Letters to the Editor

Comments on “An Assessment of Steam-
Explosion-Induced Containment Failure.
Parts I-1V”

Theofanous et al.! address the probability that a steam
explosion occurs during a core melt accident and leads to con-
tainment failure —the alpha-mode failure issue. This is an im-
portant and timely question. The conclusions of these papers'
will affect the public’s perception of this risk, severe accident
regulations, proposed mitigation systems for reducing overall
risk, and the priority of additional research required to resolve
remaining questions. I believe that some aspects of the study
provide significant advancements over previous work. However,
[ also conclude that the authors' have incorrectly interpreted
or presented some of their own work as well as the work of
others, especially with respect to predictions of failure proba-
bilities, coarse mixing, and the effects of venting on explosion
dynamics; the modeling uncertainties in the papers are inade-
quately represented and discussed; the sensitivities of the final
probabilities to reasonable and plausible changes in the under-
lying models have not been investigated in a meaningful way;
the interim guidance suggested by an author of Ref. 1 could
result in implementing regulations that contribute to an increase
in actual risk, rather than a decrease; and the bottom-line
alpha-mode failure probabilities are misleading. These conclu-
sions are developed and substantiated in the following com-
ments.

INTRODUCTION

The four papers in Ref. 1 can be characterized as “policy
science.” Policy-science papers have appeared in many areas of
current technology controversies such as Strategic Defense
Initiative feasibility and medical practices, as well as reactor
safety issues. The goal of policy science is to provide an im-
proved basis for decision making in the face of large uncertain-
ties. One hopes that the conclusions of policy science will
ultimately be confirmed by experience and by the “hard science”
of experiments and validated models. Hence, policy science is
an interim approach in lieu of the time and effort required to
reduce uncertainties to more acceptable levels. The quality of
guidance provided by policy science depends strongly on the
quality of the physical premises and logical extrapolations of an
inadequate data base. Perhaps more so than hard science, the
assumptions, models, and logic of policy-science papers must
be carefully and critically reviewed. Both my comments and
Ref. 1 contain many subjective judgments, and the main issue
is not one of subjectivity versus objectivity; judgment is
involved in all human endeavors. Rather, the readers and the
policy makers must decide whether particular judgments and
their rationale are supported by the evidence, and whether the
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potential for large consequences is adequately offset by low sub-
jective probabilities.

Most persons, experts or not, tend to subjectively predict
future events in accordance with their desires. A prophecy of
the probability of an undesirable outcome will reflect the biases
of the prophet. The National Aeronautics and Space Admin-
istration estimated that the probability of a shuttle accident like
the Challenger disaster was 1 in 100000 (Ref. 2). Three days
before the Japanese attacked Pearl Harbor, the Secretary of the
Navy said, “No matter what happens, the U.S. Navy is not
going to be caught napping.”? Policy-science studies are sus-
ceptible to the high “probability” that the majority opinion is
false, as supported by historical evidence (¢c.g., see Refs. 4 and
3) and more recent scientific studies (e.g., see Refs. 6, 7, and
8). For subjective opinions to have any value, they must not
become simply popularity contests.

Three policy-science studies have addressed the question of
alpha-mode failure."*"" Because of some concerns with the
models, assumptions, and probability distributions employed in
the first study,” and to account for more recent experimental
data, Berman et al.'® and Berman'' readdressed the failure
issue. These authors showed that low probabilities would result
if some current hypotheses and beliefs were ultimately vali-
dated; however, in the absence of such experimental validation,
there was no technical basis for an uncertainty range less than
0 to 1. This conclusion was also supported by another indepen-
dent study by Rivard et al.'? Reference 1 implies a low prob-
ability based primarily on assumptions concerning fuel-coolant
mixing processes and on the explosion dynamics. These Ref. 1
assumptions are critically reviewed in the following comments.
[Additional technical discussions can be found in four letters to
Theofanous et al. and the U.S. Nuclear Regulatory Commis-
sion (NRC) program manager.'319]

SUMMARY AND CONCLUSIONS

After careful consideration, it is obvious to me that this
study confirms the conclusions of many previous studies that
the probability of alpha-mode failure is highly uncertain and
indeed could be very large. This is true despite the fact that the
bulk of the discussion in Ref. 1 claims the contrary. My con-
clusions are based on the following facts and observations,
which are discussed further herein.

1. The “bottom-line result” understates the actual calcu-
lated frequency by a factor of 1000 (0.1 rather than 0.0001).

2. The first of two sensitivity calculations in Ref. 1 is
irrelevant since (a) it treats stratified mass only for small fail-
ure areas where it cannot influence the calculated failure prob-
abilities and (b) it does not add this mass to the existing
premixture.
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3. The second sensitivity calculation in Ref. 1 addresses the
real and significant probability that the effects of lower plenum
venting are grossly exaggerated in Ref. 1. This calculation pre-
dicts a probability of 0.2 that the failure frequency is >0.1, and
a probability of 0.18 that failure is certain (frequency equals
one).

4. Alpha-mode failure is a threshold phenomenon.® %17

Very small changes in missile energy (~10%) can change the
failure probability almost seven orders of magnitude. Hence,
uncertainties in the underlying assumptions can produce dras-
tic changes in the final probabilities.

5. The review in Ref. 1 of an earlier probabilistic study'®
is incorrect and misleading.

6. Reference 1 faults an earlier mixing study with SIM-
MER (Refs. 18 and 19) for limitations that similarly affect the
K-FIX calculations'; namely, both codes are limited to only
two fields and subject to numerical diffusion due to their
Eulerian nature. (However, Bohl and Butler'® and Boh!'® com-
bined the water and fuel into one field, while Theofanous et
al.! combined water and steam into a single field.)

7. Experiments on water-air mixing are presented without
sufficient data for their analysis, without a scaling rationale,
and without any arguments establishing their relevance to reac-
tor accidents or to their use in any of the analysis.

8. Reference 1 questions the applicability of calculations
by Bankoff and Han?® and Bankoff and Hadid?! because of
assumptions concerning ambient pressure, degree of venting,
and inlet fuel fraction. However, all of these assumptions are
as valid (or invalid) as those in Ref. 1 for some accident scenar-
ios, and neither study has necessarily addressed a significant
fraction of the possible scenarios.

9. There is no evidence, experimental or theoretical, that
any of the probability density functions (pdf’s) or causal rela-
tions in this study are conservative. There is also the distinct
possibility that a seemingly “conservative” choice of a subissue
will lead to a nonconservative result because of unanticipated
coupling of different phenomena.

10. This study is limited to accidents at 1-bar ambient pres-
sure, with no multiple or precursor explosions, with melt-water
contact occurring in certain geometries only, and with hypothe-
sized conditions concerning contact mode and explosion prop-
agation. These accident scenarios may not correspond to any
real accident, nor be representative of even a small fraction of
the accident scenarios that might occur.

11. The model for hydrodynamic breakup of large pours
has no experimental validation, may be completely incorrect or
inapplicable to reactor situations, is not necessarily conserva-
tive, and does not treat stratified layers in a conservative man-
ner. The model contains no physics whatever, and hence does
not account for any of the important effects of initial and
boundary conditions, and thermal, physical, chemical, and scale
parameters describing the melt-coolant mixing process.

12. The model for thermal limits may not be applicable to
any possible accident scenario, is not necessarily conservative,
ignores transient fragmentation processes, treats only uniform-
sized particles, and has not been experimentally validated. The
authors have not attempted any comparisons of the code with
existing experimental data (available, for example, in Refs. 22
through 27).

13. Both the hydrodynamic and thermal mixing models rep-
resent modest extensions of previous work by Theofanous and
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Saito,”® Bankoff and Han,?® and Bankoff and Hadid.?! The
minor modifications to previous models are incapable of chang-
ing any of the conclusions in previous studies demonstrating
large uncertainties, e.g., Refs. 10 and 11.

14. Reference 1 indicates that lower plenum failure results
in reductions of slug energies by factors of 6 to 11. Other two-
dimensional calculations'®'® have shown much smaller reduc-
tions closer to a factor of 2.

15. Two-dimensional calculations as performed in Ref. |
necessarily predict a complete “unzipping” of the entire lower
plenum and its subsequent downward motion. This assumption
greatly exaggerates the benefits of lower plenum failure com-
pared to the more likely asymmetric perforation and minimum
venting through a relatively small aperture on the time scale of
the explosion.

16. MELPROG calculations® and other analyses3%** indi-
cate that, in station-blackout accidents, natural circulation will
lead to upper head heatup and weakening. A water-filled lower
plenum could be much stronger than the upper head, making
its failure less likely vis-@-vis upper head failure and missile gen-
eration.

17. The assumption that the explosion occurs instanta-
neously and coherently could be very nonconservative.'®

18. The entries in Table V, Part 111, do not sum to the
available energy. This indicates the possibility of a numerical
or calculational error.

19. This study is incomplete because of a lack of experimen-
tal verification of any of the distributions and modeling
assumptions.

20. This study is misleading because it lacks a sensitivity
study of the key parameters, especially the mass of material
participating in the explosion. Such a study is necessary because
of the extreme sensitivity of the results to input assumptions
and because of the high uncertainty associated with those
assumptions. I show in these comments that changes of many
orders of magnitude in probabilities and frequencies would
ensue from relatively minor changes in some of the underlying
inputs and models.

The following discussion provides additional technical
details and references to support the 20 concerns listed above.
The comments correspond to the general chronology and orig-
inal section headings of Ref. 1.

PART |: Probabilistic Aspects

The authors state that many previous probabilistic models
and mechanistic considerations were complementary and that
they “perceived a need to consolidate a common approach.”
However, many of these models are contradictory, especially
with respect to underlying subjective probabilities and the mod-
els used to justify them. The authors also have failed to develop
an acceptable common approach as shown in these comments
and other reviews,'13-16

The Ref. | statement concerning the “generally prevalent
expectation that steam explosions do not pose a significant
threat to containment” is misleading. Eight major studies in
three countries have produced “upper limit” failure probabili-
ties of either 1.0 or 0.1, many orders of magnitude larger than
is implied in this study.!-'9-12:34-3 [Note that Ref. 1 itself pro-
vides evidence for an upper limit failure probability of ~0.2,
as will be shown in later comments (see Part I, Sec. X); the
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implication of a lower failure frequency is a consequence of the
authors’ misinterpretation of their own calculations.]

Of equal importance are the published technical criticisms
of essentially all opinions, hypotheses, and models that have
been used to defend low probabilities. !7-40-47

IV. POINT ESTIMATE PROBABILISTIC MODELS

Theofanous et al. have reviewed most of the previous stud-
ies of alpha-mode failure. Unfortunately, their reviews often
tend to misrepresent these earlier works and sometimes criticize
them for having the same faults or limitations as the new work
reported in Ref. 1. In this section, the study by Bohl and But-
ler'® is criticized because of the limited “capability of SIMMER
to represent the important phenomena.”' These limitations in-
clude the following: “SIMMER cannot handle three fluid
fields;” and “. . . as in any other Eulerian code, SIMMER
results are affected by numerical diffusion.”' However, The-
ofanous et al. employ the K-FIX code to perform their own
mixing calculations. K-FIX is also a two-field Eulerian code*
and is just as subject to numerical diffusion as is SIMMER. In
contrast to the Ref. 1 application of K-FIX, the SIMMER cal-
culations were based on a code that has received extensive work
on flow regimes, constitutive relations, and mass and momen-
tum exchange models.*® It also includes models of reactor
structures. Finally, and most importantly, it has received exten-
sive assessment in the literature, including assessment against
vapor explosion experiments.'® The lumping of steam and
water into one field (in K-FIX) could be as misleading an
approximation as lumping fuel and water together (in SIM-
MER). Experimental data (currently lacking) would distinguish
which of these limitations is more important or demonstrate
that the limitations can only be overcome with a three-field
code. Such a code is under development at Sandia National
Laboratories® (SNL). The key point here is that Theofanous
et al. have not established that their calculations do not have
similar limitations as previous work.

VI. DISTRIBUTED PARAMETER MODELS

This section is devoted to a critical review of the previous
two similar studies.>'® The second study, i.e., Ref. 10, called
B-S-W in Ref. 1, is seriously misrepresented. Theofanous et al.
incorrectly state that “the B-S-W model rejected both proce-
dures” (i.e., uniform distributions over the full range or trian-
gular distributions). As attested to in Table 1 of B-S-W, p. 35,
the very first calculation addresses a flat distribution “over its
full range of possible variation” for all five variables.'®

Theofanous et al. misconstrue or misunderstand the objec-
tives and results of B-S-W. The B-S-W study clearly stated its
two aims: “to provide an uncertainty estimate for the condi-
tional probability of containment failure by steam explo-
sions . . . [and] to identify important contributors to this
uncertainty, in order to provide understanding of the reasons
for its magnitude and to indicate what additional information
would be needed to reduce it.” Furthermore, B-S-W deliberately
eschewed selecting a “best-estimate” subjective probability. Nei-
ther of these aims is included in the statement of purpose of
Ref. 1 (p. 259).

The B-S-W study did not assume that “indeed nothing is
known about the behavior. . . .”! Similarly, the statement,’
“Obviously probability models cannot tolerate inputs that pur-
port to reflect complete ignorance,” is a misleading character-
ization of B-S-W.
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Theofanous et al. also perform a calculation based on the
extrema of the various distributions. The conclusion of that cal-
culation is that containment would fail; this is obviously true
but irrelevant for both Ref. 1 and B-S-W.

Although Ref. 1 did not have the same objectives as the
B-S-W study, it has not resulted in a narrowing of uncertainty.
In fact, the results of Ref. 1 and its two sensitivity calculations
show substantial agreement with the uncertainty ranges calcu-
lated in B-S-W.

VII. A NEW PROBABILISTIC FRAMEWORK

The definitions of probability levels and the order-of-
magnitude quantization (not quantification) of subjective prob-
ability present both technical and philosophical problems that
have been discussed previously.!! In brief, Theofanous et al.
cannot defend their claim (in italic type) that the “likelihood
figures . . . are . . . upper bound (conservative) estimates,”
unless those ranges represent physically determined constraints
of nature.!! Furthermore, restricting probabilities to only
orders of magnitude can often accomplish the reverse of the
original intent to avoid the appearance of excess certainty; i.e.,
uncertainties will be understated and excessive multiplications
can result in probabilities that are too small.!!

VIII. QUANTIFICATION

As the authors note, the probability distributions and causal
relationships are highly subjective. The authors have not sup-
ported these relationships with appropriate experimental data.
Rather, support is provided by subjective analogies to idealized
situations and calculations and by personal opinions.

The authors variously interpolate between the limits of the
different pdf’s and causal relationships using uniform, normal,
or lognormal distributions. It would be valuable to learn the
effects of these arbitrary decisions by conducting sensitivity
studies using all flat distributions versus all normal.

Figure 13 of Ref. 1, reproduced here, in my opinion repre-
sents the most important judgmental relationship in the prob-
abilistic model, and simultaneously the one with the least
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Fig. 13. 1D-3. Probabilistic function between failure area and

quantity of fuel in premixture. A flat distribution is assumed between
the 5 and 95% limit lines (from Ref. 1, Part I).
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theoretical or experimental support. Based on current knowl-
edge, these curves in no way represent the 5th and 95th percen-
tiles of the possible mass in the premixture as a function of
failure area. Indeed, the true mass in the premixture may be
orders of magnitude larger than these curves would allow (see
comments on Part II, Sec. VI).

Theofanous et al. claim without citation that Fig. 14,
Part I (Ref. 1) (pdf for thermal energy of the fuel) represents
the “normally accepted uncertainty range. . . .” There is no
such thing as a normally accepted uncertainty range, nor is the
particular complex probability distribution shown “normally
accepted.” Other experts®!® claim wider or narrower ranges
and different distributions.

Figure 20, Part I (Ref. 1), reproduced here, provides strik-
ing evidence of the threshold nature of the alpha-mode failure
problem. As Berman pointed out previously!” (see Fig. R-1),
this sharp threshold indicates that the important uncertainty
concerns explosion energy rather than failure probability. Based
on Fig. 20, a 10-M1J increase in missile energy (~7%) increases
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Fig. 20. ID-10. Probabilistic function between frequency of con-
tainment failure and missile impact energy. A lognormal distribution
is assumed between the 5 and 95% limit lines (from Ref. 1, Part I).
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Fig. R-1. Possible dependence of P, on steam explosion energy
(from Ref. 17).
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the frequency of containment failure a million times from 1077
to 107!, An increase of ~65 MJ (46%) makes containment
failure a certainty. This curve shows that the underlying prob-
ability distributions and causal functions must be sufficiently
accurate to avoid changing the missile energy by even a few per-
cent; otherwise the failure probability cold change by many
orders of magnitude from essentially 0 to essentially 1! The
authors recognize this extreme sensitivity and believe that it has
been addressed by their adoption of a “consistently conserva-
tive approach throughout the quantification process.” I strongly
disagree. Many aspects of the process are not conservatively
portrayed in Ref. 1; furthermore, there are other plants, acci-
dent scenarios, mixing assumptions, and initial and boundary
conditions that have not been adequately addressed in these
papers. It is impossible to defend the view that the missile
energy could not be 10 or 200% larger than the assumed 95%
limit line in Fig. 20 (as discussed, for example, in Refs. 10
through 16, 43, and 47).

This threshold behavior provides further evidence for the
essential need for conducting sensitivity and uncertainty stud-
ies in Ref. 1. It is vital to know how uncertainties in subjective
assumptions concerning probability distributions and causal
relations propagate through the probabilistic model and influ-
ence the final failure estimates.

Stringent accuracy requirements are not required for all
input relations. Indeed, a sensitivity study would show which
of the underlying assumptions have the most influence on mis-
sile energies. A convincing technical argument for low failure
probability would have to show that we are far enough below
the failure threshold to provide an adequate margin for safety
and regulation.

IX. INTEGRATION PROCEDURES

It is important to recognize that for all discrete probabili-
ties, the data sum, rather than integrate, to one. This section
also states that the rebinning procedure was set “to keep out-
put distributions at ~100 nodes.” Nevertheless, the actual out-
put distributions plotted in Sec. X contain far fewer than 100
nodes.

X. RESULTS

The probabilistic model in Ref. 1 does not simply supply a
subjective probability for alpha-mode failure, as in all previous
studies.’~*? Rather, an infinite population of core melt acci-
dents is imagined, of which some fraction results in such
failures. There must be only one such fraction, or frequency,
but its value is and must always be unknown. The authors then
produce a subjective probability distribution quantifying their
degrees of belief that the true frequency will take some value
over the range of 0 to 1. This complex and highly subjective
approach makes it difficult to compare the results of Ref. 1 to
earlier studies. Berman!' has defined and distinguished be-
tween two types of subjective probability based on a degree of
belief that an event either will or will not occur, P, or based
on a prophecy, Py, of a frequency that would be measured if
a large population of events could be sampled. Theofanous et
al. have chosen to present their results in a form that treats both
of these types as complex functions of each other.

Recognizing the difficulty involved in comparing previous
single subjective probability estimates to multivalued probabil-
ities of probabilities (i.e., frequencies), it is nevertheless essential
to interpret the authors’ conclusions in the light of earlier stud-
ies. The authors’! “bottom-line result” is that 1.3 x 107% “is
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the total probability of «-failure events with frequency
>1074.” This is a misleading representation of the actual cal-
culation. Consider Fig. 32 of Part I (Ref. 1), reproduced here.
There are no data points shown between frequencies of 1074
and 107'! Hence, the calculations actually say that essentially
the same total probability (~1.3 x 10™*) applies to a frequency
>0.1, 1000 times larger than the stated frequency, based on the
same calculations! [It is possible that points exist between fre-
quencies of 107* and 107!, but are not shown because they
have probabilities <1078, the cutoff in Fig. 32. Of the decades
that contain data, the number of bins per decade varies from
I to 6. Assuming the largest number of bins per decade (6)
occurs in the apparently “empty” interval, and the maximum
probability per bin of 107, the total contribution could not
exceed 6 X 3 X 1078, or 1.8 x 1073, Hence, the maximum pos-
sible contribution from the “invisible” interval could only
change the probability from 1.3 x 107* to ~1.1 x 107*; the
actual change is probably insignificant.]

Strictly speaking, both interpretations are “correct.” How-
ever, the situation can be compared to saying that an average
man is taller than 1 mm, or taller than 5 ft. To properly assess
the impact of this calculation on risk estimation, it is manda-
tory that the higher frequency (0.1) be used in safety evalua-
tions, not the lower.

The correctly interpreted bottom-line result is now seen to
be quite similar to the full-range and central estimates of fail-
ure probability determined in the previous study by Berman et
al.,'® which yielded failure probabilities of 4.6 x 1072 and
1074, respectively.

The assignation of the words “physically unreasonable” to
probabilities of 1073 represents only the authors’ subjective
concepts and has no connection whatsoever with actual “phys-
ical unreasonableness.”

Only two sensitivity results are shown. As I will discuss in
Part II, the sensitivity study on the premixing limitation is
irrelevant. Additional premixture mass was inserted in such a
way that it could not influence the results.

The sensitivity study on energy losses due to lower plenum
failure is very informative. The authors state that this calcula-
tion results in “an increase in probability by about two orders
of magnitude.” This is an incomplete and incorrect representa-
tion of the calculation. Figure 34, Part I (Ref. 1), is reproduced
here. Note again that no data are plotted (above the figure’s
cutoff probability of 107%) for frequencies between 10~ and
10!, Summing probabilities between 0.1 and 1 yields a prob-
ability of 0.2 of a failure frequency >0.1. (My calculations are
based on estimates from reading the figure.) Even more enlight-
ening is the high probability of ~0.18 that containment failure
is certain (frequency = 1). [For this case, the complex proba-
bility/frequency function can be reasonably approximated by
a bivalued function for frequencies of 1077 (i.e., essentially 0)
and 1. Only a single probability number is needed, and the
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Fig. 32. Probability distribution of containment failure frequency
(conditional on major core melt) (from Ref. 1, Part I).
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results could be restated as “the subjective probability of con-
tainment failure is about 0.2.”] Hence, a reasonable interpre-
tation of this calculation would conclude that the probability
of containment failure is 1000 to 10000 times higher for fre-
quencies that are also 1000 to 10000 times higher than the
bottom-line results discussed in Ref. 1. Furthermore, there is a
very high probability of certain failure.

Table | summarizes the differences between the authors’
interpretations of their calculations and mine, based primarily
on the zero probability of having frequencies between 107*
and 107! for the base case, and frequencies between 10~ and
10! for the “parametric” study.

PART Il. Premixing Limits

The concept of limits to mixing is crucial to the results of
this study. It is qualitatively self-evident that steam explosion
energetics would be severely limited when the mixture is exces-
sively fuel or water rich. However, an accurate assessment of
the threat from steam explosions requires a quantitative assess-
ment of the amounts of fuel, water, and steam that could par-
ticipate in prototypical explosions. Unverified hypotheses and
some computer calculations are used to subjectively justify the
causal relations shown in Fig. 21 of Part Il (same as Fig. 13 in
Part ). The following discussion argues that the assumed 5 and
95% lines drawn in Fig. 21 do not represent conservative or
even realistic estimates of the amount of mass that could par-
ticipate in an explosion.

Theofanous et al. state that “the issues of transient and two-
dimensional effects on fuel-coolant mixing in the lower plenum
of a pressurized water reactor are addressed and resolved.” This
claim is exaggerated and clearly false. The mixing was very
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Fig. 34. Result of sensitivity study on energy losses due to lower
plenum failure (from Ref. 1, Part I).

TABLE 1
Interpretations of Ref. 1 Probability Calculations
Theofanous
Calculation et al. Berman

Bottom-line

Probability of frequency > 10~* ~1074 NA?

Probability of frequency > 10~ ? ~107*
Parametric

Probability of frequency > 107* [ ~1072 (?) NA

Probability of frequency > 107! 7 0.2

Probability of frequency = 1 ? 0.18

4Not appropriate, misleading, or incorrect.
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incompletely addressed by a highly simplified geometric model
using a computer code that is unable to calculate dynamic and
three-dimensional fragmentation processes, cannot treat slip
between steam and water, and has not been experimentally vali-
dated for this reactor application. Furthermore, the code is not
capable of determining the fraction of the mass that can actu-
ally participate in an explosion or the potential contributions to
the explosion of stratified layers of melt, and does not calcu-
late the explosion propagation or expansion phases. This paper
by no means resolves the questions of transient two-dimensional
fuel-coolant mixing.

11. SOME GEOMETRIC AND PHYSICAL
CONSIDERATIONS

The authors state without proof that “favorable premixtures
can be obtained only during the initial transient penetration and
prior to significant accumulation of melt into the lower head.”
This is not true. References 16 and 47 discuss the potential for
accumulating large amounts of melt on horizontal surfaces in
the lower plenum, and the subsequent participation of this melt
in a steam explosion. The occurrence of steam explosions in
stratified layers has been observed frequently in experimental
studies®"**2 and in a major industrial accident.*

I11. HYDRODYNAMIC BREAKUP OF
LARGE COHERENT POURS

This section presents a discussion of large-scale pours of
water through air onto a concrete slab, claimed to be “a qual-
itative demonstration of phenomena associated with the coher-
ent release of large-scale, gravity-driven jets. . . .” The reader
is not told the scaling rationale, the pour height (and hence the
length-to-diameter ratio), the definition of “breakup,” or the
breakup observed for long pour lengths. We are told that the
“most interesting aspect of these tests ... was the violent
splashing associated with its impact with the ground.” There is
no discussion (or testing) of the effects of intervening multiple
perforated structures present in the lower plenum and discussed
in this same section. We are informed that strong impacts can
cause triggering, but the potential for impacts to greatly en-
hance the premixing process is claimed, without citation or
proof, to be “limited.” Obviously, these tests provide no use-
ful information with respect to the basic physics of fuel-coolant
jet mixing, nor can they in any way be extrapolated to questions
concerning alpha-mode failure. They do not contribute to either
the qualitative or quantitative understanding of reactor issues.
Indeed, they could be very misleading since there is no evidence
at all that large-scale pours of molten fuel into water resemble
large-scale pours of water through air! Compared to molten
fuel and water, the density ratio in these simple tests is more
than two orders of magnitude too high for water/air. Pilch>
has indicated that this is the most important dimensionless
group to scale in the absence of boiling. That would imply that
water/air is a very bad pair of fluids for simulating corium/
water interactions. In addition, steam generation may dominate
the mixing process, but is totally absent in these isothermal
tests.

A far more relevant set of boiling and isothermal jet mix-
ing experiments was initiated at SNL (Refs. 22 and 23). Prelim-
inary results showed strongly nonlinear mixing behavior, effects
of water temperature, and important differences between boil-
ing and hydrodynamic effects. Figure R-2 compares the mixture
region profiles between two particular experiments. The isother-
mal experiment involved the mixing of Freon and water at the
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Fig. R-2. Isothermal and boiling jet mixing; comparative sketch
of thermite versus Freon-TF in water.

same temperatures; the boiling experiment involved the mixing
of molten iron-alumina with water. The profiles show very dif-
ferent behaviors for these two liquid-liquid systems. The behav-
ior of the water-air system, discussed in Ref. 1, would seem to
miss essentially all of the features of the fragmentation and mix-
ing of a hot, dense, boiling liquid penetrating water. Indeed,
many experiments have shown that neither of the two mixing
models used in Ref. 1 (and discussed below) may represent rea-
sonable approximations of the complex mixing and fragmen-
tation processes of boiling liquids.?*%3%7

The sketch in Fig. 7, Part II (Ref. 1), reproduced here, illus-
trates the Theofanous-Saito®® mixing idea. The text claims that
a depth of ~1 m is an upper limit.! This is not true. For some
reactors, the distance from the bottom of the core to the top of
the core support plate is much larger, possibly 1.5 to 2 m. This
difference of 50 to 100% is very important, compared to the
threshold uncertainties. Furthermore, the mixing concept can
be applied to stage C as well as stage B or A [see Fig. 5, Part 11
(Ref. 1) (reproduced here)]; hence, a mixing depth of 3 m is
possible. Distinct or merged jets could emerge as the melt pours
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Fig. 7. The Theofanous-Saito premixing concept (from Ref. 1,
Part II).
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Fig. 5. Ilustration of various potential explosion trigger locations
as dictated by the lower plenum geometry (from Ref. 1, Part II).

through the holes in this plate. There is no reason to assume
that either pure jets or pure particulate streams occur at any
time during the accident, or at any stage or elevation. The most
likely scenario may be that both partially and fully mixed jets
will occur, with neither the hydrodynamic model nor the par-
ticulate-based K-FIX model being appropriate. In addition,
layers of fuel may reside on the horizontal surfaces of the var-
ious plates and ultimately contribute to the total mass in the
premixture. Splashing of the melt streams on contact with any
plate could also significantly enhance the degree of mixing.
The speculation that a trigger occurs on impact is simply a
speculation. Based on current experimental data, triggering is
a complex phenomenon dependent on fuel and coolant ther-
mophysical properties, geometry, pour velocity, contact mode,
ambient pressure, and possibly other parameters such as melt
viscosity, surface tension, wettability of plate surfaces, etc.>”
No reliable models exist for predicting the occurrence or
absence of a trigger or the nature of the premixing in prototyp-
ical geometries at large scale. In particular, there are no exper-
imental data that quantitatively or even conservatively support
NUCLEAR SCIENCE AND ENGINEERING
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the Theofanous-Saito mixing concept or triggering assumptions
for reactor applications.

IV. THERMAL LIMITS FOR PREFRAGMENTED POURS

The authors review earlier mixing calculations by Bankoff
and Han?® and Bankoff and Hadid.?' Theofanous et al. con-
clude that “these results indicate no limitation to premixing”
(original emphasis). “In a subsequent communication,*® an
ideal thermodynamic conversion . . . yielded ~7000 MJ, indi-
cating both a rather massive premixture and a potentially sig-
nificant challenge to containment integrity.”! Surprisingly,
Theofanous et al. claim that these findings are “in strong con-
trast to all previous results.” This is not true. The findings fall
within the uncertainty range discussed in many studies'%'%3%;
they are not unreasonable based on qualitative extrapolations
from many experiments conducted at SNL (Refs. 22, 57, and
58).

The authors question the applicability of the Bankoff-
Han?® and Bankoff-Hadid?! calculations in three areas: initial
pressure, degree of venting, and initial fuel fraction. I disagree
with all these objections. The assumption of 10-bar initial pres-
sure is very reasonable and should approximate some fraction
of the anticipated accident scenarios. It is unreasonable to use
the adjective “high” when referring to 10 bars compared to an
operating pressure of ~160 bars. Indeed, the main calculations
in Ref. 1 were conducted at a pressure of 1 bar (called “low”).
Essentially all accidents will occur at pressures >1 bar; hence,
this limitation could exclude all possible core melt accidents.

The question of venting depends again on the analysts’
speculations concerning the accident conditions. In Figs. 5, 6,
and 7 of Part II (Ref. 1) (reproduced here) and in all the cal-
culations in Ref. 1, Theofanous et al. have assumed that the
molten core above the explosion zone has spread out over the
entire cross-sectional area of the core, thereby preventing any
venting up through the core region; only downcomer venting is
treated. Figures R-3 and R-4 have been taken from Ref. 59 and
illustrate a recent picture of the way large masses of melt accu-
mulated and poured into the lower plenum during the Three
Mile Island (TMI) accident. Even more recently, it is believed
that additional melt also poured through the bottom of the
crust and down through the central region of the plenum.
Clearly, venting up through the core is possible. Indeed, the
TMI scenario, and the calculational models of both Bankoff
and coworkers and Theofanous et al. are probably all possible
and together represent some subset of all the possible melt and
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Fig. 6. Hlustration of premixing regime after melt accumulation
on the lower head (from Ref. 1, Part II).
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Fig. R-3. Hypothesized core damage configuration (224 min) (from Ref. 59).

pour configurations that could occur. I conclude that the objec-
tions concerning venting are not valid.

Finally, Theofanous et al. claim that the fuel fraction “is
too low compared to the dense streaming envisioned in the pres-
ent application.” The assumed fuel fractions may indeed be dif-
Sferent between the two studies, but the “present application”!
may not represent a significant fraction of all possible scenar-
ios, nor does it exclude the applications investigated in earlier
studies.

The authors summarize their review of the calculations of
Bankoff and coworkers with the statement that “we cannot
reach any conclusions regarding premixing limitations in pres-
surized water reactor . . . geometries and low pressures.” This
is not correct, since Theofanous et al. have already drawn some
conclusions themselves: For clearly plausible and perhaps likely
assumptions concerning initial pressures and geometries, the
model of Bankoff and coworkers predicts “no limits to mixing”
and “a potentially significant challenge to containment integ-
rity” (quotes taken directly from Ref. 1).

V. FURTHER CONSIDERATION OF THERMAL LIMITS

The description here of the mathematical model appears to
be a statement of the K-FIX code equations,*® which are not
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referenced until much later. Theofanous et al. should carefully
distinguish between the existing K-FIX model and their own
contributions to this model as applied to premixing calculations.
Furthermore, some terms and subscripts are not defined prior
to presenting the equations; the value of p is not given. The
choice of various dimensions is not justified; for example, why
was a depth of 1.7 m chosen (or 1 m in other parts of Ref. 1),
rather than 2 or 3 m? Recall that a 10% change in missile
energy can lead to a change of six or seven orders of magnitude
in failure probability. Hence, a 20 to 80% change in mixing
depth could have a very large and disproportionate effect. Sim-
ilarly, why was a diameter of 4.4 m used rather than the 2 m
used by Bankoff and coworkers or the 3.4-m diameter used by
Berman!! or the variety of core and lower plenum diameters of
different reactors? A sensitivity study is required to analyze the
effects and relative importance of these geometric assumptions.
Similarly, other important parameters should be investigated,
including initial pressure, particle sizes, etc.

The authors provide a caveat at the end of this section:
“Clearly, at this stage, these are only analytical results in need
of experimental verification.” However, they have proposed
experiments aimed primarily at verification of the calculation
of the particular scenario addressed; i.e., the raining of a col-
lection of hot spheres of fixed diameter into a water pool of a
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Fig. R-4. Hypothesized core damage configuration (226 min) (from Ref. 59).

single size, shape, and venting configuration.®® In fact, exper-
iments of this type have already been conducted at Brookhaven
National Laboratory.?*2¢ The area that actually needs exper-
imentation far more critically concerns how well the calcula-
tional model represents accident environments that might
actually occur. This question requires experimental confirma-
tion of a much broader set of phenomena including jet frag-
mentation as well as mixing; the influence of structures,
confinement, and scale; and the effects of ambient pressure,
fuel temperature and composition, and water temperature.
Experimental confirmation of a calculation that itself may be
unrelated to any reactor accident scenario would be a waste of
scarce research funds.

VI. CONCLUDING REMARKS

A great many assumptions and approximations are embed-
ded in the two curves in Fig. 21 in Part II (Fig. 13 in Part I).
I believe that Theofanous et al. have greatly underestimated
both the complexity and the uncertainty in melt mass as a func-
tion of flow area. For example, Fig. R-4 shows that pours may
resemble neither a shower of droplets nor a large central coher-
ent pour. My previous discussion has shown the limited value
of the K-FIX calculations and has indicated that they may not
represent any reactor accident situation. I will now address the
fundamental technical weaknesses of the smooth curves repre-
NUCLEAR SCIENCE AND ENGINEERING
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senting the 5 and 95% limits and show why these curves are
nonconservative.

The essence of the Theofanous-Saito model®® is the ex-
tremely simple (and unproven) concept that mass within a skin
depth of 10 cm from the interface is fully in the premixture,
and that deeper mass does not participate at all (see Part 1I,
Sec. HI). For example, cylinders of 10-cm or less radius are
fully in the premixture; for larger cylinders, only the outer
annulus to a depth of 10 cm participates in the explosion. The-
ofanous et al. now state that “the 5% line was taken to repre-
sent the trend of the [K-FIX] calculations while the 95% line
was drawn to provide a margin for uncertainty, roughly by a
factor of 2.”! However, these same curves were developed in
an earlier version of Ref. 1 based directly on the Theofanous-
Saito model for an assumed water depth of 1.5 m (5% limit)
and 3 m (95% limit). These depths are much more reasonable
than the 1-m depth discussed in this section.

The original curves did not account for the leading edge ef-
fect, which would add an additional 10-cm-thick disk (mass =
pb6A) to the curves. (The current version of Fig. 21 includes
this additional mass, but it is now added to the reduced calcu-
lation based on 1 m, rather than 1.5 or 3 m.) In the version of
Fig. 13’ included here, I have plotted the sum of the leading
edge mass and the 3-m-depth (95% limit) curve. However, even
this curve does not represent a conservative approach for
several reasons. Experiments (albeit at much less than reactor
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Fig. 13’. Probabilistic functional representation for the correla-
tion between mass of the melt in the premixture and the size of the
core support failure area.

scale) have shown that fragmentation can extend deeper into the
melt than 10 ¢cm, and that fragmentation can be enhanced by
mild precursor fuel/coolant interactions® (FCIs). Second,
layers of melt could liec on any of the plates or the vessel bot-
tom in thicknesses =10 cm whenever the explosion occurs. If
we nonconservatively ignore fragmentation deeper than 10 cm,
but just add a 10-cm surface thickness from a melt pool
assumed to be on the plenum floor, then curve 2 results.
Recent TMI findings indicate that lower plenum structures
could remain intact as melt pours through.’® Many experts
now believe that the most probable flow regime in the lower
plenum is composed of multiple melt streams of initial diam-
eter comparable to the hole diameters of the various plates
found in the lower plenum. Essentially @/l these holes are
smaller than the critical diameter of 20 cm. Hence, the authors
themselves must conclude that all these jets “should be consid-
ered fully in premixture.” That means that a// the melt falling
through area A will be in the premixture, as shown in Fig. 13/,
curve 3. Furthermore, if a layer 10 cm or deeper is on the bot-
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tom of the lower plenum at the time of the explosion, then the
mass in the premixture must be increased by another 10.5
tonnes, as shown in curve 4. Hence, the “best estimate” for
mass in the premixture as a function of initial break area, as-
suming triggering at the bottom of the lower plenum, may in-
deed be represented by curve 4.

The simple notion of being “in premixture” actually is not
very informative with respect to explosion energetics. Although
the melt could be fragmented, the explosion magnitude and
efficiency depend on the premixture particle size distribution
and the relative masses of fuel, water, and steam in the mixture
region. My discussion here emphasizes that neither of the mix-
ing analysis approaches in Ref. 1 is capable of demonstrating
any significant limit to mixing. The K-FIX calculations can lead
to predictions of either certain or impossible failure, depend-
ing on assumed initial conditions and other modeling assump-
tions. On the other hand, the concept of a 10-cm mixing depth
can also lead to very energetic explosions.

To indicate the discrepancy between the authors’ conserva-
tive limit (based on the mixing depth model from Theofanous
and Saito?® and my “best estimate” based on their model), we
can compare a few predictions. For a failure area of 1 m?, the
authors’ 5 and 95% masses are 3.7 and 7.4 tonnes, respec-
tively. My “best estimates” are 21 and 31.5 tonnes for assumed
water depths of 1.5 and 3 m, respectively. For a failure area of
5.5 m? (~50% of the total area according to the authors), the
authors’ masses are 8.7 and 17.5 tonnes. My “best estimates”
are 68.3 and 126 tonnes (or all of the molten fuel and cladding).
It is apparent that my estimates exceed the authors’ by ~5 to
8 times. (Recall that a change of ~10% in missile energy
changed the failure probability by almost seven orders of mag-
nitude.) To my knowledge, there are no experimental data or
validated models that can prove or disprove the various rela-
tionships I have drawn in Fig. 13’.

In letters to the reviewers, Theofanous et al. wrote: “we . . .
invite the participants to provide their own input distributions
(with their justification) as alternatives to our own. We agree
to run them through the calculation.”®"%? I requested that
several distributions and relationships similar to those shown in
Fig. 13’ be calculated. Unfortunately, despite the authors’ offer
to do so, these calculations were not done, so that it is not pos-
sible to discuss the impact of different assumptions concerning
mixing limitations.

To illustrate the extreme dependence of the authors’ failure
calculations on their assumed mixing relationship, 1 will per-
form a simple calculation. According to Theofanous et al., the
most probable failure areas lie between 0 and 3.5 m?, the most
probable melt energy is 1.2 GJ/t, and the most probable con-
version ratio is 15%. Using an area of 3.5 m? and curve 4 as
an alternative best estimate of mixing by multiple jets with a
diameter <20 cm, yields an explosion energy of 15.1 GJ, equiv-
alent to more than 3000 kg of TNT; compared to such an ex-
plosion, the Chernobyl event was relatively mild. A failure area
ten times smaller, i.e., 0.35 m?, would still yield an explosion
energy of 3.2 GJ, more than twice the energy estimated to pose
a serious threat to containment.’® Clearly, the single failure
probability produced in this study is of no value without a con-
sideration of the underlying uncertainties.

In the final paragraph in this section, the authors caution
the readers concerning the judgment involved in creating their
causal relationship (Fig. 21 or 13). They also discuss the need
to continue the work and conduct experiments. This paragraph
contradicts the incorrect statement presented in the Abstract
(Part II) that “the issues of transient and two-dimensional
effects on fuel-coolant mixing in the lower plenum of a pres-
surized water reactor are addressed and resolved.”
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PART lll. Expansion and Energy Partition

This section discusses what I consider to be the second most
important (and highly uncertain) assumption in the probabilistic
model. It has been addressed before by other analysts, who
have drawn different conclusions. In addition, some recent cal-
culations have indicated that the lower head will be much colder
[possibly more than 300 K (Ref. 29)] and therefore stronger
than the upper head; this casts doubt on the assumption pre-
sented in the Abstract of Part III that “explosions that are ener-
getic enough to be considered challenging to upper vessel head
integrity would also fail the lower head, thus drastically reduc-
ing the upward directed mechanical energy release.”

INTRODUCTION

As in other parts, this section begins with a critical review
of two earlier works. The partition of slug energy in Berman et
al.!% is mentioned, but there is no subsequent comparison
between that model and the predictions of Ref. 1, Part III.
However, a comparison can be made rather easily. The simple
energy partition model of Ref. 10 always leads to an explosion
energy reduction of at least a factor of 2, but generally not
much more than a factor of 3.

In Bohl and Butler,'® and the subsequent study by Bohl,'®
lower head failure was treated in a more sophisticated manner
using the two-dimensional SIMMERC-II code. Interestingly, the
calculated reduction of the force on the upper head due to
lower plenum failure ranged from about —14 to —62%, quite
close to the simpler calculation in Ref. 10. Theofanous et al.
state that “comparisons to the prediction of [Ref. 10] or to the
detailed results of the present study are not possible.” On the
contrary, comparisons can easily be made between the reduc-
tion factors of 1.2 to 2.6 determined by Bohl and Butler'® and
Bohl,'® factors of 2 to 3 determined by Berman et al.,'° and
factors of 6 to 11 generated in Ref. 1.

II. PARAMETERIZATION OF EXPLOSION ENERGETICS

Many approximations are involved in the explosion calcu-
lation. Although the explosion zone diameters were reasonably
varied from 1 to 3 m, the height was taken to be 3.06 m. This
differs from the mixing heights used in the K-FIX calculations
in Part II (1 or 1.7 m?). A parameterization of this height
would be helpful in understanding its influence on the subse-
quent calculations. [It actually appears as though no dynamic
calculations were performed in this section at all; i.e., only a
Hicks-Menzies-type thermodynamic analysis was employed. If
so, then neither the explosion zone diameters nor the height are
relevant here (although they may be important for the subse-
quent dynamic fluid-structures calculation in Part III, Sec. III).
Only the volume change assumptions would be needed. The
authors should more clearly describe what initial and boundary
conditions actually influence the results.]

The authors say that the “explosion was assumed to occur
instantaneously.”! Prior to Bohl’s work,!® this would have
been considered a reasonable “opinion.” Bohl primarily stud-
ied single large-scale coherent explosions. However, he also
performed a calculation to “simulate an incoherent multiple
explosion that could be more representative of the reactor sit-
vation.”'® In contradiction to his intuition, the calculation
showed that “the most benign explosion produced the larg-
est challenge to the head.”!® This enlightening calculation
highlights our current lack of understanding of the explosion
phenomenon, both analytically and experimentally. It also
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emphasizes the strong potential for failing the upper head with-
out a prior failure of the vessel wall in the lower plenum region.

The authors' concede that “continued equilibrium between
fuel and coolant until expansions of three and four times of ini-
tial volume [would increase] explosion yields [by] 14 and
25%. . . .” Surprisingly, they ignore this and conclude that
“such effects were not deemed of sufficient importance to pur-
sue further.” Since a change in missile energy by ~7% could
increase failure probabilities about a million times, effects of
14 or 25% could be very important.

IV. LONG-TERM EXPANSION

The major conclusion of this section is that lower head fail-
ure leads to a reduction of fuel slug energy by factors of ~6 to
11. This should be compared to the SIMMER-II reduction fac-
tors of 1.2 to 2.6 (Ref. 19) and factors of 2 to 3 reductions cal-
culated by Berman et al.!® In addition to these differences (and
hence uncertainties), other aspects of the analysis deserve
scrutiny.

The calculations are two-dimensional. Hence, lower plenum
failure as treated in Ref. 1 involves a simultaneous azimuthal
tear around the entire circumference of the vessel. This is a non-
conservative and probably unlikely mode of failure. It greatly
exaggerates the benefits in reducing slug energy both by vent-
ing and by the downward motion of the vessel bottom head.
Steam explosion experiments almost always show a high degree
of noncoherence and nonsymmetry, even for initially symmet-
rical experimental configurations. In addition, structural fail-
ure may be far more likely to occur as a local rip or puncture
on the time scale of the explosion (milliseconds). In such a case,
venting would be extremely reduced, and there would be no
benefits from vessel motion since the vessel bottom head would
not move downward. {Converting the upper head into a mis-
sile would also involve a circumferential failure of the head
flange. This is more likely than a circumferential failure of the
lower head because (a) upper head failure is due to slug impact
rather than shock waves, and the gun-barrel vessel geometry
would tend to load the head more symmetrically; (b) the upper
head is connected by bolts at the flange, and circumferential
failure could occur as a result of bolt failure [the bolts secur-
ing the upper head in the massive Winfrith test facility actually
stretched in a steam explosion experiment SUW 09 (Ref. 63)];
and (c) the vessel walls in the region of the head bolts could be
preferentially weakened due to heatup from natural convection
(as shown, for example, by MELPROG calculations?® and by
RELAP/SCDAP and CORMLT/PSAAC calculations??-3%).}

Given the extremely uncertain and perhaps absent benefits
of lower plenum failure, the sensitivity calculation performed
in Part I (Fig. 34) seems very appropriate.

The slug energies and loss terms presented in Table V in
Part III (Ref. 1) do not sum up to the initial available energy
in any of the cases. This discrepancy may imply a numerical or
modeling error that could significantly affect the conclusions of
this study.

FINAL COMMENTS

Some persons have hoped that the alpha-mode failure ques-
tion could be resolved without conducting the hard-science
research necessary to accomplish this. Studies and review panels
have generated a plethora of subjective opinions concerning
high or low probability numbers; but when analyzed carefully,
the number of studies and calculations that predicts the poten-
tial for high failure probabilities now exceeds those that do not.
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However, no popularity poll will suffice for resolution of the
alpha-mode question, or any of the other important FCI-related
issues, because the needed underlying data base and modeling
capabilities are highly incomplete and uncertain.

The importance of the Ref. 1 study and previous subjective
attempts to resolve the alpha-mode failure issue goes far beyond
the particular question of alpha-mode failure. Two other im-
portant areas have already been negatively impacted by the
unsubstantiated prophecies of low failure probability: the con-
tinuation of vital research related to FCIs for issues other than
alpha-mode failure and the proposal of mitigation concepts to
prevent direct containment heating.

As the authors would agree,' Ref. 1 was not intended to
resolve the alpha-mode issue; rather, it was meant as a contri-
bution to the continuing debate. However, this study has al-
ready been cited as evidence supporting the low priority of
additional FCI research by various panels. The effect has
already been to severely truncate or terminate the very research
required to confirm or reject the models and assumptions in this
policy-science study. Such a truncation of research guarantees
that optimistic opinton will reign until and unless a subsequent
accident provides indisputable contradictory evidence.

Another safety concern involves the potential acceptance
of these questionable subjective probabilities and their actual
application in decision making that could directly affect real
risks. An important example concerns a recent proposal to
depressurize the primary system to eliminate the threat from
direct containment heating. That threat has also not been ade-
quately studied or quantified, and its perceived magnitude is
a result of the same kind of subjective judgment applied in
Ref. 1. Experimental data for 20-kg fuel masses unequivocally
support the increased probability of spontaneously triggered
steam explosions as pressure is reduced. [Eighty-six percent (32
of 37) of fully instrumented test series (FITS) tests at ambient
pressure and temperature spontaneously exploded; none (0 of
5) spontaneously exploded at pressures >5 bars.] Based on
unverified, possibly inapplicable calculations, Ref. 1 would con-
clude that high pressure is more conducive to mixing (and hence
larger steam explosions) than low. Hence, Theofanous et al.
would argue that depressurizing the primary system would re-
duce risk from both alpha-mode failure and direct containment
heating, despite the known increase in probability of triggering
steam explosions. This may turn out to increase risk, rather
than decrease it. The experimental data on steam explosion trig-
gering should be given serious consideration before proceeding
with mitigation schemes based on simplistic unvalidated models.

I do not know the “likelihood” of alpha-mode failure. Nei-
ther does anyone else. Reference 1 does not provide technically
defensible support of a low failure probability. It is possible
that additional research will ultimately show that such failures
are impossible. It is also possible that research will indicate that
such failures may be of concern during core melt accidents.

Marshall Berman

Sandia National Laboratories
Severe Accident Containment Response Division 6427
Albuquerque, New Mexico 87185

February 2, 1988
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Response to “Comments on ‘An Assessment of

Steam-Explosion-Induced Containment Failure.
Parts I-1V’” by M. Berman

If the size of a letter to the editor is a measure of what is
needed to dispute a study, we are flattered by Berman’s offer-
ing. We, however, will not need nearly as much space to
respond.

NUCLEAR SCIENCE AND ENGINEERING

First, the methodological and philosophical aspects are dis-
cussed. As developed in Part I (Ref. 1), the key idea is to estab-
lish a successive approximation scheme, whereby the basis for
making the necessary technical judgments is continuously
enriched as the specialists in various parts of the problem tackle
respective issues. Our “causal relation” approach provides the
necessary common basis for that; it makes possible a continu-
ously better focusing on the key technical issues, and through
this process it allows a continuous refinement of the quality of
judgments and gradual reduction of what we call “intangible
uncertainty.” Of course, this process does not have to be mono-
tonic, nor was it ever intended to be. It does challenge people
to lay their technical expertise on the line, and once in the open
domain, time can prove rather unforgiving for those who make
mistakes. A pure scientist can play agnostic forever; however,
a good engineer needs to know when he has reached an ade-
quate basis for a decision, otherwise opportunities for society
are lost, and such losses entail their own risks!

Turning next to the phenomenological aspects, the question
of premixing (Part II) is the crucial one. Berman has difficulty
(item 12 under his summary and conclusion) with our treatment
because (a) it ignores transient fragmentation processes, and (b)
it has not been experimentally validated. Furthermore, he
claims (item 13) that our thermal limits analysis is a modest
extension of Bankoff’s work and that such a minor modifica-
tion is not capable of changing “any of the conclusions in pre-
vious studies demonstrating large uncertainties. ..”

Taking on the last point first, what Bankoff’s work has
done and has not done is discussed in detail in Part II. Suffice
to say that our calculations are the first and, to this day, the
only ones available for large pours into the lower plenum of a
pressurized water reactor (PWR) at low pressures. Indeed, if
Berman could produce or cite a calculation that contradicts our
results, he should have done so. That, by itself, would have
been quite effective in raising questions about our results and
would have saved him the considerable time devoted to prepar-
ing his extensive comments and their four revisions over a
period of over 2 months!

Second, transient fragmentation was indeed ignored. This
was not so much a computational difficulty as one of unavail-
ability for reliable physics on the fragmentation (breakup) pro-
cess. In the general perspective of the accident scenario, we
believe that we can provide, for the time being, a useful per-
spective on the mixing process by varying fuel particle sizes and
other aspects of the pour process (i.e., fuel velocity and volume
fraction at the inlet) parametrically. From what we have seen
in these calculations, we believe that, for a given initial fuel par-
ticle size, taking into account transient fragmentation will fur-
ther reduce the calculated quantities of premixtures (i.e., we are
being conservative in ignoring it). This, of course, is subject to
confirmation when the breakup process itself is understood and
modeled.

Finally, experimental validation was not possible due to the
lack of appropriate data (see also the response to Marshall?).
Even worse, we did not even have the benefit of an independent
numerical calculation to compare it with. So, we produced an
independent numerical model ourselves.? This model treats
three fluid fields, thus removing the assumption of a homoge-
neous steam-water mixture made in the paper being discussed
here. By increasing the steam-water drag, we have produced
with this model a comparable calculation to the old one, with
excellent agreement. Furthermore, in the steam-water slip
mode, this model produced somewhat lower premixtures as
shown in Fig. 1. This, of course, considerably increases our
confidence in our previous estimates of premixing and, follow-
ing up with our methodology, we are currently preparing a
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