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Abstract

Since the original quantification of the likelihood of « failure in NUREG/CR-5030, major experimental and
analytical developments have taken place. By taking advantage of these developments, we believe it is possible to
reduce the substantial conservatisms in the original quantification, and to thus conclude that even vessel fzilure by
steam explosions may be regarded as physically unreasonable. We have illustrated how this can be done within the
original framework, as well as in a complementary framework that takes advantage of current integral analysis
capabilities. On this basis, the a-failure issue is now ripe for final resolution; what is needed is a complete set of
calculations supporting a revised quantification of CR1 and CR3 and a final review step in the ROAAM process.

1. Introduction

Since its definition and initial quantification in
WASH-1400, the x-mode containment failure has
maintained a unique place in risk analyses of
nuclear reactors and related safety research. It
involves an energetic fuel—coolant interaction that
takes place in the lower plenum of a pressurized
water reactor (PWR): the generation of an inter-
nal missile that loads the upper head of the reac-
tor vessel to failure, the generation of an external
missile, and containment boundary (upper dome)
impact. The energetic interaction presupposes a
massive pour of molten corium from a crucible-
held geometry into the lower plenum; the energet-
ics of the internal missile depend on a number of
dissipative phenomena associated with the mo-
mentum and structural interactions leading up to
and including upper head loading and failure; and
the external missile {the detached vessel head or

portion of it) must destroy or “sweep-away” the
missile shield before it can begin to rise toward
impacting the containment. The problem is siguifi-
cant because it gives rise to the possibility of
“early” containment failure, and it has become an
“issue” because the complex phenomenclogy has
been addressed variably and on occasion with
conflicting results.

In interesting contrast to most other major
containment integrity “issues” (in severe acci-
dents), the o failure has evolved as a rather benign
one, that is, more as a matter of omission rather
than one of commission. In other words, more as
a result of failure to deliver a definitive (generally
agreeable) closure rather than as a result of explic-
itly specified and generally accepted active con-
cerns on it. This is quite evident in the firsi
systematic evaluation of it by an ad hoc panel of
experts, the Steam Explosions Review Group
(1985), some 8 years ago, as well as in the latest
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Fig. 1. Probabilistic framework for the assessment of « failure as proposed in NUREG/CR-5030. pdf and CR refer to “probability
density function” and “causal relation” in the ROAAM terminology.
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Fig. 2. Key mechanisms and terminology for a steam explo-
sion event (in-vessel portion).

quantification of it as a part of the NUREG-1150
study 2 years ago. Specificaily, in SERG, we find
panel member assessments that, with only a few
exceptions, agree that o failure is of adequately
low likelihood not to pose serious containment
integrity concerns, while the NUREG-1150 expert
panel on this issue agreed that these SERG assess-
ments were appropriate and made use of an ag-
gregate (based on arithmetic averaging) of them
in the quantification. The NUREG-1150 results
indicate that the probability of « failure (condi-
tional on core melt) is under 1%, with an upper
bound (95th percentile) estimate of “a few” per-
cent. The reasons for further attention on this
issue can be listed as follows.

(1) Qualiiy and robustness of assessments. Indi-
vidual assessments in SERG were basec' on widely
variable reasoning and to a great exte.t on judg-
ment.

(2) Treatment of outliers. Individual SERG
assessments of probability varied over many or-
ders of magnitude, including some extremely
small as well as some rather large (the few excep-
tions noted above) values.

(3) Interpretation of results. The SERG-aggre-
gate mean value of 0.8% and the above-quoted
NUREG-1150 result (under 1%) may mean differ-
ent things to different people, and not necessarily
always a negligible concern.

It is worth noting that these specific, quantita-
tive, concerns were framed in the context of the
scenario described above; it can be expected that
their resolution will provide the impetus and help
address explicitly other less tangible aspects of
this issue, including multiple explosions and other
(than pouring) modes of contact, especially as
they arise in consideration of accident manage-
ment actions ( Theofanous, 199ia).

An initial step towards resolving the concerns
listed above was made 5 years ago (Theofanous,

1987; to be referred to as NUREG/CR-5030)
under an approach formalized later as the Risk-
Oriented  Accident Analysis Methodology
(ROAAM) (Theofanous, 1991b). Meanwhile, the
methodology has been employed to the resolution
of two major issues, Mark-l Liner Attack (The-
ofanous, 1991c) and Direct Containment Heating
(Pilch, 1994), while new data and calculations
anticipated by, and relevant to, the original quan-
tification have recently become available. Guided
by the methodological insights from these further
applications of ROAAM, our purpose here is to
re-examine the NUREG/CR-5030 quantification,
in light of these new data and calculations, with
an eye towards an ultimate resolution.

2. Overvicv of the original quantification and the
new developments

The probabilistic framework employed in
NUREG/CR-5030 is shown (in current notation
and with the practically unimportant limit of
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Fig. 3. Geometry relevant to the ex-vessel portion of a steam explosicn event in a large dry containment.

molien core available omitted) in Fig. 1, and it critical importance to the quantification, is the
can be understood in terms of the explosion sce- “upper-central” portion of this framework includ-
nario described in the early part of the introduc- ing, in particular, the quantification of premix-
tion section, with the help of Figs. 2 and 3. Of tures (CR1) and of the energy partition associated
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Fig. 4. CR1 according to NUREG/CR-5030. A flat distribu-
tion was assumed between the 5 and 95% limit lines shown.
The point refers to a calculation presented later.
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Fig. 5. CR3 according to NUREG/CR-5030. A normal distri-
bution is assumed between the 5 and 95% limit lines shown.

with lower head failure (CR3). Indeed, these also
happened to be the focus of the criticism received
in the review process, as documented in NUREG/
CR-5030, and accordingly, these will be the focus
of the present re-examination hicre. In passing, we
note that the overall framework and, in general,
the approach, has been well received; moreover, a
similar approach has been taken in addressing this
issue within the licensing proceedings of the
Sizewell plant in the UK. The details of this study
are to be made openly available soon (Turland,
1993), but i is our understanding that the results
indicate an adequately low likelihood (of contain-
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Fig. 6. A condensed version of the upper-central portion of the
probabilistic framework in NUREG/CR-5030, making use of
currently available integral analysis capability.

ment failure) for licensing purposes. This can be
taken as generally reinforcing the NUREG/CR-
50_.v conclusion that such failures are “physically
unreasonable™, but the extent of actual synergism
obtained can only be understood after a detailed
comparative study of the two quantifications.
Premixing, in NUREG/CR-5030, was
quantified strictly on the basis of computations.
In particular, a two-fluid model was used to com-
pute the transient penetration of fuel particles in a
locally homogeneous steam-water mixture, allow-
ing for two-dimensional motions and to thus
demonstrate the water-depletion phenomenon en-
visioned by Henry and Fauske (1981). Assuming
that fuel surrounded by highly voided coolant
(say 50-70%) cannot effectively participate in an
explosion, limits to the quantities of fuel premixed
(and thus able to explode) could be obtained for
arbitrarily large pouss. The resulting quantifica-
tion, allowing for highly generous margins above
the quantities deduced from such computations to
judgmentally cover uncertainties, is shown in Fig.
4, Important subsequent developments include: a
new and more general three-fluid formulation and
computer code, the PM-ALPHA, that confirnis the
conservative nature of the original quantification
(Amarasooriya, 1991); a comparative study of
reactor-scale premixing calculations between PM-
ALPHA and the independently developed cuyMES
code (Fletcher, 1992); and the MAGICO (Angelini,
1992) and mixa (Denham, 1992) experiments de-
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signed specifically for comparisons with the pM-
ALPHA and CHYMES codes predictions, respec-
tively. At a much larger scale, the FARO
Quenching Test series is now also beginning to
produce the first results. We will argue that these
developments provide the firm basis needed to
drastically reduce the conservatism built in the
quantification of Fig. 4.

Energy partition, during the early yield phase of
the explosion, in NUREG/CR-5030, was based
on what was thought to be a conservative treat-
ment of explosion energetics in combination with
the structural response of the lower head. The
simple idea was that an explosion energetic
enough to produce an upper-head-threatening
missile should be able to fail thr lower head that
contained it in the first place; such failure provides
downward relief and thus significant mitigation of
energy in the upward-directed missile. The quan-
tification is reproduced in Fig. 5. The “break™ in
slug energy due to lower head failure is seen to
occur at ~ 1 GJ of total mechanical energy re-
lease, and this is consistent with other indepen-
dent studies. Still the mechanism depends on the
time scale of the energy release, and it can, there-
fore, be (it has been) questioned in a quantifica-
tion based on equilibrium thermodynamics that
bypasses the dynamic aspects of the interaction. It
is now possible to account for these dynamic
aspects and thus address this question directly.
Several developments have contributed to this
new capability, including: experience with several
independent one-dimensional detonation codes
(Biirger, 1993; Fletcher, 1991; Medhekar, 1991),
single-drop fragmentation data under conditions
relevant to an established detonation wave (Yuen,
1992), the first quantified experimental demon-
stration of a strong detonation with ALO; melts
(Hohmann, 1993) compared to mild ones ob-
tained with tin melts in previous works, and an
experimentally tested analysis tool, the ESPROSE
code, that when interfaced with PM-ALPHA can
follow the triggeting and escalation of an explo-
sion in two dimensions from realistic premixtures
and in relevant reactor geometries (Yuen, 1993).
We will argue that these developments provide a
firm basis for the consideration of lower head
integrity, and the related energy partition ques-

[tr

Fig. 7. A side-by-side comparison of calculated steam volume
fraction distributions at 0.5 s, for the premixing problem of
Amarasooriya and Thesfanous (1991), predicted by PM-AL-
PHA (a), CHYMES (b), and PM-ALPHA modified to mimic the
CHYMES boiling model (c).
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Fig. 8. The calculated pressure ficld at 0.5 s into the premixing
transient.

tion, under physically meaningful explosions in
the lower plenum.

With this integral capability at hand, from a
methodological standpoint, the question arises as
to whether the lower-central portion of the frame-
work affected should be condensed into one single
operation, as illustrated in Fig. 6. This structure is
attractive because it captures in a consistent man-

ner the “size” of the explosion in terms of premix-
ture characteristics and respective level of energet-
ics. In the original guantification, this could be
done only in a preliminary way, by mal:ag the
conversion ratio a function of tlic energy stored in
the premixture (CR2). Also, this approach contin-
ues to capture the main variable characterizing
the “massiveness” of the melt pour. In particular,
we note that this is adequate to reflect “side”
versus “‘bottom” pours as well as other variables
in accident characteristics such as system pressure
or lower plenum subcooling by defining an appro-
priate set of splinter scemarios (Theofanous,
1991b). An important disadvantage of such a
condensation, on the other hand, is that it could
detract from one of the key aims of ROAAM;
that is, allowing for as many independent quan-
tifications of each component of the framework as
possible. For example, an independent contribu-
tion to the quantification of premixing could not
be made to the condensed framework. Con-
versely, the breakdown of the results from integral
analyses, for the purposes of the original frame-
work, should always be possible while still retain-
ing the essential features of consistency (or
dependencies). For these reasons, we propose the
condensed framework as a complement to rather
than as a substitute for the original one.

Fig. 9. The effect of drag laws in the calculation of premixing. (a) PM-ALPHA, (b) PM-ALPHA with the CHYMES drag laws.
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3. Quantification of premixing

The fundamental parameter in quantifying a
premixture is the void fraction. From a bounding
equilibrium thermodynamics standpoint (i.c.
Hicks—Menzies), the implied working-fluid deple-
tion drastically reduces the thermal-to-mechanical
energy conversion (Amarasooriya, 1987), while
from an explosion dynamics standpoint, it inter-
feres with both the triggering and the escalation
processes. This interference is further augmented
by two-dimensicnality (Medhekar, 1989; Yuen,
1993), and vice versa, two-dimensionality is essen-
tial to the prediction of void fraction distributions
(Angelini, 1993). Accordingly, this discussion and

Table 1

a related experimental program are focused on
void fractions. (“Void fraction™ refers the “steam
content” to the “coolant volume,” while “steam
volume fraction” refers the steam content” to the
total (three-phase) mixture volume.) The analysis
tool is PM-ALPHA, and its performance against
these experiments has been presented in a com-
panion paper (Angelini, 1993). The only other
comparable analysis tool available at this time is
CHYMES, and the first comparisons of its predic-
tions, with those made previously by PM-ALPHA
for reactor-scale premixing calculations, have just
been published (Fletcher, 1992). Melt volume
fraction distributions were very consistent, and
even premixed-imass transients up to the melt

Sensitivity to various treatments in the Chymes and PM-alpha formulations, deduced by making the change indicated to the

PM-'pha code

Case Parameter PM-alpha Chymes value Comments
of process base value for sensitivity
1 Fuel emissivity 0.7 0.85 Slight effect, see Fig. 10
I Condensation Allowed Set to zero in addition to Moderate effect: spreading of the
Case I change void near top, see Fig. i1
I Gravitational Allowed Set to zero in addition to Negligible effect
subcooling Case I, H changes

Fig. 10. The calculated steam volume fraction for the premix-
ing problem of Amarascoriya and Theofanous (1991) with
increased particle emissivity.

Fig. 11. The calculated steam volume fraction for the premix-
ing problem of Amarasooriya and Theofanous (1991) with
increased particle emissivity and zero condensation
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Fig. 12. Calculated melt volume fraction distribution at differ-

ent times into the transient.

Fig. 13. Calculaied steam volume fraction distribution at
different times into the transient.
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contact time with the lower head were found to be
in excellent agreement; however, disturbingly
large discrepancies on the spatial evolution of the
steam volume fractions were also noted. The au-
thor attributed these discrepancies to differences
in the drag laws employed in these two codes but
offered no specific recommendations for resclu-
tion. To us, these discrepancies became a signifi-
cant cause of concern, especially in light of our
opinion of the importance of void fractions, as
detailed above, and the prior use of PM-ALPHA to
quantify premixing for the actual assessment of «
failure.

In fact, the cause could be traced to an organic
difference between the two codes: CHYMES cannot
allow for the presence of subcooling, while PM-AL-
PHA does. More specifically, in CHYMES, the local
rate of boiling is taken as a local latent heat
requirement; i.e. in CHYMES’s notation (Fletcher,
1991),

i, = 6amawh(Tm - Tsal)l(Lmhl'g) (n

where the as are the melt and water volume
fractions, A is the heat transfer coefficient, hg is
the latent heat of vaporization, and L, is a melt
length scale used to estimate the heat transfer
area. By contrast, in PM-ALPHA, boiling occurs at
the rates necessary to bring the water locally to
saturation. In practical terms, this means that the
water cannot sustain any significant amount of
superheat, which is, of course, the physically
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Fig. 14. Premixed mass transient compared to the total quan-
tity of meit poured.

meaningful behavior. Moreover, CHYMES cannot
allow for condensation, while in PM-ALPHA, steam
is allowed to condense, as it shouid, if it happened
to flow through a subcooled water region. (The
complete constitutive package can be found in
Angelini et al. (1993).) The importance of sub-
cooling is not limited to scenarios with an initially
“cold” pool of water; gravitational head in deep
pools (as the one in the lower head) implies a
non-negligible subcooling even in ‘“saturated”
cases, but more importantly, even modest in-
creases in pressure due to the limited venting area
from the lower plenum (the area leading into the
downcomer) can produce, through the induced
subcooling, a most significant feedback effect on
boiling. In the absence of this feedback, as in
CHYMES, the calculation in a sense “runs away”,
since any large quantities of steam are taken to
escape, not accounting for the higher and higher
pressure increases required to actually deliver this
escape. To demonstrate this as the root-cause of
the discrepancy under investigation, we ran pMm-
ALPHA with only the one change needed to make
it mimic the CHYMES phase-change formulation;
namely, we used Eq. (1) for boiling and set the
condensation rate identically to zero. The current
comparison with CHYMES is shown, side-by-side
with the comparison produced by Fletcher (1992),
in Fig. 7. Note the remarkable agreement even at
the “microscopic” level, i.e. the shape of the 0.7
contours. The pressure field responsible for these
important differences is shown in Fig. 8. In a vice
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versa comparison, we ran PM-ALPHA with
CHYMES’s drag laws; as shown in Fig. 9, the
differences are rather minor. Clearly, CHYMES's
“run-away” boiling rates pushed the calculation
into a regime that accentuated these drag-related
differences in Fletcher’s comparisons.
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Further insights into “what is important” were
obtained from a series of related calculations
made within the same context. In particular, we
investigated fuel emissivity, gravitationally in-
duced subcooling, and condensation. The results
are summarized in Table 1 and Figs. 10 and 11.
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Fig. 16. Evolution of an explosion in the lower head under total confinement.
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We conclude that only the treatment of subcooling
is the essential difference regarding the practical as-
pects of application to reactor conditions, while in
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port to PM-ALFHA ror both the numerics as well as
the formulation of premixing of steam explosions.
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With the numerical and physical aspects of the
three fluid formulation in PM-ALPHA well scruti-
nized, we arc prepared to take the next major
step in the quantification of premixing. In this,
we persist in the fixed-particle size treatment; we
expect that the real behavior can be captured/
bounded by appropriate parametric variations of
particle sizes, and this is all that is possible until
a reasonably defensible approach to accounting
for melt breakup behavior becomes available.
For the particular calculation reported here, we
chose the case considered above (fuel pour di-
ameter 1.60 m, inlet velocity 1 m s, inlet void
melt fraction 0.5, melt temperature 2500 °C, and
pressure 0.1 MPa), except for modifying the
shape of the liquid pool boundary into the hemi-
spherical shape of the lower head (same maxi-
mum depth). To better resolve the curved
portion of the boundary, the grid size was re-
duced by a factor of 3 (a 30 by 27 mesh). Other-
wise, aspects of accuracy and convergence (time
step, spatial discretization, convergence criteria in
the numerical iteration) are well at hand and
need not be elaborated here. A sample of the
main results, including a couple of snapshots (at
times of mid- and full-penetration of the water
pool by the melt front) of melt and steam vol-
ume fraction distributions and the premixed-mass
transient, are shown in Figs. 12-14. Again, we
notice the familiar fuel spreading and mixing
zone voiding patterns. The premixed mass is seen
to depart early enough from the total quantity of
melt poured to reach a peak value of ~ 2.5 tons
at about the time that the melt front touches the
lower head ( ~ 1 s). Shown in Fig. 4, this calcula-
tion provides an indication of the very large de-
gree of conservatism embodied in the
NUREG/CR-5030 quantification. A systematic
set of calculations for the complete requant-
ification of premixing are currently in progress,
but we expect both 5 and 95% bounds to be
reduced by at least a factor of 2. Within the
context of the original quantification, the im-
pact of such a reduction is in revealing further
significant margins, as discussed in Section 4, and
thus to further confirm the NUREG/CR-
5030 conclusion that « failure is “physically un-
reasonable”.

4. Quantiiication of energy yield

With 1.3 GJ/ton and a censervatively bounding
conversion ratio of 20%, the 2.5-ton premixture
found in the particular PM-ALPHA calculation of
Section 3 implies a mechanical energy release of
0.65 GJ, that is, a value way too small to threaten
the lower head. Conversely, for an energy yield of
1.5 GJ, we would need a mass of ~ 6 tons which,
based on the discussion of Section 3, cannot be
anticipated to be physically possible under any
circumstances relevant to reactor accidents.
Clearly, only a small portion (the one under 1.5
GJ) of the CR3 quantification in Fig. 5 is rele-
vant, and by reference to the NUREG/CR-5030
quantification of CR4 reproduced here as Fig. 15,
it is rather clear that the upper head is not threat-
ened either.

In fact, based on our experience of the effects of
water depletion and two-dimensionality, we ex-
pect that the above estimates are highly conser-
vative and that the real margins to vessel failure
are even larger. This is illustrated below by an
integral calculation that accounts for the dynam-
ics of the energy conversion process, along the
lines of the afternative framework of Fig. 6. (A
systematic set of calculations along these lines
needed to quantify pdf7 in this framework are
underway.)

Using ESPROSE.a, the premixture of Figs. 12
and 13 was triggered by means of suddenly releas-
ing the contents of a computational cell pressur-
ized (by steam) to i2 MPa. The timing of the
trigger corresponds to melt arrival and contact of
the lower head; its location is taken at the bottom
of the axis of symmetry; and its magnitude is
chosen to ensure a strong initial escalation (based
on experience with the KROTOS Al O, calcula-
tions discussed by Yuen and Theofanous (1993)).
In this calculation, we chose the fragmentation
(/) and vaporization (f,) parameters (see refer-
ence above) as 1.0 and 0.05, respectively, and the
calculation was run with all flow paths, in or out
of the lower plenum, sealed, and all boundaries
rigid. This maximizes the loads on the lower head
and, in particular, it provides an upper bound
estimate of the impulse that could be delivered if
the explosion was constrained from above by a
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hydrodynamic mass (i.e. a slug of material) in-
stead. The results are summarized in Figs. 16 and
17.

The basic results of this calculation, ie. the
evolution of the pressure field, are summarized in
Fig. 16. Some particular results, the pressure tran-
sients at five points along the lower head, are
shown in Fig. 17. We note the generically benign
character of this calculated explosion; an initial
trend to escalate seems to die out rather quickly
as the wave encounters the highly voided mixing
zone, while a larger amplitude wave is seen to
propagate around the periphery of the mixing
zone where there is fuel but the void is low.
Further, we see that this wave is reinforced by
reflections off the curved boundary of the lower
head in a complicated wave interaction pattern
that exhibits the effect of void in the mixing zone.
A sample of wall pressure pulses is provided in
Fig. 17. Again, we note that the pressure pulses
are rather low and clearly of no consequence to
lower head integriiy. These results are presently
tested against a new model, ESPROSE.m (Yuen,
1993), that effects unique opportunities for repre-
senting the basic physics of the steam explosion
phenomenon.

8. Conclusions

Since the original quantification of the like-
Lhood of o failure in NUREG/CR-5030,
major experimental and analytical develop-
ments have taken place. By taking, advantage
of these developments, we believe it is possible
to reduce the substantial conservatisms in the
original quantification, and to thus conclude
that even vessel failure by steam explosions
may be regarded as physically unreasonable.
We have illustrated how this can be done within
the original framework, as well as in a comple-
mentary framework that takes advantage of cur-
rent integral analysis capabilities. On this basis,
the a failure issue is now ripe for final resolution;
what is needed is a complete set of calculations
supporting a revised quantification of CR1 and
CR3 and a final review step in the ROAAM
process

Acknowledgements

The ESPROSE.a code is an advanced, develop-
mental version of the ESPROSE code, which to-
gether with PM-ALPHA and related premixing
calculations reported here were supported by the
US Nuclear Regulatory Commission under con-
tract number 04-89-082.

References

W.H. Amarasooriya and T.G. Theofanous, An assessment of
steam-explosion-induced containment faiture. Part II: ex-
pansion and energy partition, Nucl. Sci. Eng. 97 (1987)
296-315.

W.H. Amarasooriya and T.G. Theofanous, Premixing of steam
explosions: a three-fluid model, Nucl. Eng. Des. 126 (1991)
23-39.

S. Angelini, E. Takarz, W.W. Yuen and T.G. Theofanous,
Multiphase transients in the premixing of steam explosions,
Proc. NURETH-5, Sait Lake City, UT, Vol. I, 1992, pp.
471-478.

S. Angelini, W.W. Yuen and T.G. Theofanous, Premixing-re-
fated behavior of steam explosions, CSNI Specialists Meet.
on Fuel-Coolant Interactions, Santa Barbara, CA, 1993,
NUREG/CP-0127, March 1994,

M. Biirger, M. Buck, K. Miiller and A. Schatz, Stepwise
verification of thermal detonation models: examination by
means of the KROTOS experiments, CSNI Specialists Meet.
on Fuel-Coolant Interactions, Santa Barbara, CA, 1993,
NUREG/CP-0127, March 1994.

M.K. Denham, A.P. Tyler and D.F. Fletcher, Experiments on
the mixing of molten uranium dioxide with water and initial
comparisons with CHYMES code calculations, ANS Proc.
NURETH-5, Salt Lake City, UT, Vol. VI, 1992, pp. 1667-
1675.

D.F. Fletcher and A. Thyagaraja, The CHYMES coarse mixing
model, Prog. Nucl. Energy 26 (1991) 31-61.

D.F. Fleicher, A comparison of coarse mixing predictions
obtained from the CHYMES and PM-ALPHA models, Nucl.
Eng. Des. 135 (1992) 419-425,

R.E. Henry and H.K. Fauske, Required initial conditions for
energetic steam explosions, Fuel-Coolant Interactions, HTD-
V19, American Society of Mechanical Engineers, 1981.

H. Hohmann, D. Magallon, H. Shins and A. Yerkess, FCI
experiments in the aluminium oxide/water system, CSNI
Specialists Meet. on Fuel-Coolant Interactions. Santa Bar-
bara, CA, 1993, NUREG/CP-0127, March 1994.

S. Medhekar, W.H. Amarasooriya and T.G. Theofanous, Inte-
grated analysis of steam explosions, Proc. 4th Int. Topical
Meet. on Nuclear Reactor Thermal-Hydraulics, Karlsruhe,
Germany, Vol. 1, 1989, pp. 319-326.

S. Medhekar, M. Abolfadl and T.G. Theofanous, Triggering
and propagation of steam explosions, Nucl. Eng. Des. 126,
(1991) 41-49.



T.G. Theofanous, W.W. Yuen | Nuclear Engineering and Design 155 (1995) 459-473 473

M. Pikh, H. Yan, M. Allen and T.G. Theofanous, The
probability of containment failure by direct containment
heating in Zion, NUREG/CR-6075 SAND#93-1535, US Nu-
clear Regulatory Commission, 1994.

Steam Explosion Review Group, A review of current under-
standing of the potential for containment failure arising
from in-vessel steam explosions, NUREG-11186, US Nuclear
Regulatory Commission, 1985.

T.G. Theofanous, B. Najafi and E. Rumble, An assessment of
steam-explosion-induced containment failure, Part 1 proba-
bilistic aspects, Nucl. Sci. Eng. 97 (1987) 259-281 (Also,
including peer review comments, in NUREG/CR-5030,
1989).

T.G. Theofanous, The role of fuel-coolant interactions in
severe accident management, App. A NUREG/CR-5682,
US Nuclear Regulatory Commission, 1991a.

T.G. Theofanous and H. Yan, ROAAM: A risk-oriented
accident analysis methodology, Proc. Int. Conf. on Proba-

bilistic Safety Assessment and Management (PSAM), Bev-
erly Hills, CA, Vol. 2, 1991b, pp. 1179-1185.

T.G. Theofanous, W.H. Amarasooriya, H. Yan and U. Rat-
nam, Failure in a Mark-I containment, NUREG/CR-5423,
US Nuclear Regulatory Commission, 1991¢.

B. Turland, D.F. Fletcher, K.I. Hodges and GJ. Attwood,
Quantification of the probability of containment failure
caused by an in-vessel steam explosion for the Sizewell B
PWR, CSNI Specialists Meet. on Fuel-Coolant Interactions,
Santa Barbara, CA, 1993, NUREG/CP-0127, March 1994.

W.W. Yuen and T.G. Theofanous, The prediction of two-di-
mensional detonations and resulting damage potential,
CSNI Specialists Meet. on Fuel-Coolant Interactions, Santa
Barbara, CA, 1993, NUREG/CP-0127, March 1994,

W.W. Yuen, X. Chen and T.G. Theofanous, On the funda.
mental microinteractions that support the propagation of
steam explosions, ANS Proc. NURETH-5, Salt Lake City,
UT, Vol. I, 1992, pp. 627-636.



