMPUTER MODELS 

Provides estimates of the dynamics of explosion, pressure and 
velocities 

Simulates the explosion expansion process and work output 

KROTOSPWFCI provide benchmark data for comparison of mod& 

MODELS REMARICS 

IFCI* (Young et al, SNL) 

CULDESAC (Fletcher et d, Culham) 

ESPROSE (Theofanom et al, UCSB) 

IDEM0 (Carachalios et ai, IKE) 

TEXAS-V (Corradini et al, UW) 

2-D parametric €ragmentation 
model 

I-D parametric &agmentatit€on 
heat transfer rate 

1-D Eulerian assorted 
mechanistic fragmentation 
models 

1-D LagrangiadEderian 
combhedjet mirdng and 
thermal fhgmentatlon 
model 

WSPROSE, DEMO and TEXAS have semiempiricd fueI 
fragmentadon models) 

I 

*NRC eupported 

B-45 NUREG- 1524 



APPENDIX E 5  

SERG-2 PANEL MEMBER RESPONSE 

BY 

DR HANS K. FAUSKE 

FAUSKE & ASSOCIATES, INC. 



Questions and Issues for the SERG2 Workshop 
Perspective: Robert E. Henry and Hans K. Fauske 

1. In your opinion, what is the status of our understanding of the a-mode containment 
failure issue for the LWRs? Is it, in your opinion, resolved, Le., of little or no risk 
significance? 

If yes, cite the relevant references. 

If essentially resolved, what additional confirmatory research'is required, in your 
opinion, to fulIy resoIve the issue? 

If not resolved, Le. , if the residual uncerdnties still remain large and/or if there 
are still unanswered questions about the a-mode failure, discuss specific 
additional research that will be needed to answer the questions and to address 
the uncertainties. Discuss the approach to research areas thus identified, 
potential benefits to be derived from the research, and indicate the time frame 
for accomplishing the research objectives. 

In our opinion the understanding of the likelihood of a-mode containment failure 
is sufficient to be considered a resolved issue, Le. it is of no risk significance, 
The relevant references are the SERG-1 report, which one can view as an initial 
assessment and directions that should be pursued if one differed with the stated 
opinions in the report. Secondly, the CSNI-FCI meeting in Santa Bar?~ara 
(January 1993) provided another forum for reviewing and evaluating the results 
of new research relating to cr-mode failure. If anything, the results discussed 
with respect to void formation 'during the premixing stage (Fletcher and 
Denham, "Validation of the CHYMES Mixing Model" and Angelini, Yuen and 
Theofanous, "Premixing-Related Behavior of Steam Explosions") demonstrated 
limited potential for premixing substantial masses of core debris and water due 
to the steam formed as the high temperahm melt attempts to premix. The 
conclusion from these studies was that the energy transfer during premixing 
would substantially deplete the water in the interaction zone, thereby reducing 
the efficiency of the interaction to levels less than that which were considered 
in the first SERG meeting. Moreover, additional experiments in the ALPHA 
program further demonstrated the importance of system pressure in preventing 
interactions fiom being initiated. This further substantiated work on high 
pressure termination performed prior to the previous SERG meeting. 

With the above additional information that has been published, it is our opinion 
that the conclusions of the first SERG workshop have been substantiated such 
that this issue can be concluded as being resolved, 
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2. Discuss the role and status of premixing in addressing the a-mode failure issue. 

Response: Premixing is, and always has been, a key element of assessing the potential for 
steam explosion energetics, and thus the a-mode failure issue. More detailed 
computer modeling has been performed in recent years and this has provided the 
necessary analytical verification of the concept that the premixing phase is self- 
limited. Specifically, the extent of materials that can be involved is limited as 
a result of the ongoing energy transfer during premixing, Le. the steam 
formation forces water from the interaction zone (water depletion). As the water 
is depleted, the efficiency of the interaction that could be initiated is decreased. 
Furthermore, the premixing stage also establishes how much of the melt could 
be sufficiently subdivided and intermixed. Hence, if anything, the importance 
of the premixing details have taken on increasing importance and have continued 
to show that it is extremely difficult to efficiently pre-mix large quantities of 
high temperature molten core debris with water. 

3. Discuss the role and status of propagation in addressing the a-mode failure issue. 

Response: Propagation is another major element in the understanding of steam explosions 
and the a-mode failure issue. However, propagation is sometimes difficult to 
understand if substantial external triggering events have been imposed. 
Specifically, if the mechanical work imposed by the trigger is capable of rapidly 
mixing sufficient high temperature melt to explain the dynamic interaction, the 
issue of propagation becomes difficult to sort out of the global response. There 
is no argument that propagation occurs! On the other hand, propagation is more 
than observing a pressure wave that moves at the mixture sonic veIocity. 
Propagation is usually interpreted as the premixed materials are further 
disintegrated, mixed and transfer energy on a timescale sufficient to support the 
traveling wave. In the interpretation of many experiments propagation has only 
been represented as a wave that is traveling through the two-phase mixture at the 
local velocity of sound. In hct, for many experiments and analyses which have 
been performed, the pressure wave is sufficient to completely collapse the steam 
void. In such configurations the recorded event could be substantially 
determined by relatively standard heat transfer between coarsely particulated 
debris and water if the experiment or analysis utilizes a long inertid length. To 
cleariy demonstrate whether a system can propagation, we propose that such 
experiments be performed with an inert gas void, for example lo%, in the long 
column before the two liquids are mixed. In this regard, the substantial 
pressurization would be in a mixture with significant compressibility 
(compliance) and the issues of propagation would be more easily understood. 

4. 
6 

Discuss the role and importance of triggering (trigger availability and triggerability) in 
addressing the a-mode failure issue. Discuss the role of pressure threshold in 
suppressing the triggering. 
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Response: External triggering always has the potential of clouding the results. Since the 
system is dynamically unstable, imposing a significant external stimulus, could 
also merely result in an amplification of the external trigger. Certainly if one 
utilizes conservative estimations of the mixing energies, an external stimulus 
could mix substantial quantities of materials to result in a pressurization that is 
much greater than the trigger pulse, independent of any propagation. Thus, 
experiments with external triggers should be interpreted carefully to assess 
whether the situation is perhaps only an amplification of the external stimulus 
or actuaIIy is demonstrating propagation in a system (for example see Henry, R. 
E. , 1994, "Externally Triggered Steam Explosions Experiments: Amplification 
or Propagation?", CSNI-FCI Meeting, Santa Barbara, California). 

Pressure threshold in suppressing the initiation of vapor explosions is one of the 
most intriguing facets discovered for steam explosions and this observation has 
been recorded by many different laboratories. For those experiments in which 
there are no external triggers, a system pressure which is 5% of the 
thermodynamic critical pressure of the exploding liquid provides a comfortable 
upper bound of the pressure sufficient to prevent such interactions. It is possible 
that this pressure could even be substantially less than 10 bars for water, even 
perhaps as low as a few atmospheres. This is particularly important for reactor 
accident calculations since various pressures could exist within the RPV 
depending on the accident sequence. Also, because the low pressure under 
which such accident could be initiated means that the water depIetion in the 
premixing zone is of increasing importance and perhaps the major reason for 
inefficient explosive interactions. 

5. Discuss the role and importance of accident progression and melt relocation in 
addressing the a-mode failure issue. 

Response: One element of significance discussed above is the pressure in the RCS at the 
time of melt relocation. If the pressure is above 10 bars, data would suggest 
that explosions do not occur. Furthermore, data and anaIyses suggest that if 
explosions do occur, they would not be expected to have a significant efficiency, 
Le. they would not be expected to have sufficient strength to rupture the RCS 
pressure boundary. 

Another element of the accident progression that has gained some recognition 
over the past few years is that the core melt progression would tend to cause 
metallic zircailoy to relocate to the Iowest regions of the core. This is certainly 
consistent with the experience in the TMI-2 accident as well as with the 
respective melting temperatures of metallic and oxidic materials in the core. 
Such a downward refocation results in two components of the accident 
progression tbat are important. First, the metaIlic constituents tend to form a 
lower crust and are the last regions to become molten because of the dud 
power and the initial axial temperature profiles in the core at the time relocation 
initiates. Secondly, the material that does relocate into the lower plenum is 
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principally oxidic material from the region comprised of molten UO, and molten 
ZrO,. Failure is calculated to be sidewards through a crust around the core 
debris and drainage occurs through the bypass region into the lower plenum. 
Hence, the material that enters the lower plenum is generally oxidic material as 
dictated by the accident progression. This again is consistent with the TMI-2 
observations as well as the SCDAP/RELAPS/MOD3 analyses used to assess the 
potential for high pressure melt ejection and also consistent with the MAAP4 
analyses for core melt progression. Therefore, while we believe that this issue 
can be resoIved independent of the accident progression and melt relocation 
assessments, there are issues embedded in each of these,which further reduces 
the likelihood of (1) initiating an explosive interaction and (2) having any 
significant contribution from chemical augmentation. 

6. Discuss the role and consequence of mechanical energy release and damage-producing 
events in the context of the a-mode failure. 

ResDonse: If an expIosive interaction is postulated, the energy reIease is clearly dependent 
upon the efficiency of the interaction and the means whereby the energy can be 
transmitted to the RPV pressure boundary. Since explosive interactions have not 
been demonstrated at elevated pressures, accident sequences which evolve at an 
elevated pressure should not be assessed as if explosive interactions occur. 
Furthermore, those sequences with low RPV pressures (less than 10 ban) should 
be assessed as having a significant water depletion condition when the two 
liquids are premixed. In this case, the premixing situation influences two 
additional elements, the first is the mass of material that can be premixed and 
second is the possibility that there is any significant continuous overlying liquid 
slug that could act as a missile to be accelerated upward against the RCS 
pressure boundary. With the conditions of: 

1. 

2- 

3. 

explosions only at low pressures, 

water depletion in the interaction zone augmented by the low pressures, 
and 

no substantive slug to transmit the energy, 

it .s extremely remote to have a mechanical energy release that would challenge 
RPV integrity. 

7. In your opinion, is our current knowledge of premixing and propagation phenomena 
adequate for a better quantification of the a-mode failure? Based on your own 
knowledge, are you now able to assign a better probability (likelihood) measure to this 
Mure mode? 

(a) If yes, provide your estimate(s) and the basis for it, (Note: The plural is for 
distinguishing among various severe accident classes if you wish.) 
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ResDonse: 

If no, do you think it is reasonable to expect that ttiis will be possible sometime 
in the future? Provide your reasoning and indicate what key developments will 
be needed to meet the expectation. 

We have always believed that the probability of a-mode failure was essentially 
zero. With dl the confirmatory information that has been provided in recent 
years, both experimental and analytical, we are both even more convinced that 
the probability is essentially zero. 

8. Discuss the status and capabiiities of the analytical tooIdcomputer codes available to 
address various components of the FCI methodology (e.g., tools to estimate premixture) 
or to perform integral FCI assessments. How much verification have these analytical 
tools had? Are there well defined experiments against which a number of these tools 
can be assessed? Provide your recommendations regarding the need to perform a 
"standard" problem, preferably one in conjunction with an integral evaluation. 

ResDonse: While the fundamental physical process limiting the likelihood of an explosive 
interaction, as we11 as the strength of the interaction when explosions can occur 
can be viewed in simple terms, it is aIways helpful for issue resolution to have 
verification of more complete analytical methods to examine issues particularly 
related to the time dependent evolution of a premixing situation. In this case, 
the @culations for water depletion in the interaction zone have been extremely 
helpful and an important contribution to resolution of the a-mode failure issue. 
It is certainly helpful if these evaluations are compared to a 'standard problem" 
such that the detailed behavior of various models can be compared. To some 
extent this was done in the OECD FCI meeting at the University of California 
Santa Barbara in 1993. 

9. How much of the research performed (both experimental and analytical) in support of 
the a-mode faiiure issue is also applicable to "localized" FCIs (e-g-, an energetic FCI 
next to a structural boundary where there is a need to evaluate the dynamic loading on 
the structure)? 

10. 

Dynamic loadings would be determined by two-dimensional propagation and 
mitigation of pressure increases resulting from the interaction. Most 
experiments have been performed in an environment where the interactions are 
essentially onedimensional. Hence, the dynamic behavior of situations where 
an explosions has occurred would not be particularly meaningfid for localized 
events. On the other hand, the issues related to premixing (water depletion) and 
the ability to initiate an event an a function of system pressure are directIy 
applicable. 

DiscusS the possibility and importance of chemical augmentation to energetic FCIs. 
Discuss the impact of chemical augmentation on the dynamic loading of structures, 
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Reswnse: Chemical augmentation is a possible way that the explosive energy release could 
be increased. However, as discussed in the response to item 5, the accident 
progression has a substantial influence on the chemical character of material that 
would enter the RPV lower plenum. Hence, we do not view this augmentation 
as a substantial influence with respect to a-mode failure conclusions. 

Reswnse: Chemical augmentation is a possible way that the explosive energy release could 
be increased. However, as discussed in the response to item 5, the accident 
progression has a substantial influence on the chemical character of material that 
would enter the RPV lower plenum. Hence, we do not view this augmentation 
as a substantial influence with respect to a-mode failure conclusions. 

6-52 
NUREG- 15 24 

6-52 
NUREG- 15 24 



APPENDIX B-6 

SERG-2 PANEL MEMBER RESPONSE 

BY 

DR. DAVID F. FLETCHER 

UNIVERSITY OF SYDNEY 

B-53 NUREG- 15 24 



Submission to SERG-2 Workshop 
D.F. Fletcher, University of Sydney, 

NSW 2006, Australia. 
June 13, 1995 

Background 

This submission is based on my experience gained from participation in the steam 
explosion research field over a period of 13 years. For ten years I worked for the 
United Kingdom Atomic Energy .4uehority where I participated in the experimental 
studies performed at Winkith (SUW, WUWI', MIXA tests) and took a leading role in 
the development of the CHYMES (premixing) and CWLDESAC (propagation) modeis. 
This work culminated in the production of a quantification of the probabiliv of a-mode 
failure for the Sizeweil B PWR in the CK 111. 

Since leaving the UX, whilst working at the University of Sydney, I have been 
involved with industrial steam explosion investigations and have maintained an active 
interest in the nuclear area. I am currently co-authoring (with Prof. Thofanoas) a 

review article on steam expIosions for Advances in Heat Transfer. 

Qu. 1 - Is the a-mode failure issue resolved? 

My belief is that the issue is essentially resolved aad that all that is required is confirma- 
tory research. This view is based on the outcome of studies performed by Theofanous 
and co-workers [2, 3, 4, 5, 61, the study in which I participated in the Gh' [I] and my 
full agreement with the conclusions r u e d  at the CSNI Specialist Meeting at Santa 
Barbara in 1993 [?I. 

I believe that most areas of importance are currently undergoing active research. 
What is needed is greater collaboration and more appiication of the models to real 
situations. It U onlg when one luzs performed a quantification that it is possible to 
understand fdly the compk and improbable sequence of events nquid to leud to a- 

mode failure. 

Qu. 2 - Status and Role of Premixing 

As soon as an assumption is made that very large masses of melt can relocate it is 
necessary to appeal to premixing arguments. The fact that at low presovre there is 
so mu& steam produced that the water is expeIled from the mixture, leading to a 
mimue which caMot sustain a propagation wave, can be exploited in -0 ways. The 
premixing dadation can be used to generate arr initid condition for a propagation 
calculation which then gives the pressure field development within the vesseI following 
a specified trigger. Clearly this is the preferred route, as no assumptions about what 
melt can participate needs to be made. However, it requires a validated propagation 
model. Alternatively, as in the UK study, the premixing calculation can be used to 

generate input data for a multi-volume Hicks-Menzies calculation. This appro& $ 
conservative and does not yield the type of information required to predict dynamic 
pressure loads. Thcs in the UK assessment we could make no aSseSsment of Iower head 
failure. 
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The premixing afea is undoubtedly the area tha t  has undergone most research and 
development since the last SERG meeting. There are now a very large nunlher of mod- 
els (Phi-XLPHA, CHYMES, TRIO-XC, K.43, IF'CI) which have been used to study 
premixing. These are aU b a e d  on multiphase flow models and there is convergence 
on the essential modelling features. These are the capability to perform transient, 
2D, three phase calculations which do= for steam superheating and water subcoobng. 
Some models have a capability to allow for droplet and jet breakup but there has been 
little \*alidation of this feature to date. There are some differences between the consti- 
tutive laws. These codd be resolved by making more use of the available ttxperimentd 
data. For example, the MAGIC0 tests allow the mixing behaviour to be cdcdated 
in the absence of fragmentation. Furthermore, in saturated conditions much of the 
constitutive physics becomes redundant, SO that L stage by stage validation process is 
possible. At present only PM-ALPHA and CHYMES hove been employed in a-mode 
fuilun assessments. 

On the experimental side, the water depletion phenomenon first proposed by Henry 
and Fauske (81 has been clearly demonstrated in experiments using solid particulate 
MAGIC0 191 and in the M X A  [lo] tests which used a droplet stream of prototypic 
melt. 

The didation of models against experimental data is less well developed. Both PM- 
ALPHA [9) and CHYblES [I 11 have been subjected to careful &dation studies and to 
inter-model comparisons [6, 121. In addition, most models have been used to interpret 
the FARO ex&jments but there seems to be a wide range of initial conditions (which 
are no< known from the experiment) which have been used by the various groups. 

My residual concerns in the premixing field axe whether there is a need to be able to 
model jet breakup within a premixing code. At fitst thought this would seem desirable 
but when one takes the real geometry into account it seems to me to be a very difficult 
task, as jets would contact plates, columns etc. causing melt to spray or flow and then 
subsequently breakup. There is a danger that spurious accuracy would be claimed even 
if a code could be shown to model fragmentation of a single jet in an empty vessel, 

Finay, it should be remembered that  steam voiding of water from the premixture 
is essentially a low pressure phenomenon. The utility of limits to mixing at even modest 
pressures has not been widely considered. (Question: .h FARO tests planned at a 
wide range of pressures?) 

Qu. 3 - Status 'and Role of Propagation 

As noted above, the preferred method of estimating the outcome of an event is via 
a combined premixing/propagation simulation. Again it is important to realize that 
whilst this is now feasible, there are issues concerning the complex geometry and inter- 
action of shock waves with structures that mean this area can never be addressed in a 
fully predictive manner. 

Propagation models are less well developed than mixing models. Until recently no 
model could reproduce experimental data in a consistent manner [13]. I believe that- 
the development of ESPR0SE.m [14] to incfade the physics of microinteractions '[1$'. 
is a very significant step forward. Whilst at present the database €or the necessarj 
constitutive physics is relatively sparse, the model has been demonstrated to work 
in principle and to be able to reproduce the extremes of very weak and very strong 
propagation events observed in the KROTOS tests (161. It is imporfant to ealite tha2 
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the mzcroinLenzctzon concept ailorns pcopagatlon to occur in situations whe- it w u l d  
not be predicted by a model tchich does not allow for this phenomenology. 

1 am not aware that any a-mode assessment h a s  been based on the use of pre- 
mixins/propagation arguments. I believe the time is right to have a go and see what 
residual difficulties remain in this approach. Clearly Theofanous and co-workers at 

UCSB are well placed to take the lead in this task. Thiy have already made interesting 
simulations for ex-vessel steam explosions and demonstrated the codes’ capabiiities in 
this area [16]. 

Qu. 4 - Status and Role of Triggering 

I performed a major review of information on the triggering stage of a stezm explosion 
for the Sizewell B quantification. This has subsequently been updated and published 
[f7]. In particular, an attempt was made to answer the following questions: (i) ‘Is early 
triggering as likely at low pressure as some workers claim?”, (ii) ‘Is there any reliable 
evidence on the effect of pressure on triggering?” and, (iii) ‘Is it possible to draw any 
general conclusions on the factors which affect triggering in any given situation?” 

The following condusions and comments were made following examination of the 
available d a m  

0 There are no developed and validated models of triggering which can be used 
with any degree of confidence; 

0 The evidence from model predictions is that triggering becomes more d i f f i d t  at 

higher pressore and for higher melt temperature. As the pressure inaeases the 
vapour mass and energy densities increase and the latent heat of vaporization 
decreases so that it becomes more difficult to compress the film, more difficult to 
condense the vapoar and easier to evaporate the leading edge of the water slug; 

0 The presence of a permanent gas can affect the triggering process. SmaU q u a -  
tities inhibit triggering, whereas rapid gas evolution can lead to spontaneous 
expiosions; 

0 Experimental data shows very clearly the random nature of the triggering process; 

0 Explosions can be triggered as the melt eaters the water pool, as it is falling, 
upon base &tact or after melt has collected on the base of the mixing vessel. 
Explosions frequently occur without an applied e x t e n d  trigger; 

0 The spontaneous explosions which occur when melt contacts the water can be 
suppressed by a smdl increase in the ambie3t pressure (as little as 0.5-1.0 MPa 

There is no clear evidence for a triggered explosion occurring at pressures above 
about 3 MPa. An explosion was triggered at 5.8 MPa in the HPTR experiments 
but this involved the injection of a slug of cold water into the mixture; 

is often suffident); 

0 Explosions are much more Iikely to occor in subcooled conditions compared with 

0 There is considerable evidence that if the melt is pre-dispersed it is much less 

saturated conditions; 

likely that an expIosion will trigger; 
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0 There is evidence that if the melt has a low superheat, partial solidification during 

In the WK assessment we felt justified in specifying a range of possibIe <rigger times 
and making modest claims for the lack of a suitable trigger at mid and high pressure 
(1). At high pressure the probability that there was no suitable trigger wns set to 0.9, 
which I believe to be very conservative on the basis of the available data. 

the mdt/water interaction can inhibit triggering. 

Qu. 5 - Role and Importance of Accident Progression 

As with any modelling problem, it is important to know the initial and boundary 
conditions. The accident progression path determines the likely relocation route of 
melt, the quantity of melt available to relocate, its temperature, the system pressure 
(of crucial importance in mixing and triggering) and the possibility of subcooled water 
being present (important for triggering). 

Our experience in the VK was that  system models used a noding which was too 
coarse to determine best-estimate melt reiocation paths and we had to result to our 
own simplified models to provide the data needed in this area 11). 

In the UK study [I] we found that i t  was very important to look at the details of 
the plant and to identify possible relocation paths for the melt (in this case these were 
through the core and via the bypass) and to quantify likely flowrates. We were able to 
rule-out ma&e flowrates of the 100 tonnes/a scale which have been considered in eatly 
studies and mixing calculations. This immediately sets a limit on the mass of melt that 
can be in transit between the core support plate and the vessel base. Our study showed 
that virtually no a-mode failures were predicted to occur for events in which relocation 
was via the bypass region. The message here is that the starting point for an a-mode 
fadue study must be realistic and based on sound analysis of melt progfe~sion. 

Qu. 6 - Role and Consequence of Energy Release 

The consequences of an explosion in the lower head range from minor damage, to 
causing lower head failure to acceleration of a slug into the upper head. My bdef  is 
that at low pressure triggering is likely to occur and that some region of the mixture will 
explode. The efIiciency of conversion of thermal to mechanical energy is still somewhat 
uncertain. In the U'K study we were confident that the efficiency of an explosion is most 
likely to lie in the range 2-595 at low pressure, with the possibility of sljghtly higher 
d u e s  at high pressare and with outlier events having efficiencies as high as 20%. (We 
had no propagation model in a suitable sta.te to use in our study.) 

Multiple and stratified explosions are often raised as possible m e a  of causing Q- 

mode failure. In the first explosion, the pressure generated would push surrounding 
water and melt away from the explosion zone and then the system would settle as 
melt and water fall under gravity. This would lead to a stratified situation, as the 
water would be pushed further away than the melt by the same pressare force. In the 
UK assessment we were unable to identify any credible mechanism by which successivq 
explosions could increase in magnitade- I developed a simple multi-layer mod$ tb 
estimate how much melt could be "stirred up" from the pool and we included this melt 
in the mass of melt participating (assumed to be dZ of that falling through the water). 

The question of lower head failure is difficult. Detailed simulations are needed to 

determine the likely pressure loads and durations. Whilst very high pressures have 
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been recorded in the KROTOS tests [-LOO MPa] I do :lot see how such high prezsures 
could develop in che highiy 3D configuration which would deveiop as stcam escapes 
from the mixture due to buoyancy. Theofanous et ai. [ltj] have shown that such ‘steam 
chimneys’ play an important role in relieving pressure loads. 

In earIy o-mode failure ssessments the assumption of the existence ctf a coherent 
slug to integate the explosion energy into kinetic energy was crucial in providing the 
energy to fail the upper head. The assumption of a coherent slug is unduly pessimistic 
and allowance for a ‘leaky’ slug, due to the presence of downcorners, residual core 
structure etc. has a significant effect on the predicted load on the upper head [l]. In 
addition, following the work of Lucas et af. [5] and the work performed for the UK 
study by k twood  [la] it is evident that the detaik of the core and above core structure 
must be taken into account in any study, as they have a significant dissipational effect. 

Qu. 7 - Adequacy of Information for a Better Quantification 

My view is that  the results obtained in the UK study, which gave failure probabiEties 
of a few in 10,000 at all pressures considered, provide an effective upper bound. In 
that study we used thermodynamic models to calculate efficiencies and did not allow 
for the possibility of lower head failure. Since then there has been considerabie model 
development and \*dation. In addition, none of the ongoing experiments suggest 
that anything whs missed in the above study. I have not seen the results of a study 
which uses a propagation model in place of a thermodynamic model to predict energy 
conversion/pressure loads. However, I would expect the resnlts of such a study to give 
lower failure probabilities than the UK study. Therefore I feel comfortable giving an 
upper bound probability of given core melt for a-mode f d u r e  at all pressures. 

Qu. 8 - Status and Capabilities of Analytic Tools  

Ln the UK study we were asked to produce validation statements for the major codes 
used. When doing this for the CHYMES code we first asked “What features are we 
using that need validation?” and then we tried to answer this question after performing 
verification tests and comparison of calculations with experimental data from the MUCA 
series. This concept of ”fitness for pnrpose” is discussed further in referente ill). 

I classify the a d a b l e  models into premixing codes, propagation codts and stmc- 
turd response cod&. I delibemtely differentiate between prernizing and pmpagation 
models as I believe they need to contain diflerenl physics and numerics beccruse of the 
diffennce in t imcsdes between the phenomenologyr f s in premizing and 10 nu in 
propagation. My view of. the current status of the models is: 

0 For psemixjng, I: am only aware that the CHYMES and PM-ALPHA codes have 
undergone extensive comparison with experimental data, 

For propagation, only ESPR0SE.m has been compared with experimental data 
in what 1 consider to be a ‘consistent’ manner. 

e The structural analysis codes seem to be well validated and, subject to the limi- 
tation of dealing with uncertain inputs, seem to be in a good state. 

There are a significant number of experimental data-sets available world-wide which 
could be used for validation, if they were made available by the proprietors. For mixing, 

NUREG- 15 24 
B-58 



from die M1S.A ssries. This coiicept of "fitness for pttrpow" is discussed further i n  
rc4erence [I 11. 

I classify the available models into premixing codes. propagation codes and strirc- 
turd response codes. The latter seam to be well va1iria.t.d and: subject to the lirnitat.ion 
of dealing with uncertain inputs, seem to he i n  a good state. I class integral code. 

such as IFCI. as premixirig/propagatioti models wiiidi have beeii joined trxtisparently- 
Other code combinations, nm5t notably PM-ALPHA/ESPROSE.rn perform the same 
role bu t  are being validated separately. 

For premixing, I am onJy aware that the CHYMES arid PM-ALPHA codes have 
undergone extensive comparison with  experimental da t.a. For propagation, only ES- 
PR0SE.m has been compared wi th  experimental data in w h a t  I consider to be a 'con- 
sisten t' mann et. 

There are a significant nuni ber of experimental data-sets available world-wide which 
could be used for validation, if they were made available by t h e  proprietors. For mixing, 
successfrll sirnulation of hlAGIC0 or BILLEAU, M1X.4 and FARO (especialiy a test at 

]OW prsqure) tests would provide significant confidence in a model. For propagation: 
the bet-characterized da ta  seam to bc from t h e  KROTOS experiments (there may 
be good data  from the W'FCI facility that  I am not aware of). However, th i s  is all 
one-din1ensiona.I. Data  from the ALPHA facility in Japan may be sufficient to allow an 
integral comparihn. Altcrnntiwly, performing a Iow pressure FARO test (with more 
extensive instrumentation) should lead to asteam explosion and provide data for mode1 
validation. 

I would be in favor of seeing a sets of data  made available for didation purposes 
and calculations being made for a number of standard problems. As s a t e d  earlier, a 
blind FARO comparison would be RrorthwhiIe. 

Qu. 9 - Applicability to Localized Events 

The development of mechanistic models of premixing and propagat.ion means that i t  
is possible to address the consequences of localized events. If these events are to be 
predicted accurately there is a need for even greater validation of the models than 
for t.he a-mode failure application. (The a-mode calculations are robust to model 
uncertainties, in thesepse that  there is asignificant seeparaxion between predicted eneJav 
yields and those required for a-mode failure.) 

At present no propagation model is sufficiently well 4ida t .d  to calculate local 
pressure loads with a high degree of confidence. Also I have concerns about the ability 
to allow for the complex shock patterns that would develop in a complex geometry 
Ongoing Miidation programmes should address these aspects. 

Qu. 10 - Possibility and Importance of Chemical Augmentation 

The fact t h a t  steam explosions can be augmented significantly in the aIuminum/water 
system has been clearly established. However, the situation for the core melt/water 
system is less clear. I co-authored a review of hydrogen production during melt.//water 
interaction several years ago [19]. The conclusion of that  review was that the current 
models were not  sufficiently well developed to explain experimental data. and therefore 
to make quantitative predictions. I am not aware of any work that hzs changed the 
situation. However, there is currently rencwcd interest in understanding the underlying 
mechanism occurring in such interactions which should assist with  rtiodei dm4opment. 
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Summary 

Iu my view very significant progress has been made towards closure of the a-mode 
faiIure issue since the last SERG meeting. All studies show the probability to be very 
low and 1 f d  confident in assigning a d u e  of < 

There has been a considerable amount of model development in the areas of premix- 
ing and propagation. It should be noted that modd validation is less well developed, 
and only PM-ALPHA, CHYMES and ESPR0SE.m have undergone significant veri- 
fication and validation propmmes (as can be determined from the open literature). 
What is required now is a period of consolidation in which the availabie experimental 
data. are fully andysed. This would result in improved confidence in the cr-mode fail- 
ure assessment and tools useful for exploring the effect of localized explosions, ex-vessel 
explosions and accident management issues. I would strongly endorse running a stan- 
dard problem exercise, and whilst not able to participate directly wodd be very happy 
to be involved, perhaps by asing my previous experience to help with the problem 
formulation and to analyze the outcomes. 

given core melt. 
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APPENDIX B-7 

SERG-2 PANEL MEMBER RESPONSE 

BY 

DR. ROBERT E. HENRY 

FAUSKE & ASSOCIATES, INC. 



Qucstions and Issues for the SERG2 Workshop 
Perspective: Robert E. Henry and Hans K. Fauske 

1. In your opinion, wtat is the status of our understanding of the a-mode containment 
failure issue for the LWRs? Is it, in your opinion, resolved, i.e., of Iittle or no risk 
significance? 

Rmnse:  

If yes, cite the relevant references. 

If essentially resolved, what additional confirmatory research& required, in your 
opinion, to fully resolve the issue? 

If not resolved, Le., if the residual uncehinties still remain large and/or if there 
are still unanswered questions about the a-mode failure, discuss Specific 
additionai research that will be needed to answer the questions and to address 
the uncertainties. Discuss the approach to research areas thus identified, 
potential benefits to be derived from the research, and indicate the time frame 
for accomplishing the research objectives. 

In our opinion the understanding of the likelihood of a-mode containment failure 
is sufficient to be considered a resolved issue, i-e. it is of no risk significans. 
The relevant references are the SERG-I report, which one can view as an initial 
assessment and directions that should be pursued if one differed with the slated 
opinions in the report. SecondIy, the CSNI-FCI meeting in Santa Barbara 
(January 1993) provided another forum for reviewing and evaluating the results 
of new research reIating to &-mode failure, If anything, the results discussed 
with respect to void formation 'during the premixing stage (Fletcher and 
Denham, "Validation of the CHYMES Mixing Model" and Angelini, Yuen and 
TheofBnous, "Premixing-Related Behavior of Steam Explosions") demonstrated 
limited potential for premXing substantial masses of core debris and water due 
to the steam formed as the high temperature melt attempts to premix. The 
conclusion from these studies was that the energy transfer during premixing 
would substantially deplete the water in the interaction zone, fhereby reducing 
the efficiency of the interaction to levels Iess thin that which were considered 
in the first SERG meeting, Moreover, additional expenmeats in the ALPHA 
program further demonstrated the importance of system pressure in preventing 
interactions from being initiated. This fi~rther substantiated work on high 
pressure termination performed prior to the previous SERG meeting. 

With the above additiod information that has been published, it is our opinion 
that the conclusions of the first SERG workshop have been substantiated such 
that this issue can be ConcIuded as being resolved. 
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Discuss the role and status of premixing in addressing the a-mode failure issue. 2. 

Reswnse: 

3. 

Premixing is, and always has been, a key eIement of assessing the potential for 
steam explosion energetics; and thus the a-mode failure issue. More detailed 
computer modeling has been performed in recent years and this has provided the 
necessary analytical verification of the concept that the premixing phase is self- 
limited. Specifically, the extent of materials that can be invoIved is limited as 
a result of the ongoing energy transfer during premixing, Le. the steam 
formation forces water from the interaction zone (water depletion). As the water 
is depleted, the efficiency of the interaction that could be initiated is decreased. 
Furthermore, the premixing stage also establishes how much of the melt could 
be sufficiently subdivided and intermixed. Hence, if anything, the importance 
of the premixing details have taken on increasing importance and have continued 
to show that it is extremely difficult to efficiently premix large quantities of 
high temperature molten core debris with water. 

Discuss the role and status of propagation in addressing the a-mode failure issue, 

Response: Propagation is another major element in the understanding of steam explosions 
and the a-mode failure issue. However, propagation is sometimes difficult to 
understand if substantial external triggering events have been imposed. 
Specifically, if the mechanical work imposed by the trigger is capable of rapidly 
mixing sufficient high temperature melt to explain the dynamic interaction, the 
issue of propagation becomes difficult to sort out of the global response. There 
is no argument that propagation occurs! O n  the other hand, propagation is more 
than obseming a pressure wave that moves at the mixture sonic velocity. 

' Propagation is usually interpreted as the premixed materials are further 
disintegrated, mixed and transfer energy on a timescale sufficient to support the 
traveling wave. In the interpretation of many experiments propagation has only 
been represented as a wave that is traveiing through the two-phase mixture at the 
local velocity of sound. In hct, for m y  experiments and analyses which have 
been performed, the pressure wave is sufficient to completely collapse the steam 
void. In such configurations the recorded event could be substantially 
determined by datively standard heat 'transfer betwm coarsely particulated 
debris and water if the experiment or analysis utili7p_c a long inertial length. To 
clearly demonstrate whether a system can propagation, we propose that such 
experiments be performed With an inert gas void, for example lo%, in the long 
column before the two liquids are mixed, In this regard, the substantial 
pressuriZaton would be in a mixture with significant compressr'bility 
(compliice) and the issues of pmpagation would be more easily understood. 

4. Discuss the role and importance of triggering (trigger axailability and triggdifity) in 
addressing the a-mode fki1ul.e issue. Discuss the d e  of pressure threshol&in 
suppressing the triggering. 
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Response: 

5. 

External triggering always has the potential of clouding the results. Since the 
system is dynamically unstable, imposing a significant external stimulus, could 
also merely result in an amplification of the external trigger. Certainly if one 
utilizes conservative estimations of the mixing energies, an external stimulus 
could mix substantial quantities of materials to result in a pressurhtion that is 
much greater than the trigger puke, independent of any propagation. Thus, 
experimehts with external triggers should be interpreted very carefully to assess 
whether the situation is perhaps only an amplification of the external stimulus 
or actuafly is demonstrating propagation in a system (for example see Henry, R, 
E., 1994, "Externally Triggered Steam Explosions Experiments: Amplification 
or Propagation?", CSNI-FCJ Meeting, Santa Barbara, California). 

Pressure threshold in suppressing the initiation of vapor explosions is one of the 
'most intriguing facets discovered for steam explosions and this observation has 
been recorded by many different laboratories. For those expeximents in which 
there are no external triggers, a system pressure which is 5% of the 
thermodynamic critical pressure of the exploding liquid provides a comfortable 
upper bound of the pressure sufficient to prevent such interactions. It is possible 
that this pressure could even be substantially Iess than 10 bars for water, even 
pehps as low as a few atmospheres. This is particularly important for reactor 
accident.calculations since various pressures could exist within the RPV 
depending on the accident sequence. Also, because &he low pressure under 
which such accident could be initiated means that the water depletion in the 
premixing zone is of increasing importance and perhaps the major reason for 
inefficient explosive interactions. 

Discuss the role and importance of accident progression and melt relocation in 
addressing the a-mode failure issue. 

ResDonse: One element of sign&zmce discussed above is the pressure the RCS at the 
time of melt relacation. If the pressure is above 10 bars, data wodd suggest 
that explosions do not occur. Furthermore, data and analyses suggest that if 
explosions do OCCUT, they would not be expected to have a Significant efficiency, 
Le. they would not be expected to have sufficient strength to rupture the RCS 
pressure boundary. 

Another element of the accident progression that has gained some reoOgnition 
over the past few years is that the core melt progression would tend to cause 
metallic zircaIloy to relocate to the lowest regions of the core-. This is certainly 
consistent with the experience in the Th5I-2 accident as well as with the 
respective melting temperatures of metallic and oxidic materials in the core. 
Such a downward relocation results in two components of the accident 
progression that are important. First, the me?aIIic constituents tend to form a 
lower crust and are the last regions to become molten because of the re&ked 
power and the initial axial temperature profiles in the core at the time ielocation 
initiates. Secondly, the material that does relocate into the lower plenum is 

B-65 NUREG- 15 24 



principally oxidic material from the region comprised of molten UO, and molten 
21-0,. Failure is calculated to be sidewards through a crust around the core 
debris and drainage occurs through the bypass region into the lower plenum. 
Hence, the material that enters the lower plenum is generally oxidic material as 
dictated by the accident progression. This again is consistent with the TMI-2 
observations as we11 as the SCDAP/RELAPS/MOD3 analyses used to assess the 
potential for high pressure melt ejection and also consistent with the MAAP4 
analyses for core melt progression. Therefore, while we believe that this issue 
can be resolved independent of the accident progression and melt relocation 
assessments, there are issues embedded in each of these, which further reduces 
the likeiihood of (I) initiating an explosive interaction' and (2) having any 
significant contribution from chemical augmentation. 

6. Discuss the role and consequence of mechanical energy release and damage-producing 
events in the context of the a-mode failure. 

Response: If an explosive interaction is postulated, the energy release is clearly dependent 
upon the efficiency of the interaction and the means whereby the energy can be 
transmitted to the RPV pressure boundary. Since explosive interactions have not 
been demonstrated at elevated pressures, accident sequences which evoive at an 
elevated pressure should not be assessed as if explosive interactions occuf. 
Furthermore, those sequences with low RPV pressures (less than 10 bars) should 
be assessed as having a significant water depletion condition when the two 
liquids are premixed. In this case, the premixing situation influences two 
additional elements, the first is the mass of material that can be premixed and 
second is the possibility that there is any significant continuous overlying liquid 
slug that could act as a missile to be accelerated upward against the RCS 
pressure boundary. With the conditions of: 

1, explosions only at low pressures, 

2. water depletion in the interaction zone augmmted by the low pressures, 
and 

I 3, no substantive slug to transmit the energy, 

it is extremely remote to have a mecfiani.cal emergy reiease that would chaUenge 
RPV integrity. 

7. In your opinion, is our w e n t  knowledge of premixing and propagation phenomena 
adequate for a better quantification of the a-mode €iiilm? Based on your owg 
knowledge, are you now able to assign a better probability (likelihood) measure to this 
fsilure mode? 

(a) If yes, provide your estimate@) and the bask for it (Note: The p1uraI is for 
distinguishing among various sevm accident cIasses if you wish.) 
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(b) If no, do you think it is reasonable to expect that this will be possible sometime 
in the future? Provide your reasoning and indicate what key developments will 
be needed to meet the expectation. 

Response: We have always believed that the probability of a-mode failure was essentially 
zero. With all the confirmatory information that has been provided in recent 
years, both experimental and analytical, we are both even more convinced that 
the probability is essentially zero. 

8. Discuss the status and capabilities of the analytical tooldcomputer codes available to 
address various components of the FCI methodology (e-g. , tools to estimate premixture) 
or to perform integral FCI assessments. How much verification have these analytical 
tools had? Are there well defined experiments against which a number of these tools 
can be assessed? Provide your recommendations regarding the need to perform a 
"standard" problem, preferably one in conjunction with an integral evaluation. 

Response: While the fundamental physical process limiting the likelihood of an explosive 
interaction, as well as the strength of the interaction when explosions can occur 
can be viewed in simple terms, it is always helpful for issue resolution to have 
verification of more complete analytical methods to examine issues particufarly 
re?ated to the time dependent evolution of a premixing situation. In this case, 
the -dculations for water depletion in the interaction zone have beem extremely 
helpful and an important contribution to resoiution of the a-mode failure issue. 
It is certainly helpful if these evaluations are cornpared to a "standard problem'' 
such that the detailed behavior of various models can be compared. To some 
extent this was done in the OED FCI meeting at the University of California 
Santa Barbara in 1993. 

9. How much of the research perfumed (both experimental and analytical) in support of 
the a-mode fkilure issue is also applicable to "Iodized" FCIs (e-g., an energetic FCI 
next to a structural boundary where there is a need to evaluate the dynamic loading on 
the structure)? 

ResDonse: Dynamic loadings would be determined by two-dimensional propagation and 
mitigation of pressure increases resuiting from the interaction. Most 
experiments have been performed in an environment where the interactions are 
essentially onedimensional. Hence, the dynamic behavior of situations where 
an expIosions has occurred would not be particularly meaningful for iodized 
events. On the other hand, the issues related to premixing (water depletion) and 
the ability to initiate an event an a function of system pressure are directly 
applicable. 

10. Discuss the possibility and importance of chemical augmentation to energetic FCIs. 
Discuss the impact of chemical augmentation on the dynamic loading of structures; 
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RSDORX: ChemicaI augmentatjon is a possible way that the explosive energy release could 
be increased. However, as discussed in the response to item 5, the accident 
progression has a substantial influence on the chemical character of material that 
would enter the RPV lower plenum. Hence, we do not view this augmentation 
as a substantial influence with respect to a-mode failure conclusions. 
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Second Steam Explosion Review Group (SERG-2) 

NRC questions and personal answers 

Question No. 1 : 

In your opinion, what is the status of our understanding of the a -mode contain- 
ment failure issue for the LWR’s? Is it, in your opinion, resolved, Le., of little or 
no risk significance? 

a) 
b) 

c) 

If yes, cite the relevant references 
If essentially resolved, what additional confirmatory research is required, in 
your opinion, to fully resolve the issue? 
If not resolved, Le., if the residual uncertainties still remain large and/or if 
there are still unanswered questions about the a -mode failure, discuss spe- 
cific additional research that will be needed to answer the questions and to 
address the uncertainties. Discuss the approach to research areas thus 
identified, potential benefits to be derived from the research, and indicate the 
time frame for accomplishing the research objectives. 

Personal answer: 

In my opinion the issue is not resolved, mainly because we don’t have the know- 
ledge that is required to exclude a -mode failure with sufficient confidence. (As- 
signing a low probability to a -mode failure doesn’t say much if the confidence 
level of this assignment is low itself.) 

In my view, research into steam explosions does not represent itself as a tho- 
roughly studied and settled field of research in the sense that we have fully un- 
derstood and can explain any observation and that we are sure not to have over- 
looked or missed important facts. Specifically: 

a) Our knowledge and understanding of the basic phenomena occurring in 
steam explosions is limited and has gaps. 

b) The codes available are partly too simplistic; the more complete ones are not 
(yet) developed sufficiently. None of the codes has (yet) been verified exten- 
sively by comparison with relevant experimental data. 

c) ’ In many aspects of the steam explosion, there are no relevant exberimental 
data available. The main points determining relevance are scale, temperature 
of the melt, its volume fraction on entry into the water, and its composition. 
There is no demonstrated method for the required extrapolation from the by 
necessity small scale of experiments (cm ... dm) to the large scale of an acci- 
dent situation (m). 

d) 
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Remark concerning the background: 

At Forschungszentrum Karlsruhe (FZK) we do not consider it to be sufficient to 
show that the probability of a -mode failure is small. This is because such a fai- 
lure (an early containment failure) would - in the densely populated Western Eu- 
rope - cause a national or even multinational catastrophy against which no coun- 
ter measures would be possible. Therefore we rather aim at excluding a -mode 
failure in a 'mechanistic' way, Le. beyond any reasonable doubt. With respect to 
the research needs, this difference in safety philosophy doesn't make a lot of dif- 
ference because in any case the loads and there counterpart, the load carrying 
capabilities must be evaluated reliably. 

Suggested approach (as persued at Forschungszentrum Karlsruhe): 

r) 

i) 

Develop a calculational tool for mechanistic description of premixing. 

Develop the same tool to describe in a conservative way pressure generation 
and energy relase during the steam explosion proper. (The models descri- 
bing the explosion may partly be parametric.) 

Verify this tool with respect to premixing including its capability of extrapola- 
tion from small to large scale. 

Verify that this tool gives conservative results with respect to pressure and 
energy. 

Use this tool to find a few melt-water configurations that bound (with respect 
to their load potential) all contad modes that reasonably must be accounted 
for. 

Calculate for these bounding cases the load potentials: - pressure-time history on lower head and 
- mass and kinetic energy of upward moving slug (assuming pessimistically 

the existence/formation of such a slug). 

Calculate with standard tools and appropriate material laws whether the lo- 
wer head fails under the above determined pressure-time histories. If failure 
can be proven, account for the additional expansion paths when determining 
the slug energy. 

Determine the forces on the upper head that result from the impact of the 
upward moving slug on the upper internal structures and both together on 
the head. 

Determine if the bolts or the head itself will fail and, if so, determine mass 
and kinetic energy of the missile. 

If a missile is created, design reinforced internal containment structures that 
keep the missile within the reactor cavity. 

In strategic parts of this chain of proofs conservatism must be ensured in order 
to avoid the cliff edge effect. 
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Question No. 2: 

Discuss the role and status of premixing in addressing the a -mode failure issue. 

Personal answer: 

Premixing is expected to limit inherently the masses that can participate in a 
steam explosion by the removal of water from the volumes accessed by the co- 
rium melt (water depletion phenomenon). Therefore I consider it as a key to 
establishing realistic (i.e. not unduely pessimistic) upper bounds to steam explo- 
sion loads. 

As the phenomenon cannot be simulated full scale in an experiment, assessment 
of the amounts of melt and water that might be involved in a steam explosion in 
an accident situation can only be performed with a code. This requires a multifield 
fluid dynamics code with at least three fields to describe the three phases gas, 
water, and corium. This code must describe at least two spatial dimensions. And 
the code must describe mechanistically all processes that govern premixing be- 
cause it must be able to perform reliably the extrapolation from the scale of ex- 
periments to the reactor scale. For the sake of its results being dependable, the 
code must be verified with relevant experimental data on at least two scales to 
demonstrate its scaling capability. (For further details see answer to question 8.) 

The above code development and verification require an improved understanding 
of the phenomena and the availability of relevant experimental data. Therefore, 
premixing experiments must be performed under conditions representative of the 
envisaged accident conditions, Le. 
- on a relevant scale (not too small), 
- with a relevant temperature of the corium melt (or its simulant), 
- at representative ambient pressure, - with the corium (simulant) entering the water with a volume fraction that is ty- 

- using corium mixtures (simulants) that span the possible corium compositions. 
While the first four points pose essentially technical problems, the last point re- 
quires knowledge of the possible melt compositions at the time of meft relocation 
into the lower plenum. But these compositions remain to be determined in acci- 
dent progression analysis (see question 5). If, however, the melt should contain 
relevant amounts of unoxidized metals, special emphasis will have to be placed 
on the modelling of metal oxidation by steam and its consequences. (Which is not 
well developed presently.) 

In the past it has been tried to determine the potentially interacting corium mass 
with the help of (pioneering) calculations of the above required type and use of a 
local criterion for deciding which melt is premixed and which is not. This is a 
questionable procedure. First, there is no strictly derived or generally accepted 
criterion for premixing. Secondly, it is doubtful whether at all a local criterion can 
be used for that purpose. This is because in an inhomogeneous mixing zone, melt 
and water may be separated locally but still occupy neighbouring volumes and 
these masses might be forced together again after the start of the interaction. In 
this context it is important to note that the steam explosion in the lower coolant 
plenum of a reactor vessel is not the matter of a few milliseconds. The accelera- 
tion of the (pessimistically assumed) overlying material slug may take several tens 
of milliseconds and will involve gross material motion so that further mixing of 
corium and water is not excluded. This may not influence the initial pressure spike 
but may certainly increase the sustained pressure level at later times and the 

pical of the most serious melt relocation scenarios, 

' 
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energy release. It is, therefore, indispensable to evaluate the load potential of 
premixing configurations by performing explosion calculations - preferrabfy with 
the same code as used to analyze premixing. 

The decicive water depletion phenomenon depends on the volume created by 
evaporation of water. This in turn depends strongly on the ambient pressure. So 
the whole phenomenon strongly depends on pressure. But up to now no experi- 
mental data are available with pressure as a parameter. (Data of this type will be 
obtained with the PREMIX experiment at Forschungszentrum Karlsruhe.) 
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Question No. 3: 

Discuss the role and status of propagation in addressing the a -mode failure is- 
sue. 

Personal answer: 

Propagation is the mechanism that advances the onset of interaction throughout 
a premixture, i.e. triggers the remaining part of the mixture after an initial trigger 
has occurred locally. It is an important issue of large scale steam explosions be- 
cause it determines the amount of mass that is involved in a coherent interaction 
initially. 

Propagation is usually thought to be produced by a pressure wave advancing 
through the premixture, which is strong enough to break the vapor shrouds 
around the coarsely prefragmented melt drops at least locally and thus triggers 
fine scale fragmentation. In most circumstances there will be no external source 
of such a pressure wave. So, the pressure wave must be supported by the pre- 
mixture itself. The most popular propagation mechanism is the shock wave at the 
front of the reaction zone in the thermal detonation model of Board and Hall. But 
there are other possibilities of supporting a pressure wave as e.g. the explosive 
boiling phenomenon as suggested by me.' These questions are not finally settled 
but the current understanding may be sufficient for a conservative estimate of 
steam explosion loads as it is certainly conservative to assume that propagation 
occurs. It should be possible to include corresponding models of fast propagation 
into the codes used for analyzing steam explosions. 

Missing or at least inadequate propagation might be the (or one) reason of the 
socalled pressure suppression of steam explosions (see question 4). 

1 H. Jacobs, 'Propagation of vapor explosions due to explosive boiling,' Proc. Int. Sem. 
The Physics of Vapor Explosions, Tomakomai, Japan, October 2529, 1993, pp. 11 &I27 
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Question No. 4: 

Discuss the role and importance of triggering (trigger availabilility and triggera- 
bility) in addressing the a -mode failure issue. Discuss the role of pressure 
threshold in suppressing the triggering. 

Personal answer: 

The trigger is an event that starts the interaction locally by causing the onset of 
fine scale fragmentation and thus increased heat transfer. Several basic sources 
of triggering have been discussed, all leading to the (at least) local bridging of the 
vapor shroud around one coarse melt fragment so that direct contact of hot melt 
and liquid water occurs. Among these possibilities are a local pressure increase, 
cooling of the melt surface below the minimum film boiling 'regime, and cooling 
of the surrounding water below saturation. In most of them but especially with 
pressure increase hydrodynamic instabilities of the vaporkoolant interface will 
play an important role. 

By definition (so to say) no steam explosion will occur without trigger but there 
are so many possible sources of triggers (e.g. local pressure rises) that it seems 
to be difficult to exclude the occurrence of a trigger altogether in an accident 
condition. (Small scale experiments sometimes need an external trigger to pro- 
duce 'steam explosions' but as the mass of hot melt involved increases the pos- 
sibilities to obtain spontaneous triggers should increase even more.) 

These questions are not finally settled but the current understanding may be suf- 
ficient for a conservative estimate of steam explosion loads as it is certainly con- 
servative to assume that triggering occurs. In a mechanistic analysis of steam 
explosion loads, the time of triggering must be varied parametrically in order to 
find the most conservative assumption. 

The socalled pressure suppression of steam explosions is sometimes thought to 
be caused by an increased difficulty (e.g. a higher energy requirement) for trig- 
gering. Although the effect has been observed in model experiments (with very 
unprototypical materials) and especially the absence of a steam explosion during 
the TMI-2 accident is in accordance with this hypothesis, the extrapolation to re- 
actor accident situations must still be subject to doubts. There is at least one ex- 
periment (HPTR, Winfrith) in which one interaction was triggered at about 50 bar 
pressure. If there should be a cut-off pressure, it will at least be higher than 10 bar 
because that was the initial pressure of the only really energetic explosion (test 
09) among the SUW test series in the MFTF at Winfrith. 
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Question No. 5: 

Discuss the role and importance of accident progression and melt relocation in 
addressing the a -mode failure issue. 

Personal answer: 

Accident progression is a potentially highly important topic. It could, e.g. provide 
an upper limit (possibly even a useful one) to the amount of melt available during 
one relocation (and thus mixing) event. In addition, it determines the initial and 
boundary conditions of premixing, as e.g. the melt relocation path, the system 
pressure, and the chemical nature of the relocating melt. 

It is obvious that the melt relocation path sets very important.initial conditions for 
premixing. It can be hoped that the uncertainties connected with these initial 
conditions presently can be covered conservatively by analyzing a large variety 
of premixing scenarios and relying on the wafer depletion phenomenon alone in 
finding upper limits to the interacting masses. However, any additional reliable 
information could help in finding more realistic and therefore more useful limits. 
The relocation process itself is a possible source of metallic components in the 
corium mixture. 

A very important information that must be provided by accident progression ana- 
lysis is the pressure level at the time of melt relocation because the ambient 
pressure has a very important effect on the water depletion phenomenon. 

As a consequence, high priority should be assigned to further develop the capa- 
bilities of late phase description in accident progression codes. 
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Question No. 6: 

Discuss the role and consequence of mechanical energy release and damage 
producing events in the context of the a -mode failure. 

Personal answer: 

Formation and acceleration of a material slug that moves towards the vessel head 
are critical elements of a -mode failure. So, energy conversion during accelera- 
tion of such a slug is one of the things that must be analyzed conservatively. 

In view of the need to establish reasonably conservative estimates of the loads 
from steam explosions, it is highly important to arrive at models of energy con- 
version that give efficiencies much below the theoretical upper limits (e.g. Hicks- 
Menzies). This requires a better understanding of effects that tend to limit energy 
conversion in reality and experiments that demonstrate the effectiveness of these 
effects under conditions that are typical of reactor accident conditions. (Again re- 
presentative experimental data are required.) Following our present stateof 
knowledge these must involve a confinement of the interaction zone at least as 
effective as in a pressure vessel that does not fail. (This confinement will force 
corium and water to continue to interact to some degree during the extended pe- 
riod of slug acceleration mentioned above in the answer to question 2 und thus 
increase energy conversion.) It is also imparative that the mechanical energy is 
measured reliably to avoid the uncertainties in the interpretation of some previous 
experiments, notably the SANDIA RC-2 experiment. Still this experiment forces 
us to throw overboard all former hypothesis of conversion efficiency decreasing 
with increasing melt mass. Theoretical considerations of heat losses as well lead 
to just the opposite expectation - at least under confined conditions. 

The above mentioned slug finally loads the vessel head. In our opinion, the ana- 
lysis of its failure must be based on forces instead of energies. A realistic estimate 
of these forces by theoretical tools is, however, very difficult in presence of the 
deforming structures between core and vessel head. We are, therefore, perfor- 
ming scaled (1:IO) model tests for this purpose at Forschungszentrum Karlsruhe, 
the BERDA tests. 

The vessel bottom is loaded directly by the pressure developing in the interaction 
zone. In case of very energetic steam explosions this was thought to lead to early 
failure of the vessel bottom. According to our own skoping analysis at For- 
schungszentrum Karlsruhe this doesn't seem to be ascertainable in the range of 
explosions that lead to loads on the vessel head that we tentatively expect to be 
tolerable. Of course, lower head rupture is thought to increase that range. But it 
may come (be provable) too late (Le. at too high explosion energies). 

If, on the other hand, lower head rupture cannot be excluded, its consequences 
in terms of damage caused by the moving parts of the vessel, DCH, etc. must be 
considered. 
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Question No. 7: 

In your opinion, is our current knowledge of premixing and propagation pheno- 
mena adequate for a better quantification of the a -mode failure? Based on your 
knowledge, are you now able to assign a better probability (likelyhood) measure 
to this failure mode? 

a) 

b) 

if yes, provide your estimate(@ and the basis for it. (Note: The plural is for 
distinguishinh among various severe accident classes if you wish.) 
If no, do you think it is reasonable to expect that this will be possible soem- 
time in the future? Provide your reasoning and indicate what key develop- 
ments will be needed to meet the expectations. 

Personal answer: 

In my opinion it is still premature to assign a probability to a -mode failure. I ex- 
pect that the probability can be determined with sufficient confidence once the 
tools required for mechanistic analysis of the important processes involved have 
been developed sufficiently. 

The reasoning for this and the tasks to be fulfilled to reach a reasonable and de- 
fendable result have been described in the answer to question l. Here only a few 
general remarks are made in addition. 

a) We need both: 

a general understanding of the processes and 

a sufficient knowledge of how the processes develop and interact under 
relevant conditions, i.e. under the conditions of a reactor accident. 

Therefore it is mandatory to perform experiments under relevant conditions, 
e.g. concerning scale, temperature of the melt, volume fractions, melt com- 
position. 

Yet, small-scale studies of a more basic nature can be helpful. 

For transferring the knowledge to the reactor accident case mechanistic co- 
des must be developed and validated. 

b) 

c) 

d) 

e) Therefore the above experiments must as well provide definite and critical 
data that can be used to verify and validate the mechanistic codes; 
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Question No. 8: 

Discuss the status and capabilities of the analytical tooiskomputer codes avai- 
lable to address various components of the FCI methodology (e.g., tools to esti- 
mate premixture) or to perform integral FCI assessments. How much verification 
have these analytical tools had? Are there well defined experiments against which 
a number of these tools can be assessed? Provide your recommendations regar- 
ding the need to perform a "standard" problem, preferably one in conjunction with 
an integral evaluation. 

Personal answer: 

A detailed answer to this question would take the volume of a whole report and 
is, therefore, o.ut of scope. Here only a few general remarks can be made. 

a) There is little hope to resolve the problem with analytical tools. So we need 
either representative experiments (which are possible and affordable in very 
few cases) or  highly sophisticated computer codes. 

This is the field in which the codes are most advanced. It is agreed almost 
unanimously that in the end multidimensional multifluid codes with at least 
three fluids (or fields) are required and several such codes are under deve- 
lopment, e.g. CHYMES (AEA-T), PM-ALPHA (UCSS), IFCl (SNL), MCSD (CEA), 
IVA-KA (FZK), IVA4 (Siemens). Not all of these codes, however, treat all the 
required physics and none of them can be considered as sufficiently verified 
at present - partly because no sufficiently relevant data have been available 
until now. In some cases, comparison with available data has shown very 
promising agreement. Several experimental programmes that should be able 
to provide relevant data are now under way. 

One at present stili open problem is common to all of these codes, i.e. the 
treatment of melt jet breakup. In this area as well the basic knowledge (or at 
least sufficient correlations) as a satisfactory general technique for incorpo- 
rating such correlations are lacking. This is especially serious because it is 
in no way clear how this phenomenon can be covered conservatively. 

Besides the above mentioned formation and breakup of melt jets (and the 
obvious points like fluid motion and gas dynamics), the premixing codes must 
describe the following phenomena reasonably: 

melt drop fragmentation 

heat transfer by radiation 

b) Premixing 

evaporation due to heat addition to saturated water 

evaporation due to water becoming superheated 

condensation due to steam becoming subcooled 

hydrogen generation and its consequences (?, see answers to. questions 
2and 10). 
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c) Propagation 
This is a second field in which codes are relatively well developed. Most of 
these codes are onedimensional because (at least in the past) they aim(ed) 
at analyzing thermal detonations as hypothesized by Board and Hall. In this 
model the propagation wave (the shock front) is driven by the same heat ex- 
change processes that lead to the final pressure development and energy 
conversion. So, as long as the basic fragmentation is modelled mechanisti- 
cally in these codes there is the danger that other possibilities of propagation 
are overseen. This problem, fortunately, is relaxed by the lack of fully reliable 
(fine scale) fragmentation models so that the codes must in any case use 
some parametric description which needs verification by comparison with 
experiments. 

The final solution to this problem must be the application of the above men- 
tioned premixing codes to the propagation (and expansion) phase as well. 
But in most cases this new field of application is just under first testing. The 
only twodimensional special propagation code, ESPROSE from UCSB, may 
be considered as intermediate step in this (necessary) development. 

None of these codes has been verified in detail. 

d 

Valuable experimental data have been and are being provided by the KRO- 
TOS programme performed at JRC Ispra. As onedimensional propagation is 
most probably the most pessimistic case (which will almost never occur un- 
der realistic or accident conditions) these experiments are suited to demon- 
strate that the codes are capable of predicting the worst case consequences 
when applied to worst case conditions. One should, however, keep in mind 
that energy conversion in these tests and corresponding calculations is es- 
sentially limited to the propagation phase while the main part of the mecha- 
nical energy may be released during the expansion phase. 

Expansion 
In this field only insufficient tools have been used until now, Le. analytical 
correlations or simplistic parametrical models. (The most advanced approach 
was the use of a special version of SIMMER-I1 by W. Bohl from LANL in the 
ZIP study. But as this code combined melt and liquid water in one field, the 
results are most probably far too pessimistic.) Here again it must be the aim 
to apply the same codes used for premixing and propagation analysis and 
perform closed (consecutive) analysis of all three phases. The development 
in this area is still in a very earIy stage. Most probably we will have to resign 
ourselves to parametric correlations that ensure a conservative treatment. 
How liberal we can be in that will partly depend on the success in limiting the 
interacting masses by the premixing analysis. 

In order to prove conservatism of the tools to be developed, experimental 
data deserving that designation will be required. 

A standard problem is most useful when 

the results can be checked against an experiment, 

inis experiment is clearly different from previous experiments and is perfor- 
med only after the calculational results have been delivered (this creates the 
danger that 'real case' calculations may become necessary), 

NUREG- 1524 B-80 



a sizable number of codes is represented, and 

these codes have reached a degree of maturity that ensures that the results 
are not soon invalidated by decicive code improvements. 

Therefore, at the moment, only the premixing codes can be envisaged to be 
checked in this way within the near future, next year at the earliest. The test pro- 
blem should be complicated enough to involve several features that are hypothe- 
sized to be important under reactor accident conditions. In this way, not all codes 
will be able to describe all features but that is better than defining a problem that 
is so much simplified that all codes can describe all features. A way out could be 
to provide the full problem for comparison with an experiment and a simplified 
problem for inter-code comparison. 
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Question No. 9: 

How much of the research performed (both experimental and analytical) in sup- 
port of the a -mode failure issue is also applicable to "localized" FCl's (e.g., an 
energetic FCI next to a structural boundary where there is a need to evaluate the 
dynamic loading on the structure)? 

Personal answer: 

The primary uncertainty in determining steam explosion loads are the amounts 
of mass participating in the interaction. So, transfer of the results should be pos- 
sible as long as the conditions for premixing are the ones considered for the in- 
vessel steam explosion, i.e. melt jet(s) penetrating into (deep) water. This is 
especially true if threedimensional code calculations can be applied. 

Things become much more unclear when the opposite situation (water jet into 
melt) or stratified situations with water on top are to be considered. Such situa- 
tions can most probably not be analyzed with the tools presently under develop- 
ment. The most (although not very much so) promising approach to these pro- 
blems are special experiments. Maybe in these cases the requirement of conser- 
vatism can be somewhat relaxed because they cannot lead directly to a-mode 
failure (or another mode of early containment failure). 
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Question No. 10 

Discuss the possibility and importance of chemical augmentation to energetic 
FCls. Discuss the impact of chemical augmentation on the dynamic loading of 
structures. 

Personal answer: 

This problem seems to be of high potential importance. But its importance hinges 
on two points: 

a) How much unoxidized metal is contained in the melt that relaocates? 

b) How much of this metal is still unoxidized at the end of the premixing phase, 
i.e. when the trigger occurs? 

There are indications that the presence of unoxidized zirconium may be very im- 
portant for the premixing process and that it may lead to a very fine prefragmen- 
tation of the melt and thus effective quenching. This may lead to conditions not 
very supportive for steam explosions. So, do not only ask for explosion augmen- 
tation. 

On the other side, when there should still be unoxidized metals available during 
the steam explosion proper they might lead to increased energy release. To what 
extent will largely depend on its physicochemical state (e.g. pure metal or sub- 
stoichiometric oxidic solution). 

At any rate, it appears that this problem must be persued by 

experimental studies of the effects of metals, 

theoretical studies of the composition of core melts under the (many) different 
sequences of events that finally lead to the discharge of corium into water, 
and 

developing (in a first step) the premixing codes to make them capable of 
treating the problem of metal(s) oxidation and the influence of that on the 
premixing process. 

From the point of view of energetics, the metals to be considered are in the first 
place zirconium and in the second place cromium. The other metals, notably iron 
and nickle, are less important because of their much smaller heat releases. Ho- 
wever, the premixing process might be influenced by the hydrogen resulting from 
iron oxidation as well. 
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QUESTION 1 
Status of Our Understanding of the a- 
Mode Containment Failure Issue For 
LWRS 

ANSWVER 

We believe that the answer to this question is (b). The 
work performed by Theofanous and colleagues and 
recently confinned by other researchers has essentially 
resolved this issue [Cf references (6) to @)I- 

The additional confirmatory research required in our 
opinion relates to: 

- Melt jet fiagmentation kinetics and its connection to the 
work on pre-mixing performed with constant diameter 
particles. 

- Understanding the cause(s) for the very low steam 
explosion potential of a (U02+Zr02) melt- 

- Work on relationship of melt properties (crust fonna- 
tion, variation of viscosity and thermal conductivity 
versus temperature) to steam explosion potential. 
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QUESTION 1 (CONTD.) 

ADDITIONAL RElMARKs 

We believe that a definitive statement, that the a-mode 
failure issue is not relevant for BWRs, should be issued 
after due consideration. 

a We believe that further work on the subjects indicated 
above wiu. make a-mode containment failure a non-issue. 
We believe that a (U02+ZrO2) melt will only suffer a 
weak explosion, if at all, and there are large structural 
margins available. We believe that the iixation with a- 
mode containment failure is similar to that which pre- 
vailed over many years with the large LOCA. We should 
consider the effects of in-vessel steam explosions, which 
may damage the vessel internals, and possibly damage the 
lower head. For example, 

Leakage fi-om lower head and its consequence on decay 
heat removal. 

Conse@ences of stem explosion induced water slug 
impact, or, shock wave, on steam generator tubes and 
tube sheat. 

Consequences of substantial core material transport to 
steam generators, and possible release to atmosphere, 
depending on the scenario. 
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QUESTION 1 (CONTD.) 

0 We believe that after an accident with in-vessel steam 
explosion, the accident has to be terminated, and the 
public assured that there is no danger of a radioactivity 
release. The cleanup would also have to be performed. 
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QUESTION 2 
Role & Status of Pre-Mixing 

ANSWER 

We believe that melt-water pre-mixing defines the initial- 
conditions for steam explosion energetics, and thus plays 
an extremely important role, 

The pre-mixing experiments have demonstrated that the 
large initial heat transfer fkom melt to water will produce a 
large steam volume around the melt particles. This will 
limit the further exchange of energy and the initiation of 
the propagation phase. 

Another mechanism 3s that of water escape from the lower 
plenum through the downcomers which also limits the 
heat exchange possible between the melt particles and the 
water. 

The experimental demonstration of coolant voiding is with 
discrete. particles of known diameter and temperature. 
Demonstration with melt jet is lacking. 

The analysis development on steam explosion is compre- 
hensive for the pre-mixing phase. The codes PM-ALPHA 
and CHYMES predict the behavior observed in the 
MAGIC0 and other experiments, and quantatively support 
the limitation on energy transfer imposed by the de+elop- 
ment of a high void region. 

NUREG- 1524 
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QUESTION 2 (CONTD.) 

The choice of a large melt mass (6 to 10 tomes) for pre- 
mixing by Theofanous in the prototypic case should 
envelop the possible participation of some melt from a 
stratified pool, some melt from the continuous melt 
delivery process, as in a jet subjected to an explosion. 

The other choices made by Theofanous, e-g., large particle 
diameters is conservative. 

The pressure chosen is atmospheric, which may produce 
greater size of the voided region than at high pressure. 
However, this may not be' significant. 

All in all, the case of limited energy transfer during the 
pre-mixing phase is quite sound. 

NUREG- 15 24 
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QUESTION 2 ( C O D . )  

ADDITIONAL RER/IARKs 

The pre-mixing experiments and analysis development (2- 
or 3-D) have not included jet fragmentation kinetics and 
their effect on the pre-mixing phenomenology. We believe 
this is an important omission. It may have a deleterious 
effect, although not enough to change any conclusions. 

0 The melt property variations between the liquidus and 
solidus lines in the phase diagram have not been consid- 
ered in the experiments and the analysis development. 
There'may be additional effects and possibly large 
margins; e.g., 

- U02-ZrO2-Zr phase diagram shows a large change in 
solidus-liquidus temperature difference as a function of 
Zr content. This may explain the greater fragmentation 
observed in FARO test with Zr addition. 

- Formation of an insulating crust on particles, may 
reduce &e heat transfer to water or steam. 

- Increase of melt viscosity may reduce heat transfer and 
the particle fragmentation. 

- Small AT between the liquidus and the solidus temp- 
eratures will reduce the penetration distance of the 
melt particles, before they solidify, and do not parti- 
cipate in the explosion process. 

B-91 NUREG- 15 24 



QUESTION 2 (CONTD.) 

- Zirconium in the melt particles may oxidize. This will 
be a function of particle size, and will increase the 
particle.temperature and heat transfer. The large steam 
volume formed may promote 21r oxidation in particles. 

0 The influence of the above-listed parameters, i.e. of jet 
fragmentation kinetics, and of the melt properties, on the 
pre-mixing energy-transfer-limitation case should be 
evaluated, experimentally and analytidy. We believe, 
however, that the case made will hold. 
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QUESTION 3 (CONTD.) 

ADDITIONAL REIMARlI(s 

a Perhaps, more work should be performed on this phase. 
The reasons are to delineate the effects of 

- Chemical energy release on oxidation of .Zr in the micro 
particles- 

- Material properties and their variation with temperature 
(e.g. comparing AI203 vs- Tin or A1203 vs. UO2-Zr0,). 

- Ambient pressure- 

- Subcooling, which .substantially reduces steam volume. 
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QUESTION 4 
Role & Status of Triggering 

ANSWER 

A trigger is generally needed to generate a steam 
explosion. 

. Its availability for in-vessel steam explosions is not 
evident. 

However, as concluded by Fletcher, it is -cult to 
dismiss the availability of a trigger for prototypical 
situations. 

0 Thus, a trigger should be considered. However, as advised 
by Henry, using strong triggers in steam explosion experi- 
ments is not a good idea. 

Greater ambient pressure seems to inhibit triggering. 
However, reasons for this are not known. 

The ideal solution would be to determine the strength of 
the trigger required to generate a steam explosion in a 
certain mixture at the prescribed ambient conditions. 



QUESTION 4 (CONTD.) 

There appears to be no model to predict the trigger 
strength needed. It is not clear why some mixtures explode 
spontaneously, while others do not, and will not, even with 
strong triggers. 

Thus, the status of understanding on triggering is relatively 
primitive. 
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QUESTION 5 
Role & Importance of Accident 
Progression and Melt Relocation 

ANS'MTER 

0 Mid-phase, in-core accident progression for'a PWR is 
relatively well known for the high pressure station black- 
out scenario, because of the TMI-2 accident. 

For the high-pressure scenario, however, steam explosion 
probabilities are very low. 

0 Large and small LOCA with loss of ECCS, and the 
depressurization scenarios, are more prone to steam 
explosion events. 

In these scenarios, if the core becomes dry, it is possible 
that the melt may relocate from the core bottom, instead of 
fiom d e  side. 

0 This mayxesult in larger masses of melt pouring, with 
larger mass flow rates, into the lower head water pool. 

0 This should not affect the alpha-mode failure estimates, 
since the Theofanous analyses consider melt addition over 
a large area and at very high rates. 
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QUESTION 6 
Role & Consequences of Mechanical 
Energy Release and Damage Producing 
Events 

A N S m R  

e The role of mechanical energy release is crucial in terms 
of producing an alpha-mode containment failure. 

The mechanical energy release occurs in the expansion 
phase of the steam explosion, which commences after the 
propagation phase. 

0 The thermal energy generated can be very large (a few 
GJs). The mechanicdthermd energy conversion ratio is' 
conservatively taken as 5 20 %. Thus, the energy parti- 
tioning and dissipation has to be very large to preclude 
vessel and containment failure. It has been estimated that 
5 2 % of the thermal energy released will end up as the 
missile energy. Thus, if the missile energy to fail the con- 
tainment i's 200 MJ, and the specific melt energy is 1.2 
MJkg,  the fuel melt involved in the pre-mixing and pro- 
pagation phases has to be at least 8000 kg. This is more 
than 1 m3 of fuel in the lower plenum volume of about 3.6 
rn3, which is highly unlikely. 

0 We believe that the estimates for energy conversion, 
partitioning and dissipation are all biased towards large 
conservatisms. However, there is no validation of the 
estimates made. 

B-97 NUREG- 1524 



QUESTION 6 (CONTD.) 

ADDITIONAL REMARKS 

We are more womed about local failure of the lower head, 
which leads to a break at the worst location. The lower 
head weld joints may become weak with prolonged heat- 
up. Consequences of lower head failure should be examin- 
ed, e.g., for core coolability. 

0 It is conceivable that the upper head does not fail and the 
slug implodes the core and the upper internal structures 
into a dense ball containing 100 tomes of U02 The 
implications of such a scenario should be examined. 

0 Steam generator tubes may be subjected to a slug impact 
due to the venting fkom downcomer and fkom the hot legs. 
The fuel particulates may join the slug. Tube failure and 
containment bypass scenarios should be examined; and 
discounted if found to be highly unlikely. 



QUESTION 7 
Adequacy of the Current Knowledge For 
Quantification of the a-Mode Failure 
Probability 

ANSWER 

a We believe that the current knowledge is adequate for 
assigning an upper limit for the probability of alpha-mode 
containment failure, o ~ r  estimate is 10-2, we believe, 
however, that the additional research work recommended, 
particularly on the effect of melt properties on -the pre- 
mixing and propagation phases, will reduce this estimate 
M e r .  If the estimate of 
resolution purposes, &en, this issue may be considered as 
resolved, Confirmatory research, recommended earlier, 
would provide a somewhat firmer basis. 

is acceptable for issue 

Our basis for the value is the fundamental data 
obtained on pre-mixing and propagation phases, and d e  
relatively sophisticated modeling developed recently for 
these phases. The integral validation is very meager, and at 

very small scale, however, the basic limitations discovered 
make good sense and they should be effective at proto- 
typic scale. 
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QUESTION 7 (CONTD.) 

0 We believe that the research in steam explosions will 
continue in Europe and USA. The key areas, where we 
recommend further research are: 

Jet fragmentation and its effect on the pre-mixing phase. 

Why U02-Zr02 melt does not want to explode? 

Effect of melt properties; and their temperature 
variations, on explosion potential (pre-mixing and 
propagation). 

Chemical energy released during propagation and 
expansion phases. 

Strength of trigger required for generating an explosion. 

Interactions during propagation phase to define limits on 
conversion ratio. 

We believe that the progress achieved will be much faster 
than at the previous pace, since much better fundamentdl 
understanding has been achieved recently. 
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QUESTION 8 
Status & Capabilities of the Analytical 
TooldComputer Codes 

0 The status and capabilities of the analytical toolskom- 
puters codes, available to address components of the FCI 
methodology, or, to perform integral FCI assessments, is 
evaluated as follows: 

Melt relocation and delivery to lower head: There are 
significant uncertainties, however conservative bounds 
can be established. Analyses should consider side, 
bottom and more than one melt pours, with different 
mass flow rates. 

Melt jet fiagmentation: There are models/codes (e.g., 
THIRMAL, TEXAS, IKEJET); however they do not 
specifically involve melt jet properties and phase 
change. The models need enhancement. There are only 
very limited data for model/code validation. 

Pre-mixing: There are advanced models (e.g., PM- 
ALPHA, CHYMES, IVA) for this phase of the FCI. 
Again, their development does not explicitly involve 
the variation of melt properties with temperature. These 
models should also employ jet fragmentation as the 
source of the droplets they employed. The validation of 
these codes should be pursued further. 
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QUESTION 8 (CONTD.) 

- Triggering: There is no understanding of this process. 
We believe experimental work (e.g. in SIGMA facility 
or at U of W) should determine the strength of trigger 
required to make a pre-mixture go into propogation 
phase, as a function of melt droplet properties. Models 
to predict that are needed. 

- Propogation: The codes/models, ESPROSE-M and 
CULDESAC are quite advanced and new ideas, eig. 
micro-interactions have been incorporated. However, 
there are not sufficient observations/data to be certain. 
Focused effort in obtaining the applicable data to 
validate these models is required. 

- Mechanical energy release and damage: This is an art. 
Certainly, there are hydrodynamic and structural codes 
available, however, their application for the in-vessel 
geometry is not validated. Perhaps some data available 
from defense department, on under-water explosions 
should be used for validation of the codes. Ex-vessel 
applicabons are important for BWRs. 
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B-102 



QUESTION 8 (CONTD.) 

o The FCI andysis tools/computer codes have made tremen- 
dous progress in last 5 years. The mdti dimensional, 
multi-field approach appears to be essential for description 
of the melt jet fiagmentation, pre-mixing, propagation and 
expansion. The main issue is the description. of the ex- 
change terms, and, perhaps, the mechanisms of energy and 
mass exchange. More fundamental experiments are 
needed. 

A standard problem can be posed fkom the KROTOS test 
series. The standard problem procedures of ‘double blind’ 
and ‘single blind‘ should be strictly enforced. The code 
developers afe andysing the KROTOS experiments and 
there is a danger that they may be able to tune their codes 
to KROTOS before the standard problem exercise. An 
integral evduation can be performed concurrently. 

The KROTOS test in new vessel may have greater. 
definition. The visual record should also be available to 
check the calculated time variation of the various fields 
(droplets, ’steam, water, etc.) at various space locations. 
Thus, differential comparisons could be made. 
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A 

QUESTION 9 
Applicability of Research Performed to 
‘Localized’ FCI’s 

ANSWER 

0 ‘Localized’ FCI’s can be analysed with the analytical 
tools/codes recently available, e.g., PM-ALPHA, 
ESPROSE-M, TEXAS-III. Since there is not much 
validation, ‘localized‘ FCI analyses could be perfomed on 
relative basis, Le., compare the damage potential of. an FCI 
near the side of pool vs. in the middle of the pool, or, an 
FCI at large depth vs. shallow depth. Again, under-water 
explosion data should be examined for clues on modeling; 
and later for validation of the models. 

Jet fkagmentation, which is not in the leading codes, 
should be the source for determining the potential of a 
local FCI. 

0 We do not.believe there is any data for def”mition of the 
effects of4ocal FCI’s. 

0 The damage potential of the ‘localized’ FCI’s should be 
evaluated. 
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QUESTION 10 
Possibility & Importance of Chemical 
Augmentation of Energetic FCI’s 

ANSWER 

0 Chemical energy release during the 4 phases of a FCI is a 
distinct possibility. The generation of a steam volume 
around the melt droplets, which limits energy transfer 
during pre-mixing, is also conducive to the generation of 
chemical energy. The pre-mixing time may not be suffi- 
cient for diffusion of steam to the Zirconium in the drop- 
lets, however, the same droplets will be fkagmenting 
during the propagation phase, and making new Zirconium 
layers available. Oxidation of Zr is also possible during 
the expansion phase, which is of relatively longer 
duration. 

The importance of chemical augmentation may be-sub- 
stmtial, since the maximum energy release could equal the 
maximum thermal energy transfer for the pre-mixed fuel. 

The experiments currently scheduled in ANL may provide 
good indications. The process, however, must be scale- 
dependent, and one may not be able to apply the measured 
data to prototypic situations. Also, one should experiment 
with mixtures of Zr with other metallic materials; and with 
UOz+ZrOz. 
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QUESTION 10 (CONTD.) 

The chemicd augmentation issue may be of greater 
importance for the ex-vessel steam explosions, e.g., for a 
BWR in which large amounts of Zr and other metals may 
be released fiom the vessel. 
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1. INTRODUCTION 

Together with my ceworkers (see aclmowledgements) I have been deeply involved in 
the study of steam explosions for the past 10 years or so. We began with an applidm- 

focused approach, followed it up with fundamentally-oriented research in several topical areas, 

and now we anz taking up again applications. By applications I don’t mean mmly some 
reactor-scale calculations, but comprehensive assessments aimed for definitive answers. We 
make use of the Risk Oriented Accident Analysis Methodology ( R O W ,  that in fact found its 

genesis in the course of our txeatmet of the a - f d r e  problem, and evolved in the interim while 

addressing the haark I Liner Attach, and Direct Containment Heating, pmblems, as well as the 

In-Vessel Retention severe accident management scheme. We are preparing now assessments of 

Lower Head Integrity (under steam explosions, a companion to the in-vessel retention mentioned 

above) for the AP600, and of the Lower Drywell Boundary for the SBWR. These assessments 

require pressure-time histories on the structures evaluated, and hence an unprecedented level of 
understanding of the basic physics, of sophistication in analytical -1s to capture them, and of 
depth in the verification that this is indeed so. Thus, while for a-fdure some rough assessment 

of premixing and basic energetic-bounding considerations were quite sufficient for a-failure, now 

the burden of duty shifts to propagation, and by implication to also more detailed understanding 

of premixing. &’a consequence, our fundamentally-oriented work mentioned above evolved 

from confirmation to the rough premixing arguments needed for a-failure, to encompass all key 
aspects of the coupling phenomenology in both premixing and propagation. Clearly, with all 
these we can do even better the &-failure, 

This work creates the basis for my responses to the questions posed to the review group, 

and I wil l  refer extensively to it. To help put these references in a context that they can be 
understood without disrupting the flow of the response, they are all summarized and explained, 

hopefully cohenxtly, in this introduction. 

Our overall approach to assessing steam explosions in severe reactor accidents has been 
recently summarized in DoE/lD-10489 (Theofanous et al., 1995A). It involves a methodology, 

as outlined in Appendix A of Theofanous et al., (1994a), and a set of codes as illusttated in 
Table 1. 

The lead document in this table @OE/lD-10489) serves as an introduction to the problem 

and the anaIytid approach. Accordingly it provides a discussion of the key phrases, including 

previous literature and terminology, as well as sample results from PM-ALPHA (premixing) and 
ESPR0SE.m (propagation). The manuals @OE/lD-10502, and DOE/lD-10501) of these two 

codes contain also the modelling approach, and since the reports are restricted (DOE applied 
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Table 1 Steam Explosion Energetics and Structural Daxnage Potential 

Introductory and Overall Approach 1 The Study40E/ID-10489(1) 
Topical Efement 1 Codes Documents 
Initial Conditions Special Purpose Models In-Ve~~el SE: DOE/ID-10505(2) 

&-Vessel SE DOE/1D-10506(3) 

Verifidox DOE/1D-10504(5) 
premixing PM-ALPHA Manual: DoE,/ID-10502(4) 

THIRMAL Manual: EPRI TR-103417(6) 
Propagation ESPROSEm Manual: DQE/lD-10501(5) 

Verification: DOEIID- 10503(8) 
Structural Response ANAW-3D/ABAQUS Manual:(9) 

I I Ex-Vise1 SE: DOE/ID-10506(3) 

(I) T.G. Theofmous, W.W. Yuen, S. Angelini and X Chen, "The Study of Steam Explosions 
in NucIear Systems," DOE/ID-10489, January 1995. 

(2) TG. Theofmous, W.W. Yuen, JJ. Sienicki and CC Chu, "The probability of a reactor 
pressure vessel fdm by steam explosions in an AP6Wlike design," IX)Em)-10505. 

(3) TG. Theofanous, W.W. Yuen, J.J. Sienicki and C.C. Chu, 'The probability of containment 
failure by steam explosions in an SBWR-like lower drywell," DOE/1D-10506. 

(4) W-W. Yuen and T.G. Theofanous, "PM-ALPa A computer code for assessing the pre- 
miXing of steam explosions," DOE/ID-10502, May 1995. 

(5) T.G. Theofanous and W.W. Yuen, ''Premixing of steam explosions: PM-ALPHA verification 
studies,'' DOE/ID-10504. 

(6) THIRMAGl Computer code for analysis of interactions between a stream of molten corium 
and a wmr p L  VoL 1: Code Manual, EPRI TR-1O3417-VI7 Project 3130-01, Final 
Report (December 1993). VoL 2: User's Manual, EPRI TR-103417-V2, Project 313M)1, 
F d  &port (December 1993). 

(7) W.W. Yuen and T.G. Theofmous, "ESPR0SE.m: A computer code to Simulate the tranSient 
behavior of a steam explosion based on the microiateractions concept," DOJ3ID-10501, 
April 1995. 

I 

(8) T.G. Theofanous and W.W. Yuen, "Escaiation and propagation of steam explosions: Es- 
PR0SE.m verification studies," DOE/lD-10503. 

(9) H.D. Hibbit, et aL, "ABAQUS Version 5.3," 1994. 

(10) Rf. James, "ANACAP-3D - Threedknensional analysis of concrete structures: theory, 
user's and verification manuals," ANATECH No. ANA-89-0094, 1989. 
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technology), the respective chapters are provided here as Appendices A and B. The respective 

verification reports @OE/ID-10504 and DOE/lD-10503) are expected to come out by the e M  

of July 1995. They contain comparisons with analytical and experimtntal results that test key 
features of both the mathematical formulations and numerid implementation. Besides per- 
spectives on strengths and limitations of the simulations, these special applications of the codes 

provide guidance (to the potentiaI user) on how the codes are to be applied to various sitna- 

tions. An overview of the verificaton approach is illustrated in Tables 2 and 3. More details 
are provided in Appendix C and sample results will be shcm at the meeting. The type of 
analysis needed to assess melt pour conditions, the methodological framework employed in the 

utilization of these results, the tie-in to the premixing calculations, and the full demonstsation 

of the assessment methodology can be found in the two first applications fisted under both ini- 
tial conditions, and IntegratiodApplication (DOE/lD-10505 and DOWlD-lM06) (scheduled to 

appear shortly). Moreover, a first ad hoc demonstration of c a v i ~  (concrete) structural xesponse 
under ESPR0SE.m loads can be found in Rashid et al(l995). 

Initid (illustrative) reactor-scale results have been provided for both in-vessel (Theofanous 
and Yuen, 1993) and ex-vessel Cyuen and Theofanous, 1993, Theofanous and Yuen, 1994, 

Theofanous et al, 1994b, and Theofanous and carradini, 1995b) situations, in addition to those 
pnsented in DOE/lD-lOQ89). Moreover we followed up, and confirmed, our original assessment 
of a-failure ~eoanouS et al, 1987) in terms of the capability available a couple of years ago 

Q'heofanous and Yuen, 1993). 

We wish to close this introduction by highlighting the basic features of our approach (in 
order of importance): 

(a) The microintemction m&l, and constitutive laws to describe it, obtained under simulation 
of b g e  scale explosions in the SIGMA-2000 facility. So far we have data for tin (up to 

1800°C) and constitutive laws to describe them ((3hen et al, 1995, provided as Appendix 
D). We are now generating data under two-phase conditions in the prexnixnne, so as to 
obtain wide range of pressure-velocity combinations behind the shock wave. In the near 
future we have plans to do the same with iron as well as oxidic melts (zro~ M202). 

@) A compEhensive set of comparisonS with analyticaI solutions to establish the wave mechan- 
ics aspects of ESPR0SE.m in two dimensions, and in the presence of reflections off a l l  sorts 

of interpbs (from free war-air, to rigid water-solid, to intermediate water-two-phase). 

This included special solutions with large heat sources near interfaces, and nodalizaton 
studies, to reahtic I;eactor dimensions. 
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(c) A comprehensive set of data for film boiling from spheres under Single and two-phase flow 
(the MUPHIN faciIity), a unified case-@implement correlation, and a predictive theoretical 
model @u and Theofimous, 1995, provided at Appendix E). The correlation, is a key 
ingredient in PM-ALPHA. 

(d) Detailed data on the multifkld aspects of premixing in the MAGICO-2OOO facility (Angelhi 
et al, 1995, provided as Appendix F)- These cover colIective momentum interactions with 

cold particles of various densities, phase change dynamics with hot particles up to 1500" 

(moderate radiation effects) in saturated water, and condensation efFects in the presence of 
slight (3°C) and moderate (18°C) subcooliags. Now we are prepared for experiments at 
2000°C in which thermal radiation plays a dominant role. The &ta include premixture 

internal structure, such as Iocal void fractions and partide packing. 

(e) Integral Simulation of the KROTOS experiments (using WPR0SE.m with the constitutive 
laws mentioned above) and consistent interpretation of tests that "fizzled" as well as those 
that produced supermitical detonations (Theofanous and Yuen, 1994) 

(0 Integral "simulations" of the FARO experiments, to obtain a Perspective on the breakup 
aspect and to exercise the PM-ALPHA capability in tfiis area. Due to compensating effects 
(see DOE/lD-10489) and inherent difficulties in modelIingJverification, our goal here is not 
to be predictive but rather provide reasonable envelopes of what premixmes are possible 
(note that data on the premixtuns themselves are not availabIe). 

2. RESPONSES TO THE QUESTIONS 

1. Is a-failure resolved? 

Yks. The references am: Theofanous et al(1987), Theofanous and Yuen (1993), T&d et 
al(1993), and the "SummaryH of the CSNI Meeting in Santa Barbara (1993). 

Our 1987 study was reviewed rather extensively. The main question raised in this review 

was on the causaI relation that descxibed premixing. The fignre that shows the relation we 

used, and some alternatives proposed by one of the reviewers (M. Berman) is reprodud 

here as Figure 1. In a recent revisit to this question CIzleofanous and Yuen 1994) using 

PM-ALPHA, which was at the time tested against the MAGIC0 experiments, and also 
compared with the CHYMES code, we find the result shown in Figure 2. The premixing 

limitations used in 1987 are now well established. 

None. Work carried out in context of assesshg lower head htegrity for certain PWRs, 

higher in-depth insights of the large m& available. 
and addressing structud concerns from,en%%el r-7 explosion in certain BWRs, wil l  provide 
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(c) Not applicable as far as I am concerned. The assessment initiated with Theohous et al 
(1987) was not followed up in accordance with the R O W  mainIy because after the UK 
work and the CSNI meeting (see item a), the issue did not appear to be pressing enough 
to do so. Moreover, there is the consideration made in item (b) above. If in this SERG- 
2 there is a substantial sentiment on a formal closure, I would recommeIlcf that the two 

previous assessments are integrated (genezically) and followed up in the ROAAM manner 
to completion. This exercise could include a significant fraction of the SERG-2 praticipants 

in an active role, and it could naturally lend itself to several "standare problems" exercises 

that would appear to be attractive at this juncture, in any case. 

2. Role and Status of Premixing 

If one Wishes to consider arbitrary size pours, then premixing plays a key role in addressing 

a-failure. We now have much better understaading that such massive pours cannot be expected. 

Also we have a lot of data from the MAGICO, MAGICO-2000, and MIXA tests that demonstrate 
the water depIetion that limits the potential energetics from massive pours. We also have code-to- 

code comparison and data-experiment comparisons with the codes PM-ALPHA and CHYMES 
that render consisteat predictions. (Note-nothing is, or can be, adjusted in these c d ~ o n s . )  

More experiments that are welldefined are expected from France and Germany, and we expect 

them to be c0nfirinatox-y. More code predictions h m  VaTioUs places are expected also, and we 

expect them to be codhnatoxy, too. 

If the charactens tic dimension of the pour is large, we need to consider breakup. Again, 
compensating effects dominate. With slow bnakup, the interfacial area needed for hgmentation 

is small, which limits energetics. Rapid breakup creates the interfacial area, but it creates voiding 
(water depletion) too. On this basis, it is important to recognize that breakup is not necessary 
to approach in a predictive attitude. Moreover, we do not think it is possible to do so in its 

fully dynamic character. We only need to exercise this degree of freedom in a more or less 
parametric sense, while at the same time show consistency with whatever limited experimental 
data are available (FARO,'ALPHA, etc.). 

3. Role and Status of Propagation 

As explained in the introduction, propagation was not needed, and played no role in assess- 
ing a-failure, so far. I expect our present capabiity (ESPR0SE.m) can be used to show much 

larger margins than those found in earlier assessments. But this wi l l  fall out from our lower 
head integrity study. 

NUREG- 15 24 

As explained in the introduction the subject of propagation gained a new status (predictive, 
that is) with the advent of the microinteractions modeL This in conjuction with constitutive 
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relations from it derived from large-scale explosion simulations in the SIGMA-2000 facility 

afford, for the first time, a rational approach to this long-standing problem. On this basis, 

integrated in 2D, and soon to be in 3D, in ESPROSE-m, loads on adjacent structures can be 
evaluated realistically, for any given premixture. 

4. Role and Importance of Triggering 

In Theofanous et al(1987), as well as in our present studies for the advanced passive plants, 

we are interested only in low pressure scenarios, and assume conservatively that an explosion 

wil l  occur at the worst time in a premixing transient (typically, when the melt hits the floor). I 

agree with the very substantial assessment of triggexing provided by Fletcher (1995), and agree 

also with the use of it in the UK a-failure assessment study (Turland et al, 1993). 

In principle triggerability should be possible to evaluate in the SIGMA-ESPR0SE.m frame- 

work currently used for propagation. However, it would be a much more arduous task as exper- 

imentation now must cover a much broader range of pressures (currently, we have no plans in 

this area). Some fundamental information is expected nevertheless from the planned experiments 

with oxidic melts. In these we would include dso high initial premixture pressures to investigate 

the pressure cutoff question. 

5. Role and Importance of Accident Progression 

As noted under item 2, this is complimentary to the premixing argument. This is not 

needed for a-failure, since premixing limitations alone are adequate to cover large pours, but it 

is pursued for assessing lower head integrity in DOE/lD-10505. 

6. Role and Consequence of Mechanical Energy Release 

So far this has been done, for a-failure, in the studies referenced under l(a), in a bounding 

manner (Themodynamics). Work done now for lower head integrity is expected to demonstrate 

the extreme conservative nature of these early assessments. As far as damage-producing or 
mitigating events and the role of the upper internal structure we make reference to Lucas et al 

(1987). Especially the role of the massive core plate to “focus” the slug energy received by it, 

into a short interaction between it and the upper head should not be underestimated. 

(a) Yes. Our conciusion 111 
I 
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7. What is Failure Probability? 

(a) Yes. Our conclusion in Theofanous et al, 1987, remains and with bigger margins than ever 

before, I conclude that a-failure is “Physically Unreasonable.” I would hesitate to use a nu- 

merical extimate unless somebody told me what various such numbers mean. In ROAAM we 

use a physically-based scale only as an interim tool to integrate among the various parts of the 

problem, and convert back to physical meaning the end result (using the same scale). 

8. Discuss Status of Analytical Tools 

This was addressed in the introduction and in more detail in the appendices. My bottom line 

is that currently PM-ALPHA and CHYMES, (with subcooling capability, which I think was added 

recently) are both ready for use in assessing premixing, while I would use also THIRMAL or IKEJET 

for some added perspectives. In propagation, I would feel comfortable only with ESPR0SE.m (due 

to the microinteraction feature). 

9. Research for a-Failure vs. Localized FCIs 

The “how much” is not really a well-posed question. As explained in the introduction, our 

research at UCSB is oriented to the dynamic loadings on structures. This work subsumes what is 

(or was since the job has been done) needed for a-failure, and is expected to reveal even larger 

margins. 

10. Chemical Augmentation 

In a power reactor accident any (or most) anoxidized zirconium is expected to separate out at 

the bottom core and form a blockage there. Any additional amounts in the melt pouring off from 

the side would be highly diluted, as dissolved in the metallic (steel) or oxidic phases. The chemical 

augmentation found in pure aluminum melts exploding in water (Theofanous et al, 1994c, Rightly 

et al., 1993) is not possible under diluted conditions. This is an interesting problem to determine 

the mechanism of coupling between the physical and chemical events (and hence determine the 

conditions under which they occur) but it is totally uninteresting in the LWR safety context. 
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I .  

STEAM EXPLOSION REVIEW GROUP - 2: 
RESPONSE TO QUESTIONS AND ISSUES 

B D Turland 
AEA Technology 

June 1995 

The views expressed are those of the author and have not been endorsed by 
AEA Technology or any other organisation. 

The format used here corresponds to that given in the letter of T P Speis, dated 
10 May 1995. The questions and issues are given in italic type while the responses 
are in normal type. 

A summary of the main conclusions and recommendations is given at the end of this 
response. 

This version has been edited to take account of discussion at the meeting of the 
Review Group held on 15 and 16 June, 1995. However, there are no substantial 
changes from the draft version presented to the Review Group. 

In your opinion, what is the status of ow understanding of the a-mode containment 
fdlure issue for the LWRs? Is it, in your opinion, resolved, ie of lirtle or m risk 
sigm@xnce. 

(a) If yes, cite the relevant references. 

(b) Ifessentiully resolved, what additional ConFrnarOry research is required, in 
your opinion, to fully resolve rhe issue? 

(e) I f  not resolved, ie if the residual uncm*&s still remain large d o r  if there 
are still WuuLSwered questiom about the a-mde failure, &cuss specijic 
additional research thut will be needed to answer the pestions afLd to address 
the uncertainties. Discuss the approach to research areas thus &ni@ed, 
potential benefits to be &rivedfiom the research, ana indicate the timefiame 
for accomplishing the research objectives. 

Using the definitions above as @&lines, my view is that the status of risolution lies 
on the (c) si& of (b). 

Fit we must consider what the target is that is equivalent to showing that the a-mode 
failure is of little significance. oiven the potentially high releases and early failure 
h e ,  I would seek to be asmed that the probability of Containment failure by this 
mechanism, given 8 core melt, lay below 0.01 with a good level of confidence, and 
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was, preferably, at least one order of magnitude less than this. 

Such a statement for the target, while expressed in probabilistic terms, does not 
preclude a more mechanistic approach if this can be defended. However, if we have 
to talk in terms of probabilistic targets (set at whatever level) we must face up to what 
is meant by the notion of probability as it is used in a-mode assessments. The 
‘target’, as I have dehed  it, combines the notion of a frequentist target (1 in 100 or 
less), with the notion of confidence (unquantifkd: high level). In practice, a-mode 
assessments, at whateser level of complexity, have a strong subjective element, and 
the ‘final probability’ that is arrived at is in my view closest to the gambling odds that 
one would be prepared to take that given one core meltdown in the future there 
would not be a containment failure induced by a steam explosion. This may reflect 
an underlying belief that for real plants the actual likelihood is zero, whilst allowing 
for some uncertainty in one’s convictions. 

In these circumstances the issue should not be considered closed unless the subjective 
probability is significantly lower than la3, representing some combination of a 
frequentkt target (to take account of stochastic and sequence variations) and the 
element of cod5dence in the judgement. It is my belief that we are at about this level 
(still), so practical closure of the issue is close. However, this does rely on subjective 
judgements which can change. As a minimum, confirmatory research is desirable to 
give weight to the subjective assignments, as is continued dialogue between those 
active, or with experience, in the subject so that a conseosus view may develop. 

This confirmatory research should be focused on issues that can make a difference to 
the overall assessment. The major diffculty is that in a probabilistic assessment the 
a-mode failure probability is determined, in general, by the ‘tails’ assigned to (some 
of) the distributions for the usual input quantitie-s (eg melt mass relocating, conversion 
efficiency, trigger likelihood) whichrepresent the analyst’s conclusions that while such 
values are unlikely they cannot be excluded with the current data The quantification 
of these tails represents the greatat challenge in an assessment, and has the greatest 
effect on the calcuIated failure probability. Thus, based largely on heuristic arguments 
and some analysis, I have umsiderable coniidence in low relocation rates, but 
scenarios can be envisaged (eg core disruption by an initiating interadon) that could 
produce a larger mass flow rates. Once recognised, I have to allow for this in the tail 
of the mass flow rate distribution (or have another branch that allows for the effect 
of pre-cursor interactions in the event tree). But how is this quantified? I am 
confident that such induced large mass flow rates are unlikely, but possible at the 1Wo 
leveL To improve the overall a-mode assessment, I need to put firmer bounds on 
this, or the equivalent tail of other distributions. NB. The fact that a-mode failure 
is the combination of a number of threshold events means that probabilities can 
ody be used meaningfully when used to express the ranges of quantities, ie 
through the quantification of input distributions, and then evaluating the 
likelifiood that the threshold is reached. Some new understanding may come along 
and truncate the tail of one distribution sufficiently to eliminate concerns over a-mode 
failure (this has been the hope for pre-mixing and, at higher pressures, for triggering 
probability, but, so far, such firm conclusions cannot be justified by the available data 
and modelling). 
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Based on the assessment performed for the SiZeweII ‘B’ PWR El], the topics which 
might repay further study are (i) melt progression and relocation; (ii) determination 
of conversion efficiencies (including pre-mixing, the mixture characteristics that will 
support a propagation, and the venting of the interaction region) and (iii) triggering. 
The ameliorating effects of lower head failure might also be added to tbis list, at least 
looking at how the conditions required for lower head survival will constrain the 
loaciings that can be delivered to the upper head. 

Looking at what has been achieved in understanding so far, and the difficulties of 
model validation, I would not spend further effort specifically on lriggering. Rathex 
I would assemble a database of relevant information, which could be added to as new 
experiments are performed. ’ .  

As far as melt progression and relocation is concerned, I would make this the primary 
aim of the continuing work in core degradation modelling (along with termination 
prior to relocation). There is likely to be the need for a few well-focused experiments 
for model validation and the production of suitable materials’ data (eg crust 
properties). 

For pre-mixing, I would curtail activities on solid particles, unless this is concerned 
with direct validation of a feature of the modelling code that is used in the assessment 
(eg if I wish to demonstrate that the steaming rate is self limiting, the known surface 
area of solid particles is a useful experimental constraint). Otherwh, I would 
concentrate on the break up of large (100 mm) diameter jets, with, unlike FARO as 
it is currently, sufficient diagnostics to dettxmine what is going on, and perform 
FARO tests (see below) designed to test the Limits to mixing hypothesis by ensuring 
suf€icient surface area of melt droplets per unit cross-section of the vessel. 

For propagation, understanding is still insufficent. Ekperiments with controlkd 
external triggers are the best way to look at the circumstances in which esdation can 
occur and provide data for model validation. I support future activities in ICROTOS 
with corium melts, but do not wish to see the facility depart from a onedimensid 
geumetry. KROTOS has the apparent ease with which corium melts 
undergo coarse fragmentation. This issue should be pursued in separate effects 
experiments, as should the dynamics of fkagmentation in a pressure wave for real 
wrium materials (akin to the SIGMA experiments). 

It is possible that the topics discussed so far wil l  give sufficient c~nfinnatim of low 
failure probability that work is not required in other areas. However, this may not be 
the case, and questions of conversion efficiency may need to be addressed. Some of 
this would be based 011 the 1-D propagation work, but there may be the need to argue 
that rnulti-dimensod explosions are less eEcient at slug acceleraton (as intuition 
and code calculations now imply). The prospect of perfonnhg meaningful multi- 
dimensional experiments with real materials fa code validation (ie with high data 
requirements) are slight. It would be bet& to determine what aspect of the multi- 
dimensional calculation requires validation and design a simpler experiment for this 
purpose. This will most likely concentrate on the role of vent pathways, and the role 
of steam-rich regions. 
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Work should be focused by always considering the plant perspective first. This is best 
achieved by maintaining a current ‘best guess’ a-mode failure assessment. If this can 
be achieved at an international level, so much the better. It is my belief that a reliable 
integrated model is a pipedream with the resources that can reasonably be expected, 
so the current assessment methods based on combination of more or less reliable 
mechanistic calculations, scoping calculations, experimental data and engineering 
judgement will be needed for the foreseeable future. Hopefully, the work envisaged 
will be able to allow some judgements to be made with greater confidence and allow 
the ranges of some parameters to be reduced. 

As far as timesc.de is concerned, it is important that there is a co-ordinated 
programme. The FARO-LWR Expert Group may form a b&is for this, particularly 
as the majority of the experimental work could be performed at Ispra. However, it 
would be important for such a Group to have a broader remit derived from plant 
assessments and to be able to access and influence work in related areas, such as melt 
progression. 0th- nations, particularly Japan and Russia, who are not currently 
involved in FARO also have significant contributions to make, and arrangements for 
their involvement should be encouraged. The history of molten fuel coolant 
interactions has tended to be one of ‘wiU 0’ the wisp’ solutions, and I am reluctant 
to say that given two years effort we can close the issue for good. However, we do 
now have a good platform for the necessary work in a number of areas, and while the 
tasks that are desirable are still challenging, both from fhe modelling and experimental 
viewpoints, they are within current capabilities and will provide a greater level of 
assurance in steam explosion assessments. 

2. Discuss the role and status of premixing in addressing the a-mode faiIure issue. 

Premixing is the area where there has been the greatest investment in experiments and 
codes with a view to closure of the steam explosion issue. It is quite clear that early 
limits on the pre-mixture that could be foxmeti were o v e r - o p ~ ,  but the area still 
has significant appeal because it may well be possible to demonstrate that the amount 
of core melt that can be weU-mixeti with water is only a few ~OMCS. If this is the 
case, high conversion efficiencies would be required for a Coasaurme ntthreateniag 
event. 

While si-cant water depletion has been verified in the MAGIC0 tests and steam 
chimneys are apparent on the high speed videos for the MIXA tests that Were 
pedoxmed under saturated conditions, this, by itself does not validate any particular 
claim for ’limits to mixing’ even when the come mixing codes make reasonable 
simulations of these tests. A major question is ‘What does need to be demonstrated 
by the codes and the experiments to validate a ‘limits to mixing‘ argument?” It has 
been suggested previously that regions of high void fraction could be eliminated from 
consideration (ii the liquid coolant should be a continuous phase, or heuristic limits 
were set at 70570 or 90% void f idon) .  If such b i t s  to what needs to be considered 
as the mixture region could be validated it would make the pre-mixing task 
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significantly easier (70% void fractions have been achieved in MAGIC0 [2]*); 
however there seems no firm basis for any limit and there is evidence from the JAERI 
ALPHA experiments of steam explosions occuning at a high overall void fraction 
(estimated at 70% for experiment STX021 131). It is possible that developments in 
propagation theory may be able to justify some void fraction cut-off in the future, but 
this is currently not the case. 

One can either look for a simple limit to miXing - initially the flat plate critical heat 
fiux was suggested, but this is far exceeded in the FARO-LWR tests 141, or one can 
look for an integral quantity in the mixing calculations. Any simple limit is likely to 
be linked to water fluidisation by the steam generation. The inferred steam generation 
rates in the FARO L-11 test were close to those anticipated to give water fluidisation, 
but there is no evidence that this provided a self-limiting process - indeed analysis 
indicates that there must have been good melt-water contact to produce this quantity 
of steam [SI. As discussed below, FARO experiments should be performed to attempt 
to demonstrate that self-limiting steam generation conditiolls can be reached. 

Without the heuristic cut-offs on void fractions, integrals over the whole of the 
predicted mixtures need to be generated. It might be hoped that such integrals wodd 
indicate that there would be insufficient thermal energy transfer between melt and 
coolant, even if instantaneous local thermal equilibrium were reached, to produce a 
sufficiently damaging explosion irrespective of the pour characte~%tics. Results 
obtained so far for the large pours necessary to challenge the containment have 
indicated that considerable amelioration is expected through the relative distribution 
of melt and water. However maximum values obtained with CHYMES-2 (whose drag 
and fragmentation models are consistent with correlations for fluidisation) give 
typically 5 GJ (more if the initial melt length-scale is higher) [a. These values are 
a cause for concern if the conversion efficiency approaches possible thermodynamic 
values. This is considered unlikely given the large steam voids predicted by the 
mixing calculations. 

The set of dculations ref& to were performed for initidly saturated conditions, 
but allowed for the subcooling induced in the mixing re&n caused by its 
presmrisation because of the restricted vent areas. Rathex surp~%S~@y there was much 
Less effect of initial pressure on the limits to mixing than had been anticipated; this 
is because induoed sub-cooling is much more sigx&.cant for the lower initial pressures 
and off-sets the higher fluidisation limits expected at higher pressures. Counteracting 
feedback effects on the melt infiow velocity were not taken into account, but neither 
was the possible swell of water into the melt release region. These considemtiom 
suggest that the full reactor system should be considered in premixing dculations 
rather than just the lower head region. 
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Calculations and experiments indicate that making a ‘limits to mixing’ argument with 
significant subcooling would be much more difficult. 

Finally, it is of interest that the highest values of potential thermal yield (greater than 
15 GJ) came from jets that had not fully broken up, with the frnal melt length-scale 
still of order 100 mm. To eliminate such pours from consideration one has to argue 
that either melt will fragment to smaller length-scales or that there will be a significant 
reduction in explosion efficiency because of the large melt length-scale. 

To conclude, while considerable progress has been made on pre-mixing and ‘limits to 
mixing’, it is my view that this will be insufficient, by itself, to close the steam 
explosion issue, even if it becomes possible to validate sufficiently the mixing codes 
in near prototypic conditions. Other arguments have to be used in association with 
‘pre-mixing’ - these may relate to the low likelihood of the large pours usually 
assumed, heuristic void fraction h i t s  to the region considered, conversion efficiencies 
(particularly in inhomogeneous media) and restrictions on the melt-lengthscale for 
efficient participation in an explosion. 

3. Discuss the role and importance of triggering (trigger availability and triggerability) 
in aa‘dkssing the a-mode failure issue. Discuss the role of pressure threshold is 
suppressing the tnggering. 

The difficulty of triggering alone could provide a satisfactory resolution of the a-mode 
failure issue. However, it has proved one of the most elusive areas in steam explosion 
assessments (see [q). For some systems, in some conditions, triggerins can atmost 
be guaranteed (eg the JAERI ALPHA experiments with iron-alumina thermite at 
1 bar). In other systems, including those with UO,, triggering is more stochastic. For 
instance in experiments performed at Winfiith with UOJMo melts, no triggering 
occurred in 7 ofthe 9 WUMT tests or 11 of the 14 HPTR tests (which had 811 external 
trigger) or in any of the 5 M3XA tests. However, explosions have ocun~ed in a 
number of other experiments, often triggered, it seems, by base impact of part of the 
melt containes, or in the case of one HFI’R d e n t  (at 5.8 MPa ambient pressure!) 
by injection of cold water into the premixtur e. While it is possible to determine 
trends kom the database (such as coolant sub-cooling increases the l ikel ihood of 
trigg&g and melt dispersal makes it less likely), there is no firm basis for 
quantification for reactor melts at large scale. 

In my view, neither arguments for early ttiggering at low pressure or no triggeIing 
above a pressure cut-off are defensible with su€iicient Certainty to preclude the 
possibility of a-mode failure. Hemistically both seem reasonable, and some credit 
was taken in the UK steam explosion study [l] for both effects. However, the paucity 
of prototypic data and the absence of any agreed model makes progress in this anxi 
very difficult. While many in the subject state that triggering at high pressure will not 
occur (despite the HPTR result at 5.8 ma), I wonder how surprised people would 
have been if the leading melt blob in the FARGL14 experiment had triggered some 
interaction when it arrived at the catcher, possibly encountering water with some 
(induced) sub-cooling there. The HPTR result would have been re-ewaluated as would 
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be the entrapment mechanism and views would have been revised. As it happened 
there was no interaction in this experiment, nor in the other 3 successful tests in 
FARO at 5.0 MPa initial pressure. Taking a Bayesian approach, such data may be 
used to discount the probability of triggering at this pressure of greater than 0.2 (even 
if 0.2 were the real probability the chance of obtaining the current set of experimental 
results is as high as 0.4). However, one may look at the data another way - so far in 
FARO less than 400 kg of melt has been poured into water, with no explosion; in the 
p h t  we are concerned, with typically 50 limes this quantity, so we might reasonably 
expect the plant probability to be much higher than that in individual experiments. 
Indeed this is just the argument used to justify the high likeiihood of early triggering 
at low pressures. 

The best that can be done with triggering is to assemble the database and test it 
against various hypotheses, taking account of differences in materials and test 
conditions. Xt had been hoped to attempt such an approach for the UK study using a 
Bayesian method, and sevexal different hypotheses regarding the ljlcelihood of 
trigghg (eg whether or not the likelihood d e s  with the mass flux), but effort was 
limited as, I suspect, are the data. 

4. Discuss the role una' staus of propagation in addressing the a-mode failure issue. 

The emphasis on pre-mixing has meant that there has been Iimited work only 
regarding propagation. If it is accepted that pre-mixing by itself does not allow the 
a-mode threat to be eliminated (a view that I-subsaibe to based on plant-scale mixing 
calculations - see above), then propagation issues have to be addressed. These may 
provide a rimit to the ricbness of mixture through which propagation is physically 
possible, or give improved insights into the CoIlVersion efficiencies obtained in 
experiments and their applicability to larger scale interactions. 

As discussed under the modelling question below, there have been some sigdicant 
advances in the area of propagation in recent years, with an ability to broadly match 
some of the experimentaL data with simulants in one d i m d o n .  It is still not clear 
what benefits to a,n assessment wiU come from applications to curium in one- 
dimensionalgeomehy. The principal issue is the esrnlntion length, which will depend 
on the m e n t a t i o n  laws, yet to be investigated experimentally for real materials in 
the regimes of interest. 

Ropagations in two dimensions have also been examined, with interesting results, 
which coIlflict with previous SIMMER studies - the new calculations show the b e f i t  
of void regions in lowering pressures, while the SIMMER calculations showed void 
regions being closed of€. This is very important for the qansion phase and the 
question of the circumstances, if any, in which a coherent slug can be formed. 
However, as yet there is no validation of the propagation models in more than one 
dimension. Assuming that progress is made in one-dimensid systems for validating 

effects that are key to a steam explosion assessment by simpler experiments. 

I the basic propagation model, it should be possible to validate those multi-dimensional 
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Discus the role and status of accident progression and melt relocation in addressing 
the a-mode fairure issue. 

There is strong evidence that efficiencies in stratified geometry are limited, so the 
threat to the vessel and containment arise largely from the melt that is passing through 
the water. Without claiming credit for any additional limitations brought about by 
pre-mixing, the likelihood of a damaging steam explosion becomes substantially 
reduced for melt relocation rates of less than 1 te/s (or even 5 Ws). With a typical 
melt velocity of 5 m/s this corresponds to a flow area of about 0.024 m2 (or 1.2 m2 
for the higher flow rate). This is equivalent to a pour diameter of 0.17 m (0.40 m for 
the higher flow rate). Depending on the reactor design and the melt relocation route, 
such relatively large diameter pours may be unlikely. The'evidence from TMi-2, 
where relocation occurred through the bypass, supports sigmficmtly lower relocation 
rates. 

In the UK we have attempted to look at the likely relocation route in some detail for 
our PWR, with the conclusion that low flow rates through the bypass are likely, but 
larger pours through the lower part of the core cannot be eliminated. The work drew 
attention to shortamings in even the most mechanistic codes that have a significant 
effect on the melt relocation rate: 

1. The codes either assume that the melt retaining structure is intact or fails co- 
incidentally over a whole radial ring of the core, thus suddenly opening up 
large flow areas non-mechanistically. 

2. The treatment of the lower fuel nodes  is of insufficient detail, as this is the 
most likely site of final crusting prior to melt release, if release is through the 
central part of the core. 

3. Studies of relocation into the bypass should take 8ccoullt of the proper core 
cross-section. Scopii studies indicate that the anticipated melt superheat, 
when relocation into the bypass occurs, is si@cantly lower if the real cross- 
section is used rather than a cylindrical equivalent. 

In my view none of these modelling issues, which would need to be accompanied by 
811 improved understanding of crust behaviour, are more intractable than the details of 
mixing or multidimensional propagation behaviour. I believe, therefore, that accident 
progression and melt relocation studies have much to contribute to the a-mode failure 
issue. Development of SCDAWRELAP5 should be oriented to provide models at 
sufficient level of detail for a realistic assessment. 

Discuss the role and status of mechanical energy release and dmrurge-producing 
events in the context of the a-mode fairure issue. 

It must be self-evident that the release of mechanical enexgy is an important 
component of this isme: no mechanical energy - no containment failure. There has 
been a tendency to associate this phase of the interaction with the propagation phase 
referred to above. Indeed, in the widely accepted Board-Hall model, it is the 
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production of mechanical energy that drives the propagation. However, the expansion 
timescale, over which the mechanical energy is realised, is potentially much longer 
than that for propagation. Another viewpoint is that propagation determines the 
release of heat from the melt to heat in the coolant, while in the later expansion phase 
conversion to work occurs. There has been a tendency to have relatively simple 
models for the expansion phase, which do not reflect the likely disposition of materiaIs 
or allow for possible dissipative processes. 

A major issue is whether there is a suitable slug of material on which the mechanical 
work can be performed. The large steam voids calculated in plant-scale mixing 
calculations suggest that venting is likely to reduce the efficiency of slug acceleration. 

In the plant, accelerating a slug with the potential to do damage to the upper head 
must occw over a period of time. Over the same period of time the high pressure 
bubble produced by the explosion can expand through any weaknesses in its 
constraints. Simple allowance for this was made in the UK study, and shown to be 
sign5-G indeed in some cases the back-pressure produced can begin to resist the 
slug motion that would otherwise OCCUT. 

I 

There has been less work on the direct coupling of the shock waves to structures, on 
the grounds that most of the potential for mechanical work resides in the high pressure 
bubble rather than the leading shock structure. However, the propagation models 
could be used to drive a structural response code to investigate possible effects in 
more detail. 

In a reactor accident, the kinetic energy impact on the upper head may be coxtsi&rably 
less than that of the initial slug. Attempts have been made to quantify the energy 
absorbed in the deformation and failure of structures that the slug enmmters. These 
use a combination of simple formulae, finite element analysis and model experiments. 
Into this must be input uncertainties on the state of a number of structures at this stage 
of the accident and the a p p r o p h  material properties. However the west 
uncertainties probably result from the hydrodynamic behaviour of the slug; kinetic 
energy in the upward direction is lost if the slug is diverted sideways prior to 
structural failure, and energy is also lost as more material becomes associated with the 
upwardly moving slug (the coeiXcient of restitution arguments). 

It is my view that the energy losses and the energies required to fail the upper head 
and containmeat for a large clry FWR (this will be plant specific) are reasonably well- 
bounded. While these energy absorption pmceses are sufficient to contain the 
majority of interactions expected (those with a mechanical yield of typically 1 GJ or 
less), the reactor vessel and the Containment are not strong enough to resist the largest 
events that can cmnt ly  be contemplated. Refining the treatment of energ 
absorption and dissipation processes is unlikely to have a major effect on the assessed 
containment failure frequency. I do, however, believe that there is potentially more 
to be gained by looking at whether slug energies of 1 GJ, or more, are really f-le, 
because of the venting potential. 
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7. 

on the grounds that it was unclear that sufficient pressures would be generated to lead 
to lower head failure, and that the reason the upper head could fail with the lower 
head intact was that energy was extracted from the slug on a much shorter timescale 
than it was input (as in a gun). For this to be the case, a reasonably coherent slug 
must exist, which is the greatest uncertainty. Whether an in-vessel steam explosion 
can induce lower head failure is sti l l  uncextain. The high super-critical pressures 
necessary to fail the lower head have been found in experiments with alumina melts 
in KROTOS, but these would have to be applied to the lower head for some time to 
cause failure, implying that the explosion was well-tamped. 

In your opinion, is our current knowledge of premixing and propagation phenomena 
adequute for a better quantification of the a-mde fuilure? i.Based on your own 
knowledge, are you now able to assign a better probability (likelihood) measure to 
this failure mode? 

If yes, provide yow estime(s) and the basis for it. 

If no, do you think it is reasonable co expect that ?his will be possible 
sometime in the future? Provide your reasoning and indicae what Rey 
developments will be needed to meet the expectation. 

Better than what? More scrutable, I believe - which is important. 

There are signifkant gaps that sti l l  have to be represented in an assessment by very 
subjective probability assessments. My colleagues and I prepared 811 assessment for 
the Sizewell B PWR, completing the work in 1991 [I]. Based on our assessment of 
the available inforxnation in the fonn of probability distributions for: 

Melt mass relocating 
Melt flow rate (conditional on mass relocating) 
Time to base contact 
Triggering distribution 
Equivalence factor for melt already pooled in the lower head 
Specific t h d  energy of the melt 
Conversion efficiency (without venting) 
Slug energy (conditional on 'explosion energy') 
Energy to crush and fail structures 
Failure energy for the upper head 
Missile e n e w  should the upper head fail 
Missile energy to fail the containment 

containment failure probabilities of 3 x 104 at 0.1 ma, 6 x 10 at 6 ?@a and 2 x 
la" at 15 Mpa were obtained. Subsequently, on the same basis an evaluafion was 
made for 1.0 ma, which produced a value of 1 x lU3. All these probabilities are 
conditional on a laxge core melt having Sensitivity studies were also 
performed taking a more pessimistic view of the assessed data. 'Ihis led to 
probabilities up to one order of magnitude higher. It would have also been possible 
to take a more optimistic view of the data (eg by assuming that ttiggering was 
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impossible at 15 MPa, thus reducing the probabity to zero), but in our view the data 
and understanding were currently not sufficient to justify such quantifications. 

There is an element in this assessment of having input probability distributions that 
the analyst feels comfortable with (the subjective element). The need to defend such 
judgements tends to make them more rather than less conservative (ie to give a higher 
value for the failure probability). It should be recognised that our interpretation of the 
results of this study is that there are no grounds yet to say steam explosion induced 
containment failure is physically impossible; rather the argument depends on not 
generally getting a combination of circumstances that could, in principle, lead to 
containment failure. 

It is interesting to note that this assessment was performed before much of the detailed 
mixing studies had got underway, before the FARO-LWR tests had been performed, 
and before the recent progress in propagation modelling. The study has been reviewed 
annually, and, so far, it has been concluded that these new data and interpretation do 
not have a significant impact on the judgements made earlier (note that a propagation 
model was not used in the quantifhtion, because of concerns over its validation at 
that time). 

The interpretation of the FARO-LWR experiments 1431 supports the view taken for 
the assessmect that stringent limits to mixing could not be justified, and recent 
modelling with induced sub-coohng [a has tended to support that view fmthex: The 
effect of this is likely to raise the low pressure probability with respect to those for 
bigher pressures. 

Limits on melt mass relocating played a major role in the assessment. If relocation 
. were confined to the bypass route the probability would be much lowc, however 
current assessments indicate that the released melt may not have enough superheat to 
reach the lower head by this route. This topic though merits further study, and 
indicates how performing an integrated plant assessment may give new indications of 
what really are the key issues. 

The assessment r e f d  to was pedormed for a specific plant As the discussion of 
melt relocation indicates, the results are plant specific and may not carry over to other 
plants (eg this plant has a secondary core support system, making global low core 
plate failure highly unlikely). . 

8. discuss the status and capabilities of the analytic toolslcomputer codes avaihble to 
address various components of the FCI methodology or to perform integral FCI 
assessments. How much verjcscatioIL h e  these analytic tools had? Are there well 
defined experiments against which a number of h e  tools can be assessed? Provide 
your recommefLdatioIls regarding the need to perform a "stamhd" problem, 
preferably one in conjunction with an integral evahuuion. 

The status of validaton of the various codes used to address the components of a 
steam expIosion are, in general, insufhcient for mechanistic best estimate calculations. 
In many cases the results can be used to develop engineexkg judgement, while there 
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are some cases where an over-reliance on codes can be misleading. In my view a 
steam explosion assessment covers all aspects from melt relocation through to 
structural response. The areas will be taken in turn (some of the comments have been 
made previously, when referring to the speciiic phenomena). 

Melt relocation: The system codes are currently unable to make predictions of the 
conditions under which melt would relocate from the core to the lower head that are 
directly useable in a steam explosion assessment. This is because they do not treat 
the geometry in sufficient detail, the treatment of crust behaviour is non-existent or 
simplistic, and they assume simultaneous behaviour over a whole sector. I 
recommend that specific objectives be set for the ‘mechanistic’ core degradation 
codes to address these deficiencies. The superheat of released melt is currently very 
uncertain, and may have a major impact on the likelihood of a steam explosion. It is 
possible to use core degradation predictions to guide the likely melt relocation 
conditions (eg when does melt spread to the periphery of the core?), and there are 
some separate effects models (such 8s PLUGM) which may be used to look at whether 
melt that has been released is likely to reach the lower head. 

Melt iet break UP: The melt might be released in streamlets less then 10 mm in 
diameter, if the lower fuel nozzles remain intact. However it is more likely that the 
characteristic pour diameter will be, initially, in the range 20 - 100 mm, corresponding 
to holes in the below core plate(s). If the pour is through a limited number of holes 
these may be further ablated with time (reasonable models with some degree of 
validation are available for this based on studies related to high pressure melt ejection, 
although they are not currently used in the core degradation codes). 

A number of models (eg TEXAS, THERMAL, KEEl‘) have been developed to 
address melt jet break-up; in addition correlational approaches are available. These 
models and correlations are based on a variety of proposed mechanisms. Often only 
limited break-up of the melt is predicted in passing through, typically, 2 m of water. 
These models have not performed well when compared with the FARO-LSVR data for 
100 mm diameter jets (but only of short duration), which indicate (from the observed 
steam geaexation) rapid break-up of the melt jet. It has been suggested that in reality, 
break-up may OCCUT close to the entrance, through atomization or other processes. 
Everyday obsewations indicate that entrance conditions have a significant effect on 
whether large diameter jets remain coherent, or form rivulet structures. 

The lack of mode1 validation implies that in an FCI assessment jet break-up 
should currently be treated in a s c o p e  manner. The common assumption that the 
typical droplet size p r o d u d  by melt jet break-up is determined by acritical (external) 
Weber nun& is supported by the experimental data, although them appear to be 
some, as yet u n q b e d ,  differences between the behaviour of alumina and Corium 
melts iu the KROTOS experiments. While a number of the coarse mixing coda 
claim to have models for jet break up, these have not been demonstrated in practice. 
The mixing codes tend to induce fragmentation as the melt falls under gravity - this 
may be a numerical artefac$, but might also represent physical reality if the jet consists 
of smaller diameter rivulets. 
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Coarse Mixinq It is here that most effort has been deployed, and where we would 
expect to see the greatest progress. Unfortunately much of the effort has been 
duplicated in different organisations and different countries. Amongst the models 
developed are IFCI, PM-ALPHA, MC3D, CHYMES-2, COMETA and NA-3. AU 
these codes use a transient multi-fluid representation in at least two dimensions. They 
have varying leveis of sophistication in terms of constitutive physics, allowed 
geometries, and numerical algorithms. With the recent upgrading of CHYMES alf 
handle sub-cooled condieions. Some of these codes can be applied to the later stages 
of the steam explosion, although a different formulation of the fields may be desirable 
for this application. 

When the first mixing d e s ,  such as CHYMES, were develow the intention was to 
examine the water depletion phenomenon. In the UK the intention was to perfom 
scophg calculations that allowed for the uncertainty in the constitutive physics and 
then to determine what range of melt-water mixtures could be possible. More recently 
there has been much more emphasis on detailed validation of the codes, with specific 
sets of experiments undertaken for a number of the codes (MAGIC0 for PM-ALPHA; 
MMA for CHYMES; QUEOS and PREMTX for IVA-3; BILLEAU for MC-3D). 
Most of these experiments, along with similar tests performed at Oxford University, 
use heated or isothermal solid spheres. The MIXA tests use a high tempera- melt 
in droplet form. In addition there are the results from a number of earlier test series, 
the JAERI ALPHA experiments, and most importantly the FARO-LWR tests, with up 
to 150 kg of prototypic melt (also some interesting pre-miXing information from the 
smaller-scale KROTOS tests). 

While the mixing codes tend to give reasonable qualitative predictions, and all can be 
made to &om creditably against FARO data, there are significant quanti&tve 
difYerences between experimental data and code simulations even for isothermal 
systems. These differences may be attributed to a number of causes, including 
experimental effects that are not modelled (eg air entrapment in a pour - this can be 
taken 8ccounf of, but may require relatively detailed treatments of bubble behviour), 
physical processes that are not accounted for (eg turbulence) and n.irmerical effects. 
The most obvious numexid effect is numerical -on at the leading edge. Some 
codes seem to suffer from this more than others; it is now clear that a Lagrangian 
treatment rather than the usual Eulerian approach is desirable to track the leading 
edge. Numerical diffusion, here, feeds through into particle fiacfions and hence the 
drag. This then &tennines the likelihood of flow separation-around the falling 
particle stream and the induced lateral spreading at the head. However, while it may 
give co&chce in the use of the codes to predict such behaviour (which is seen for 
narrow streams ofpartich), the evidence is that spreading of streams of melt droplets 
occurs by other processes. There is evidence of such spreading in the visual records 
of the MIXA tests, and, by Serence, in the FARO-LWR data. 

The FARO-LWR iulet conditions are insufficiently well-defined for the tests to 
provide good data for code validation. While the ability to predict steam space and 
water tempemtures away from the melt stream may give some d d e n c e  in the 
predicted overall flow, what is of fundamental importance is the void fraction in the 
region of melt droplets. For significant 'limits to mixing' this has to be very high 
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(greater than 9090) and such conditions have not been demonstrated with lower 
temperature simulants. Unfortunately all that FARO-LWR provides is an average void 
fraction (much lower than this). Inferences drawn from the heat transfer data, show 
that there was significant heat removal from the melt during its fall, implying that the 
melt droplets had good access to the water. Thus the ability of the codes to match 
reasonably well FARO-LWR data, when a judicious choice of input conditions is 
made, cannot be taken as validation of 'limits to mixing' in plant applications. 
However, one of the FARO tests (L-11) produced steam superficial velocities near that 
expected for the flooding limit and flooding limitations may well have been achieved 
in the narrower KROTOS facility. 

The situation may be improved in a number of ways: 

1. 

2. 

3. 

4. 

5. 

Pexfoxming FARO tests at lower pressure will lower the flooding limit. 

Tests in a vented system would suppress the induced sub-cooling effect 
and give potentially higher void fractions. 

Prefragmentation of the melt streams would ensure that a high melt 
surface area is available for heat transfer, and thus give a better 
indication of when any limits are becoming important. 

A narrower vessel should be used to investigate limits to mixing. 

Visualisation of the melt entry should be attempted. 

Some of these ideas will be pursued in the future programme for the facility, but 
. direct measurement of void fraction seems unlikely given the very hostile conditions 
in the region of interest. 

On a more positive note, because the codes are able to make reasonable predictions. 
of the steam generatio~resssurisation for FARO and other tests, it is reasonable to 
place some cdidemx over their predictions of water depletion in plant applications 
even though this involves a degree of extrapolation. 
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I expect that this is the topic for which a "standard problem" might be considesed. 
Indeed, I 8m aware that CSNI has accepted the FARO-LWR test G14 as an 
Mematiod Standard Problem, subject to suf€iuent support. For the reasons outlined 
above, I am sceptical that much will be learnt from such an exercise. It is clearly of 
interest for each code to be compared with such experimental data (in general this has 
already been done for G14), but &e inlet conditions are sufficiently unknown and the 
conditions in this test insufhcently stringent to give a good test of the modelling. 
Ideas on how this situation may be improved were given above. 

At tbis I would prefer to see a concerted effort on specimen plant applications. 
This will better focus on how the codes can be used in an assessment, and should lead 
to a bet& definition of the validation requirements for these purposes. 
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Triegerinq Apart from models of external hydrddynamic triggers, there are no 
satisfactory models available for triggering that could be used, for instance, with a 
coarse mixing code to predict the initial stages of an interaction. 

Propagation: Until the last few years models of propagation following an initial 
trigger had reached an impasse, because without artificial modifications to input 
conditions or fragmentation laws, observed propagations in tin-water systems could 
not be replicated by the codes. Part of the ‘artificial’ modificatioIls had been to 
reduce the amount of coolant involved (ie to get more pressurisation per W of heat 
transfer). A formal way of doing this, supported by experimental data, has been 
proposed by UCSB, through the introduction of the “microinteractions” field which 
entrains both droplet fragments and coolant 181. This allows ‘events to escalate more 
ragidly, while later entrainment of coolant can lead to a subsequent quenching of the 
microinteractions region and restrict the predicted overall mechanical energy release 
of the interaction. 

The SIGMA (constitutive physits) and KROTOS expeIiments provide some validation 
for this approach, at least for tin-water systems. A feature of molten tin is its low 
thermal capacity compared with prototypic m a t e d ;  thus it is more readily quenched. 
The same models that had difficulty predicting any propagation in a tin-water mix 
readily predict propagation through Corium-water mixtures, even at high void fractions. 
Elxperiments in the SIGMA facility and elsewhere have indicated that the droplet 
fragmentaton cannot be simply related to droplet properties or the flow conditioos, 
and is material dependent [9]. It is conjectured that, as the shock wave develops, 
hydrodynamic fragmentation takes over which is dependent on a simpler combination 
of material properties. I believe this to be more a conjecture than based on 
comparison expeximents with different materials, but if fragmentation is sufficiently 
rapid it probably does not matter. However, caution should be applied in using a 
code validated only against tin-water experiments to predict reactor melts. 

A recent welcome development is the production of two4imensional (rather than one 
dimensional or spherically symmetric) models. These models may be used to 
investigate the &&, to some extent, of inhomogeneities in the mixhm, including 
vent pathways. However, there is no validation of the models in two dimensions and 
real explosions will always be threedimensional. 

Because of the difficulties of establishing initid conditions, and the difficvlties in 
making sufficient measurements for code validation, care should be taken before 
embarking on a significant programme of work for validation of the propagalion 
codes. The KROTOS facility is able to provide experiments in a onedimensional 
geometry for a variely of melts. So far it has not been found possible to 
escalating events in cofium melts, partly, it seems, because of the ciitEdty of getting 
the melt into the facility. It is intended to make the facility wider to encourage melt 
ingress, but this will fiuther complicate the initial conditions for any propagation 
event. I favour trying to generate as onedimensional conditions as possible, with 
triggers used to study escalation (or othemise) for validaton of the one-dimensional 
codes. 
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For the interpretation of these one-dimensional tests, there is the need to generate 
equivalent melt fragmentation data to that obtained in SIGMA for tin for the other 
melts investigated. This should include varieties of corium, preferably with a variety 
of initial void fractions in the coolant. 

Beyond this, careful consideration needs to be given to how multidimensional models 
will be used in a steam explosion assessment. It is generally believed that one- 
dimensional conditions represent a worst case - if propagation is only weak in one- 
dimension then there may be no further need for multi-dimensional work [a word of 
caution - the likelihood of chemical detonations increases with channel width; we do 
not know what the structure of a fully-developed steam explosion detonation would 
look like]. It is most likely that applications of multi-dimensidnal codes will highlight 
the role of inhomogeneities, particularly regions of bigh void content. Specific 
experiments may be needed to validate this if it is claimed as an ameliorating feature. 
Consideration should be given to approaches that do not include the melt, but look at 
the effect of a shock on a pre-setup multi-phase coolant configuration. Such data may 
already be available outside of reactor safety studies. 

Energy Conversion and Slug Acceleration 

Beyond the propagation calculations, which model the early stages of energy 
conversion, there has been the tendency to address slug acceleration using a simplified 
model for the eqlosion region. Losses in such a model come about if the bubble 
breaks through before the slug has been fully accelerated (this was found to happen 
when the SEURBNUK-EXJF!DYN code was used for LWR appfications), or through 
normal fluid losses in the slug motion. As far as the impact on the upper head, or 
other structures, is concerned, there may be an effective loss of damage potential if 
the slug arrives at different times over different areas. However, the calculations that 
have been pexformed so far do not take account of the geometrid complexity of the 
plant, and so are of limited use. For the UK study a ‘leaky slug’ model was 
developed using simple mechanics to 8ccount for the possible venting of the bubble 
region while the slug was being accelerated Such a model is relatively robust, 
provided one has a reasonable idea of the vent areas available. 

Dissipation of the Slug Enerm 

This topic has largely been treated by model experiments and heuristic arguments. 
There has been no concerted model development. 

B e r m  Absomtion in Structures 

Structural des, such as ABAQUS, can be used to look at the energies required to 
fail the structures. So far only axisymmettic calculations have been perfarmed, giving 
axisymmetric failures, while reality is likely to be more complex. Cal&tions 
perfosmed so far are in broad agreement with engineering-based correlations. The 
major issue here is likely to remain the form of the loading rather than the accuracy 
of the predicted response. 
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Probabilistic Analyses 

A number of tools are available to perform the probabilistic analyses required in most 
approaches. As the analysis methods get more sophisticated it is important that these 
tools are also subject to verification. For the UK assessment the SEEP code was 
develojxxi for the probabilistic evaluation, and careful verification was undertaken. 
In addition the code was used to evaluate the effect of input distributions developed 
by Theofanom et al: the results agreed reasonably well with the final frequencies and 
distributions evaluated by Theofanous et al. This gives good Confdence in the 
mechanics of the probability evaluation by both teams. 

How much of the research peqormed (both experimental anii.analytical) in support 
of the a-mode failure issue is also applicable to “localized” FCIs (eg, an energetic 
FCI next to a structural boundary where there is a need to evaluate the &manic 
loading on the structure)? 

Locatized FCLS as descxibd here should not pose any new difficulties. Depending on 
the geometrical Confguration, a three dimensional analytic capability may be 
desirable. There is nothing intrinsically difficult about performing coupled fluid 
stmcme interaction calculations, although this may require some modificatin to the 
usual boundary conditions in the propagation/expansion model. 

Discuss the possibility and importance of chemical augmenration ?o energetic F‘Ck 
Discuss the impacf of chentid augmentation on the dynamic loading of structures. 

For FWRs the principal energy source is likely to be the thermal energy of a 
predominantly oxidic melt, and this is the only area of interest in the UK other 
reactors may have higher inventories of unoxidised zirconim in the melt (or as a 
separate melt) and the use of aluminium in fuels has also been considered. For single 
drops, a transition in the behaviour of aluminium has been demonstrated in 
errperimentS atUCSB,indicatingthelinkbetweenrapidfragmentationaadoxidisation. 

Calculations for oxidation of the zirccmium component of a PWR melt during both 
coarse mixing and a possible steam explosion have tended to show only Iimited 
additional oxidation, but this cannot be taken as a rigorous conclusion. Differences 
in the pre-mixing behaviour between the FARO-Ll1 (with Zr) and FARO-L14 
(without Zr) have been attributed to the modest amount of Bin G11. This may well 
be the case, but the published conclusion of N1 oxidation of the 2a in G11 should 
be treated with caution as it is not based on measurements of hydrogen generation. 
In addition it has been conjectured that the oxidation reaction in L-11 caused the 
observed greater degree of melt fragmentation and pressllrisatim. Again this may d 
be the case, but it may also have occurred because of the result of Merent discharge 
chaacteristics in the two tests or because the presence of zirconium modified the melt 
properties in a manner that encouraged greater fragmentation. These questions are 
best pursued in small-scale weIl-instrumented tests. If one accepts the interpretation 
of these FARO tests it is stiIl not clear what the effect on the likelihood of a steam 
explosion would be: greater break-up may reduce the likelihood of a damaging 
explosion and in small-scale systems the presence of non-condensible gases has 
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inhibited triggering. 

What is important is that steam explosions are material-sensitive and sufficient 
experiments should be performed with the range of prototypic materials to cover the 
compositions of interest in plant applications. 

SUMMARY OF MAIN CONCLUSIONS AND RECOMMENDATIONS 

1. 

2. 

3. 

4. 

5. 

6. 

NUREG- 15 24 

The assessment of a-mode failure probability still depends on a large amount 
of engineering judgement, so any evaluations have a large subjective element. 
This is particularly the case for an event such as this which depends on the 
tails of a number of input distributions that are difficult to quantify. Current 
assessments produce probabilities t yp idy  in the to lo4 region given a 
large core melt, similar to earlier evaluations. W e  many may feel the real 
probability is much lower, I do not believe there is the degree of validation of 
models or hypotheses to support such a quantification. Indeed, unless 
something new can be demonstrated, even if the current calculational tools are 
better validated, I do not see the assessed probability being substantially 
reduced. 

Given the subjective nature of the assessments and the potentially high 
consequences of the event, the cwent probabilities are of the order where one 
could declare the issue closed, but not by a significant margin. It is my view 
that, at this level of assessment, the issue should remain monitured and that 
additional work to provide greater confidence and consensus in assessment is 
desirable. This is best achieved by co-ordination at an international level, 
providing the best meam of peer review in this subject. 

Any additional work should be strongly focused on plant assessment and the 
behaviour of prototypic materials. It should consider the steam explosion 
assessment as a whole, taking melt progression and relocation into account. 
mort should be undertaken to avoid duplication at the international level. 

Speciiic objectives related to relocation route and rate should be placed on the 
developers of core degradation codes. A limited number of experiments to 
validate such modelling would be desirable. 

The absence of suitable trim (or conversely the plethora or early triggers) 
provides potentially the most straight-forward way of eliminating concerns 
over steam explosions. However current data and understanding are 
insufficient to support such assertions at the level of confidence required, and 
there is no obvious way forward apart from the systematic collection of 
relevant &ta. 

Melt progression studies and coarse-mixing studies offer the best hope for 
(partially) validated models that provide limits to the energy release. However, 
it is almost certainly the case that coarse-mixing, by itself, will not provide the 
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7. 

8. 

9. 

10. 

11. 

12. 

. 

desired level of confidence in a low probability. Recent work has highlighted 
the importance of (induced) sub-cooling which makes mixing limits less 
stringent. Future work should be oriented to demonstrating limits to mixing 
experimentally with prototypic materials. Such experiments are potentially 
possible in a modified FARO facility. In addition, the initial break-up of large 
diameter (-100 mm) jets merits more investigations. Here, current models 
perform poorly and there is interest both from the steam explosion and 
coolabirity viewpoints. 

The conditions under which a triggering event causes propagation are still 
poorly understood, and proposed heuristic limits cannot currently be supported. 
Progress has been made understanding propagation in‘tin-water systems, by a 
combination of model development and separate effects experiments. Further 
work is required for corium systems, where propagation appears less easy to 
obtain. The use of well-characterised triggers to initiate a possible propagation 
is desirable, as is maintaining a one-dimensional geometry. Supporting 
experiments, akin to SIGMA, should be performed to study the break-up of 
individual corium droplets in prototypic pressure/veldty fields. 

Multidimensional effects in propagation and expansion are errpected to have 
a strong mitigative role in energy conversion, which is currently diffjicult to 
quanhfy. Code developments here are welcomed, but they remain u n v a l i m  
Validation experiments should be designed for the additional effects predicted 
in rnulti-dimensional propagation that are claimed in plant assessments. 

Dissipation of slug energies and energy absorption in structures have been 
estimated for plant applications. While uncertainties exist in these quantities, 
the scope for having a significant effect on estimated failure probabilities is 
small, and so future work in this area should have a low priority. 

Small-scale separate effeds experiments on the roIe of Zr in corium 
compositions are desirable. These could be combined with the SIGMA-like 
experiments r e f d  to in 7 above. 

The topics of stratilied and multiple explosions have not been discussed in any 
&tail (partly as a result of the questions asked). Based on current 
experimental data it is generally believed that explosions starting &om a 
stratified configuration are weak; this topic needs to kept under review, 8s if 
this were not the case, it could impact assessments significantly. 

The probabilistic frameworks developed at UCSB and in the UK represent the 
only practical way to perform steam explosion assessments. The conoepf of 
an integral ‘mecfranistic’ calculational package for steam explosion studies is 
not a worthwhile objective. 
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a-Mode Failure Probability (Likelihood) Estimates 
Following a Core Melt Accident 

Summarv of a-Mode Containment Failure Probabilities 

The first SERG meeting held 10 years ago concluded that the occurrence of a steam 
explosion of sufficient energetics that could lead to a-mode containment failure has a low 
probability. A central feature of the quantitative responses among the 1985 panel members was 
a mechanistic treatment of various stages of the steam explosion sequence, with emphasis on 
estimation of the mass of melt participating in the explosion. It follows that the low probability 
of early containment failure suggested by SERG-1 resulted largely from the belief that the fuel 
mass participating in a potential steam explosion in the lower vessel plenum following fuel 
relocation from the core region is quite limited. 

The limitation in fuel participating in a possible steam explosion was related both to the 
likelihmd of a large, whereat pour of melt into the lower plenum as well as the subsequent 
potential of molten fuel/mlant mixing. While the estimates among the SERG-1 members varied 
over a wide range, the estimates were generally lower than the 20,000 to 40,OOO kg of molten 
fuel that must relocate from the core region and subsequently mix with the water in the lower 
plenum, all within a few seconds time internal, in order to generate a condition capable of 
challenging the reactor vessel and containment. Probability (likelihood) estimates provided by 
SERG-1 members that also participated in SERG-2 are summarized below. 

NUREG- 15 24 c- 2 

I SERG-1 (1985) SERG-2 (1995) 

Bankoff < lo4 10-~ 

Berthoud - 10-~ 

ChO < WASH-1400* < 10-~ 

corradini 1@ - 10-2 < io4 

Jacobs - Probably low likelihood 

sellgal - < lo-* 

T h d i 3 I l O U S  < io4 Physically unreasonable 

Turland - 
WASH-I~OO best estimate < io-* 



Substantial confirmatory research has been completed since the first SERG meeting. 
Especially, the new data obtained in the water depletion phenomenon and its quantification, have 
substantially reduced the previous wide range of estimates offered at the SERG-1 relating to the 
potential to intermix large quantities of molten he1 and water. The additional confirmatory 
research completed during the last ten years is clearly reflected by the revised probability 
estimates provided by the SERG-1 members that participated in the SERG-2 as well as in the 
estimates provided by the new members. 

The above probability estimates reflect the general consensus among the SERG members 
that the magnitude of potential pre-mixing in assessing the a-mode f d u r e  issue is of primary 
importance and is quite limited. The energetics of the vapor explosion, if it occurs, is 
commonly taken to be directly proportional to the extent of the corium.meIt/water mixing zone 
at the time that the vapor explosion is initiated. Once the extent of the mixing zone is 
determined, an upper bound to the mechanical energy &ease, can be calculated by multiplying 
the t h e d  energy *stored" in the corium component of the mixture by an apprqriate 
thermodynamic conversion ratio. The work required to fail the upper head of the reactof 
pressure vesseI is generally calculated to be of the order of lo00 Mf. As such, other details and 
remaining Uncertaintes rekited to triggering, fine scale fragmentation, d a t i o n  and propagation 
of steam explosions are not considered essential in assessing the a-mode containment failure 
probability. 

In summary, based upon the new knowledge gained since the first SERG meeting and 
reflsted by the SERG-2 members probability estimates, the a-mode containment failure can be 
considered a resolved issue representing no significance to risk. It is noted that several SERG 
members expressed strong need for additional research to further improve the understanding of 
the steam explosion phenomenon. 
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PREMIXING 

B D Turland 
AEA Technology 

July 1995 

INTRODUCTION 

The topic of premixing, here taken to cover the interaction between melt stream(s) from the 
core region and water prior to any explosive interaction, plays a key role in steam explosion 
studies. It determines (i) the quantity of melt that is in sufficient proximity to the coolant to 
participate efficiently in any explosion and (E) the medium through which the explosion must 
propagate. Some participants believed that premixing by itself is sufficient to exclude steam 
explosions sufficient to damage the containment, while others were more cautious in their 
assessment. 

There can be considered to be two limits involved in premixing: 

That of an unfragmented, or poorly fragmented, jet in which the surface area of the 
melt-water interface is limited, restricting the quantity of melt that could be’involved 
in an explosion because of the difficulties of mixing over distances greater than a few 
millimetres in a short time period; and 

That where the melt is fragmented into subcentimetre-sized particles, giving 
potentidy a very large heat transfer, which is sufficient to generate large volumes of 
steam that forces water from the interaction zone. 

The first limit is determined by considerations of jet break-up, the second by processes 
involving melt droplets. In recent years effort has concentrated on the second limit, wbich 
is seen as indicating that mixing of melt and water is self-limiting. 

The importance of premixing acwrding to the various contributors is summarised in the 
following section, followed by the contributors’ views on whether enough was now known 
for use in steam explosion assessments. The topi- of jet break-up and droplet mixing are 
then reviewed, followed by the conclusionS reached by the reviewer. 

IMPORTANCE OF PREMIXING 

The knportance of premixing was universally recognised by the con~butors. To a large 
extent, the assessment of the role of mixing depended on the individual’s confidence that 
largescale steam explosions could be eliminated on the grounds of the improbability of 
forming a premixtuI(e done (at least for some pressure ranges). 

At one extreme it was stated that the depletion phenomena would restrict the 8mouIlt of melt 
involved efficiently in any ercpzoSion to no more than (a few) hundred kilogrmes, while 
others considered that if there was an explosion all the melt would be involved, to some 
extent, and that the importance of premixing was in determining the initial conditions for any 
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explosion, which would then limit the efficiency of mechanical energy release. 

The statement by Corradini that: 

"Fuel-coolant mixing with corium and water will naturally result in a mixture which 
has a large void fraction with limited amounts of corium fuel mixed with liquid 
coolant, and that under these mixture conditions an explosion is possible but will be 
relatively weak in energetics and not capable of generating a solid missile to hea ten  
containment. '' 

is close to the central position that most participants would associate themselves with. 
Participants differed in the extent to which they considered that' this had already been 
sufficiently demonstrated. 

DO WE HAVE SUFFICIENT INFORMATION ON PREMMING? 

Many of the participants thought that sufficient work had been performed to demonstrate that 
water depletion would place sufficient limits on the possible energetics of a steam explosion, 
at least for low pressures. (A number of contributors pointed out that melt relocation scenarios 
also limit the amount of melt that could be involved, often to values lower than those given 
by limits to mixing derived from the pre-mixing codes.) 

Cho suggested that the range of pressure that was likely to apply in reactor accidents was 
greater than 0.1 ma, due to elevated containment pressures, and considered that further work 
was necessary for the 0.2 - 0.4 MPa pressure range. Likewise, Fletcher noted that steam 
voiding of water fiom $he premjxture is essentially a low pressure phenomena. Bankoff said 
that an approach based on application of flooding correlations was generay sufficient to 
provide limits on the mixture, but was concerned that a p r e l i m i ~ ~ ~  explosion may cause 
catastrophic failure of the lower core support plate and more rapid mixing for a second 
explosion. Theofanom referred to recent PM-ALPHA d c ~ t i o n s  indicating that, even for 
large pours, less than 15 te of melt could be well-mixe this was consistent with CHYMES-2 
caIcdatiom refwed to by T w h d  

Most participants, when referring to codes for pre-mixing, introduced concepts such as 
"&ciently validated" or "demonstration of fitness for purpose". This is seen as an ongoing 
activity, where confidena in the predictions of pre-mixing codes gradually improves as the 
comparison with the -ental database is extended. There was a desire for more data in 
near prototypic conditions with good instnunentation for code v&dation. 

Fletcher drew attention to the fact that only CHYMES and PM-ALPHA of the current 
generation of pre-mking codes have been applied to plant analyses. Jacobs took the view 
that such applicatiom are premature. Berthoud indicated that they expect to be able to 
@om plant calculations with sufficient justification of the pre-mixing modelling in France 
in about 2 years time. 
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THE UNDERSTANDING OF JET BREAK-UP 

Jet break up was discussed by most contributors. It was generally recognised that this was 
a topic for which improved understanding was desirable, although several contributors 
wondered whether it was essential, or indeed possible, to obtain a detailed model for jet 
break-up, particularly as once it occurred one would have to consider the full melt topology 
from a coherent core to small fragments. 

Only Bankoff made claims that large diameter jets (-0.5 m) would not break up because of 
vapour blanketing. However, others, including Berthoud, stated that unfiagmented jets would 
not contribute to any explosion. 

The FARO-LWR tests were quoted by a number of contributors (Berthoud, Turland) to 
indicate that jet fragmentation was not well understood. 

There were differences of opinion on whether treatments of melt jet break up were essential 
for a-mode assessments. Jacobs stressed that there was a requirement, because, in his view, 
it is not clear how the phenomena could be covered consewatively. Some other participants, 
while stating that a model was desirable, thought that jet fragmentation could be handled in 
a scoping rn-er. Sehgal considered that jet fragmentation kinetics should be evaluated 
further as current demonstrations of coolaat voiding were for discrete partides or droplets. 
Fletcher drew attentiofi to the likely complexity of jet behaviour in the plant because of 
interactions with internal structures. TurW thought jet behaviour was more important for 
wolabiIity consideratiom rather than for a-mode assessment. 

THE UNDERSTANDING OF DROPLET MIXING 

It was generally agreed that the understanding of the mixing of melt droplets with coolant is 
better developed than that of jet tiagmentation. Most Contributors drew attention to the 
development of the transient multi-phase, multidimensional computer codes that have been 
developed to model droplet mixing. These codes are based on the fundamental conservafion 
laws for mass, momentum, and energy, but contribuclfs Mered over the status of &e 
constitutive physics (drag laws, frasmentation laws and heat transfer relations) embodied in 
the various codes and the Ievel of validation that could be claimed for the models. Berthoud 
pointed out that these had often been derived from two-phase models applicable at lower 
temperatures than those of interest in steam explosion studies. 

It was agreed that separate &ects eqmiments such as MAGIC0 and MMA give a 
reasonable picture of pre-mixing that COILtirms the initial concept of water depletion, and that 
FARO-LWR data were broadly Consistent with post-test code calculations provided early 
break up of the melt jet was assumed. The most successful attempts at code validation were 
presented by Theofanous based on comparisons of PM-ALPHA with MAGIC0 data. These 
experimental data were particularly important in providing (relatively) local void fraction 
measurements in excess of 80%, which compared well with the code predictions. This is the 
strongest experimental evidence so far for water depletion. Other participants r e k e d  to 
problems in code validation such as over-predicting the rate of downward progression of 
narrow particle streams and underprediction of radial spreading. 
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It was argued that exact agreement with experiments involving fragmentation of melt s t r e a m s  
was not to be expected, but the codes could be used to show that they bracket experimental 
behaviour and provide an upper bound to mixture characteristics for the plant application. 
Jacobs said that he saw a need for fully mechanistic pre-mixing calculations. 

Co~~adini drew attention to the need for advanced instrumentation to provide data for code 
validation, but also indicated that pre-mixing information could be backed out of experiments 
investigating propagation. 

CONCLUSIONS 

I have found it impossible to split this materid into a consensus (meanhg everyone would 
agee) position and a list of open issues. In most cases, as I have tried to indicate, there is 
a spectnun of opinion. However, I will attempt to draw some general conclusions: 

1. 

* 2. 

3. 

4. 

5. 

6. 

Preymixing is important and is a major component in a-mode assessments at low 
pressure. 

The development of pre-mixing codes which are transient, multi-fluid. and multi- 
dimensional provides a good way of addressing scaling concerns in applying the 
concept of water depletion in a-mode assessments. 

Experiments have demonstrated the water depletion phenomenon, and some of the 
codes have been successfully compared with experimental data for low and high 
temperature materials entering water in particle or droplet form. Measurements of 
high local void f?actions in the MAGICO-2000 tests and their Consistency with PM- 
ALPHA predictions are a signipicant step forward. However uncertainties sti l l  exist 
in whether the constitutive physics in the current versions of the codes is sufficient to 
adequately represent the interactions involving a high temperature fkpent ing  melt 
stream. On the other hand, the applications to FARO-LWR do not show any obvious 
inadequacies in the codes provided early jet breakup is assumed. 

Pre-mixing, by itself7 may not be sufficient to ehinate a-mode failure, particularly 
at elevated pressures, but provides some consfraints on the mixture at all pressure 
ranges. 

The fragmentation of melt jets is poorly understood and current models have little 
predidive capability. For a-mode failure assessments it may be possible to use the 
current code with conservative assumptions about the initial melt droplet size to scope 
the effect of uncertainties in melt jet hgmentation. However, an improved 
understanding of jet break-up is desirable7 particularly for cooMiIity studies. 

It is desirable that more plant applications of the pre-mixing models are published and 
subject to review. These should include the feedback from the rest of the primary 
circuit, including induced subcooling and water swell into the lower core regions. 
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Discussion Group Summary for SERGt WorkAop 

D. H. Cho 
Argonne National Laboratory 

Argonne, Illinois 60439 

Discussion Issue: Triggering 

Discussion Leader: D. H. Cho 

Discussion Summary: 

1. Questions and Issues 

In his May 10,1995, letter, Dr. Speis asked the Panelists to address a number of questions and issues for 
the SERG-2 Workshop. The questions and issues pertaining to triggering were stated as follows: 

"Discuss the role and importance of triggering (trigger avaiIability and triggerability) in addressing the 
a-mode failure issue. Discuss the role of pressure threshold in suppressing the triggering." In this 
statement, the issue of triggering was divided into two subissues, namely "trigger availability" and 
"Lriggerability". This division of the issue was found to be very usefid in hcilitating the discussions. 

Generally, "trigger" means pressure and/or flow perturbations that may initiate an explosion in a 
melthater mixture. A number of mechanisms that could potentially serve as a trigger may arise naturally 
in reactor accident situations ("natural" triggers). Examples include: mechanical impact such as might 
be caused by falling objects or collapsing structure; bubbldvoid collapse due to condensation following 
cold water injection; pressure disturbances and flow turbulence associated with mixing of large masses 
of melt and wateq and the vaporizatioa of water entrapped at solid surfaces. The question then is whether 
any one of these potential triggers could be effective in bringing about a large-mass explosion. This is 
the issue of triggerability. 

The issue of triggerability is very complex and poorly understood It may well involve the escalation of 
a relatively small pressure disturbance to a threshold level which is responsible for a propagating 
intexadon. The response of a meld- mixture to a triggering went wodd most likely depend on the 
trigger strength as well as on the mixture condition. The condition of a melt/water mixture is determined 
by a number of variables, Among than are; melt mass, contact mode, system pressure, water subcooling, 
melt superheat, and melt composition. All these variables are expected to influence the triggerability of 
a melt/water mixture. A given trigger may or may not be effective in producing an explosion, depending 
on the meldwater mixture condition. For example, the triggerability of a stratifed system would be 
different fiom that of a well-mixed system. Also, available data indicate that the triggerability would be 
a function of system pressure. In fact, the triggerability may become practically zero at pressures above 
a certain threshold level. This is the so-called "pressure threshold" effect 

2. Trigger Availability 

In general, the Panel members agreed that the availability of some sort of a trigger in reactor situations 
could not be ruled out However, there appeared to be a wide range of opinions as to the type and 
strength of a trigger that might arise naturally in reactor situations. One member suggested that an 
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appropriate trigger pressure pulse to be considered in code calculations would be of the order of 1 kPa 
(0.15 psi) over 1 mec. This is an extremely weak trigger. Some other members felt that much stronger 
triggen might be available in reactor situations. Also, it may be noted that available triggers for ex-vessel 
interactions could be different fiom those for in-vessel interactions. 

3. TriggerabiIity 

For low-pressure accident scenarios (say, for pressures less than 1 ma) ,  most Panelists felt that the 
triggerability would be relatively high without identigng the particular triggers that may be available. 
A majority of the Panelists seemed to be accepting the high probability numbers assigned to triggering 
in recent assessments of the a-mode hilure for low-pressure scenarios (e.g., 0.7 or even 1.0). However, 
two Panel members felt that the triaer probability could be much lower even at pressures as low as a few 
tenths of 1 Mpa Also, a few Panelists felt that the triggerability of real reactor materials could be lower 
than that of the various simulants used in experiments, although the supporting evidence is fiir from being 
adequate. 

All the Panelists shared the feeling that the triggerability would decrease as the system pressure increases. 
For high-pressure accident scenarios (say, for pressures greater than 10 m a ) ,  the triggerability would 
likely be an order-of-magnitude lower than fhat for low-pressure scenarios. There appeared to be some 
dSeren& in opinion as to the adequacy of the supporting evidence. Many Panelists seemed to believe 
that the concept of a “pressure threshold” for triggerability is physically reasonable. However, no 
consensus was reached regarding the exact leveI of pressure above which the triggerability would become 
essentially zero. 

4. Recommendations for Future Research Efforts 

Opinions regarding the need for future research work were diverse. These diverse opinions are briefly 
Summanzed  ‘ below. 

Before deciding what needs to be done about triggering, it would be usefid to assemble the 
existing database and test it against various hypotheses. Also, the question of what kinds of 
“realistic” or “naiural” triggers may be available in reactor situations should be addressed. 

For low-pressure scenarios, there is no urgent need to consider further work on triggering, since 
the a-mode failure probability is already very low based on other considerations such 8s 

premixing. (In the context of ‘‘localized” interactions, however, there may be a need to look at 
the question of triggerability more carefully.) 

For high-pressure scenarios, there may be a need to consider fbrther work of an experimental 
nature. me importance of high-pressure scenarios in the context of overall safkty assessments 
is another matter to consider.) Exactly what kind of experimental work would be needed was not 
fully - But the need appears to be to confirm the very low triggerability for high- 
pressure scenarios, hopehlly to establish the pressure threshold for zero triggerability. 

’ 
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SUMMARY OF THE PROPAGATION PHASE DISCUSSIONS AT SERG2 

The discussions at SERG2 focused on the three stages of the vapor explosion: Le., mixing, 
triggering and propagation. In these discussions the propagation phase was defined to involve 
the spatial and temporal growth of the rapid vapor production and attendant fuel 
fragmentation, as well as its quasi-steady movement through the fuel-coolant mixture and 
eventual energetics produced by the vapor expansion. Thus, the propagation phase contains 
the escalation, spatial propagation and energetics of the explosion. Historically, this phase 
was first identified in a thermodynamic manner by Hicks-Menzies [1985) and Board-Hall 
119751 and later by the development of parametric models [e.g., Cho-Wright for LMFBR in 
1974, and Oh-Corradini for LWR in 19851. These approaches were spatially lumped models 
and spatial propagation was not considered. This is in difference to more recent mechanistic 
models being developed for both mixing and propagation [see attached Tables]. After 
discussions, the following summary comments can be made. 

1) The current state of knowledge for the FCI propagation phase [Le., escalation, spatial 
propagation and energetics] is sufficient for use in the alpha-mode failure analyses being 
performed by many safety analysts. All members of the SERG2 were in general agreement 
with this conclusion, although certain members felt specific improvements in models were 
needed for continued alpha-mode safety analyses. 

2) Prof. Bankoff suggested that the explosion propagation process should be considered with 
large pours and the possibility of multiple explosions. A few of the SERG2 members agreed 
that such physical events need to be considered, but emphasized that without further data, the 
consideration of this is somewhat problematic, but may be bounded by conservative 
estimation for alpha-mode failure applications. 

3) Most of the SERG2 members felt that the vapor explosion propagation physics could be 
treated conservatively. In this setting conservatively is defined as being able to model the 
propagation process [Le., escalation, spatial effects and energetics] in a manner that provides 
upper bounds to the particular effect. In alpha-mode issues this effect would involve the 
impact energy to the upper head. In local pressurization issues this effect would involve the 
dynamic pressure in the lower plenum or cavity and the attendant damage to the nearby 
structures. There was not agreement on which conservative approach was preferable. 

4) Many of the SERG2 members felt that the causal relationship between the explosion shock 
propagation wave and the associated fuel fragmentation process is not well established. For 
example, one may ask the question - does the fuel fragmentation process occur ahead of the 
shock passage, during the point of shock wave passage or after the shock passes the fuel- 
coolant mixture. The former possibilities may imply that the fuel fragmentation process is a 
direct result of the flow behind the shock wave. The linkage between the explosion escalation 
and the spatial propagation process has yet to be well understood. 
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5 )  As a follow-up to the previous conclusion the same SERG2 members felt that there is not 
enough well-characterized experimental data for the explosion escalation and spatial 
propagation processes to help discern model differences. Because of this lack of data, all 
current models are at best semi-empirid and still quite tentative in their qualification. 

6) A few SERG2 members, particularly Cho and Corradini, felt that the propagation process 
can be very useful in understanding the fuel-coolant mixing process, the explosion escalation 
process and the formation of void in the fuelcoolant mixture. One example may be that by 
observing the propagation characteristics one can ascertain the initial mixture conditions. 
Another example is that the observed behavior with different fuel compositions and with 
coolant additives could be very useful in understanding the fundamental propagation process. 

7) Many of the SERG2 members felt that the linkage between the fuel-coolant mixing, void 
fraction and fuel fraction distribution in the mixture, and the explosion escalation Egiven a 
trigger of known perturbation] is the key for better understanding of the escalation 
propagation and associated energetics. The reason for this belief is that all explosion 
mixing/propagation models [e.g., TEXAS or ESPROSEm] clearly indicate that the mixture 
composition has the dominant effect on the predicted explosion behavior; i.e., fuel diameter, 
void fraction, fuel distribution. In fact, the experiments presented by the JRC Ispra 
researchers from the KROTOS tests clearly indicated that the mixing process was the main 
effect on if the explosion was triggered or if the explosion escalated under prototypic fuel 
conditions. 

8) Prof. Theofanous pointed out that propagation models must demonstrate a 'fitness for 
purpose' for use in safety calculations. This means that explosion models must be critically 
evaluated as they are applied to answer specific regulatory issues: e.g., alpha-mode failure. 

9) Most of the SERG2 members also agreed that chemical augmentation of the explosion 
propagation and energetics must be considered when the fuel has some metallic components. 
Some of the SERG2 members felt that the contribution would be modest due to the expected 
small amount of metal in the prototypic melt compositions. Still others felt this area an open 
question to be answered by the current ZrEX tests at ANL. 

10) Finally many of the SERG2 members felt that there was a continued need to consider 
specific propagation experiments in a '1-D' experimental apparatus: 
a) Standard problem from certain 1-D experiments with tin, alumina and corium fuels as the 
major variables in the tests. 
b) Use of coolant additives to promote explosion suppression and thereby determine the 
mixing conditions from test mixing results. 
c) Use of these tests to empirically determine scaling of the propagation. 
d) Perform experiments with pre-existing void to observe its effect on the explosion 
propagation process; i.e., simulating larger scale pool condition. 
e) Examine the initial fuel to coolant mixture volume effect on energetics. 
f) Consider single droplet experiments with corium melts and zirconium for understanding 
the triggering process for prototypic conditions. 
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TABLE I 

FUEL-COOLANT MIXING COMPUTER MODELS 
-~ - - - -  

# Simulate the transient process of melt penetration into 8 water pool 

Provide estimates of bel spatial and temporal distribution as well as 
steam production and pressurization during mixing phase 

MODELS REMARKS 

CHYMES (Fletcher et al, C ulham) 

IVA3 (golev et al, KFI() 

MC-3D (Berthwd et ai, CEN) 

PM-AILPHA (Theofanous et al, UCSB) 

"l3XAS-V (Comadid et aI, UW) 

IFCI* ( Y o q  et al, SNL) 

TH3RMAL (Sienicki, Chu et a& ANL) 

2-1) with discrete particles 

3-D with discrete particles 

3-D wit31 discrete particles 

2-D with discrete particles 

1-D Lagrangian and Eulerian, 
dynamic fragmentation 
(rnflang) 

2 - E ~ k i ~  with -C 

fkagmentation mch model') 

I-D Lagrangian in a pool of 
water, dynamic fragmenta~on 
( C W  

W I ,  TEXAS and THfRMAL dynamic fragmentation models 
simpUed f'rom analytic derivations] 

*NRC supported 
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TABLE II 

EXPLOSION/DETONATION COMPUTER MODELS 

Provides estimates of the dynamics of explosion, pressure and 
velocities 

Simulates the explosion expansion process and work output 

KROTOSNVFCI provide benchmark data for comparison of models 

MODELS REMARKS 

IFCI* (Young et al, SNL) 

CULDESAC (Fletcher et al, Culham) 

ESPROSE (Theofanous et d, UCSB) 

IDEM0 (Carachalios et al, IKE) 

TEXAS-V (Corradini et al, UW) 

2-D parametric fragmentation 
model 

I-D parametric fragmentatition 
heat transfer rate 

2-D hydrodynamic 
fragmentation 

laD Eulerian sssorted 
mechsntstlc fragmentation 
IlIOdels  

1-D LagrangianiEulerian 
combbedjet m g  and 
thermal ftagmentation 
IlkOdel 

FSPROSE, DEMO and TEXAS have semi-empMcd he1  
fragmentation models) 

*NRC supported 

C-16 NUREG- 15 24 



APPENDIX C-5 

SUMMARY OF LEAD PANELIST 

MECHANICAL WORK 

BY 

DR. ROBERT E. HENRY 

FAUSKE & ASSOCIATES, INC. 

c-17 NUREG- 1524 



Summarv of Considerations for Mechanical EnerPv Loads 

Once the magnitude of an explosive interaction is characterized, the capabilities of 
delivering work to the surrounding structural boundaries must be addressed. In particular, for 
the ar-rnode failure considerations, the work required must be sufficient to fail the upper head 
of the reactor pressure vessel. There was substantial agreement among the members of the 
Steam Explosion Review Group-;! regarding the issues of assessing mechanical loads. These 
included: 

1. 

2. 

3. 

4. 

5. 

6. 

The work required to fail the upper head of a reactor pressure vessel is of 
the order of lo00 MJ. 

Several rnembers of the group felt th2t there are analytical tools available 
to assess the structural response once the explosion is characterized. All 
members also felt that it is important to separate the mechanical loads 
considerations for BWRs and PwRs since the vessel designs and the upper 
plenum structures are substantially different. Some members of the 
review group believe that the existing tools need to be validated before 
deriving specific conclusions from the mechanical energy calculations. 

There is a consensus in the group that the only material that could be 
considered as a "slug" and accelerated through the RPV to impact on the 
upper head is the remainder of the core material. 

When considering the forces acting on the remainder of the core material 
and accelerating it upward toward the RPV upper head, venting of steam 
through the downcomer (shroud region for the BWRs) is an important 
consideration for assessing the work delivered to any overlying "slug". 

It is important to consider the forces acting on the structural boundaries 
and not just the energy required to cause failure. This is intended to 
simplify the assessments of the work necessary to fail the RPV upper 
head. 

Since the material that could be conceived as a "slug" is the remnant of 
the damaged core, the upward movement of this debris would quickly 
impact on the structures in the upper plenum region. For PWRs this 
would be the control rod guides and their supporting structures and for 
BWR designs this would be the shroud head, separators and dryers. Since 
these structure-structure interactions would occur with relatively small 
movements of the postulated *slug", these interactions need to be 
considered for two reasons. Firstly, the structure-structure interactions 
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could potentially focus a substantial energy release on a relatively small 
part of the RPV upper head. This could result in failures at lower slug 
energies than are considered for a global impact of the slug on the upper 
head. Secondly, since the structure-structure interactions are progressive 
in nature and the deformation of structures in the upper pienurn region 
absorb energy, these structures could substantidly reduce the energy 
transferred to the RPV wall. Thus, the structure-structure interactions 
could either decrease or increase the potential for failing the upper head. 
It was the collective opinion of the review group that these structure- 
structure interactions should not be ignored when cbnsidering the 
mechanical energy transferred to the upper head. Also, these interactions 
wouId be expected to differ for BWRs and PWRs, hence, it is important 
to separate the considerations for the different designs. 

This summarizes the discussions related to the mechanical energy conversion to the RPV 
upper head. When these were presented to the group on the morning of the second day there 
were no additional points added to the list. 
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PATH TO ISS’CTE RESOLUTION 

Summary of Group Discussion led by T. G. Theofanous 

mis gou]p discussion was the last one in the meeting. It took 
place as an extension of the morning session (without lunch), and as 
a consequence it was terminated prematurely, without reaching any 
firm conclusions. 

The group leader introduced the subject, along the lines of  the 
viewgraphs shown in Figure 1. Besides the old question of a-failure, 
the problems of Lower Head Failure (mostly for PWRs) and Lower 
Drywell Faihre (mostly for BWKs), were identified as being of  
current intcrcst. Potential approaches to addressing these issues 
were then introduced. With reference to Figure 1, the “Defacto, Over 
Time” approach is to take sporadic, small nibbles at the problem 
which over a long time, thus, diminishes in interest, and eventually is 
considered cffcctivcly closcd. This is pretty much what happened tu 
the a-failure problem to a considerable degree (loss of interest) so 
far, and it will continue to be the case if nothing “organjzed” is done. 
The CSAU approach was developed in conjunction with the revision 
of Appendix X nile for the Large Break LOCA problem. It i s  basically 
a deterministic calculational approach. and i s  especially applicable 
when the event in question can be approached in the well-defined 
manna typical of Design Basic Accidents. The PRA Expert Opinion 
methodology i s  cxemplificd by the NUREG-1150 wmk. Ex@eacc 
has shown that i t  is less oriented to resolation, and much more to t&e 
identification of issues. The Risk Oriented Accident Analysis 
Methodology (ROAAM) actually originated in an early effort to 
address a-failure (Thcofanous et d, 1987), and it was also cmploycd 
(except for the external peer-review part) in the UK study of the 
Sizewell plant (Turland et al, 1993). The methodology was 
developed further through completed applications to the Mark I 
Liner Altack a i d  D ~ L  Containment Heating problems. A further 
application to the in-vessel retention severe accident management 
scheme is currently in progress for the AP600. It was noted that 
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while the 1987 ntwly originated ROAAM, the proccss was not 

pursued to closure. 
The subject of closure was illustrated by Figure 2, and in it the 

1987 study can be seen to have advanced the problem to Phase I][. 
At the time of the UK study there were somc initial results from the 

experimental work on premixing which did not play as strong a role 
in it as it did for the 1987 US study. Still, due to the lack of 
involvement of external experts, and the limited amount of 
experimental verification, the UK study can probably bc classified 
also in Phase 11. Meanwhile much progress has been made on the 
experimental front and it appears feasible now to carry out Phases 
IV and V in rapid succession, 

Several panel membcrs (including thc leader uf tbis discussion) 
in their individual presentations and during the discussions of the 
meeting, expressed #e wish that the a-failure be brought to an 
orderly cIosure. Several members, as well as ocher cooperative 
bodies (CSNX), cxpressed the wish to see comparative studies and the 
use of standard problems for this purpose. It appears that this is an 
opportune time to combine these two wishes in an international 
effort. Specifically, the discussion leader put €or& the proposal that 
the 1987 US and the 1993 UK studies be combined and extended to 
closure through the involvement, and integration of a11 available, 
world-wide expertise. 

The floor was then opened for discussion. Several group 
members fclt that at this "stage" &e problem of  a-failure does not 
deserve the commitment of any furthex resources, while at hast one 
member felt that current understanding and capability €dl short of 
what is needed to provide a reliable closure. There wasn't much 
explicit support in Pdvor of the proposal, voiced during the 
discussion. which, however, was interrupted to close thc mating, bs 
many goup members had to catch planes. 
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Concerns Related to Evaluations of 
ProDapation and Localized Failure Analvsis 

R Henry 
Fauske & Associates, Inc. 

During the SERG-2 meeting, some of the discussion was focused on propagation of an 
initiating event through a potentiaIIy explosive mixture of high temperature molten core debris 
and water. As part of these discussions it was clearly stated that some of the physical processes 
were represented in a conservative manner to assess the potential for explosive interactions to 
threaten the integrity of the RCS upper head (a-model failure). Moreover, those modeling 
assumptions that were considered as being conservative were appropriately noted. 

In the Friday morning session, Mike Corradini led the discussion related to propagation 
of an explosive interaction. He listed a possible conclusion that current models were insufficient 
to assess event propagation and localized failures. This generated extensive dialogue related to 
whether (1) event propagation is appropriately calculated and (2) whether the information 
resulting from these calculations were sufficient to assess localized failures. Examples of such 
failures would be the RPV lower head or localized challenges to the containment wall in the case 
of an ex-vessel steam explosion. During this discussion it was unanimously concluded that 
propagating events can be calculated once a significant external trigger is postulated and imposed 
on the premixed configuration of molten core debris and water. It was not clear whether current 
models are sufficient to model the escalation of a very small trigger, for example lo00 Pa 
pressure increase for 1 ms, and thereby demonstrate how this could result in a propagating 
interaction. Herein lies my concern. 

I believe that the observation of "high pressure cutoff" is due to the fact that localized 
triggers can no longer escalate into explosive events. Consequently, it is my belief that localized 
events (triggers) are always Occurring when high temperature molten fuel is poured into water, 
regardless of whether the water is subcooled or saturated and regardless of whether the pressure 
is 1 bar, 10 bars or 100 bars. Therefore, while propagating interactions can be calculated given 
a sizeable trigger, in my view, these are conservative estimates of the actual event since a 
significant explosive interaction must be postulated before propagating event can be calculated. 
Assessing the potential for localized failures requires a well characterized d y t i c a I  model with 
no consewatisms built into the assessments for propagation. Conversely, conservatisms are 
appropriate when determining which structural members will not fail as a result of a propagating 
event. In this latter case, those structures which successfully withstand a conservative 
representation of the propagating event clearly can be viewed as sufficiently strong to withstand 
a more realistic event. 

Before committing to a conclusion that localized failures can be adequately characterized, 
I believe that two key experimental observations must be represented by the calculational 
models. First, the models must demonstrate that a small, innocuous, trigger due to localized 
contacts, can escalate into a major explosive interaction. Secondly, the calculationd tools must 
demonstrate that an event which can escalate into an explosive condition at a low pressure, for 
example 1 bar, does not escalate when the pressure is elevated to 10 bars. Both of these 
experimentally observed behaviors should be demonsbated by the calculalional tools before the 
potential for locaked failures can be adequately assessed using the tools for local propagation. 
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Additional Comments 
on 

the Steam Explosion Induced a-Mode 
Containment Failure Issue 

Bal Raj  Sehgal 
Royal Institute of Technology (KTH) . 
Division of Nuclear Power Safety 

Brinellv. 60, S-100 44 STOCKHOLM, Sweden 
Phone +46-8-7906587, Fax +46-8-7907678 

I. What Is the Meaning of All Those Probability Estimates? 

Several estimates of the conditional probability of the a-mode containment failure were 
given at the meeting. My estimate happened to be higher in value than those of the other 
experts, except that Prof. Theofanous preferred to provide the estimate as ‘physically 
unreasonable’. 

It was not clear (1) whether the numerical estimates provided by experts were con- 
sidered as strictly frequentistic and (2) what level of confidence the experts placed on the 
d u e s  they quoted. The levels of confidence for the quoted estimates were not discussed 
at the meeting, and, perhaps, this should be clarified in the final summary of the meeting. 

Regarding my numerical estimate of the a-mode containment failure probability of 
1~10’~, I place very high confidence on this number. I could state that I am 99.9 % 
confident (36) that the chance of failing the PWR containment due to an in-vessel steam 
explosion, given a core melt, is less than 1 in 100. 

I, personally, do not understand d u e s  of to lo-’, advanced in the meeting. 
One can very well state that the a-mode failure is impossible. When I state that I a m  
positive (highly coddent) that the a-mode failure probability is 1-10-2, it is physically 
unrealistic to assume that such a failure will occur. 

2. Should Other Consequences of a Steam Explosion Be Con- 
sidered? 

I believe the NRC did not want to deal with this question in the framework of severe 
accidents. I made a case for conducting research to explore these. The a-mode failure, 
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being an early containment failure, is of primary concern; however accident termination 
and accident management are also of concern. A strong in-vessel steam explosion (which 
does not cause containment failure) could cause considerable damage (e.g., lower head 
failure), and the management of the accident according to the currently, or soon to be 
devised, procedures may not be possible or efficient. 

3. 
Further? 

Should the a-mode Containment Failure Be Investigated 

This is a tough question. On the one hand the estimates on the conditional failure 
probability are so low that all NRC safety criteria are satisfied and the benefit of pursuing 
further work on this particular topic seems to be ephemeral. On the other hand, the 
methodology of treating the various phases of the in-vessel steam explosion accident has 
matured to the point that the failure probability estimates may be certified and the issue 
closed for ever. I, personally, support the latter course, Le., further investigations, since 
it has many side benefits. For example, a rigorous review of the methodology developed 
will result. This course will also be required if in near future NRC decides to deal with 
the other consequences of an in-vessel steam explosion. 

Further investigations, based on the focused ROAAM-type approach may not appear 
to be of large benefit for the cr-mode failure issue, but they will help in the assessment 
of the risk of the other consequences of an in-vessel steam explosion. 

4. What About Ex-Vessel Steam Explosions and Their Loads? 

The containments of the advanced LWRs, Le., SBWR and the AP-600 (if in-vessel reten- 
tion fails), are subject to ex-vessel steam explosions. Perhaps, the ice condensers will be 
similarly prone. The Swedish BWRs have the accident management scheme of flooding 
their drywells in the event uncovering of core occurs. Thus, ex-vessel steam explosions 
and the loads they may impose on the containments should be of concern. The methodol- 
ogy developed for the premixing, propagation and expansion phases of a s t e a m  explosion 
should be applicable and exploited for assessment of ex-vessel steam explosion loads. The 
work on this issue would also derive benefit from the further investigations recommended 
above. 
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5. 
Been Considered? 

Are There Any Important Phenomena Which Have Not 

Except for the contribution of chemical energy, I believe all the possibly important phe- 
nomena have been considered. For the TMI-2 type core melt scenario, the zirconium 
content of the melt jet will be minimal. However, for a scenario in which the core melt is 
discharged from the bottom of the core, the zirconium content could be large. I believe 
experiments using mixtures of oxidic and metallic melt could delineatelthe contribution of 
chemical energy. The majority of the chemical energy should be delivered during the ex- 
pansion phase. KROTOS facility could be used to obtain pertinent data with prototypic 
melts. 

6. How Could the Hazards of Steam Explosions in Reactor 
Accidents Be Shown to be Small? 

I believe the difficult explosivity of UOz-ZrOz mixture is the key. The KROTOS experi- 
ments have found this to be the case. This should be pursued further. The property or 
properties, and the physical phenomena responsible for such behavior, should be identi- 
fied and assessed. If it can be established that the prototypic UOz-ZrOz melt requires a 
massive trigger to explode, or does no explode, it may resolve the steam explosion hazard 
issue. In this context, experimental research on triggerability, as recommended in my 
presentation, should be beneficial. 
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Contribution to the Dfscussfon on 

Propagatfon and Dynamic Loads from Steam Explosions 

T. C. Theofanow 

X took issue with Cortadini's proposed conclusion that curtent 
capability is insufficient to assess the magnitude of local dynamic 
loads from steam explosions, because it is nct correct mlative to our 
capability at UCSB. O n  thc contrary, I think we shuuld make such a 
conclusion on the affirmative, and following Ran s Fauske's 
suggestion, by specific reference to ESPR0SB.m. X welcome specific 
observations on our approach, and our code, but I think i t  would not 
be appropriate to summarily dismiss it (as the conclusion attempts to 
do) nor ignore it (as the proposal made at the meeting, to simply 
delete t h i s  conclusion, would effectively do). 

Now going to my discussion with Bob Henry, I think it can be 
s u m m ~ z c d  as follows. His psilion is that om calculation is 
conservative, so that it is appropriate if the results imply structural 

integrity, but it cannot be accepted if the results imply failwe. My 
position is that while the codes, and whoie modelling approach i s  
based on best estiulale physics, it  is in the nature of this problem 
that one tries to determine z i  reasonablv conservative envelope of 
premixture conditions at the time of trigger, and, unless it can be 
shown otherwise, that one assumes that an effective trigger occws to 
product a large steam explosion. Further, our intent in safety 
analyses, is, preferably, to show that the structures can take the 

resulting loads. So, in fact, for all intents and purposes we agree. 
Wheze we would potentially disagree is if our calculations show 

failure. He would interpret such a result as "inconclusive," and as far 
as I can tell his main reason would be that in actuality the cffcctive 
trigger (assumed in the calculation) may not occur. We certainly 
agree that in an actual realization 8x1 explosion may, in fact, not 
occur. However, except for high initial pressures, where there seems 
to be general agreement that spontaneous expiosions arc in general 
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to place odds for or against such an occurrence- Moreover, this in 
likely to remain an area of uncertainty for some time to come. 
Because of this, we, and I think most safety people, see no other 
choice but to assume that an explosion will occur. Moreover, we, and 
I think most safety people, find it reasonable to postulate that the 
timing, and the prernixture of such an explosion, are chosen so as to 

re_aSona& envelope premixture uncertainties, regarding especially 
the breakup aspects of the problem. This means, then, that we are 
prepared to accept the conseqaences of these assumptions, even if 
failure is impiied-unless, of course, some reuef k fomd in terms of  
some other aspects of the assessment (Le. pouring rates) that can be 
counted on. All this i s  standard procedure in issue resolution, 
according to my own experiences, and I feel there is no need to make 
special qualifications about the “consenwive nature of the 
CalcuXations” in the very limited sense described abve. 

It could be noted, however, as a separate conclusion, that so far 
there hac been an apparent difficulty (in some limited tries) to 

obtain explosions with oxidic (ZrOz/OOz) reactor materials. However, 
this cannot be used to assume that such explosions cannot be 
triggered in reactor geometries, before identifying a robust 
mechdstic cause for it. Similarly, but to Q much lcsscr dcgrcc (due 
to the much more extensive empirical evidence available) we need to 
identify the mechanistic cause for the high pressure cutoff. 
Incidentally, we are working on both of these aspects now in the 
SIGMA fedity, at UCSl3. 

< I  
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POSTSCRIPT 

The summary by Fauske (Appendix C-1) gives a tabulation of the alpha-mode failure 
probability estimates by the SERG-2 members. Subsequent to this summary, three members 
- Berthoud, Jacobs and Sehgal - modified their estimates and views. The modifications are 
reflected in Table 1 in the main body of the report. 

Berthoud and Jacobs provided a few comments on the Premixing summary by Turland 
(Appendix C-2). In response to the comments, Turland suggested certain modifications. 
The original summary is retained in Appendix C-2, and the suggested modifications are noted 
here for completeness. 

1. Bottom of page 2: Replace sentence starting "Berthoud indicated . . . " by "Berthoud 
indicated that some plant calculations were performed in France but were not reported 
in the open literature." 

2. Conclusion 3. third sentence, add "on the reactor scale." 

3. Conclusion 3. after "assumed", add (however, the break-up may be less 
pronounced at lower pressures than those in the FARO experiments). 

4. Conclusion 5. Replace the second sentence with: For alpha-mode failure 
. 

assessments it may be possible to use the current codes with a range of assumptions 
on initial melt drop size, fragmentation and heat transfer to scope the effects of 
uncertainties in melt jet fragmentation. 

Theofanous' additional comments (see Appendix D, pages D-5 and D-6) were prompted, in 
part, by an item in Corradini's summary on Propagation (discussed during the workshop) in 
which it was stated that the current state of knowledge of the propagation phase was 
considered sufficient by the experts for use in the alpha-mode failure analysis, but 
insufficient for use in the local dynamic load calculations. The printed summary (Appendix 
C-4), on the other hand, makes no statement concerning an insufficient knowledge for local 
dynamic load calculations. The summary, however, makes a point that the vapor explosion 
propagation physics could be treated conservatively with the current state of knowledge. 

NUREG- 15 24 
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