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ABSTRACT

This three-volume report contains papers presented at the Twenty-Second Water
Reactor Safety Information Meeting held at the Bethesda Marriott Hotel,
Bethesda, Maryland, during the week of October 24-26, 1994. The papers are
printed in the order of their presentation in each session and describe progress
and results of programs in nuclear safety research conducted in this country and
abroad. Foreign participation in the meeting included papers presented by
researchers from Finland, France, Italy, Japan, Russia, and United Kingdom. The
titles of the papers and the names of the authors have been updated and may
differ from those that appeared in the final program of the meeting.
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Closure of the Direct Containment Heating Issue for Zion

Martin M. Pilch, Michael D. Allen, Daryl L. Knudsoi1,
Douglas W. Stamps, and Eden L. Tadios

Sandia National Laboratories
Albuquerque, NM

ABSTRACI

Supplement I of NUREGICR-6075 brings to closure the DCH issue for the Zion plant.
It includes the documentation of the peer review process for NUREG/CR-607S, the assessments
of four new splinter scenarios defined in working group meetings, and modeling enhancements
recommended by the working groups. In the four new scenarios, consistency of the initial
conditions has been implemented by using insights from systems-level codes. SCDAPIRELAP5
was used to analyze three short-term station blackout cases with different leak rates. The
SCDAP/RELAP5 output was used as input to CONTAIN to assess the containment conditions
at vessel breach. The methodology originally developed in NUREG/CR-6075 was used to
analyze the new splinter scenarios. Some enhancement of hydrogen combustion modeling was
implemented for these analyses. A new computational tool-te two-cell equilibrium/Latin
hypercube sampling (TCE/LHS) code-was developed for this effort to perform Monte Carlo
sampling of the scenario distributions. The analyses of the new scenarios showed no
intersection of the load distributions and the containment fragility curves, and thus the
containment failure probability was zero for each scenario. These supplemental analyses
complete closure of the DCH issue for Zion.

Idaho National Engineering Laboratory, Idaho Falls, ID 83415
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1.0 INTRODUCTION

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

Direct Containment Heating (DCH) is a prominent severe accident issue because of its potential for
early containment failure. The Nuclear Regulatory Commission (NRC) has identified DCH as a major
issue for resolution in the Revised Severe Accident Research Plan (NRC, 1992) and has sponsored a
program at Sandia National Laboratories to resolve the DCH issue. The first step in this process was
writing NUREG/CR-6075 (Pilch et al., 1994): 'The Probability of Containment Failure by Direct
Containment Heating in Zion.' NUREG/CR-6075 assesses the probability of containment failure by
DCH for the Zion Nuclear Power Plant (NPP). NUREG/CR-6075 was extensively reviewed by a panel
of 15 experts representing national laboratories, universities, and industry. The review process included
written comments by the peer reviewers, responses to the comments by the authors, and rebuttals by the
reviewers (see Appendix A). Major issues that were identified as part of the peer review process, such
as consistency of initial conditions and hydrogen combustion, are addressed in Supplement I of
NUREG/CR-75. Following the comment, response, and rebuttal process, two working group meetings
of selected members of the original peer review group were held to resolve two residual concerns: initial
conditions and model validity.

Supplement I to NUREG/CR-675 focuses on closure of the DCH issue for the Zion plant. It
contains the additional analyses that the working groups indicated were necessary to strengthen the
original conclusions. The probabilistic framework for these analyses is described in Section 2 of this
report. The working groups suggested four new possible scenarios for analyses using the methodology
in NUREG/CR-6075. The scenarios are described and justified in Section 3. Quantification of the DCH
phenomenon with the TCE model is discussed in Section 4, and quantification of the Zion fragility is
described in Section S. The probabilistic synthesis is carried out using a Monte Carlo sampling method
in the TCEILHS code, which is described in Appendix B. Section 6 contains the results of the
calculations for the splinter scenarios. Tle conclusions and recommendations are summarized in
Section 7.

The working group members stressed consistency of the DCH initial conditions. They
recommended using insights from core melt progression analyses performed by the Idaho National
Engineering Laboratory (INEL) with SCDAP/RELAPS for the Zion plant. Consistent with that
recommendation INEL analyzed three short-term station blackout cases for the Zion plant with different
leak rates: (1) no leaks, (2) a leak rate of 250 gpm per pump, and (3) a leak rate of 480 gpm per pump.
Failure of the hot leg or surge line resulting in depressurization of the primary system was observed well
before core relocation and lower head failure in all three cases. However, the calculations were
continued until the lower head failed in order to gain insights about conditions at lower head failure, such
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as the melt mass and composition, reactor coolant system pressure, melting of upper plenum steel, and
relocation of metallic core blockages into the lower plenum. These insights were applied in developing
the distributions for the new scenarios defined in this supplement.

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

The methodology that has been developed in NUREG/CR-6075 and its supplement will be applied
to the Surry plant in NUREG/CR-6109: 'Tlhe Probability of Containment Failure by Direct Containment
Heating in Surry.' Extrapolation to other power plants is being addressed in another NUREG/CR report
to be released soon.

1.1 Reterences

NRC (December 1992). Severe Accident Research Program Plan Update, NUREG-1365, Rev. 1.

Pilch, M.M., M.D. Allen, and J.L. Binder (1992). Counterpart and Replicate DCH Experiments
Conducted at Two Different Physical Scales: The SNLIIET-J, IR and the ANLAIET-1R, IRR
Experiments," Letter Report to the NRC.

Pilch, M.M., H. Yan, and T.G. Theofanous (1994). '7he Probability of Containment Failure by Direct
Containment Heating In Zion, - NUREG/CR-6075, SAND93-1535.

Zuber, N. et al. (1992). An Integrated Structure and Scaling Methodologyfor Severe Accident Technical
Issue Resolution, Draft for Comment, NUREG/CR-5809, EGG-2659.

2.0 PROBABILISTIC FRAMEWORK

The basic understanding upon which this approach to resolving the DCH issue is based (and
confirmed in repeated experiments) is that the intermediate (or steam generator) compartment traps most
of the debris dispersed from the reactor cavity and that the thermal/chemical interactions during this
dispersal process are limited by the incoherence in the steam blowdown and melt entrainment processes.
To put it simply, for blowdowns that are sufficient to cause entrainment and significant thermal/chemical
interactions, the entrainment time is short compared with the blowdown time so that the molten debris
is exposed to only a small fraction of the steam from the primary system. Because this steam is the
principal medium for carrying the melt energy and the hydrogen produced by steam/metal interactions
to the main containment volume, this incoherence is a crucial mitigating factor. With this understanding,
it is possible to reduce most of the complexity of the DCH phenomenon to a single parameter: the ratio
of the melt entrainment time constant to the system blowdown time constant (R, = %./b in the TCE
model). For simplicity, R, is referred to as a coherence ratio.
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Besides these modeling factors, the DCH loads depend on parameters that characterize the system
initial conditions; that is, primary system pressure, temperature and composition (i.e., hydrogen mole
fraction), melt quantity and composition (zirconium and stainless steel mass fractions), initial containment
pressure and composition (hydrogen mole fraction), and geometry (containment volume and the size of
the breach). The key component of the framework, therefore, is the causal relation (CRI) between these
parameters and the resulting containment pressure (and temperature) under the influence of the uncertainty
in the coherence ratio, R,. Of these parameters, some are fixed, some vary only over a narrow range,
and some are so uncertain that they can be approached only in a very bounding sense. The following
features were considered in coming up with the final choice of a framework:

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

2. Containment Conditons. Typically, high-pressure scenarios evolve with significant primary system
venting prior to vessel breach (see Section 3); this venting increases the containment pressure to
-0.25 MPa with temperatures near saturation. This pressure will be lower if any of the active
containment heat removal systems are operational. The containment atmosphere will also contain
hydrogen at a concentration of a few mole percent. Preexisting hydrogen is limited by the quantity
of zirconium available to react In the core, and thus there is a constrained relationship between
preexisting hydrogen in the containment and the hydrogen produced by steam/zirconium reactions
in the DCH event.

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

The probabilistic fraework can be structured in the manner illustrated in Figure 2.1. As shown,
the initial melt parameters are to be quantified as independent probability density functions, representing
modeling uncertainty in the parameters (variations from stochastic processes are assessed as insignificant
relative to modeling uncertainty). These functions are formed into a joint probability density function
and then combined with CRI, under the parameter distribution function that represents model uncertainty
for the DCH processes, R7, to obtain a probability density function for the peak containment pressure.
This distribution function is combined with the set of containment fragility curves (probabilistically
distributed themselves) to obtain a probability distribution of the containment failure frequency.

The discrete probability distribution (DPD) method was used to propagate distributions through the
probabilistic framework in NUREGICR-675. The ALPHA code, developed at the University of
California at Santa Barbara (UCSB), was the software based on the DPD approach that was used in
NUREG/CR-675 to calculate containment failure probabilities. An alternative to using ALPHA was
developed by Sandia for the present supplement document, with an eye towards continued use in future
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extrapolation efforts. Sandia has developed software to perform either traditional Monte Carlo sampling
or stratified Monte Carlo sampling (Latin Hypercube Sampling, LHS). The software, called LHS is user-
friendly and has an established quality assurance pedigree, including code assessment and verification.
Sandia chose to use a new numerical tool based on LHS to propagate distributions through the
probabilistic framework. The resulting software is described more fully in Pilch et al. (1994) where LHS
results are benchmarked against existing ALPHA predictions.

2.1 References

Pilch et al. (1994). The Probabllity of Containmnet Failure by Direct Containmenw Heafing In Zion,
NUREGICR-6075, Supplement 1.

Figure 2.1. The probabilistic framework for containment failure under Direct Containment
Heating scenarios. The (J) and (F) are the Joint" and *function' operations,
respectively, as described In the text.
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3.0 QUAMICATION OF INITIAL CONDITIONS

3.1 Introduction

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

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

Peer reviewers raised the following questions regarding the completeness of the splinter scenarios
considered in NUREGICR-6075:

1. Can full system pressure cases be ruled out?

2. Should operator intervention scenarios be analyzed?

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

Generally, the peer reviewers characterized initial condition quantifications in NUREG/CR-6075 as
uoptimistic.u Specifically, they expressed concern that -8 MPa RCS pressure might not be adequately
bounding, that the melt mass distributions were too narrow, and that the melt composition did not contain
sufficient metallics (Zr and steel). The reviewers also stressed that SCDAPIRELAPS analyses be
performed and used in a consistent manner in establishing initial conditions.

The NRC convened a working group to make recommendations on how to resolve these concerns.
The group's minutes are included in Pilch et al. (1994b) and summarized In Section 3.2, where additional
splinter scenarios are defined. SCDAP/RELAPS calculations were performed to provide confirmatory
insight into the working group recommendations. These calculations are discussed more fully in Pilch
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etal. (1994b) and the relevant insights are summarized in Section 3.3. Quantifications for the new
scenarios are presented in Sections 3.5 and 3.6.

3.2 SpUnter Scenarios

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

Working group recommendations focused on four new splinter scenarios as shown in Figure 3.2.
The intent was to place greater reliance on systems-level codes (SCDAPIRELAPS) In order to achieve
better consistency between RCS pressure at vessel breach with melt mass and composition. Specifically,
the working group emphasized that high RCS pressures are correlated with predominantly oxidic melts
and that metallic melts are correlated with reduced RCS pressures. The rationale leading to these new
splinter scenarios is discussed next.

The working group felt that there was no compelling need to further analyze scenarios with
penetration failures. The INEL lower head failure analysis (Rempe et al., 1993) and the OECD-NEA-
TMI-2 vessel investigation project (Stickler et al., 1993) both concluded that rupture was much more
likely than a penetration-type failure. Marshall (1988) performed some scoping experiments on tube
ejection. Specifically, he confirmed that binding caused by differential thermal expansion could prevent
ejection of a penetration from the lower head (for the conditions and materials tested); however,
ballooning of the lower head, which could induce ejection of a penetration as a precursor to rupture, was

ot modeled in these experiments. Fauske and Associates, Inc. (FAI) (Hammersley et al., 1993), under
the sponsorship of the Electric Power Research Institute (EPRI), has examined melt penetration into in-
core instrument guide tubes. Pressure-driven melt was observed to travel approximately 2 m, which is
far enough to carry it well beyond the lower head. However, the melt mass is too small to threaten the
integrity of the guide tube. These limited experiments confirm INEL and OECD conclusions that
penetration-type failures are unlikely. NUREG/CR-6075 (Pilch et al., 1994a) showed that a penetration
failure followed by ablation of the lower head would produce a hole about the same size as would be
expected for a local rupture of the lower head. Finally, work reported in NUREG/CR-6075 showed that
predicted loads for rupture scenarios bound predicted loads for penetration failure scenarios;
consequently, penetration failures need not be considered further in the supplement assessments for Zion
or in any extrapolation activities.

Scenario VI is very similar to Scenario II in NUREG/CR-6075. Here, the working group wanted
to emphasize the presence of water in the lower head. They recommended the addition of a new TMI-
like scenario (Scenario V) characterized by reflooding and repressurization (-16 MPa) of the RCS as
a result of operator actions. Scenarios V and VI were envisioned as having water in the core (at least
covering the bottom) during much of the core melt progression; consequently, slumping core material
would form a crucible which could fail only locally. The melt composition would be largely oxidic, with
most unoxidized Zr permanently retained as a metal blockage in the core.
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The working group then recommended consideration of scenarios In which core melting would
proceed without water in the core region and largely without water In the lower plenum. It was their
expectation that these scenarios would evolve to much lower RCS pressures at vessel failure for typical
small break loss-of-coolant accidents (SBLOCAs). At the lower pressures, the possibility of melting
upper plenum steel without also failing the hot leg becomes possible; thus, both scenarios VII and VIII
augment the oxidic melt with large quantities of upper plenum steel. Scenario VIII is distinguished from
Scenario VII in that the metal blockage is also assumed to remelt, allowing large quantities of unoxidized
Zr to relocate to the lower plenum.

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

SCDAP/RELAP5 calculations have been performed (based on working group recommendations) to
confirm the basic features of Scenarios VII and VIII. Three cases were run with SCDAP/RELAP5
representing the full spectrum of expected SBLOCAs: no leaks, 250 gpm/pump, and 480 gpm/pump.
The results are summarized in Section 3.3. The key conclusion, however, Is that hot leg failure is
predicted to occur before core relocation for all SBLOCAs leading to complete depressurization of the
RCS before lower head failure. Consequently, Scenarios VII and Vm are not further analyzed.

33 Summary of SCDAP/RELAPS and CONTAIN Insights

The initial and boundary conditions for the new scenarios analyzed in this supplement are based on
insights from SCDAP/RELAP5 and CONTAIN calculations. These system code calculations are used
to justify the Initial and boundary conditions for the dry core splinter scenarios discussed in Section 3.2.
In this report, 8dry cores implies that the RPV water level is below the bottom of the core so that the
potential exists for metallic blockages to relocate to the lower plenum. All of the cases analyzed
produced 'dry core' conditions.

Three dry core cases were run with SCDAP/RELAPS at different leak rates: (1) no leaks, (2) 250
gpm per pump leaks, and (3) 480 gpm per pump leaks. The goal of these calculations was to develop
a better understanding of the melt mass, melt composition, and RCS pressure at the time of lower head
failure for dry scenarios. In each case, hot leg failure was allowed to occur, if predicted during the
calculation. This failure would lead to depressurization and complete accumulator discharge. The output
from SCDAPIRELAPS for these cases was used in CONTAIN to determine the containment conditions
at the time of lower head failure. The flow of steam, water, hydrogen, and nitrogen into the containment
was provided to Sandia by INEL for use in CONTAIN. The hydrogen flow into the containment was
assessed to determine if the hydrogen would burn as it entered the containment. A number of important
insights were obtained from these calculations.

First, the SCDAPIRELAP5 calculations indicated that hot leg failure occurred prior to melt
relocation into the lower plenum in all cases. The failure resulted in depressurization and accumulator
discharge. In all cases, the RCS pressure was at containment pressure at the time of lower head failure.
Owing to the significant amount of time between hot leg failure and lower head failure, we conclude that
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the sequences, as calculated by SCDAPIRELAPS, will not result in a DCH threat. This supports the
assessment in NUREG/CR-6075 that full system pressure scenarios can be excluded (except operator
intervention accidents such as TMI-Il). The SCDAPIRELAPS calculations also confirm that the - 8 MP&
bound in NUREG/CR-6075 is not only conservative, but perhaps excessively so unless the operator
intervenes in the accident. This assumes, of course, that water injection does not arrest melt progression.

A second insight is related to the amount of metallic debris present in the melt in the lower plenum.
We noted that the degree of upper plenum steel melting is limited in all cases and is strongly correlated
with hot leg failure. The maximum amount of upper plenum steel that was predicted to melt was -3 mt.
We also noted that lower plenum steel was assumed to melt in all cases, representing an additional 5 mt
of steel. Hence, the amount of steel in the melt is limited to -8mt. This -8 mt of steel can be
compared with the original 25 mt analyzed in Scenarios HI and TV in NUREGICR-6075. We conclude
that the analyses confirm the conservatism in the original steel mass distributions.

With respect to zirconium in the melt, SCDAPIRELAP5 indicates that very little zirconium is
predicted to relocate into the lower plenum. The maximum amount of zirconium in the lower plenum
melt is -0.5 mt. This result implies that melt-out of the metallic blockage in the core region is not
predicted, even in dry core scenarios. Again, the SCDAP/RELAP5 predictions confirm NUREG/CR-
6075 assessments.

The reason for this behavior can be seen by a careful review of the calculations. In all cases, the
melt that relocated into the lower plenum is predicted to quench, but not all of the available water is
vaporized. This is likely due to displacement of water from the lower plenum as the melt relocates. The
water eventually settles back into the lower plenum, but a stratified condition exists, i.e., the water
overlies the debris residing on the lower head. Owing to inefficient heat transfer between the debris and
the water, the water is vaporized slowly and, in all cases, water remains in the lower plenum at the time
of lower head failure. The presence of water and its slow vaporization appears to be sufficient to prevent
melt-out of the in-core blockages. Hence, we conclude that the amount of zirconium in the melt in the
lower plenum is expected to be very limited.

A third insight is related to the amount of hydrogen generated. We observed that the amount of
hydrogen generated in Cases 2 and 3 corresponds to -40 to 60 percent zirconium oxidation. Our
expectation is that the 60 percent level is a likely upper bound since much of the remaining zirconium
is contained in metallic blockages that are difficult to oxidize. The distributions for Zr oxidation in
NUREG/CR-6075 envelope the SCDAPIRELAP5 predictions.

The fourth insight is related to the amount of molten material at the time of lower head failure. We
noted that the amount of oxide material that relocated into the lower plenum varies from approximately
77 mt to 104 at for the three cases, but the amount of molten oxide varies from 55 mt to 66 mt. Hence,
while the amount of oxide material in the lower plenum shows some variation, the amount of molten
oxide at vessel breach is limited to a rather narrow range. The SCDAP/RELAP5 predictions (-60 mt
oxide) are about 10 mt higher than the assessments in NUREG/CR-675, with most of the difference
attributed to a NUREGICR.6075 assessment that the crucible cannot fail at the bottom and drain
completely, whereas SCDAP/RELAPS analyses assume failure of the crucible results in complete
drainage of the molten contents. However, sensitivity studies have shown that DCH loads are very
Insensitive to oxide mass.
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The CONTAIN calculations were used to provide insights into the containment conditions at the time
of lower head failure. The Zion containment was represented by four cells: one each for the cavity,
steam generator compartments, annular region, and the dome. The SCDAP/RELAPS predictions of the
temperature and mass flow rates of water, steam, hydrogen, and nitrogen from the RCS were used as
inputs to the CONTAIN calculations. Because of the complexity of the hydrogen combustion issues,
CONTAIN was run with all burn models disabled. This allows the maximum accumulation of hydrogen
at the time of RPV failure. Hydrogen combustion analyses were performed separately by examining
sources from SCDAPIRELAP5 and CONTAIN predictions of the atmosphere composition in each cell
to determine if hydrogen released prior to RPV failure would burn as it entered containment. Several
insights were obtained from the CONTAIN calculations.

The CONTAIN calculations showed that the containment pressure at the time of lower head failure
was in the range of 0.23 to 0.26 MPa for the three cases. These values are consistent with the -0.25
MPa estimate used in NUREGICR-6075. Condensation on internal structures and containment walls had
a significant influence on the steam concentration in the containment atmosphere prior to vessel breach.

It was predicted that the gases would not accumulate in the steam generator compartments or in the
containment annulus. This is consistent with gases released from relatively low release locations but the
predictions were also influenced by the CONTAIN nodalization scheme and use of a lumped-parameter
code.

During the time hydrogen was injected Into the containment, the global mixtures were nonflammable
for the three cases analyzed. In the dome, for example, the steam concentration varied between
approximately 40 - 60 percent as the hydrogen was injected while the hydrogen concentration was
typically below 5 percent.

Insights were obtained on non DCH-induced hydrogen combustion using both the SCDAP/RELAP5
and CONTAIN calculations. The SCDAP/RELAP5 predictions were analyzed to determine what
fraction, if any, of the hydrogen injected into the containment would be consumed as an autoigniting jet.
Furthermore, since the scenarios analyzed were station blackout scenarios, the autoigniting jets were
considered to be the only possible Ignition source for deflagrations in the contaimnent. Therefore,
CONTAIN predictions of the source compartments were analyzed to determine if mixtures were
flammable at the time the jets autoignited.

It was determined that the only possibility of jet autoignition would occur at the hot leg break in
Cases I and 3, and these cases would depressurize so quickly that they would not be a DCH threat.
Otherwise, the temperatures of the gases (-600 K) released from the pilot-operated relief valves
(PORVs) were too low for autoignition for all cases, and the hydrogen concentration in the jet never
exceeded -5 percent and usually was zero. Likewise, gases released from the RCPs likely would not
autoignite in all of the cases analyzed because hydrogen concentrations in the jets were very low (- 5 -
15 percent) during periods of high gas temperatures. Thus, the hydrogen concentration in the
containment just prior to vessel failure can be simply determined by summing all hydrogen released from
the RCS.

For Case 1, It was estimated that between 35 - 40 percent of the total hydrogen released into the
containment could have burned as an autoigniting jet. Conditions for autoigniting jets were not satisfied
for Case 2. For Case 3, it was estimated that approximately I - 2 percent of the total hydrogen released
into the containment could have burned as an autoigniting jet. These results are fbr three cases that had
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different leak rates for the reactor coolant pump seal but otherwise were the same. The large variation
In the fraction of hydrogen that could have burned for the three cases illustrates that hydrogen is very
scenario dependent.

Gases in the source compartments were not flammable during the time the jets were autoigniting for
the three cases analyzed. The analyses accounted for the decrease in hydrogen that was consumed in the
autoigniting jets. The containment pressure increase resulting from blowdown and autoignition of jets
in Case I is -0.03 MPa higher for a total pressure of -0.30 MPa at the time (-2000 s) of jet
combustion. This pressure is far from a containment- threatening load.

3.4 Characterization of (he Zion Plant

Quantification of initial conditions for analyzing containment loads is based on the plant
characteristics shown in Table 3.1. It is worth noting that approximately 30 percent of the core is within
one fuel assembly distance to the edge of the core. This material, owing to its low decay power and high
heat transfer to the core barrel, is difficult to melt, and it is an unlikely contributor to the core melt Cm
the lower plenum) at vessel breach. Although the core contains little steel, the upper and lower plenums
contain large quantities of steel that might be added to the core melt, depending on the scenario. Here,
we have restricted ourselves to relatively thin steel that has no substantial inertia to thermal loads that
might be imposed on the structure. Based on a more careful examination of a TRAC deck for Zion, and
in consultation with FAI (MAAP input deck), the quantity of meltable steel in the lower plenum has been
revised from 15 mt (Pilch et al. 1994a) to 10 mt.

Figure 3.3 depicts the Zion NPP. Debris ejected from the reactor pressure vessel first enters the
reactor cavity, where high-pressure blowdown gases can disperse the debris into the containment by one
of two possible paths. The first is an annular gap around the RPV, which would allow debris to disperse
directly to the upper dome. This annular gap is partially filled with reflective insulation and is blocked
by neutron shielding and the eight nozzles near the top of the RPV. The SNL/IET-1I (Blanchat et al.,
1994) experiment showed that if gas can carry debris into the gap, then the insulation will melt and be
swept clear of the gap. Such a situation cannot be precluded at Zion; consequently, this potential flow
path is explicitly bounded in the evaluation of containment loads evaluations.

As shown in Figure 3.3, the major dispersal path (by virtue of its large flow area) is through a tunnel
leading from under the RPV, which exists so that in-core instrument guide tubes can have access to the
lower head. Debris dispersed from the cavity through this path will enter the lower compartmentalized
regions of the containment. In particular, a significant amount of debris will enter the containment
basement, which comprises only -6 percent of the containment volume. The TCE model treats this
subcompartnent room as part of its basic formulation, but it is found that DCH interactions are
dominated by the interaction with the blowdown gas rather than any gas initially in the subcompartment.
Consequently, this room plays no real role in DCH except to confine debris to an insignificant portion
of the containment atmosphere. However, hydrogen produced in the cavity and basement during the
DCH event will be pushed to the upper dome through vent paths by blowdown steam.

The seal table room sits over the cavity exit. Experiments have shown that some dispersed debris
can reach the upper dome through the seal table room and through vents located above the reactor coolant
pumps.
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3.5 Scenario V - SBLOCA with Repressurization of the RCS by Operator Intervention

Scenario V represents a core melt accident that progresses with water still present in the lower
portions of the core. Such conditions lead to formation of a crust within the core followed by a massive
release of melt when the crust fails. Accumulation of core material on the lower head of the RPV causes
the lower head to heat up, eventually to the point where its structural strength is so degraded it can longer
withstand the stresses induced in the lower head by elevated RCS pressures. Thus, creep rupture of the
lower head is the expected failure mechanism. The distinguishing feature of Scenario V is that operator
actions are assumed to refill the RPV with water and to fully repressurize the RCS. Analysis of DCH
for a repressurized RCS is deemed conservative because we expect operators to depressurize the RCS in
a core damage accident.

Table 3.2 summarizes the initial conditions for this scenario. Operator actions are assumed to
repressurize the RCS to 16 MPa. Operator intervention refills the RPV with water (-75 mt) to the hot
leg nozzles and quenches any steam remaining in the RCS to near saturation (-700 K). Recall that a
noncondensible gas bubble prevented operators from refilling the entire RCS at TMI-Il. The RPV lower
head must be heated by accumulated core material to the point that steel loses its strength (-1000 K),
which leads to rupture of the lower head. The initial hole diameter is -0.40 m (Pilch et al., 1994)
because of the likely presence of hot spots and because of stress concentrations associated with the
existence and spacing of lower head penetrations. This rupture size is in accordance with working group
recommendations (Pilch et al. 1994b). The final hole size (- 0.46 m at the upper bound) is computed
with the ablation model Eq. (4.2); however, ablation is not important for the large initial hole sizes
associated with rupture of the lower head.

Oxidation of Zr occurs predominantly before significant core degradation, as demonstrated in various
calculations. In earlier 2-D MELPROG calculations performed by Kelly et al. (1987), 80 percent of the
Zr oxidation occurred prior to formation of a molten pool. SCDAP/RELAP5 calculations (Appendix C)
performed specifically for this report confirm these early assessments and show that nearly 100 percent
of the hydrogen is produced before core slump. Furthermore, most Zr will be permanently retained in
core blockages, with any Zr remaining in the melt existing as a eutectic with the other (mainly oxidic)
constituents. Little of this Zr is expected to oxidize during massive relocations. To first order then, Zr
oxidation is independent of the core melt progression that follows the main oxidation event; and since
oxidation occurs predominantly before molten pool formation, existing systems-level computer codes are
technically adequate to assess the range of possible oxidation.

Referring then to SCDAPIRELAPS calculations (Knudson and Dobbe, 1993; Knudson, 1993, Pilch
et al. 1994b), MELPROGIPWR-MOD1 calculations (Kelly et al., 1987), and CORMLT calculations
(Denny and Sehgal, 1983), we find that the fraction of Zr oxidized ranges from 20 to 60 percent with
a mean around 40 percent. Consistent with NUREG-1150 expert elicitations, the extremes of the
distributions are considered unlikely (P -0.01). The distribution is shown in Figure 3.4. The
calculations cited were chosen because of their explicit treatment of recirculating flow patterns in the
core.

Consistent with TMI-II, the potential release of molten material to the lower head is controlled by
the formation of a hemispherical crucible that excludes only the outer assemblies of the core (Figure 3.5).
The outer assemblies are generally not in a severely degraded state because the RPV is flooded.
Asymmetries in crucible growth ensure that localized penetration of the outer assembly and the core
barrel would most likely occur when the crucible has grown (on average) to the outer assembly.
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The maximum volume of such a crucible is -7 m' and it would be filled with a predominantly
oxidic melt with a density of - 10,000 kg/rmn. This means that the crucible can hold a maximum of
-70 mt of molten material. The amount of melt released from the crucible is a function of where the
crucible falls, with downward and sideward representing the two extremes. Recent studies by Schmidt
and Humphries (1994), considering only conduction processes, suggest that bottom failure of a crucible
Is very unlikely. Natral convection patterns (which produce edge-peaked heat flux distributions) in the
molten pool, should they develop, would only reinforce the prediction of side failure of the crucible. The
MP-2 experiment (Gasser et al., 1994) tends to confirm that downward failure of an oxidic crust is
unlikely, even in the absence of active cooling. To establish an upper bound (P -0.01) on the U02 mass
that relocates to the lower plenum, it was assumed that the crucible could fail at the bottom, releasing
the entire -70 mt of material to the lower plenum head.2

To fix the composition a little more closely, we note that - 80 - 90 percent of 70 mt (0.85 x 70 -
60 mt) is U0 2. As a best estimate, and consistent with TMI-lI observations and working group
recommendations, side failure of the crucible is expected to release about half of the material (-35 mt
total) to the lower head. Likewise, the best estimate on the amount of relocated U02 is - 30 mt. On
this basis, the distribution for the amount of U02 released from the crucible can be constructed as in
Figure 3.6.

It should be noted that the amount of U0 2 released from the crucible exceeds the amount of molten
material available to participate in DCH at the time of vessel failure. First, not all material released from
the TMI-I crucible reached the lower head. Some froze between the core former plate and the core
barrel and some additional material froze on other structures as it drained into the lower plenum. Second,
some molten material will quench and freeze as it flows through the water in the lower plenum.
Calculations using the THIRMAL code (Rempe et al., 1993) suggest that as much as -50 percent might
freeze during this process if the water is subcooled. Experiments (Spencer et al., 1994) tend to confirm
this number If the water is subcooled, but suggest that only -10 percent will quench if the water is
saturated. Third, some of the molten material accumulated on the lower head will form an upper crust
resulting from heat transfer to the overlying water. Finally, some of the molten material will freeze as
it transfers heat to the lower head and drives it to failure.

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

As a bound, we consider only melt freezing in the process of heating the lower head to rupture.
Boucheron (referenced in Zuber et al., 1991) shows that -10 - 15 mt of oxide will freeze (with decay
heat coupling) In order to heat the lower head to a point where It loses its strength and ruptures. With
this in mind, we shift the UO distribution in Figure 3.6 an additional 10 mt to the left. The distribution
of molten U02 at the time of vessel breach is then given by Figure 3.7. The best estimate is then

I As an upper bound, NUREO/CR-6075 assumed that 75 percent of the molten material bottled up hi the aucible
would relocate. The woriking group recommended that 100 percent relocation should be used as the upper bound.
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centered at 20 mt, with an upper bound of 50 mt. We emphasize the conservative nature of this
distribution given the additional quenching mechanisms that have been ignored.

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

-M,.Jmelt) M 123
MZGO - CO-re-) , fz, *(3.1)

This expression assumes that ZrO2 is contained in the melt In the same fraction to which the core is
degraded MuO2(degraded)/Mtw(core) and that ZzO, relocates to the lower plenum in the same manner
as the U0 2, that is, Mt=(melt)/MuO(degraded).

The relocation of Zr metal within the core plays a key role in the ultimate formation of core
blockages. Upon melting, most of the Zr metal and (UZr)0 relocates downward until it freezes in
cooler portions of the core, forming partial or complete blockages, depending on the amount of relocating
material. The subsequent melting of U02 and ZrO1 allow molten oxides (at least initially) to settle and
refreeze on top of the metallic blockages. In this way, the accumulating melt forms a crucible on top of
the metallic blockage. This picture is consistent with SCDAP/RELAPS calculations. This separation of
molten oxides from the blockage, which consists of unoxidized clad and dissolution products, ensures that
little metal enters the melt, except possibly through some additional formation of (U,Zr)02 eutectics,
dripping of Zr from fuel stubs above the degraded region, or when the crust fails. However,
SCDAP/RELAP5 predicts only negligible additional formation of eutectics and dripping is not predicted
even in scenarios in which the core Is completely dry. As observed in ThfI-U, the crust is expected to
fail locally (from Inhomogeneitles in the crust and asymmetries in crucible growth), carrying only small
quantities of metal from the blockage into the lower plenum. The flooded core scenario precludes melting
out of the blockage. Thus, little or no Zr Is expected in the melt.

To account for uncertainties in eutectic formation and crucible failure (and consistent with the
working group recommendations), we assume that the molten Zr mass is proportional to the mass of
molten U02 Thus, the amount of molten Zr can be computed from

M2, - 0.029 Mumf . (3-2)

Consistent with working group recommendations, we assume that -2 mt of Zr is associated with the
upper bound of the U0 2 distribution, which we take as -70 mt. The -70 nit of U0 2 is actually
associated with Scenario VI; so that for Scenario V, the amount of Zr associated with the upper limit of
the U02 distribution (- 50 mt) is 1.45 mt. In this way, Scenarios V and VI are both treated consistently.
This formulation is equivalent to a hypostoichiometry of urania, which can be expressed as UCO,, where
x-0.17.

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

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

The melting of lower plenum steel by relocated core material Is the only source of molten steel of
potential importance in a DCH event. Only thin lower plenum steel (e.g., nozzles) that is submerged in
the accumulating core material is assumed to melt. The quantity of submerged steel depends on the
volume of core material in the lower plenum and can be computed from

MV- 2 4 , l- 10- 4- ME x M

Ml . J, PU02 '= Pua,= 7z 1W (3.3)
VW

where the densities (kg/m) are pu = 10400, pzma 5900, puff = 9660, pz, = 6500, and pasm
9250. Note that the quenched 10 mt must be taken into account because It is part of the volume of core
material. We note that submerged nozzles at TMI-I did not all melt; consequently, Eq. (3.3) gives a
conservative result.

Consideration of natural convection in volumetrically heated pools (Theofanous, 1988; Epstein and
Fauske, 1989) indicates that the melt superheat cannot exceed -200 K under steady state conditions.
These assessments are also consistent with SCDAPJRELAP5 analyses. The UO2IZrO2 eutectic melts at
about 2800 K, so the maximum temperature on relocation is about 3000 K (-2900 K has been estimated
for TMI-II), but some cooling on relocation is expected. Thus, we believe that a conservative bounding
value of -2800 K is appropriate for Scenario V.

MAAP calculations (Henry, 1993) for the Zion plant indicate that the containment pressure at vessel
breach Is about -0.25 MPa and the conditions are saturated (-380 K). CONTAIN calculations (Tutu
et al., 1990) Tvo the Zion plant produced 0.3 MPa at vessel breach. The most recent CONTAIN
calculations (Appendix D), using sources from SCDAP/RELAP5 (Pilch et al. 1994b), show containment
pressures in excess of -0.25 MPa up to and through the period of accumulator discharge. As a result,
-0.5 MPa is chosen as representative for our purposes, which is consistent with NUREG/CR-6075
(Pilch et al., 1994a). Appendix D in NUREGICR-6075 (Pilch et al., 1994a) concludes that DCH loads
are insensitive to reasonable choices of Initial containment pressure. The Zion containment is initially
at atmospheric pressure, so approximately 0.1 MPa (400 K1314 K) a 0.13 MPa of the pressure at vessel
breach is air. Consequently, the initial steam concentration is -48 percent.

The containment conditions discussed above assume that active containment cooling systems (i.e.,
fan coolers or sprays) are not operational. We note that fan coolers were operational at TMI-II and that
containment conditions were P - 0.11 MPa, T - 326 K, Xs, -0.035, and X, -0.079. Thus, there
was little steam in the containment. This situation will also be analyzed in Section 6.

The core-wide oxidation of Zr also controls the amount of preexisting hydrogen that can exist in the
containment building at the time of vessel breach. The RCS retains very little of this hydrogen because
it is produced early in the accident and most is vented to the containment. This is supported by earlier
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SCDAPIRELAPS calculations (Knudson, 1993) where more than 90 percent of the H2 was released to
the containment. The most recent SCDAPIRELAP5 calculations (Pilch et al. 1994b) indicate that
essentially all the in-vesssel produced hydrogen will be released to the containment. Steam/H2 sources
from SCDAPIRELAP5 are sometimes very hot and there is a possibility that hydrogen will burn as it
enters the containment. However, recent CONTAIN assessments using SCDAPIRELAPS sources suggest
that this effect is minimal except in the event of a hot leg failure, which precludes a DCH event.
Consequently, we assume that all hydrogen produced in-vessel will be released to containment, where
it will not burn prior to vessel breach. The moles of preexisting hydrogen in the containment are given
by:

N. ( -mole) - f.M° (core) (3.4)
0.091

or alternatively, a concentration can be specified

NA11 (3.59 A)

We note that at TMI-II there was -7.9 percent H2 in the atmosphere and essentially no steam. Since
these conditions are in the flammable regime, we cannot guarantee that an ignition source (unless
intentional) will burn off hydrogen prior to the DCH event if the flammability limits are exceeded.

3.6 Scenario VI - SBLOCA Under Wet Core Conditions

Table 3.2 also summarizes the initial conditions for Scenario VI. In the absence of any RCS leaks,
SCDAPIRELAPS (Pilch et al. 1994b) predicts surge line failure long before bottom head failure. These
cases fully depressurize and are of no interest to DCH. We then seek SBLOCAs of just the right size
to depressurize sufficiently that natural circulation degrades to the point that surge line or hot leg failure
is not assured. Such an intermediate state was not found. In fact, SCDAP/RELAP5 predicts hot leg
failure before core relocation for the full spectrum of SBLOCAs; consequently, Scenario VI can only
exist as the consequence of partial operator intervention. For the expected SBLOCAs, SCDAPIRELAP5
predicts depressurization to the - 4 MPa range. However, repressurization spikes due to accumulator
injection or melt relocation could sometimes repressurize the RCS to -8 MPa, which is consistent with
NUREGICR-675 (Pilch et al., 1994a) assessments. Thus, the -8 MPa RCS pressure used in
NUREGlCR-607 is adequately bounding, particularly in light of SCDAP/RELAPS predictions that the
hot leg will fail before core relocation. Owing to the similarity in Scenarios V and VI, we emphasize
only the differences in RCS temperature, melt mass, and composition, with all other parameters
developed in a manner similar to Scenario V.

The RCS gas at the time of vessel breach clearly must be superheated. In conjunction with the
pressure and volume, the moles of gas in the RCS can be computed with the RCS temperature. The gas
temperatures in each region of the RCS are estimated from SCDAP/RELAP5 output (Pilch et al. 1994b).
Given this assessment, a lower bound of -1000 K is assigned to this scenario.

The potential release of molten material to the lower head is again controlled by the formation
and failure of a crucible in the core region. Water occupies only the lowest regions of the core, so radial
cooling of a growing crucible is reduced in this situation, and consistent with SCDAPIRELAPS
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predictions, the crucible could take on the bounding shape of an upright cylinder as depicted in Figure
3.8. Again, the outer assemblies are largely excluded, although SCDAP/RELAPS does predict some
localized degradation of the outer assemblies.

In the extreme of this geometry, - 80 percent of the core can be contained in the crucible. The
upper bound to the U02 distribution is then 0.8 x 100 mt - 80 mt if the crucible fails on the bottom.
Again, the calculations of Schmidt and Humphries (1994) favor side failure before the crucible obtains
these extreme proportions. As a best estimate we assume -40 mt of UO2 can be released. With this
in mind, the distribution of U0 2 released from the crucible can be constructed as indicated in Figure 3.9.
Again allowing (-10 mt) only for melt freezing in order to heat the lower head to rupture, the
distribution of molten U02 at the time of vessel failure is given by Figure 3.10.

The fraction of Zr oxidized remains unchanged. This, in conjunction with the causal relations
(Equations 3.1 - 3.4) developed in Section 3.5, defines the remaining melt constituents and atmosphere
compositions.

CONTAIN calculations, using sources from SCDAPIRELAP5, show containment pressures in excess
of -0.25 MPa during the period of accumulator discharge. Consistent with the coupled
SCDAP/RELAP5 and CONTAIN calculations, we take P', -0.25 MPa and Vra -400 K. The steam
concentration in the containment is -50 percent.
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3.8 Nomenclature

I&J,

MbM
MATM

Nmu

VZIM

=

=

=

=

=

=

=

=

=

fraction of Zr oxidized core-wide
mass of control rod material in melt
mass of Zr initially in core
mass of steel in melt
mass of steel in lower plenum
mass of U0 2 in melt
mass of Zr in melt
mass of ZrO2 in melt
atmosphere moles
mole of H2 produced from Zr oxidation
initial RCS pressure
initial RCS temperature
volume of lower plenum
H2 concentration

Table 3.1 Caracterlzailon or the Zion plant

Parameter value

Thermal power OM 3238

Con ght (i) 3.66

Core diamet m) 3.39

Number of hel assemblIes 193

Number of del assemblies at 64
0edgof GM

Fald assembly dimensons (m) 0.214

Number of In-cm Instruments 53

RCS Volume (m') 353

Lower Md ID (m) 4.2

Lower head thlckesa Cm) 0.14

Car Inventory Ut)
UOQ 98.2
Zr 20.0
Sted 3.2
CRM 3.6

Thin upper ple1m steel 20

Thin lower plenum ised 10

Lower plenu volume m) 30

C sin tvoume Ctm) 76.9i1l0

Subompartment volume m 4.33l1

Cavty volume m 190

Containment pressure (Ps) 0.1

Containment spersatreCF.) 316

Greek

Paw =nmass density of control
rod materb

Pu02 = mass density of U0 2
NoO2mm = nmass density of U0 2/

ZrO2 eutectic
pz , = mass density of Zr
pzE0 = mass density of ZrO2

Table 3.2 Sumnaury of Initial donitn quantifcation

SCENARIO

Parameter V VI

RCS pressure UPs) 16 3

RCS temperalre (K) 700 1000

RPV water (mt) 75 10

RPV temperature (I) 1000 1000

InItl hole dhi. (m) 0.4 0.4

Flnal ole dl. (m) Eq. 4.3 Eq. 4.3

Faction Zr oxidked Fig. 3.4 FIg. 3.4

UO, mas (mt) Fig. 3.7 Fig. 3.10

Zr as (mt) Eq. 3.2 Eq. 3.2

ZrO, mug(mt) Eq. 3.1 Eq. 3.1

Steel md (mt) Eq. 3.3 Eq. 3.3

CRM ms (mt) 0.0 0.0

melt emp. (C) 2800 2S00

Faction of Zr blockage 0.0 0.0

Contiaiment pressure (MP) 0.2S 0.25

Containment temperature (C) 400 400

Preexisting I, Eq. 3.4 Eq. 3.4

Autaignhlon temperature (K) 1100 1100

Melt fractio ejected Into avty 1.0 1.0

Ejected fraction dispersed hom 0.85 0.35

Faction dispersed through gap 0.09 0.09

Faction dersed through s 0.S 0.05
table oom ad SO vents

Ccherace nrtio Eq. 4.2 Eq. 4.2
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4.0 QUANTIFICATION OF THE DCH PHENOMENON

The quantification of the DCH phenomenon is carried out by means of a causal relation (CRI) for
the containment load. CRI Is fulfilled here by the two-ell equilibrium model, which is developed in
Appendix E of NUREGICR-7S (POich et d., 1994a). In the TCE model, the containment
pressurization can be written in terms of the various energy sources (blowdown, latent and sensible heat
of debris, oxidation of metallic debris constituents, and hydrogen combustion) that can contribute to
DCH,

AP A,, (4.1)

where ; is an efficiency that accounts for mitigation of DCH due to the compartmentalized geometry of
the containment and accounts for mitigation due to the noncoherence of debris dispersal and blowdown
processes. Figure 4.1 compares model predictions with the relevant database.

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

We note that the Zion reactor cavity will be deeply flooded in certain scenarios. A deeply flooded
cavity would submerge the RPV, which may prevent Its failure (although this is an area of ongoing
research). The SNL/IET-8B experiment indicated that melt ejection into a half full cavity would fully
quench the melt reducing the DCH event to a non-threatening steam spike. We expect that more deeply
flooded situations would exhibit similar quenching behavior.

Most input parameters in the TCE model are related to Initial conditions and material properties.
The key modeling parameter in the TCE model is the melt-to-steam coherence ratio. Because the
entrainment time Is short compared with the blowdown time, molten debris is exposed to a small fraction
of the primary system steam during the dispersal process. Since this steam is the medium for carrying
the melt energy and the hydrogen produced by steam/metal interactions to the main containment volume,
this Incoherence Is a crucial mitigating factor. With this understanding, it is possible to reduce most of
the complexity of cavIty phenomena to the coherence ratio (R, - r.r/b in the TCE model). We now
focus on the coherence ratio and its quantitative representation in the calculations (i.e., pf 4, see
Figure 2.1).
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Appendix E In NUREG/CR-6075 (Pilch et al., 1994a) develops a correlation for the coherence ratio
based on experiment values obtained by a procedure best suited to the TCE model. For this application,
the Zion data are best correlated by

R, -9.661hH 4r
(4.2)

It is assumed that R, values are distributed normally about the mean given by Equation 4.2 with a relative
standard deviation of 29 percent as indicated by the database. The database for the coherence ratio
largely overlaps the range of individual parameters that are of interest to reactor applications. However,
the database does not include all possible combinations of parameters for each of the potential
applications; consequently, the correlation for the coherence ratio is required to fill gaps in the database.
It is significant that this process is one of interpolation rather than extrapolation.

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

Tai

ADA
DAt (43)

I + 0.6934

where

TM- -IV _

T(DI
r 112

2Ž (pL3-po)
Pij

(4.4)

is the characteristic time to eject all the melt from the RPV in the absence of ablation and where

0~

I 2 ht4 , (7-T...)
..- T,, Il (4.5)

is the characteristic time to double the initial hole size by ablation. Ablation does not significantly
increase the hole size for rupture of the lower head.

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

24



1. DCH-produced hydrogen (plus some entrainment of H2 from the preexisting atmosphere) can
burn as a jet in the dome and contribute to peak containment pressures. This is consistent with
NUREG/CR-607S.

2. Stratification of jet combustion products will occur In the dome, thus Impeding the mixing of
combustion products with the preexisting atmosphere.

3. Flame propagation is difficult to achieve in a stratified containment atmosphere and the burning
process is too slow and inefficient to contribute to peak loads except possibly at the upper end
of H2 distribution. Explicit treatment of this process (not considered in NUREG/CR.6075) to
better define and bound uncertainties in hydrogen combustion is included in the supplement
analyses. The fraction of the preexisting hydrogen that can burn on DCH time scales and
contribute to peak loads is given by

f my ,7 w _ (4.6)

Even for finite combustion completeness (q), heat transfer to structures can exceed the energy
release rate due to the deflagration so that the deflagration does not contribute to peak DCH
loads. These enhancements had negligible Impact on the predicted containment load
distributions for scenarios with - 50 percent steam in the containment atnosphere. Deflagration
enhanced DCH loads are predicted for a TMI-like scenario with essentially no steam in the
atmosphere, but the Increased pressure is offset by the lower initial pressure in the containment.

4. Slow volumetric combustion of preexisting hydrogen does not contribute to peak loads.

5. Sudden volumetric combustion (autoignition) of preexisting hydrogen is essentially impossible
in a stratified atmosphere because heating of the containment atmosphere is mixing limited.
However, to better bound uncertainties in hydrogen combustion phenomena, we have reduced
the autoignition temperature from 1100 K (NUREGICR-6075) to -950 K.

6. Combustion initiated by mixing of hot gases with the preexisting atmosphere is too slow to
contribute to peak pressure. This is because the mixing (and combustion) time scale is long
compared to the heat transfer time scale.

These insights and recommendations are consistent with peer review comments concerning the
autoignitlon temperature and the need to consider partial combustion of the preexisting hydrogen. These
recommendations have been factored into the calculated results presented in Section 6.

Tbe amount of material participating in DCH is typically less than the melt mass on the lower head
at the time of bottom head failure. The SNLIANL counterpart experiments exhibited melt retention in
both the crucible (scaled to the bottom head of the RPV) and the reactor cavity below the RPV. On
average, 93 *: 4.4 percent of the melt was ejected into the cavity in these experiments. A conservative
upper bound of 100 percent is used for all the scenarios in the supplement. The SNUANL counterpart
experiments have also shown that only 76 :k 7.2 percent of the melt in the cavity is dispersed into the
containment. We assign a dispersal fraction of 85 percent to all scenarios in order to bound the
experiment results. These assessments are fully consistent with NUREG/CR.6075.
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The SNL/ANL counterpart experiments have shown that 8.5 percent of the debris dispersed from
the cavity through the instrument tunnel (not the annular gap) will enter the upper dome, some through
the seal table room (located directly over the cavity exit) and some through vents above the reactor
coolant pumps (RCPs). Ishii et al. (1993) report 3 percent transport to the dome in experiments using
water. Of this, 2 percent is carried to the dome through the vents above the RCPs surrounding the steam
generators located on either side of the cavity exit. The remaining I percent, which is carried to the
dome through the seal table room, Is nonprototypic because of low film velocities at the cavity exit.
Minimal transport to the dome is supported by additional scoping experiments using water (FAI, 1991;
Ginsberg, 1988). This transport to the dome is accounted for In the TCE evaluations of containment
loads. For the evaluations in this supplement to NUREG/CR-6075, we assume 5 percent transport
through the seal table room and RCP vents to the upper dome. Such treatment, however, is deemed
conservative because the experiments did not model the seal table that blocks access into the seal table
room; because the experiments did not model the 'penthouse over the cavity exit (a steel enclosure with
blowout panels Intended to deny unauthorized personnel access into the cavity); and because the
experiments did not model the vast array of in-core instrument guide tubes that may be dispersed from
the cavity with the debris (Allen et al., 1990). These assessments are consistent with NUREG/CR-6075.

A second possible flow path to the upper dome is the annular gap around the RPV. The SNL/IET-11
experiment showed that the melt-laden gas will melt the insulation and sweep it from the gap. The
SNLIHIPS-8C experiment also simulated the gap without insulation. Analysis of these two experiments
indicates that the fraction of dispersed debris that goes through the gap is equivalent to the minimum flow
area through the gap divided by the sum of the minimum gap and tunnel flow areas (see Appendix K in
NUREG/CR-6075). For Zion, the minimum tunnel flow area is - 5.6 mn2 and the minimum gap flow
area (at the level of the nozzles) Is -0.54 mi. Consequently, -9 percent of all dispersed debris will
be transported through the gap to the dome. This can be added to the -5 percent transport through the
seal table room and RCP vents, so that 14 percent of all dispersed debris will enter the dome. These
assessments are consistent with NUREG/CR-6075.
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4.2 Nomenclature

A&
Ca

fd
i..hut.

M°,d

P.aCS

or,
rTac

T.

V -O

V.t

1=

1=

breach area in RPV
discharge coefficient (0.6)
heat capacity of RPV steel
initial hole diameter
fraction dispersed
ablation heat transfer coefficient
heat of fusion for RPV steel
initial melt mass
initial RCS gas mass
initial containment pressure
initial RCS pressure
coherence ratio
debris temperature
RCS gas temperature
melting temperature of RPV
temperature of RPV lower head
internal energy of cont. atmos.
cavity volume
RCS volume

Greek

ADh

P
Pi

PW

rD

TM
V.

=
=
=
=

=
=

=

change in hole diameter
energy contribution of DCH process
pressure increase due to DCH
mass density of debris
mass density of RPV steel
relative bias
relative (root mean squared) standard
deviation
doubling time for hole size
melt ejection time
ratio of debris/atm total heat capacity

A-

C.
4

a-

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0 &
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Measured AP (MP&)

1..0

Figure 4.1. Validation of the two-cell equilibrium model against all experiments with
compartmentalized geometry.
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5.0 QUANTIFICATION OF CONTANMENT FRAGILITY

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

Fragility curves represent a probabilistic estimate of the capacity of the containment, and as such are
not directly derivable from existing data or MI-scale experiments. In general, they are derived from a
combination of material property data, tolerances in dimensions from drawings, and judgment of the
analyst. Analyst judgment is used in determining what level of analysis is required and what failure
mechanisms are considered to govern the containment capacity. In addition, analyst judgment is utilized
in translating the results of material property tests Into a probabilistic estimate of the variability of the
various material properties involved. Finally, judgment is exercised in assigning modeling uncertainty
to the models to characterize the analyst's confidence in the ability of the selected models to represent
the actual failure mechanisms involved. Modeling uncertainty could, In principle, be reduced with further
analysis or testing. Funding constraints, however, usually require the analyst to exercise his judgment
to reflect the uncertainty involved.

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

Tle Zion containment is a prestressed, post-tensioned concrete cylinder with a shallow-domed roof.
The foundation is a reinforced concrete slab. The containment is lined with welded 6.35-mm (0.25-inch)
steel plate. The post-tensioning system is composed of 63 dome tendons, 216 vertical tendons, and 555
hoop tendons. The design pressure and temperature are 0.42 MPa-abs and 376 K (47 psig and 2171F).
The free volume is about 76.9 x 10' ml' (2.7 million cubic feet).

The containment fragility curve used for this study (Figure 5.1) is taken from the Zion IPE (1992).
This curve reflects the most recent judgment of the licensee of the plant. The Zion IPE did not tabulate
values nor did any of the supporting documentation; consequently, the authors of NUREGICR-6075
digitized the numerical data required for the calculations from the available plot.

Working group members criticized this process as being potentially inaccurate and unphysical In the
extreme of very low failure frequencies. Specifically, the digitizing process is subject to human error
and Is dependent on the quality of the curve that is digitized. In addition, low failure frequencies are
obtained only as extrapolations of a theoretical curve which is fit to physically based analytical results
defining the middle portions of the fragility curve. Although numerically feasible, excessive extrapolation
to low failure frequencies could lose the physical basis on which most of the curve rests.

To address these issues, the NRC requested that Fauske and Associates Inc. (FAI, 1994) provide the
actual pressure/frequency pairs making up the IPE fragility curve. Graphic presentation of this
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information is shown in Figure 5.1 where it is compared with the fragility curve that was used in
NUREGICR-6075. The coefficient of variation (COY) for the FAI-supplied IPE curve is slightly smaller
than the COV of the NUREG/CR-6075 curve. At low failure frequencies, the FAI-supplied curve
produces (for a given pressure) lower failure frequencies than the NUREG/CR-6075 approximation. In
addition, FAI recommended truncation of the curve at 0.791 MPa (failure frequency -0.01) because,
in their judgment, extrapolation to lower pressures would be unphysical. This can be compared with a
threshold (failure frequency = 0.0) of 0.689 MPa used in the NUREG/CR-6075 approximation. The
FAI-supplied fragility curve was used in the supplement analyses for Zion.

5.1 References
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6.0 RESULTS

Each scenario identified In Section 3, supplemented by the respective coherence ratio distribution as
discussed In Section 4 and the fragility curve of Section 5, was run through the arithmetic defined by the
probabilistic framework of Section 2 to produce probability distributions for the final hole size, coherence
ratio, containment temperature, and containment pressure. Finally, the containment failure probability
was computed. The calculations were carried out using the computer code TCEILHS.

Table 6.1 provides a concise summary of the range of the calculated parameter organized as lower
bound (LB), best estimate (BE), and upper bound (UB). The distributions for containment pressure
(Figure 6.1) are provided so the reader can see firsthand the range over which this key result varies. No
intersection of the load distribution with containment fragility Is predicted; therefore, we conclude that
probability of containment failure by DCH In the Zion plant Is negligible for the scenarios analyzed.

Scenario V is an operator intervention accident with features roughly similar to the TMI-II accident.
The TMI-U accident differs from Scenario V in that fan coolers were operational so that there was
essentially no steam in the reactor building (compared with -48 percent steam in Scenario V). To
examine this scenario, we ran a TMI-like case with containment pressure (0.11 MPa), temperature (326
K), and atmosphere composition (Xsm - 0.039) consistent with TMI. All other parameters were the
same as in Scenario V.

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

Figure 6.1 shows the results of Scenario Va with TMI-like containment conditions. The upper bound
pressure is 0.474 MPa, which is well below the threshold (-0.79 MPa) for Zion's containment fragility.
The predicted pressure for TMI-like conditions is only slightly higher than for Scenario V, which had
much more steam in the building. This is because the increased pressures resulting from the deflagration
in the TMI-like case are offset by the lower initial containment pressure.

30



Table 6.1 Sumary o reults

Sctiuio / wl~ enario V Scenario VIDistribution/Result

Range Ranges

Hole duz (m) 0.403 LB 0.405 LB
0.429 BE 0.444 BE
0.459 UB 0.483 UB

Coherence natio 0.021 LB 0.057 LB
0.214 BE 0.479 BE
0.544 UB 1. tS UB

Containment temperature (K) 424 LB 438 LB
SW BE 574 BE
572 UB 675 UB

Containment pssure (MPa) 0.324 LB 0.295 LB
0.382 BE 0.387 BE
0.437 UB 0.455 UB

Conhainment failure
probability 0 0
* LB, lower bound; BE, best esUmate; UB, upper bound.
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Figure 6.1. Calculated distribution for the containment pressure.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions listed below are the result of insights from SCDAPIRELAP5 and CONTAIN
analyses of three short-term station blackout cases with different leak rates and of analyses of new splinter
scenarios defined in working group meetings using the methodology developed in NUREGICR-6075.

1. SCDAP/RELAPS was used to analyze a short-term station blackout scenario with three different leak
rates: (1) no leaks, (2) 2SO gpm per pump, and (3) 480 gpm per pump. In all cases analyzed, the
RCS depressurized to roughly containment pressure well before lower head failure. Therefore, the
RCS pressure selected in NUREG/CR-075 (8 MPa) is conservative.

2. SCDAP/RELAPS analyses Indicate that only a very small amount of metallic debris relocates to the
lower plenum. In-core metallic blockages tend to stay In place, i.e., they do not relocate to the
lower plenum. The amount of metallics in the lower plenum at vessel breach predicted by
SCDAP/RELAP5 were a0.5 mt Zr, _5 mt lower plenum steel, and no upper plenum steel. These
amounts of metallics are less than the distributions initially considered in NUREG/CR-6075.

3. The SCDAPIREAP5 analyses predict molten U02 masses at lower head failure that are similar to
the original P0, melt mass distributions In NUREG/CR-6075.

4. CONTAIN calculations using Input from the three cases run with SCDAPIRELAP5 resulted in
containment conditions similar to those Initially analyzed in NUREG/CR-607S.

5. TIe new splinter scenarios defined in the working group meetings were analyzed using the
methodology developed In NUREG/CR-675. There were no load-to-strength intersections and thus
the containment failure probabilities were zero for the scenarios analyzed. Therefore, the primary
conclusion of this supplement to NUREG/CR-6075 is that DCH is not a problem for Zion.
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Deliberate Ignition of Hydrogen-Air-Steam Mixtures
Under Conditions of Rapidly Condensing Steam*

Thomas K. Blanchat and Douglas W. Stamps
Sandia National Laboratories

Albuquerque, NM 87185

Abstract

A series of experiments was conducted to determine hydrogen combustion behavior under condi-
tions of rapidly condensing steam caused by water sprays. Experiments were conducted in the
Surtsey facility under conditions that were nearly prototypical of those that would be expected in
a severe accident in the CE System 80+ containment. Mixtures were initially nonflammable
owing to dilution by steam. The mixtures were ignited by thermal glow plugs when they became
flammable after sufficient steam was removed by condensation caused by water sprays. No deto-
nations or accelerated flame propagation was observed in the Surtsey facility. The combustion
mode observed for prototypical mixtures was characterized by multiple deflagrations with rela-
tively small pressure rises. The thermal glow plugs were effective in burning hydrogen safely by
igniting the gases as the mixtures became marginally flammable.

Program Description

A hydrogen-air-steam, mixture that is initially nonflammable because it is diluted by steam may be
rendered flammable when water sprays cause rapid condensation of steam. If the condensation
process is sufficiently rapid, then a question arises as to whether a detonation could occur in such
mixtures if thermal glow plugs were active during the operation of the water sprays. Detonations
may be possible if: (1) ignition by thermal glow plugs is delayed until enough steam has been
removed to make the mixture intrinsically detonable or (2) ignition occurs early near the flamma-
bility limits but the time for the entire mixture to burn is so long that any unburned mixture can be
made intrinsically detonable by the action of the water sprays before the burn is complete.

The effect of water sprays on the combustion of hydrogen-air-steam mixtures was investigated in
a 2048-m3 spherical vessel [1]. Unlike the scenario described earlier, however, the water sprays
and the combustible gas mixture were at the same temperature so that there was no steam conden-
sation. Since the steam concentration did not change, the chemical sensitivity of the-flammable
mixture was fixed prior to activation of the igniters. Similar experiments were also performed
using water sprays with hydrogen-air mixtures [2-3]. In all of these experiments, the mixtures
were flammable prior to the activation of the igniters. These experiments did not address the issue
of mixtures becoming more reactive by the removal of steam during the same time the igniters
were active. This issue was investigated for hydrogen-air-steam mixtures without water sprays in
a 17-liter quasi-spherical vessel [4]. By using water-cooled coils around the outside of the vessel,
the steam condensation time could be reduced to less than 10 minutes. However, the condensation

* A final report will be published under SAND94-1676
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time can be significantly shorter when the steam is condensed by internal water sprays. Further-
more, the effect of the spray-generated turbulence on the combustion behavior was not investi-
gated. The purpose of the current set of experiments was to investigate the combustion behavior
of initially nonflammable mixtures that rapidly became flammable through the action of water
sprays when the igniters were activated the entire time.

Depending on the location and the conditions under which hydrogen is released into the contain-
ment, the hydrogen may be either stratified or well mixed. Under stratified conditions, the hydro-
gen is concentrated in the upper part of the containment. If steam were absent, these mixtures
would be more sensitive to detonation than if the same quantity of hydrogen was released at a low
location and well mixed throughout the entire containment. For the CE System 80+ containment,
the well-mixed concentration of hydrogen is approximately 13.6% on a dry basis assuming 100%
metal-water reaction of the active cladding [5]. If all of this hydrogen accumulates above the
operating deck, the average concentration in that region would be approximately 19.3%.The abil-
ity of water sprays to mix stratified mixtures is an important factor in determining the resulting
combustion mode.

The combustion mode that results when initially nonflammable mixtures are rendered flammable
by rapid condensation of steam caused by water sprays depends on the competition among three
processes: (1) the removal of steam by water sprays, (2) the consumption of hydrogen by chemi-
cal reaction, and (3) for stratified mixtures, the mixing of hydrogen by water sprays. If the time
required to remove steam is slow relative to the other time scales, then combustion can be initi-
ated as the mixture first becomes flammable and a slowly propagating flame will result.

The objectives of this program were developed to cover the conditions of well-mixed or stratified
hydrogen-air-steam mixtures prior to the operation of the water sprays. The program objectives
were to determine: (1) if detonations or other forms of energetic combustion are possible when
originally nonflammable mixtures are rendered flammable by water sprays, (2) the effectiveness
of water sprays in mixing hydrogen-stratified mixtures, and (3) the effect of hydrogen stratifica-
tion on the maximum combustion pressure.

Experiments were conducted in the modified Surtsey vessel shown in Figure 1. The vessel is a
domed cylinder 3.6 m in diameter, 5.6 m high, and has a volume of 59.1 m3. The vessel was
instrumented with pressure transducers, gas grab sample bottles, and thermocouple rakes. A
deliberate ignition system was installed which was composed of actual plant igniters (GM AC7G
thermal glow plugs) at three locations. The effect of igniter location was tested using one or more
igniters at these three locations. For most tests, the target water spray mass flux was scaled to one
spray train at runout flow in the CE System 80+ standard design. Owing to the characteristics of
the nozzle used in the tests, the spray mass flux was the same as for the CE System 80+ but the
volumetric condensation rate for the tests was 1.63 times the CE System 80+ rate. For these tests,
a full-cone spray nozzle (Lechler model 461.148 having a 120° nozzle spray angle) was installed
at the top of the dome. When the water spray mass flux was scaled to the operation of both CE
System 80+ independent spray trains, a high-capacity full-cone spray nozzle (Lechler model
461.206 having a 90'nozzle spray angle) was installed at the top of the dome.
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The experiments were conducted under conditions scaled to be nearly prototypical of those
expected in hypothetical severe accidents in the CE System 80+ containment. The quantities that
were scaled included the spray mass flux and hydrogen mass flow rates for stratified tests.

Eleven combustion tests were conducted: 8 were well-mixed tests and 3 were stratified tests. The
main parameters that were tested in these experiments were hydrogen concentration, steam con-
densation rate as determined by the water spray flow rate, and igniter location. Table 1 shows the
initial conditions of the tests; Table 2 shows the conditions at the first bum; and Table 3 shows the
conditions at the end of the tests after the water sprays were turned off. The first test, HIT-1, was
performed to collect data and test gas grab sample techniques and igniter design. After test HIT- 1,
the time to purge gas sample lines was increased and gas sample data were considered more accu-
rate. Results for H1T-7 were influenced by a small leak (-0.003 MPa/hr) in the facility since the
test was conducted over a long (23-hour) period. This leak did not have any significant influence
on the results of the other tests because the test times were short (-20 minutes). Results from HIT-
7 were analyzed assuming the steam was saturated and that the remaining constituents leaked out
in proportion to their composition in the facility. A steam condensation experiment was conducted
before the combustion tests to determine the steam condensation rate owed to water sprays in a
nonflammable helium-air-stearn mixture. Three mixing tests were performed at ambient condi-
tions to determine if stratified conditions could be created for the combustion tests and to measure
the mixing time with the water sprays.

Results

In all of the combustion tests, one or more relatively slow deflagrations were recorded: no detona-
tions were observed. The combustion behavior of the well-mixed tests can be loosely categorized
into one of two types: (1) multiple deflagrations with relatively small pressure rises and (2) a sin-
gle deflagration with a pressure rise greater than those observed in the multiple deflagrations but
lower than the theoretical adiabatic constant volume value. The combustion behavior of the strati-
fied tests was similar to that of the well-mixed tests. This is because the sprays were very effective
in mixing the hydrogen before the mixture became flammable.

For mixture compositions that have directionally dependent flammability limits, multiple defla-
grations with relatively small pressure rises were observed. Within the range of experimental
uncertainty, these mixtures lie below the "nose" of the flammability limits curve. Combustion
behavior was not dependent on igniter location. Since these mixtures have directionally depen-
dent flammability limits (upward, horizontal, and downward propagation criteria), the upward
propagation criterion was satisfied first and a marginal burn occurred. The combustion was
incomplete and the pressure rise was small (1-10 kPa). The partial burn temporarily inerted the
mixture, which did not become flammable again until additional steam was condensed by the
water sprays. The partial burns were responsible for the multiple deflagrations. This behavior is
illustrated in Figure 2, which shows the results of H1T-2, a well-mixed test with 13.5% hydrogen
on a dry basis. The pressure rises were larger (up to 30 kPa) in the well-mixed tests with 13.5%
hydrogen on a dry basis but having larger steam condensation rates. Multiple deflagrations, how-
ever, were again observed. This behavior is illustrated in Figure 3, which shows the results of
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HIT-10, a well-mixed test with 13.5% hydrogen on a dry basis and a spray flow rate nominally
twice that of test HIT-2.

For mixture compositions that do not have directionally dependent flammability limits, a single
deflagration with a pressure rise greater than those observed in the multiple deflagrations but
lower than the theoretical adiabatic constant volume value was observed. Once these mixtures
were rendered flammable by the water sprays, the flame could propagate in all directions, which
consumed nearly all of the hydrogen. This resulted in a single deflagration with a pressure rise
closer to the adiabatic constant volume value. The increase in pressure did not achieve peak theo-
retical values because of heat losses from the relatively slow deflagration near the flammability
limit. This behavior is illustrated in Figure 4, which shows the results of HIT-3, a well-mixed test
with a stoichiometric mixture (29.5% hydrogen on a dry basis).

Three stratified tests were conducted with different spray flow rates but all having a near stoichio-
metric mixture in the upper part of the vessel. The target condition for each test was a stratified
mixture with 29.5% hydrogen (dry basis) in the upper part of the vessel but having an equivalent
well-mixed concentration of 13.5% hydrogen (dry basis). Different spray flow rates were used:
0.0 kg/second, 1.35 kg/second, and 3.17 kg/second. The behavior of these tests was similar to that
of the comparable well-mixed tests with 13.5% hydrogen. This behavior is illustrated in Figure 5,
which shows the results of H1T-6, a stratified test with approximately 24% hydrogen (dry basis) in
the upper part of the vessel. The sprays rapidly mixed the hydrogen in the vessel prior to the mix-
ture becoming flammable so that the hydrogen was essentially uniform at 13.5% (dry basis)
before ignition.

The mixing time was determined using newly developed hydrogen microsensors which provided
spatially resolved real-time continuous output of hydrogen concentrations. A stratified test was
conducted at ambient conditions with approximately 19% hydrogen (dry basis) in the upper part
of the vessel. The hydrogen was mixed by water sprays with a flow rate of 1.58 kg/second. As
shown in Figure 6, the mixing time was approximately 20 seconds for most of the vessel and less
than 1 minute even for the lowest levels.

Conclusions

Multiple deflagrations with relatively small pressure rises or single deflagrations with pressure
rises greater than those observed in the multiple deflagrations but lower than the theoretical adia-
batic constant volume values were observed when igniters were on during the entire experiment.
This is because ignition occurred near the flammability limit and the combustion time was fast
relative to the time to condense steam. Detonations or other forms of energetic combustion (flame
acceleration or DDT) were not observed in hydrogen-air-steam mixtures which were initially non-
flammable owing to steam dilution but were rendered flammable by steam condensation caused
by water sprays. Mixtures with hydrogen concentrations above approximately 24% (dry basis)
exhibited a single deflagration with a relatively large pressure rise. Such mixtures cannot exist
under globally well-mixed conditions in the CE System 80+ or AP600 containments. These con-
tainments will have approximately 13.5% hydrogen (dry basis) on a well-mixed basis, assuming a
100% metal-water reaction of the active cladding. If the hydrogen accumulates above the operat-
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ing deck level, the concentration could be as high as 19.3% (dry basis) on a well-mixed basis
above the floor of the operating deck. Mixtures having 19.3% hydrogen or less exhibited multiple
deflagrations with relatively small pressure rises.

Thermal glow plugs functioned as intended: ignition occurred near the flammability limits. The
flammability limits for mixtures with water sprays were similar to previously obtained flammabil-
ity limits for quiescent hydrogen-air-steam mixtures.

Stratified mixtures and well-mixed mixtures yielded similar combustion pressures owing to the
effective mixing by water sprays. Stratified hydrogen in the Surtsey vessel was made essentially
uniform by the water sprays in less than 1 minute.
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Table 1. Initial conditions in the HiT experiments

HIT-I HIT-2 Hrr-3 IT-4 HIT- S tiT64 Hrr-7 HIT4B Hff-9 IIff-to HIT-Il

ToWt Date 1-12-94 1-20-94 1-26-94 2-9-94 2-16-94 2-21-94 4-13-94 4-20-94 5-2-94 5-9-94 5-16-94

Hydrogen cndition vim Wm Wm Wm Wm strat. SW wim Wm Wm strat

Wnl - weil-mixed. Wm - stratified

Veuuel prussure (MNP) 0.4642 0.4351 0.4686 0.4386 0.4142 0.4S52 0.3279 0.4608 0.4040 0.3926 0.4427

Vessel gas inpertum (K) 416 413 412 419 411 416 401 408 40S 406 411

Vessel gas mols (g@o lMs) 7934 7491 8083 7443 7162 M7I 5808 8030 7098 6882 7653

Gas compositin Steam 69.3 67.6 63.1 67.5 63.7 68.9 58.0 65.4 62.9 64.5 67.5

(mole%) Air 26.5 28.0 25.9 28.1 29.3 26.9 36.2 26.1 29.6 30.6 28.0

Wet basiwell miuxed H, 4.2 4.4 11.0 4.4 7.0 4.2 5.8 8.5 7.5 4.9 4.5

Gas composition Steam 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0

(moleS) Air 86.5 86.4 70.3 86.5 80.7 86.5 86.2 75.3 79.8 86.2 86.3

Dry basis-well mid H 13.5 13.6 29.7 13.5 19.3 13.5 13.8 24.7 20.2 13.8 13.7

Spray nozzli, nodx 461 .148 .148 .148 .148 .148 .148 .148 .148 .206 .206 .206

Spray drop Sater mean diameter 850 80 850 850 850 850 n/a 850 500 S00 500

(jim)

Spay flow rate (kg/s) 1.68 1.35 1.61 1.63 1.46 1.48 n/a 1.45 3.15 3.17 3.15

Spray temperatur (K) 332 296 291 289 298 292 n/a 289 289 291 291

Igniter tenpematwa (K) 1072 1307 1202 1204 1204 1224 1290 1235 1268 1251 1240

Igniter locati (m) 4.5/1.8 3.1/1.8 3.1/1.8 3.1/0.5 3.110.5 3.1/0.5 4.S/1.8 3.7/0.5 3.7/0.5 3.710.5 3.7/0.5

(from floor/fiom wall) 3.7/0.S 0.611.8 0.6/1.8
Surtsey Vessel 59_1.111.8

Suuicy vesse valuin ('a') 59.1

Wco

Gas concentrations at initial conditions are based on the calculated amounts of air and hydrogen gases that were added; steam concentrations are

based on the ideal gas law.



Table 2. Conditions at the first bum in the HIT experiments.

11|F | .l HIT-2 H1T-3 HIT-4 HIT-S IltT-6 HIT-7 HIT1S HIT-9 HIT-10 HIT-1I

Elapsed time (mi) 10.9 9.3 3.0 4.3 5.5 5.8 8.8 hr 4.0 0.8 1.3 1.7

Vessel pressure (MP) 0.2321 0.2517 0.3382 0.2700 0.2436 0.2682 O.1886 0.3302 0.3093 0.2645 0.2697

Vessel gs temperture (K) 384 38S 400 391 386 388 367 391 391 384 385

Vessel gas moles (ge moles) 4299 4650 6018 4904 4486 4909 3653 s997 S625 4899 4976

Gas Composition Steam 43.4 47.9 SO.5 S0.7 42.0 S0.8 43.3 53.7 53.3 S0.2 50.0
(mole%) N: 38.3 3S.2 27.2 33.3 36.S 33.2 38.2 21.2 29.1 33.S 33.7
Wet bAsis-well mixed 03 10.3 9.4 7.3 8.9 9.8 8.9 10.3 7.3 7.8 9.0 9.0

H2  7.7 7.1 14.1 6.7 11.2 6.7 7.8 11.4 9.4 6.9 6.8

Gas composition Steam 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0 00.0
(mole%) N, 67.S 67.5 54.9 67.S 63.0 67.S 67.3 58.8 62.3 67.3 67.4
Diy basis-well mixed 0, 18H. 18.1 14.7 18.1 16.9 18.1 18.1 15.8 16.7 18.1 18.1

H_ 13.5 13.6 29.7 13.5 19.3 13.5 13.8 24.7 20.2 13.8 13.7

Pressure ina 1 3 604 10 I1 13 7 515 164 29 29
at Ist bum (cPa)

Temperature s 1 447 S 7 4 3 4S7 122 IS l0
at ltstburn (K)

Gas concentrations at first burn conditions are based on the assumption that the noncondensible gas moles remain constant at their initial values

and steam concentrations are based on the ideal gas law. Wet basis concentrations for HIT-7. were estimated assuming saturated steam conditions.

For details on HIT-7, see text in Program Description section. Gas compositions do not include trace air constituents.

w
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Table 3. Final conditions in the HIT experiments

HIT-I HIT-2 HIT-3 IT4 HIT-S HIT-6 HfT-7 HIT- HIT-9 HIT-10 HIT-11

Elapsed time (min) 18.9 23.7 18.2 19.3 21.5 20.9 23 (lr) 21.7 9.8 9.8 9.9

Vessel pressure (MPa) 0.1697 0.1227 0.1270 0.1261 0.1080 0.1225 0.1083 0.1728 0.1150 0.1198 0.1212

Vessel gas temperature (K) 371 338 346 326 344 338 333 365 330 331 334

Vessxl gas moles (g imoles) 3248 2583 2611 2750 2232 2580 2313 3366 2478 2575 2579

Gas Cnoposition Steam 27.9 17.3 32.3 23.4 6.9 19.2 18.4 47.2 21.1 18.2 17.0
(mole%) N2  50.6 63.3 62.7 59.4 73.4 63.2 57.8 48.5 66.1 63.8 65.0
Wet basis-well mixed 02 12.3 14.4 3.9 12.3 12.3 12.8 14.8 3.9 9.4 13.3 13.1

H. 6.8' 4.2 0.3 3.8 5.4 4.0 7.8' 0.2 3.S 3.9 3.9

Gas composition Steam 00.0 00.0 00.0 00.0 0.0 00.0 00.0 00.0 00.0 .0 00.0
(mole%) N2  70.2 76.5 92.5 77.6 78.8 78.2 70.8 91.8 83.8 77.9 78.3

Dry basis-well mixed 02 17.1 17.4 S.7 16.0 13.3 15.8 18.1 7.4 12.0 16.3 IS.7
H2  9.4 5.1 0.5 5.0 5.9 S.0 9.5 0.3 4.4 4.7 4.7

xygeo bumned 41 67 338 102 163 107 21 306 20S 97 112

(g * moles)

Hydrogen burned 109 220 876 223 381 223 117 680 446 236 239

(gesoles)

2 x 0, burned burned 0.75 0.61 0.77 0.91 0.6 0.96 0.37 0.90 0.92 0.82 0.94

Gas concentrations at final conditions are based on the gas grab sample results; steam concentrations are based on the ideal gas law. Gas composi
tions in Hrr-I were influenced by the gas sample procedure (see text in Program Description section for more details). Wet basis concentrations fot
Hlr-7 were estimated assuming saturated steam conditions. Gas compositions do not include trace air constituents.

0

Burns were still occurring at the end of the test. They were confined to a region near the igniter and, for HIT-7 in particular, there was no mixing
caused by water sprays.
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Figure 1. Schematic of the Surtsey facility.
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Recent Developments in the CONTAIN Project

R. 0. Griffith, K. K. Murata, D. C. Williams,
J. Tills, and E. L. Tadios

Sandia National Laboratories
Albuquerque, NM

CONTAIN is a detailed computer code developed
by Sandia National Laboratories under USNRC
sponsorship to provide integrated analysis of
containment phenomena. Several targeted
applications have been identified for
CONTAIN, including LWR plant analysis,
experimental analysis, and detailed analysis
for specific technical issues. New LWR
modeling capabilities have been added to
CONTAIN, including models for direct
containment heating (DCH) and core-concrete
interactions (CORCON-Mod3). Models for
advanced light water reactor (ALWR)
applications have also been added, including
an independent mass and energy
accounting/tracking system, a duct channel
quasi-steady flow model, a water film
tracking model, improved heat transfer
modeling, improved modeling of water pools,
and a new hybrid flow solver. Several
assessment and validation studies have been
performed using SNL DCH experiments, NUPEC
hydrogen mixing and distribution experiments,
GE sponsored separate effects tests, and the
Westinghouse Large Scale Tests (LST).
CONTAIN also recently completed the peer
review process, in which the review committee
found that in general CONTAIN fulfills its
design objectives and target applications.
CONTAIN 1.2 was recently released as a beta
test version.

CONTAIN is a detailed computer code developed by Sandia
National Laboratories under USNRC sponsorship to provide
integrated analysis of containment phenomena (MUR89]. CONTAIN
provides the knowledgeable analyst with the capability to predict
nuclear reactor containment loads, radiological source terms, and
associated physical phenomena under accident conditions. The
purpose of CONTAIN is to provide the USNRC with predictive
containment analysis capabilities, and to serve as a tool which
can be used to provide technical information in support of
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regulatory decisions. CONTAIN represents a balance between the
current state of the art in containment phenomenological
understanding, simpler parametric models, insight from
experimental data, and capabilities to explore phenomenological
uncertainties.

Several targeted applications have been identified for
CONTAIN. These include LWR plant analysis to predict the
physical, chemical, and radiological conditions inside
containment, and fission product releases as a result of
containment failure; experimental analysis and support for
containment related severe accident experimental programs such as
HDR, LACE, NTS, and Surtsey, and analysis of relevant ALWR test
programs such as the Westinghouse large scale tests (LSTs);
selected detailed analysis for specific technical issues such as
hydrogen combustion and transport, build-up of non-condensible
gases, DCH, and accident management evaluations; MELCOR
benchmarking, assessment, and model test bed; and ALWR design
basis and severe accident evaluation.

A number of new LWR modeling capabilities have been added to
CONTAIN over the last year. Models for direct containment
heating (DCH) have been extended to include reactor pressure
vessel (RPV) and cavity phenomena. Models for RPV phenomena
describe the vessel blowdown, gas blowthrough, exit quality, and
hole ablation. Models for cavity and containment phenomena
describe the entrainment rate, entrained fraction, debris
transport with gas slip, multifield debris particle size, forced
convection heat transfer, gas side and drop side mass transfer,
multiple species chemical reactions, Kutateladze Criterion debris
trapping, and interaction of gases with non-airborne debris
(NAD). The DCH models in CONTAIN have been assessed against a
large experimental data base [WIL94]. Improved models for core-
concrete interactions were incorporated as part of CORCON-Mod3,
and include improved models for axial/radial heat transfer to
concrete, the addition of a model for condensed phase chemical
reactions between the metallic and oxidic phases, the addition of
models for interlayer mixing due to entrainment and
stratification due to settling of entrained droplets, the
inclusion of the VANESA model as a subroutine of CORCON, and
improved coolant heat transfer models. The CORCON-Mod3 models
have been validated through comparison to experimental results
[BR093].

Several models for advanced light water reactor (ALWR)
applications have also been added to the code. An independent
mass and energy accounting/tracking system has been implemented
to ensure that mass and energy are conserved during calculations.
A duct channel quasi-steady flow model has also been implemented
to speed up long-term code calculations for plant designs such as
the AP600, which includes a passive containment cooling system
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(PCCS). If conditions in the channel are approaching steady-
state, the quasi-steady flow model overcomes Courant limitations
on the flow timestep by replacing channel cells with fixed flow
boundary conditions for most of the system timestep if the
replaced cell meets user specified tolerances for the rate of
change on quantities such as the gas volume, temperature, and
mass. The quasi-steady model also uses the mass and energy
accounting system to ensure that conservation errors remain at
acceptable levels.

A film tracking model has also been incorporated to aid in
representing important features of passive containment designs.
Although the model was motivated by the AP600 PCCS, it can also
be used to represent dynamic laminar and turbulent water films on
inner containment structures, and allows an arbitrary network of
structures to represent striping, dry patches, and runoff
diversion. However, the resolution of dryout or striping is
limited to the size of the specified structures. The fall of
droplets through the containment atmosphere is not explicitly
represented, but dripping to the sump is captured.

A number of improvements have been made to the heat transfer
models, including the incorporation of generalized heat transfer
correlations with user-specifiable constants. Heat transfer
models now incorporate improved Grashoff number and boundary
layer properties which include composition effects more
consistently. Previously, the gas temperature and composition
effects were not handled consistently. In the improved models,
the gas temperature is now consistently evaluated as the average
of the wall and bulk gas temperatures, and evaporation and
condensation effects are consistently incorporated when
evaluating the gas composition. Enhanced output is now provided
for describing heat transfer, including Nu and Sh numbers and a
complete reporting of the amounts of energy transferred by
various heat transfer mechanisms.

A series of major architectural changes were made to the
code to improve the modeling of liquid water in cells,
particularly the modeling of deep water pools. Water pools of
arbitrary height are now modeled, including water-solid cells,
along with gas and liquid flow in flowpaths and multiple vents.
A new hybrid flow solver has also been developed to permit
improved modeling of gas stratification and mixing. Control
volume codes tend to overpredict mixing, and the hybrid flow
solver is intended to improve CONTAIN's ability to capture these
effects.

A number of assessment and validation studies and plant
calculations have also been performed. A large assessment effort
for the new DCH models in the code has been completed, with
comparisons against a large experimental database consisting of
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the Limited Flight Path (LFP), Wet Cavity (WC), and Integral
Effects Tests (IET) experiments conducted at SNL (WIL94]. In
addition, the ISP-29 and ISP-35 standard problems as well as the
NUPEC M-7-1, M-4-3, M-5-5, M-8-1, and M-8-2 tests were modeled
with CONTAIN. The comparisons against the NUPEC hydrogen mixing
and distribution experiments used different nodalization schemes,
analysis methods, and flow solvers. The study also assessed the
treatment of sprays, and a general procedure was recommended for
lumped parameter code analysis of problems dominated by sprays
(STA94].

In support of ALWR applications, an assessment of the SBWR
PCCS was performed. Heat transfer correlations were assessed for
the GE sponsored separate effects tests, and the film flow model
was used to mechanistically capture PCCS effects. The CONTAIN
PCCS model was compared to experiments for single tube
condensers. Additional assessment and verification of the film
model will be provided by the assessment of the GE scaled
experiments GIRAFFE, PUMA, PANDA, and PANTHERS. The GIRAFFE
assessment is nearly complete, with the other facilities to be
modeled in 1995. In addition, four of the Westinghouse Large
Scale Tests (LST) for the AP600 were modeled with CONTAIN, and
additional analyses are planned to be completed in early 1995. A
number of DCH plant calculations have been performed in support
of DCH issue resolution, along with preliminary scoping analyses
for the SBWR and AP600 plants. The hybrid flow solver will also
be assessed against various experimental programs.

Perhaps the most important recent activity in the CONTAIN
project has been the peer review, which was a necessary and
critical step in the evolution of the code. The CONTAIN Peer
Review had several major objectives. First, the committee
determined whether CONTAIN met its design objectives and target
applications. Next, given the code's design objectives and
targeted applications, the committee assessed individual CONTAIN
models for adequacy, assessed the integrated CONTAIN code for
adequacy, and assessed documented code applications. The
assessment of individual CONTAIN models and the integrated
CONTAIN code corresponded to a "bottom-up" and "top-down" type
review methodology. Finally, the committee made recommendations
for changes and improvements to CONTAIN and its documentation.

A number of specific observations were made by the
committee. In general, CONTAIN fulfills its design objectives
and target applications. CONTAIN demonstrated the capability to
cross the boundary between severe accident and DBA space. In
addition, the code demonstrated good transportability and was
numerically robust. Models of key physical processes are present
and functioning as a whole. Finally, CONTAIN was found
potentially adequate for ALWR applications, although the
committee noted that development and assessment activities for
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ALWR applications are still in progress.

The committee also noted several specific areas where
improvements could be made. The first area for improvement is in
the treatment of momentum driven flows and buoyancy driven flows
at the extremes of each type of flow. The second is in melt
water interactions, including fuel-coolant interactions (FCI),
DCH with water, and debris coolability. Currently, CONTAIN has
no models for either FCI or debris coolability. CONTAIN does
have the ability to treat water in DCH scenarios, but the models
are partially parametric and have not been fully validated. The
final area for improvement noted by the committee is that the
aerosol physics models no longer reflect the state of the art.
The final peer review report has been completed, and is awaiting
publication.

CONTAIN 1.2 was recently released as a beta test version for
general LWR applications, and in support of the RELAP/CONTAIN
link project for ALWR applications. This version of the code
includes all of the recent modeling improvements described above,
including the DCH models, CORCON-Mod3, mass and energy
accounting, water film tracking, quasi-steady duct flow, heat
transfer improvements, and water pool modeling improvements. In
addition, the CONTAIN 1.2 code manual is under final preparation
and review, and will be released in 1995. CONTAIN 1.2 represents
a mature, assessed, peer-reviewed LWR containment analysis tool
ready for application to problems and issues identified by the
NRC. One envisioned application of this code will be to audit
vendor severe accident and DBA calculations. Ongoing model
development to allow the code to capture other unique aspects of
the ALWR designs and assessments against ALWR experiments will be
discussed with the NRC, and CONTAIN 1.2 will be used to support
the ALWR certification process.
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ABSTRACT

The Brookhaven National Laboratory High-Temperature Combustion Facility (HTCF) is
described and data from initial hydrogen detonation experiments are presented. The HTCF
was designed to provide a capability to investigate detonation phenomena characteristics
of hydrogen-air-steam mixtures at initial temperature up to 700K and initial pressures up
to 3 atmospheres. The Large Detonation Vessel used in the experiments is a 27-cm
diameter, 21.3-m long, stainless steel detonation tube, constructed in modular 3.05-m long
sections. The vessel can be heated to 700K in five hours to a uniformity of ± 14K.

The initial phase of the inherent detonability experimental program is described.
Detonations are initiated in hydrogen-air test mixtures using an oxyacetylene gas driver
system, together with a high-voltage capacitor discharge system. Test gases thus far tested
are hydrogen-air mixtures at one atmosphere initial pressure and temperatures in the range
300K-650K. Measurements of detonation pressure, wave speed, and detonation cell size
have been made.

The data from these experiments are consistent with the earlier SSDA test results. The
HTCF results confirm the conclusion from the SSDA program that the effect of gas
temperature is to decrease the cell size and, therefore, to increase the sensitivity of mixtures
to undergo detonation. The data from the larger HTCF test vessel, however, also
demonstrates that the effect of increased scale is to extend the range of detonable mixtures
to lower concentration.

Additional data will be obtained at several temperatures for leaner mixtures of hydrogen
and air, and the detonability limits will be obtained. Experiments with steam will be
conducted at 400K-650K, with steam content up to about 50 percent steam. Cell size data
will be obtained for high-temperature mixtures in order to provide an extensive database
for assessment of the Zel'dovich-von Neumann-Doring (ZND) model for detonation cell
size.

'This work was performed under the auspices of the U.S. Nuclear Regulatory Commission. This
program is a joint research project involving the U.S. Nuclear Regulatory Commission and the
Nuclear Power Engineering Corporation (NUPEC) of Japan.

'Visiting Research Engineer, Nuclear Power Engineering Corporation, Tokyo, Japan.

53



1. INTRODUCTION

The Brookhaven National Laboratory (BNL) High-Temperature Combustion Facility (HTCF) has been
constructed as an experimental research tool for the purpose of characterizing the influence of elevated
gas mixture temperature on:

* the inherent sensitivity of hydrogen-air-steam mixtures to undergo detonation,
* the potential for deflagration-to-detonation transition (DDT),
* the phenomena of hot jet initiation of detonation, and
* detonation transmission.

Previously, high-temperature gaseous detonability data, and their interpretation, have been presented
from experiments conducted in the BNL Small-Scale Development Apparatus (SSDA) [1]. The HTCF
was designed to study a broader range of test conditions, which required a larger-scale test apparatus
than the SSDA. Table 1 shows the range of conditions which are the focus of the experimental
program in the HTCF.

This paper presents a description of the facility, describes the initial inherent detonability test program,
and presents results of experiments performed as part of the initial phase of the planned testing
program.

2. DESCRIPTION OF THE HTCF

The HTCF consists of the Large Detonation Vessel (LDV) and the support facilities which are required
in order to perform high-temperature detonations within the test vessel. Figure 1 is a schematic of the
HTCF site, and Figure 2 is a photographic view of the site. Table 2 summarizes the essential systems
of the facility and the work that was performed in order to support the experimental effort. The
schematic diagram shows the LDV located within a 1 0-ft diameter underground tunnel and shows the
various support systems which are located at the site, including the gas storage pad, electrical
distribution house, and vacuum house. Figure 2 shows these structures along with the ventilation and
gas purging equipment located over the tunnel.

The central feature of the facility is the Large Detonation Vessel (LDV), a 27-cm diameter, 21 .3-m long,
stainless steel detonation tube, constructed in modular, flanged, 3.05-m long sections. Figure 3 is a
photographic view of the vessel within the tunnel. The Maximum Allowable Working Pressure of the
LDV, fabricated to ASME Boiler Code requirements, is 100 atm. The vessel is electrically heated using
heating blankets which surround the tube and the flanges and was designed to operate at a maximum
temperature of 700K and with a temperature uniformity of ± 14K. The HTCF is capable of serving as
a test vehicle for detonation experiments using gaseous mixtures of hydrogen, air, and steam at initial
pressures up to 3 atm and initial temperatures up to 700K. Additional gases, such as nitrogen, carbon
monoxide, carbon dioxide, and oxygen, can also be introduced as components of the test mixtures.

Figure 4 is a schematic of the instrumentation configuration of the LDV. Instrumentation includes
distributed thermocouples (TC), ion probes (IP) to measure flame front position vs. time, pressure
transducers (PT) to measure detonation pressure, pressure transducers (PS) to measure initial vessel
pressure, and sampling ports to permit measurement of initial composition. Detonation cell width is
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measured using smoked foils, which are carbon soot coated foils of aluminum inserted into the test
vessel prior to an experiment. When a detonation wave passes over the foil, it leaves a pattern of cells
imprinted on the foil, from which a measure of cell size can be obtained. The available
instrumentation provides measurements of detonation wave speed, detonation pressure, and detonation
cell width.

The inherent detonability test program requires initiation of a detonation in a gaseous test mixture of
hydrogen, air, and steam. Measurement of the detonation characteristics as the detonation propagates
along the test vessel is also required. In the BNL program, detonations are initiated using a "gaseous
driver system,' described below in more detail. Figure 4 shows a schematic representation of the driver
gas system. Oxygen and acetylene are mixed, and the mixture is used as the driver gas. A pair of
electrodes penetrate the vessel into the driver gas mixture. A high-voltage discharge circuit (not shown)
is used to discharge a capacitor across the electrodes, thereby initiating a detonation in the
oxyacetylene mixture.

Figure 5 is a schematic of the gas delivery system, which shows the method of introduction of
combustible test mixture in the test vessel. Sources of hydrogen, air, steam (and nitrogen for purging
purposes) are available. The gases are supplied, controlled, and metered using choked venturis and
flow through the mixing chamber, where they form a homogenous mixture. The gases are preheated
to the desired temperature prior to entering the test vessel through the end flange. The gas
concentrations are determined by ratio of the volumetric flowrates and are checked by sampling and
gas chromatography.

3. INHERENT DETONABILITY EXPERIMENT DESCRIPTION

The initial phase of the HTCF test program addresses the effect of temperature on the sensitivity of
gaseous mixtures to undergo detonations and on the limits of detonability of the HTCF test vessel. An
experimental run begins with drawing a vacuum on the test vessel and preheating the vessel to the
desired temperature. Upon reaching the desired temperature, the gas delivery system, shown
schematically in Figure 5, is activated remotely at a computer-control console. Gases are metered and
heated and delivered at the desired temperature and composition into the test vessel, and the gases fill
the vessel to the desired initial pressure. A small volume of driver gas is then delivered to the initiation
end of the LDV, and the detonation firing circuit initiates a detonation in the oxyacetylene mixture.
The detonation propagates in the driver gas which is about 2-3 meters long and transmits the
detonation to the test mixture of hydrogen, air, and steam. The detonation in the test gas then
propagates down the remaining 15 meters of the vessel.

Measurements are made of the detonation cell width and detonation wave speed, which provide the
necessary data for assessment of mixture sensitivity and (lean) detonability limits. The cell size data
are compared with predictions based upon the ZND detonation model [2], and the wave speed data
are compared with Chapman-Jouget (C-l) (31 calculations.
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4. INHERENT DETONABILITY EXPERIMENTAL RESULTS

As indicated in Table 1, experiments are conducted in the HTCF using hydrogen-air-steam mixtures
with compositions up to 50 percent hydrogen (all compositions are by volume), steam fractions greater
than 30 percent, initial pressure in the range 1 to 3 atm, and initial temperature between 300K-650K.
(Temperatures greater than 650K could not be tested because of observed preignition chemical
reactions.)

Initial Cold Detonation Experiments

The HTCF test program was initiated with experiments using mixtures of hydrogen and air at one
atmosphere and at 300K. Hydrogen composition varied between 14 percent and 50 percent. The
objective of these early "cold" experiments was to establish that the data are consistent with results
obtained from experiments reported previously in the literature and to determine the limits of
detonability of the HTCF vessel at 300K. The speed of the detonation wave was constant along the
vessel and also was in agreement within 2 - 3 percent of the detonation speed predicted by the C-I
theory, as shown in Figure 6. Figure 7 shows that the detonation cell width data are in good agreement
with previous data, both from the BNL Small-Scale Development Apparatus experiments and from
experiments performed at other laboratories. These results indicate that the detonations are stable and
fully developed and, therefore, that the method of initiation of the detonation is successful at cold
temperatures. Additional data demonstrates that the lean limit for detonation of hydrogen-air mixtures
at 300K in the Large Detonation Vessel (270-mm diameter) is 14 percent hydrogen, compared with 16
percent hydrogen in the SSDA vessel (100-mm diameter).

Thermal Calibration Experiments

Thermal calibration experiments were performed to measure and document the temperature uniformity
of the LDV. A total of 55 thermocouples were used to measure the temperature distribution along the
entire length of the vessel. The thermocouples were placed on the inside and outside surfaces of the
vessel, at locations representative of all major structural elements of the vessel. The vessel was heated
to 500K and to 650K in approximately 5 hours, at which time the final temperatures were recorded.
The experimental data demonstrates that the temperatures reached steady-state conditions and that the
uniformity specification of ± 14K was satisfied.

Additional Operational Testing

Extensive testing was performed to measure and document the gaseous mixture composition along the
axis of the LDV. These experiments have led to the conclusion that the uniformity of hydrogen
concentration along the vessel axis is acceptable. Additionally, extensive gas driver detonation
initiation system testing was performed to demonstrate that the minimum quantity of driver gas was
being used.

Initial Heated Detonation Experiments

Initial heated detonation experiments were carried out with hydrogen-air mixtures at 500K and at 650K.
The preliminary results for detonation velocity and cell size are shown in Figures 8 and 9. The results
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indicate that the detonation velocities agree with the C-J calculations and that the detonation wave
speed agrees with data from the SSDA experiments.

S. SUMMARY AND FUTURE PLANS

The HTCF has been completed, operational testing has been completed, and the inherent detonability
experimental program has been initiated.

Detonation experiments at 300K have been performed. Within the applicable range of hydrogen
concentrations, detonation wave speed and detonation cell size data from the LDV are consistent with
the SSDA test vessel. Preliminary high-temperature detonation experiments have been performed at
500K and at 650K, with mixtures of hydrogen and air. The data from these experiments are also
consistent with the earlier SSDA test results. The HTCF results confirm the conclusion from the SSDA
program that the effect of gas temperature is to decrease the cell size and, therefore, to increase the
sensitivity of mixtures to undergo detonation. The data from the larger HTCF test vessel, however, also
demonstrates that the effect of increased scale is to extend the range of detonable mixtures to lower
concentration.

Much additional data will be obtained in the inherent detonability test program. Additional data will
be obtained at all temperatures for leaner mixtures of hydrogen and air, and the detonability limits at
all temperatures tested will be obtained. Experiments with steam will be conducted at 400K-650K,
with steam content up to about 50 percent steam. For each hydrogen-air ratio tested, the steam
detonability limit will be determined. Cell size data will be obtained over a broad range of conditions
in order to provide an extensive database for assessment of the ZND model for detonation cell size.
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Table 1 - Experimental Conditions for HTCF Large Detonation Vessel

. . .. . ... ... ... ....
.... ......... ......... . . . .... .

......... . . . .. ...

. ..... . . . ...... .

.... ......... . . ....

Temperature 300 K-650 K

Scale 27-cm diameter (10 cm - SSDA)

Pressure 1 - 3 atm

Mixtures* < 15% hydrogen at 300K
< 11% hydrogen at 500K
< 10% hydrogen at 650K

Steam Dilution > 30% steam, off-stoichiometric mixtures

*Mixtures with greater hydrogen content were the focus of the SSDA experiments.

Table 2 - Major Systems of the High-Temperature Combustion Facility

VACUITY....... I WORK--O P.RWRME

Large Detonation Vessel Vessel fabricated to BNL specs to satisfy research objectives;
installed, integrated with other systems and tested

Electrical Power Supply Connection to preexisting high-voltage power transformer;
System and Vessel Heating switchgear, distribution hardware and enclosure designed and
System built; vessel heating system designed, tested, installed with

vessel

Gas Storage and Handling Gas storage pad, gas pipe distribution and gas handling and
System metering equipment designed, installed, tested

Vacuum System Existed previously; connections made to vessel

Ventilation and Purge System Tunnel ventilation system, vessel purge, elevated release, and
cooling air system installed; connect to interlock system

Safety and Interlock Systems Design and reviewed for safety. Preexisting interlock system
interfaced with present apparatus; gas detection and alarms
system added

Control and Data Acquisition Adapted and expanded system used for SSDA
System

Detonation Instrumentation Adapted from techniques used in SSDA
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Figure 1: High-temperature combustion facility site layout
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Recent efforts in MELCOR development to incorporate CORCON- Mod3 models
for core-concrete interactions, new models for advanced reactors, and
improvements to several other existing models have resulted in release of
MELCOR 1.8.3. In addition, continuing efforts to expand the code assessment
database have filled in many of the gaps in phenomenological coverage. Efforts
are now under way to develop models for chemical interactions of fission
products with structural surfaces and for reactions of iodine in the presence of
water, and work is also in progress to improve models for the scrubbing of
fission products by water pools, the chemical reactions of boron carbide with
steam, and the coupling of flow blockages with the hydrodynamics. Several
code assessment analyses are in progress, and more are planned.

1. INTRODUCTION

Recent activities in the MELCOR development project have led to the release of MELCOR
1.8.3,1 a much-improved version of the code. Several important modeling improvements and
other new features have been incorporated into the code and are described in Section 2.
Concurrent with code development efforts, continuing assessment of the code has resulted
in a significantly expanded database of calculations and sensitivity studies. These efforts
have demonstrated the ability of the code to successfully calculate a variety of phenomena
important to severe accident analyses, and they have also identified many problems with the
code and phenomenological models that have subsequently been corrected. These analyses
and modeling improvements have resulted in substantially increased credibility of the code.
Three assessment studies2 .34 completed in the last year are described in Section 3.

Work was completed shortly after the MELCOR 1.8.3 release on two additional models5

related to reactor vessel failure. Work is now in progress in a number of additional areas
related to fission product transport and chemistry, and efforts are continuing to couple the
effects of flow blockages during late-phase melt progression to the hydrodynamic models.
Furthermore, new modelse'7 are being developed at Oak Ridge National Laboratory (ORNL) for
phenomena important in boiling water reactors (BWRs) during early core heatup and
degradation. These efforts are all described in Section 4.

This work was supported by the U.S. Nuclear Regulatory Commission and was performed at Sandia National
Laboratories, which is operated for the U.S. Department of Energy under Contract Number DE-AC04-94AL85000.
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2. MELCOR 1.8.3 IMPROVEMENTS

MELCOR 1.8.3 was released to the international reactor safety community in August 1994
following substantial testing on a suite of plant calculations to demonstrate its robustness and
reliability for many different accident scenarios on a variety of computer systems. This
version of the code incorporates a number of new features, corrections, and other changes
that have been made since the release of MELCOR 1.8.2.

Perhaps the most significant modification has been the incorporation of CORCON-Mod38 into
MELCOR. This implementation was part of a joint effort to simultaneously implement
CORCON-Mod3 into CONTAIN,9 and it included significant restructuring of CORCON to
minimize future duplication of effort. No changes were made to the basic phenomenological
models, but now the central phenomenological routines are identical in the stand-alone,
MELCOR, and CONTAIN versions, and additional modeling improvements to CORCON can
now be made in all versions with a minimum amount of effort. During the course of
implementation, previous modifications made to MELCOR and CONTAIN to address difficulties
with CORCON in a systems code environment were retrofitted to the new version. Several
other numerical deficiencies with CORCON-Mod3 have also been addressed, including
instabilities in the interlayer mixing model and a general lack of robustness. The numerical
implementation of the interlayer mixing model was completely redone, and the oscillations that
have been observed in calculations that utilized this model have been eliminated.

A few CORCON modeling issues that have previously been identified are still unresolved.
Releases of fission products calculated by the VANESA model as a metal phase vanishes are
still incorrect, but a possible modification to the model developed by the Nuclear Safety
Institute (NSI) in Russia may be incorporated that will remedy this problem. The adjustment
made to the oxygen potential in VANESA to account for unequal metal and oxide tempera-
tures is inadequate; a patch has been made to prevent code aborts, but a more permanent
modeling fix is still needed. Finally, the non-ideal oxide chemistry model is not functional in
CORCON-Mod3, but investigations by others (e.g., NSI) have questioned the need for and
practicality of this model.

Another major improvement to MELCOR has been the upgrade of the hydrodynamics solution
algorithm to include the mass and energy transfer terms associated with bubble separation
from a two-phase pool in the implicit numerical solution scheme. This was needed to stabilize
computed void fractions and pool surface elevations, which had exhibited severe oscillations
in many calculations that had a strong negative impact on the functioning of several other
models. As a part of this effort, many of the low-level hydrodynamic modeling algorithms
were completely recoded to enhance their future maintainability. Other hydrodynamic
improvements include adding the capability for the user to define momentum flux terms for
a two-dimensional network of control volumes for use in fine-scale natural circulation
calculations in the core region. A new input format for mass and energy sources has been
added to allow direct reference to external data files and to allow scaling. Also, the option
to write various flow variables to external data files has been added.
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A number of improved modeling capabilities and new input options have been added to the
heat structure models. The model for film condensation and evaporation on heat structure
surfaces has been substantially enhanced by modeling the water film surface as an additional
temperature node and explicitly accounting for the thermal resistance across the film. The
mass transfer expressions were generalized to remove inappropriate limitations so that they
would be applicable to both pure steam and noncondensible gas mixture environments. A
new film tracking model was also added to allow condensate to drain from one structure to
another, thus allowing modeling of passive containment cooling systems proposed for certain
advanced light water reactors (ALWRs). New optional input to allow scaling of heat and mass
transfer coefficients for specified surfaces has been added, and an option to allow the use of
the maximum heat transfer coefficient given by the correlations for forced and natural
convection and for laminar and turbulent flows has been added as an alternative to the
existing interpolation scheme for transitions between those flow regimes. (Late in MELCOR
1.8.3 testing, we discovered situations where the default scheme can significantly under-
predict the true heat transfer coefficient.)

Several new modeling features have been added to other packages as well. The capability
to initialize the core in a degraded state with debris materials and oxidized cladding and
canister materials has been added to the Core package, and the high-pressure melt ejection
model in the Fuel Dispersal Interactions (FDI) package has been extended to treat oxidation
and heat transfer for debris that is deposited on heat structures. Automatic mass
conservation accounting for fission products has been implemented in the RadioNuclide (RN)
package. New input has been added to the Containment Sprays (SPR) package to allow spray
sources to be associated with control volume pools, thus permitting a recirculation mode of
operation.

Many additional changes have been made to correct errors of varying degrees of severity.
These include fixes to errors that caused the code to abort in one or more calculations, such
as floating point numbers divided by zero or array subscripts out of range. They also include
logic errors that led to code shutdown, poor execution performance, numerical sensitivity, or
incorrect phenomenological behavior. Additional improvements to the user interface and code
input/output capabilities have been made. User input has been provided for additional control
and flexibility in some models, and input checking in a number of areas has been strengthened
to ensure consistency and prevent later problems from arising due to bad input. Several
control function arguments and plot variables have been added, and output for some packages
has been improved. Several more enhancements to warning and error message processing
have been made.

New modeling capabilities specific to BWRs have been added as well to the BWR Lower
Plenum Debris Bed (BH) package by ORNL MELCOR development staff. Treatment of
radiation heat transfer among the lower plenum debris, the core plate, the core shroud, and
the vessel wall has been added, and a model to simulate the melting of heat structures used
to treat the core shroud has been added (but is currently only available in conjunction with the
B-l package models. A model to calculate the effects of water interacting with the debris bed
has been added, and fission product release from the debris using either the CORSOR or
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CORSOR-M models has been added. Mass and energy conservation accounting is now
calculated within the BH package, though it has not yet been fully integrated with the global
MELCOR accounting scheme. New models have been added to the BH package to simulate
operation of the PCCS and ICS in ALWRs.

In preparation for distribution to external MELCOR users, MELCOR was subjected to a number
of tests as required by our Software Quality Assurance Plan (SOAP). This testing was done
primarily to ensure robustness of the code; however, calculations were also quickly reviewed
for physical reasonableness and plausibility. The following full-plant calculations were
selected for this testing:

1. Grand Gulf large break loss-of-coolant accident (LOCA) during shutdown (POS 5) with
40-day decay heat levels.

2. Grand Gulf low pressure boiloff during shutdown (POS 5) with open containment,
closed upper head vent, 2 safety relief valves open, and 24-hr decay heat levels.

3. Surry S2D sequence (hot leg small break LOCA).

4. Surry AG sequence (hot leg large break LOCA).

5. LaSalle high-pressure short-term station blackout with failed emergency core cooling
and automatic depressurization systems.

6. Advanced boiling water reactor (ABWR) loss of all core cooling with failure to
depressurize.

7. DEMO calculation distributed with the software (simplified coarse nodalization for
idealized plant).

MELCOR 1.8.3 was required to run each of these calculations to completion without aborting,
terminating prematurely (necessitating restart with a different time step), or using an
excessive amount of computational time because of numerical difficulties. These calculations
collectively were run on various machines (IBM, HP, and SUN workstations, and IBM PC),
although any individual calculation was run on only one or two machines.

3. MELCOR ASSESSMENT

Significant progress continues to be made in MELCOR assessment, and most phenomeno-
logical areas within the code have been or are being assessed against at least one experiment.
Recently completed assessments include the MP-1 and MP-2 late-phase melt progression
experiments conducted at the Annular Core Research Reactor at Sandia,'" the General Electric
large vessel level swell tests,2 which measured void fraction distributions and bubble rise
velocities, and the containment spray experiments conducted in Pacific Northwest
Laboratory's Containment Systems Experiment vessel.3  The SURC-2 core-concrete
interactions test conducted at Sandia was used to verify the correct implementation of
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CORCON-Mod3 in MELCOR; 4 a more complete assessment against this test was conducted
for stand-alone CORCON-Mod3." All assessments conducted at Sandia include a systematic
search for and identification of numeric effects from time step and machine dependencies, in
addition to the identification of other code problems and limitations requiring developer
attention. Extensive sensitivity studies also provide the basis for development of user
guidelines.

The GE large vessel blowdown and level swell experiments are a set of primary system
thermal/hydraulic separate effects tests studying the level swell phenomenon for BWR
transients and LOCAs. This experiment series includes both top blowdown tests with vapor
blowdown, characteristic of accidents such as steam line breaks, and bottom blowdown tests
with liquid and two-phase blowdown, more characteristic of recirculation line breaks. The test
facility includes a 4.5-M 3 steel-shell vessel containing saturated steam/water at 7 MPa and a
10-inch diameter blowdown line with a dip tube extension. Assessment against this data
allowed an evaluation of the ability of MELCOR to predict the inventory loss, and hence time
to core uncovery and heatup, in the early stages of transients and accidents in BWRs. Also,
an implicit bubble separation algorithm has been implemented recently in the MELCOR
hydrodynamics models, and analysis of the GE tests was intended to validate this algorithm
for general use.

MELCOR was able to calculate reasonable agreement with the depressurization and break flow
data for all tests. Although the code predictions for the liquid level showed good agreement
with experimental data for the bottom blowdown tests, MELCOR underpredicted the level
swell for the top blowdown tests with the base case nodalization and model parameters,
generally reaching a maximum value that is significantly below the maximum two-phase levels
in the test data and then beginning to decline earlier in the calculations than in the tests.
Sensitivity studies showed that the break flow and depressurization rate were sensitive to the
time step during the two-phase portion of the calculated blowdown and that the calculated
level swell is very sensitive to nodalization and bubble rise model parameters.

Eight experiments have been performed in the CSE containment vessel to evaluate the
performance of aqueous sprays as a means of decontaminating containment atmospheres.
The 595-M 3 steel-shell vessel is subdivided into a dome, lower drywell, middle and lower
rooms, and wetwell. Uranium aerosols were generated to represent core materials that have
very low vapor pressures and low solubilities in water, and cesium aerosols were generated
to represent volatile solids highly soluble in water. Iodine was injected as both elemental
iodine and methyl iodide. Six intermittent, multiple spray experiments conducted after the
aerosols and iodine had been injected involved either STP air or steam/air at 3 atm and 400
K, different spray rates and timing, both fresh and recirculating sprays, different spray
solutions, and different nozzle types and distributions. Two continuous spray tests were
conducted with concurrent aerosol/vapor injection.

Results of MELCOR assessment analyses demonstrated that MELCOR correctly reproduces
the qualitative thermal/hydraulic, aerosol washout, and vapor decontamination response to
containment spray injection. In particular, MELCOR reproduced the relative responses
observed when the spray flow rate and droplet size distribution were varied. Also, the
accuracy and reasonableness of the predicted results generally improved as more MAEROS
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components and sections were used to model the aerosol size distributions. Quantitatively,
MELCOR predicts more efficient steam condensation and equilibration of drops with the
atmosphere than shown by experimental data. Removal of aerosols and vapors by sprays is
generally underpredicted by the code, which also shows the same proportional effects for
each spray period, while the data shows the first spray period being much more effective in
removing contaminants than later spray periods. Major sensitivities include the fraction of the
spray assumed to interact with the atmosphere, the spray droplet size and distribution, and
the fog water droplet evaporation and condensation.

The major purpose of our calculational efforts for SURC-2 were to verify the correct
implementation of CORCON-Mod3 in MELCOR by comparing MELCOR results for the same
analysis with those of stand-alone CORCON-Mod3. This verification effort showed no
significant differences; most results showed no distinguishable differences at all in the plots,
and the few minor observable differences were readily traced to unavoidable coding
differences associated with the interface to MELCOR. One sensitivity study was performed
to examine the effects of the input options for multiple debris layers vs. a single homogeneous
layer (now the default in MELCOR). Results with multiple layers and using the interlayer
mixing model were different only at very early times when the debris was stratified. Results
with the old CORCON-Mod2 layer configuration agreed with those using the interlayer mixing
model.

Work is currently in progress to assess code thermal/hydraulic behavior for Surry plant
calculations with pressurizer surge line failure. Assessment calculations of aerosol scrubbing
by water pools are to be conducted for two sets of Electric Power Research Institute
experiments one set involving superheated steam and the other involving noncondensible
gases.

4. POST-1.8.3 MODEL DEVELOPMENT ACTIVITIES

Work was completed shortly after MELCOR 1.8.3 release on tvyo additional models related
to reactor vessel failure.5 The capability to treat heat transfer from the exterior surface of the
lower head to a liquid pool surrounding the lower vessel has been added, using boiling heat
transfer correlations specifically applicable to downward-facing surfaces. This model is
needed for simulation of flooded reactor cavities for accident scenarios involving advanced
reactor designs. Experimental correlations relating the critical heat flux and the film boiling
heat flux to the surface orientation are used to determine the heat transfer coefficient from
the external surface of the vessel, and several user control options were added to provide
additional flexibility, as this is an ongoing area of research still with large uncertainties.

Also, models for creep rupture failure of the lower head were implemented in the code after
1.8.3 release. These models are based on Larson-Miller time-to-rupture correlations and
application of a life fraction rule to calculate the cumulative damage fraction for transient
conditions. Options in the model include the ability to treat the lower head stress as a zero-
dimensional membrane stress or to calculate the one-dimensional stress distribution through
the thickness of the head.
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Fission product chemistry models are being developed to treat the chemical deposition of
cesium and tellurium compounds on structural surfaces. Preliminary design of the model calls
for the modeling of chemisorption as an addition to the current mass transfer processes.
Experimentally based mass transfer coefficients for CsOH and Cs! chemisorption on stainless
steel and Inconel surfaces would be factored into the TRAP-MELT equations used in MELCOR
for normal condensation and evaporation. The chemisorbed mass would not be considered
for release from the structure unless very high temperatures were reached, in which case a
general refractory vapor pressure curve could be utilized to return vapor to the atmosphere.
We do not propose applying the model for tellurium, hydrogen iodide, or iodine by default, as
the mass transfer coefficient values are not based upon sufficient data, but we plan to
incorporate the capability to perform these calculations at the user's option.

Models are also being developed to capture the important chemical reactions of iodine in the
presence of water. Preliminary design of the model includes submodels to calculate release
of 12 from a water pool to the atmosphere in the presence of steam condensation or
evaporation, which will either inhibit or enhance iodine diffusion through the boundary layer,
and to calculate the pH of the water pool based on the concentrations of boric acid and alkali
metal hydroxides. Radiolysis and pyrolysis processes may also be considered in the pH model,
and the formation, release, and destruction of methyl iodide will be modeled.

Fission product vapor scrubbing is being implemented by incorporating updated models from
SPARC-90.' 2 The enhanced modeling capabilities will be demonstrated through testing, which
will verify that the new models are giving reasonable results. Implementation of these models
should also lay to rest questions about the decontamination factors predicted by the aerosol
scrubbing models.

Coupling of flow blockages to the hydrodynamic models by automatically reducing flow areas
and increasing loss coefficients is being developed to enhance natural circulation capabilities
during late-phase melt progression. We have proposed a limited model for the increased flow
resistance associated with formation of core debris ("core blockage") based on correlations
developed for flow in porous media. Consistency of representation between core models and
hydrodynamic models will require that much of the geometry now defined by flow path input
will have to be derived internally from core input.

Finally, new equilibrium chemistry models for the reactions of boron carbide with steam and
the partitioning of those reactions with competing eutectic reactions of the boron carbide with
steel are being implemented. The advanced chemistry models are based on minimization of
the Gibbs free energy and have been taken from models developed by Oak Ridge National
Laboratory. The methane produced by these models will be provided to the fission product
iodine chemistry models for determining the formation of methyl iodide in water suppression
pools and its release to the containment atmosphere.

Oak Ridge National Laboratory is also working on models for the allocation of steam among
core components during oxidation and for gamma heating of other core components,
particularly those in the interstitial region in boiling water reactors. These model upgrades
should give a more accurate simulation of the internal heating rates and oxidation of BWR
canister walls and control blades.
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Longer term development plans include the examination of models developed by the Nuclear
Safety Institute under a cooperative agreement with the Russian Research Center for in-vessel
fuel-coolant interactions, ex-vessel debris coolability, melt spreading, and reflood hydrodynam-
ics, followed by the development of simplified models for implementation in MELCOR.
Additional improvements in a few areas are also needed to address some residual concerns
identified during the MELCOR peer review.
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ABSTRACT

The XRI-I and XRI-2 (Ex-Reactor) experiments, investigating metallic core-melt relocation
in boiling water reactor (BWR) geometry, were performed in August and November of
1993. The XRl tests represented the BWR control blade and channel box structures in
the lower part of the BWR core as metallic core materials are beginning to melt and drain
downwards. The purpose of this experiment program is to examine the behavior of
downward-draining molten metallic core materials in a severe reactor accident in a dry
BWR core, and to determine conditions under which the molten materials drain out of
the core region, or freeze to form blockages in the lower portion of the core. In the event
that the draining metallic materials do not form stable blockages in the lower core region,
and instead, erode the lower core structures such as the lower core plate, then the
subsequent core melt progression processes may proceed quite differently than was
observed in the TMI-2 accident with correspondingly different impact on vessel loading
and vessel release behavior.

The results of the XR1 simple channel experiments show some variations in blockage
formation behavior associated with the melting and draining of the control blades in the
BWR core, that are attributed principally to the axial thermal gradient. A greater degree
of downward melt penetration was observed in the high gradient XR1-2 test than in the
low gradient XR1-1 test. The XR1-2 test indicated that a significant degree of control
blade melt drainage can be expected when the thermal gradient in the lower core is on
the order of 2000K/m. Both tests showed a significant degree of channel box
destruction, which alters the melt flow pathways available to the control blade melt as
well as the later melting zircaloy materials.

A follow-on set of experiments, designated as the XR2 tests, are described which include
fuel rods in the test bundles, along with more detailed representations of the lower core
plate, fuel support pieces, and control blade velocity limiter structures. Prototypic
materials are to be used in these tests. Furthermore, the XR2 tests will include a second
Zr-melt pour following the control blade melt pour. These additions are included in the
XR2 experiments to fully represent the melt relocation events considered typical for the
BWR dry-core accident scenario, and will provide information needed to determine BWR
core blockage or drainage behavior.

1. Introduction and Background

The XR experiments are being conducted at Sandia National Laboratories to aid
in the resolution of a major uncertainty in the core melt progression process
associated with a severe accident in a boiling water reactor (BWR) where loss of
reactor core coolant inventory has occurred. Specifically, the class of accidents of
concern are those that involve core melting under dry core conditions, such as an
unrecovered Station Blackout accident with manual vessel depressurization.1 In
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these accidents, a manual vessel depressurization is to be carried out by the plant
operators when the core water level drops to -35% below the top of the core. This
procedure is intended to cool down the reactor core before the onset of severe fuel
damage from oxidation and over-temperature conditions by the steam blowdown and
cooling effect, and to permit the activation of any potentially available low pressure
coolant injection systems. After vessel depressurization, the water level in the vessel
would be below the lower core plate, but above the jet pump intake nozzles. The
procedure also delays severe damage to the core by about a half an hour, assuming
that reintroduction of water into the core does not subsequently occur. In the event
that core cooling is not regained, the severe core damage processes resulting from the
continued core heatup takes place under comparatively 'dry core" conditions because
of the low water level in the reactor vessel, with very low steam flow through the core.

Without vessel depressurization, 'wet core' conditions would exist, with the
lower core generating comparatively large amounts of steam from the boiling coolant
present there. Wet core conditions were present in the TMI-2 accident, which, as a
result of subsequent core melt progression processes, are believed, in general, to lead
to a blocked core configuration with the formation of a growing molten ceramic fuel
pool. The water in the lower core causes relocating molten core materials to freeze,
forming a dense crust. Subsequent melt collects upon the crust blockage until a
molten pool forms. Later, as the pool growth reaches a boundary of the core, the
contents of the molten pool (principally molten ceramic fuel) will be released and
relocation to the lower vessel head follows, as occurred in the TMI-2 accident. The
blocked core "TMI-like" melt progression scenario is illustrated in Figure 1.

In the case of the BWR 'dry core" melt progression scenario, it is not clear that
the blocked core, molten pool configuration, discussed in the previous paragraph will
result since the heat sink associated with water in the lower core is not present. An
alternative 'continuous drainage' melt progression pathway has been proposed for
these dry-core conditions, which does not lead to the formation of a large in-core
molten ceramic pool, but instead, follows a continuous drainage behavior, where
molten material drains from the core region without the formation of any stable crusts
or blockages. This alternative melt progression pathway is also illustrated in Figure
1, and can be seen to lead to very different melt relocation behavior and different
vessel head loading conditions. The TMI-like blocked core pathway results in a
sudden relocation of -3000K molten ceramic fuel material, which subsequently comes
into contact with the lower vessel head. The alternative continuous drainage pathway
results in the gradual and continuous drainage of materials from the core region, first
the lower melting point metallic core materials (control blades and zircaloy materials),
and later solid or molten ceramic fuel materials. In this case, the metallic materials
will collect on the lower head, followed later by overlying ceramic fuel materials.
Because these two melt progression pathways lead to important differences in the
timing and mode of vessel failure, in addition to differences in the rate, temperature
and composition of those materials that are ultimately released into the containment
environment, it is important to understand under what conditions which melt
progression scenario will result, so that the consequences of these two different
pathways can be assessed. Complicating the analytical assessment of these pathways
is the complexity of the BWR lower core geometry, which is comprised of fuel
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Figure 1: Mustration of the melt progression branchpoint uncertainty for 'dry core' and Wet core'
scenarios.

canisters with rods, control blades, and inter-canister gaps, as well as lower canister
nosepieces, control rod drive tubes, the lower core plate structure, and numerous flow
pathways. These geometrical complexities are illustrated in Figure 2. These
complexities, together with uncertainties concerning material eutectic interactions
(Zr-Fe for example), stability of core structures during melt relocation, and the
freezing and blockage behavior of relocating metallic melts has prompted an
experimental, and companion analytical, program to address this melt progression
issue. The Ex-reactor experiments are intended to provide the experimental evidence
necessary to develop and assess predictive models of this phase of the melt
progression process, which are required to resolve the uncertainty in this crucial melt
progression pathway branchpoint.

2. Experimental Program

In order to determine the conditions under which BWR dry core melt
progression will follow either the 'blocked core, TMI-like' path, or alternatively, the
continuous drainage pathway, a series of experiments is currently underway to
characterize the behavior of the draining metallic core materials in the geometry of the
BWR lower core region. If the molten metallic core materials form stable blockage
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Figure 2: Diagram of the complex lower core structure in the BWR.

configurations in the lower BWR core region under dry core conditions, then it is
considered likely that the TMI-like melt progression pathway, involving the formation
of a ceramic fuel melt pool, will also apply to BWRs. It should be kept in mind,
however, that under typical dry-core conditions, there is only marginally sufficient
thermal heat sink available to freeze the relocating stainless steel control blade melt
and the subsequently relocating zircaloy channel box and cladding materials. This
together with the complex BWR lower core geometry, with many possible melt
drainage pathways (Figure 2) and many potential material interaction effects, would
suggest that stable blockages might not form, and that the continuous drainage melt
progression pathway might be favored.

The general approach taken in the Ex-Reactor experiments is to simulate the
lower 1/2 to 1 meter of the BWR core geometry in full scale at the time that the
molten metallic core materials are beginning to drain from the upper regions of the
core into the lowermost regions. A test section is constructed, including important
geometrical features such as zircaloy fuel canister walls, B4 C-filled stainless steel
control blade structure, fuel canister nosepieces, lower core plate, bladed and
unbladed inter-canister gaps, and so on. Prototypic materials are used in the conduct
of these experiments. Figure 3 shows a cross sectional view of two test section
designs used in these experiments. In the upper view, a simple channel design used
in the XR1 tests is shown where only the fuel canister walls (channel box) and the
control blade features are included. The lower view shows the cross section for the
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more prototypic geometry XR2 tests
which include arrays of zircaloy clad
fuel rods in addition to the channel box
and control blade structures. The lateral
scale of the XR2 test section is designed
to represent all of the lateral degrees of
freedom with respect to the draining of
molten materials, and was selected
based on symmetry principles (the XR2
test section is approximately a 1/8
symmetric section extracted from the 4-
canister repeating array of the BWR
core).

The tests are conducted by
pouring molten metallic materials
(molten control blade steel and molten
zircaloy components - fuel rod cladding
and channel boxes) into the upper, open
end of the heated test section, thereby
simulating the melting and draining of
the upper core metallic materials in the
overheating reactor. The test sections
are heated using electrical heating on
the periphery so that a prototypic axial
thermal gradient is imposed over the
length of the test section. The object is
to characterize the nature of any
blockages that are formed as the melt
enters the test geometry, and to provide
information on melt drainage pathways
through the lower core region.

Figure 3: Cross sectional vews of test bundles for
the XR1 Stop view) and XR2 (bottom view) tests.
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3. Results of XR1 Simple Channel Tests

The XR1 'Simple Channel' tests (XRl-l and XR1-2) were performed to develop
the techniques necessary to perform the more conclusive XR2 "Prototypic Geometry'
experiments, and to gain insight into the effects of the major experiment parameters
to be explored by these tests. A description of these initial two experiments and their
results follows.

.*1

r
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3.1 Test ConditionsTable I Conditions Used in the XRE
Experiments

Test Condition XR-1 XR1-2

Channel Length I m .5 m

Thermal Gradient 1000 Kim 2000 K/m

Channel Surface 2 gm 2 amn

Oxide Layer

Melt Mass 12 kg 12 kg

Melt % B4C 4A.wl 4Awd

Melt Pour Duration `10 min 1 mi

As described in Section 2,
the geometry of the XR1
experiments was simplified to
include only the zircaloy channel
box and control blade structures,
as illustrated in Figure 3.
Consistent with this
simplification, the melt which was
introduced into the XR1-1 and
XR1-2 test channels consisted
only of control blade melt
(stainless steel and boron
carbide) and was introduced to
the 'bladed" wing of the L-shaped
channel, thereby simulating the
melting and draining of the upper
core blade structure into the

lower core region. A simplified core plate structure was included in the XRI test
section design, as were some approximate details of the BWR fuel canister nosepieces.
The principal test parameter varied between the two XRI tests (Table 1) was the axial
thermal gradient, with the XRl-l test having a nominal 1000 K/meter axial gradient,
and the XR1-2 test having a 2000 K/meter gradient. It is important to point out that
the gradient was attained in both tests by holding the lower core plate region of the
test at -500 K, and heating the upper part of the test channel essentially to the
melting point of the control blade structure (-1500 K). This simulates the conditions
when molten blade material begins to drain into the lower part of the core. This also
implies that the XR1-1 test channel was nominally 1 meter in length and that the
XRI-2 test channel was nominally 0.5 meter in length. Test XR1-2, therefore,
presented less thermal heat sink for the formation of blockages from the draining melt
than did test XR1-1.

3.2 Melt Flow and Blockage Behavior

Both tests XR1-1 and XR1-2 showed some similar behavior in response to the
control blade melt. In both tests the upper control blade was eroded away, partly in
response to the radiant heat load from the upper inductively heated melter (-1700 K),
and partly due to the added enthalpy carried with the molten control blade melt
draining from the melter. In both tests, temporary blockages tended to form in the
bladed and unbladed channels, where initial channel temperatures were between
-900 to 1100 K. These blockages led to the pooling of subsequently draining control
blade melt within the zircaloy walls of the test section. The formation of these
blockages and the pool accumulation were clearly observed in the real time video x-
ray images of the test section. After a time (-2 minutes), the molten pool of control
blade melt was observed to suddenly drain into the lower regions of the test section.
In both XRl-l and XR1-2, the drainage path was in the large channel gap region near
the tip of the control blade where the bladed and unbladed channel gaps meet. Figure
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Figure 7: X-ray projection images of the XRI-2 test (.5m test section) seenfromfour directions (0, 45,
90 and 135 degrees).

7 shows x-ray projection images of the XR1-2 test section blockages after termination
of the test. Four views of the test section are shown. The view indicated as 90
degrees shows a view normal to the unbladed channel, where the core plate is clearly
visible. The 0 degree view is normal to the bladed channel, and the view indicated as
135 degrees shows an oblique view of both the bladed and unbladed channels. The
oblique view of both channels best shows the remnants of the metallic melt pool,
where the funnel-shaped voided region in the center mid-section of the channel is
clearly seen. This voided region shows the drainage path taken when the melt
relocated to the bottom regions of the channel. Part of the melt drained onto the core
plate, as seen in the radiograph, and part drained into the bladed region below the
core plate.

In comparing the results of the XR1-1 and XRI-2 tests, some differences in
behavior were also seen. The downward penetration of molten material in the XRl-1
(1-meter channel with 1000 K/m thermal gradient) was not as great as was observed
in the XR1-2 test (.5 meter channel with 2000 K/m gradient). In both tests, melt
reached the lower core plate and accumulated there, however, very little material
relocated below the core plate in XRl-1, whereas, much more material relocated
below the core plate in test XR1-2. This trend is consistent with the higher thermal
gradient in the shorter bundle (lower heat sink available for freezing), but also
probably reflects the random nature of the melt draining process with respect to the
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precise path taken by the melt. Both
tests also exhibited considerable
interaction between the molten draining
control blade melt and the zircaloy
channel walls. The molten blade material
dissolved the zircaloy walls locally and
penetrated partially into the insulating
material behind the channel walls. These
effects were especially pronounced where
the molten control blade material pooled
over underlying blockages. The evidence
suggests that the wall destruction was
not instantaneous, and that some time is
required to breach the surface oxide layer
on the channel walls before penetration
results.

7. .- The insulated region in the XR1
ji !tests corresponds to the region in the

BWR core that would normally be
I : -- L; -.- - I' occupied by fuel rods, as seen in the XR2

series test section (Figure 3). In that the
insulation behind the zircaloy walls

Figure 8: EMernal views of the XR1-2 test section prevented the intrusion of the control
showung severe zircoloy wail attack from molten cotrol blade melt into the region normally
ble melt. occupied by fuel rods, the melt relocation

observed in the XR1 tests was confined to
the inter-canister gaps to a greater degree
than would be expected had fuel rods

been in the place of the insulation board. The zircaloy wall attack and penetration by
the control blade melt can be seen in the external views of the XR1-2 test section
shown in Figure 8.

4. Approach to XR2 Prototypic Geometry Tests

The XR2 experiments, currently under preparation, will include a much greater
degree of prototypicality with respect to the geometrical details and test conditions
which govern the behaviors under investigation. This includes a high degree of
realism in the geometrical details by including fuel rods, and by using actual BWR
core structural components. Additionally, the second melt pour of molten zircaloy
into the lower core region (see Figure 5) will also be included and will be distributed
across the entire cross section of the XR2 test channel (see Figure 3).

4.1 Detailed Prototypic Geometry

The XR2 test bundle is shown in cross section in Figure 3. In addition to
including the fuel rod regions, considerable realism is also included in the lower
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geometrical details of the test package. Actual
BWR structural components, such as those
shown in Figure 9, will be used in the
fabrication of the test section, including the
fuel canister nose piece, fuel rod tie plate, and
fuel canister support piece. Realistic
representation of the control rod guide tube,
core plate, and control blade velocity limiter
will also be included.

4.2 Melt Delivery System

One of the major technical challenges in
the conduct of the XR2 experiments is the
preparation and introduction of the
appropriate molten materials into the correct
regions of the test section. Molten control
blade material must be delivered to the bladed
section of the test bundle, whereas molten
zircaloy must be directed over both the fuel
rods and the channel box walls in order to
simulate the melt relocation processes. The
timing and rate of melt flow into the test
section must also be controlled to correctly
represent the accident conditions. In the XR1
tests, involving only control blade melt
(stainless steel and boron carbide), a pot of
molten metal was prepared by inductive
heating techniques, and the molten charge was
drained over the control blade region. Because
of the extreme difficulties associated with
containing molten zircaloy, a different
approach is being taken in preparing the melts
to be used in the XR2 experiments. The melter
being developed for the XR2 tests is shown
schematically in Figure 10. In this concept,
wire is fed into an inductively heated graphite
susceptor which is held at near 3000 K. The
wire is melted within the melter by radiative
heating from the graphite and the melt is
directed over the desired locations at the
entrance to the test section. The melting rate
is determined by the rate at which the wire is
fed into the melter. A wire feed system
controls the velocity of the wire entering the
melter. The regions requiring a zircaloy melt
are fed with 1/16th inch diameter zirconium
wire, and the regions requiring control blade

BWR Fuel Support Piece and
Fuel Canister Nosepiece

grid spacer

fuel rod

non- nIrx

control blade
access slot
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cone plate a.-: <Wr
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Figure 9: Photograph of BWR structural components
that will be used in the fabrication of the XR2 test
sections.
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Figure 10: Wire fed melt delivery system developed
for the XR2 experiments.

84



melt are fed with a drawn B4 C-loaded stainless steel wire composite (also 1/16th
inch). The melter also provides a downward radiant heat flow of - 10 kW to the top of
the test section which is situated below the melter, as shown in Figure 4.

5. Conclusions

The XR1 'simple channel" tests, XR1-1 and XR1-2, investigating the behavior
of draining control blade melt in the lower BWR core under severe accident 'dry core"
conditions have been completed. These tests were primarily developmental in
emphasis, but have provided useful insight into the operative phenomena in the
reactor core during this phase of the accident. These tests showed that temporary
blockages can form in the gaps between the channel box walls in the lower core due
to the freezing of the initially relocating molten control blade materials. Due to
material interactions between the molten blade material and the zircaloy channel
walls and due to the continued enthalpy addition of subsequently relocating blade
material, these blockages are breached, allowing the continued downward drainage of
molten metal. During these processes, the zircaloy channel boxes become heavily
attacked, allowing intrusion of control blade materials into the fuel rod regions of the
core. Some blade material accumulates on the lower core plate, but some material
can relocate to regions below the core plate by flowing into the fuel canister
nosepieces. The initial melting and draining of the control blades causes significant
degradation of the lower channel boxes, thus influencing the relocation pathways
available to the subsequently melting zircaloy materials, which contain significantly
more melt enthalpy in comparison to the molten control blade materials. The XR2
tests, currently under preparation, will include greater geometrical detail in the test
section design and will include a zircaloy melt phase in addition to the initial control
blade melt phase. The initial control blade melt phase will condition the test bundle
by causing the initial damage and blockage effects observed in the XR1 tests, so that
the subsequently introduced zircaloy melt will encounter prototypic conditions,
structures, and melt drainage pathways. The XR2 tests either will show that the
draining metallic zircaloy melt is so aggressive in eroding the lower core structures
that melt drainage into the lower plenum is anticipated (continuous drainage pathway
in Figure 1), or will reveal the configuration of in-core blockages that instead result.
In the event that blockage, and not melt drainage, is observed (the TMI-like path in
Figure 1), the configuration revealed by the experiments can be further analyzed by
other analytical means to evaluate the timing of any subsequent metallic blockage
meltout or ceramic melt release.
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OBSERVATION OF THE DYNAMIC BEHAVIOR OF THE
TWO-PHASE BOUNDARY LAYERS IN THE SBLB EXPERIMENTS
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ABSTRACT

Subscale boundary layer boiling (SBLB) experiments were performed under controlled
laboratory conditions to simulate the process of downward facing boiling on the external bottom
surface of a reactor vessel. The objectives were to observe the dynamic behavior of the two-
phase boundary layer and to determine the local variation of the critical heat flux. Transient
quenching and steady-state boiling experiments were conducted under both saturated and
subcooled conditions. For all cases explored in the experiments, strong subcooling effects were
observed on the size and dynamics of the vapor bubbles. The local boiling curves deduced from
the quenching data showed significant variations along the vessel wall. In particular, the CHF
value increased significantly from the bottom center to the upper edge of the vessel. As the
degree of subcooling was increased, considerably higher values of CHF were obtained throughout
the entire heating surface. Results of the present study indicated that with subcooling of the water
in a flooded cavity, much higher heat fluxes from the core melt resulting from a severe accident
could be accommodated by nucleate boiling on the external surface of the reactor lower head.

INTRODUCTION

The concept of external cooling of core melt by cavity flooding has been considered a
desirable means of decay heat removal during a severe core-meltdown accident in an advanced
light water reactor. In this concept, the decay heat generated in the melt is removed from the
external bottom surface of the reactor vessel by downward facing boiling of water in the flooded
cavity. The feasibility of this concept depends largely on the critical heat flux on the external
bottom surface of the reactor vessel. For the case in which the critical heat flux is higher than the
local heat flux from the core melt, nucleate boiling will be the prevailing mode of heat transfer.
The wall temperatures can be maintained well below the failure temperature of the steel structure.
However, if the downward facing boiling situation and the thermal loading conditions are such
that the local heat flux from the core melt exceeds the critical heat flux, then transition to film
boiling will occur on the external bottom surface. Under such circumstances, the wall
temperatures could rise rapidly toward the failure temperature of the steel structure, and the
integrity of the reactor lower head could be severely jeopardized.

In spite of its practical importance, very little is known about the boiling phenomena and
the critical heat flux on a downward facing curved surface. Most studies of nucleate boiling have
been focused on the effects of liquid properties and surface conditions, with the effects of shape
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and size of the surface being treated to be of secondary importance (Nishikawa and Fujita 1990).
The reported results on the influence of surface orientation are limited to those for boiling on
inclined flat plates or disks of relatively small dimensions with no curvature on the surface.

For inclined flat surfaces, it has been found that the rate of nucleate boiling can be
significantly affected by the orientation of the heating surface. An upward shift of the boiling
curve as the surface changes from a horizontally upward facing to a vertical position was
observed by Class et al. (1959) for liquid hydrogen, Githinji and Sabersky (1963) for isopropyl
alcohol, and Marcus and Dropkin (1963) for water. Upward shifts in the boiling curve with an
increase of inclination angle were also observed by and Littles and Wallis (1970) for Freon 113,
Vishnev et al. (1976) for liquid helium, and Chen (1978) for Freon 11. Recently, Nishikawa et al.
(1984), Jung et al. (1987), and Beduz et al. (1988) used water, R-11, and liquid nitrogen,
respectively, as the working fluid to study nucleate boiling on inclined flat surfaces and reported
that at low heat fluxes the boiling curves shifted considerably upward with an increase of
inclination angle from the upward facing to downward facing direction. However, at high heat
fluxes, the boiling curves for various inclination angles appeared to merge together into a single
curve, implying that the surface orientation had very little effect on nucleate boiling in the high-
heat-flux regime.

The effects of surface orientation on the critical heat flux have been reported by Ishigai et
al. (1961), Costello and Adams (1963), Lyon (1965), Anderson and Bova (1971), Styrikovich and
Polyakov (1973), Bewilogua et al. (1975), Vishnev et al. (1976), Beduz et al. (1988), and Guo
and EI-Genk (1991, 1992). Bewilogua et al. (1975) measured the critical heat flux for liquid
helium on a disk heater inclined with an angle $ against a horizontal plane. At a given pressure,
the critical heat flux, qcai, was related to the referenced value, qcw (0), for a horizontally upward
facing disk heater (i.e., 0 =0) by

qa/qCaw (0) = [I - 4190O] (1)

The same relationship was obtained by Vishnev et al. (1976) for liquid helium on an inclined flat
plate. The data of Beduz et al. (1988) obtained with liquid nitrogen generally supported the trend
predicted by equation (1), although their results lie just under the low end of the data scatter.
While equation (1) works quite well for cryogenic fluids, it does not appear to be valid for water
(Ishigai et al. 1961, Guo and El-Genk 1991, 1992).

Ishigai et al. (1961) and Anderson and Bova (1971) observed that the critical heat flux
was related to the time duration for a vapor mass to remain on the heating surface. The longer a
vapor mass stayed on the heating surface, the lower the CHF value would be. For a downward
facing surface, vapor bubbles tend to stay on the surface longer and coalesce underneath the
surface due to buoyancy, leading to a smaller value of CHF. Costello and Adams (1963) reported
a reduction of 25% in the CHF value from upward facing to downward facing boiling, Lyon
(1965) reported a reduction of a factor of four, and Styrikovich and Polyakov (1973) reported a
reduction of 40%. Recently, Guo and El-Genk (1991) performed quenching experiments using
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downward facing inclined flat plates. They found that the CHF value decreased from about 0.8
MW/n 2 in the vertical position to nearly 0.21 MW/r 2 in the horizontally downward facing
position, a reduction of almost a factor of four. Although a similar trend was observed by various
investigators for the effect of the inclination angle, there were significant quantitative differences
in the measured values of CHF. Note that in all of the above studies, the size of the heating
surface was relatively small (on the order of 10 to 50 mm), and no spatial variation of the CHF
value was observed along the downward facing, inclined surface.

Despite the quantitative differences in the measured values of CHF and the lack of spatial
variation of the critical heat flux along the heating surface, the above results cannot be applied to
the case of downward facing boiling on the external bottom surface of a reactor vessel. This is
because the reactor configuration is not only downward facing but also curved. Moreover, the
area of the heating surface is not a constant but increases from the bottom center to the upper
portion of the vessel. Thus the external bottom surface of a reactor vessel cannot be
approximated by downward facing flat plates with varying inclination angles. To realistically
simulate the reactor situation, a subscale boundary layer boiling (SBLB) test facility was
developed by Cheung et al. (1994 ab) to study the phenomena of downward facing boiling on the
external surface of a heated hemispherical vessel. A two-phase liquid-vapor boundary layer was
clearly observed on the external surface of the vessel under both steady-state and transient
quenching conditions. Local boiling curves were deduced from the quenching data for the case of
saturated boiling and were found to vary significantly along the curved heating surface. In
particular, the local CBF value increased by almost 100% from the bottom center to the upper
edge of the vessel.

In this study, the SBLB test facility was employed to investigate the phenomena of
downward facing boiling on the external surface of a heated hemispherical vessel under both
saturated and subcooled boiling conditions. The objectives were: (i) to quantify the local
variation of the critical heat flux, (ii) to determine the effects of subcooling, and (iii) to seek a
clear physical insight of the dynamic behavior of the two-phase boundary layers.

DESCRIPEION OF THE SBLB TEST FACILITY

The subscale boundary layer boiling (SBLB) test facility was developed specifically for
simulating the phenomena of downward facing boiling on the external bottom surface of a reactor
vessel. As shown schematically in Figure 1, the facility consisted of three major components, i.e.,
a pressurized water tank with a condenser unit, a heated heniisphericalltoroidal vessel, and a data
acquisition/photographic system. The water tank with a condenser unit at the top for mass flux
measurement, was completely sealed and designed to sustain a pressure up to 20 psig (-2.4 bars).
It was 1.22m in diameter and 1. 14m in height, and had two large and one small viewing windows
(see Figure 2 for detailed dimensions). The small window was located above the water level and
was used to determine the initial position of the test vessel before submergence in water. On the
other hand, the large windows were located below the water level and were used to observe the
dynamic behavior of the two-phase boundary layer during downward facing boiling of water on
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the external surface of the vessel. Three immersion heaters were installed near the bottom of the
tank for preheating water to a prescribed temperature before a run. The condenser unit was
connected to the cover of the tank assembly through a 76mm steel pipe, as shown in Figure 3.
The condensate return, on the other hand, was connected to the bottom of the tank assembly
through a 25.4mm steel pipe. With this arrangement, the water level in the tank could be
maintained constant. Pressurization of the tank could be accomplished in two different ways.
One was to boil the water in the tank for a prolonged period of time by turning on all three
immersion heaters without operating the condenser unit. The other was to inject high-pressure air
into the tank through the pressure relief valve.

Condenser
Heated Vessel Viewing Window

fnuated

Saturated iqui C Xybion Camnera/
Boundary Layer Spin Physics 2000

Data Acquisition System c-f Auxiiiary Heater F7 Liquid Tank

Figure 1. Schematic of the Subscale Boundary Layer Boiling (SBLB) Test Facility.

Three different types of test vessels were prepared for use as the heating surface in the
SBLB experiments. These were continuous hemispherical vessels, segmented hemispherical
vessels, and continuous toroidal vessels. This paper reports only the results obtained using the
continuous hemispherical vessels. This type of test vessels was fabricated by connecting a
stainless steel or aluminum hemisphere to a top cover made of the same metal, with a high-
temperature rubber gasket placed in-between for thermal insulation and leak tightness. The top
cover was welded at its center to a pipe coupling that could screw tightly onto a vertical guidance
mechanism (see Figure 2). The vessel as a whole was suspended in the center of the water tank
by the vertical guidance mechanism that allowed the vessel to travel freely in the vertical direction
while keeping the tank leak tight. Pre-shaped nichrome coils with a prescribed power density
were applied uniformly on the interior surface of the hemisphere for heating the vessel to desired
temperatures. The electric power supply lines were connected to the nichrome coils through the
hollow space in the vertical guidance mechanism. Also connected through the hollow space were
30 gage chromel-alumel thermocouples that were embedded in the vessel wall at various locations
for temperature measurement. The thermocouple and power supply lines were securely fixed
inside the vertical guidance mechanism so that no tension would be applied on them when
changing the position of the heated vessel. Cleaning/polishing and replacement of the vessel was
made by opening the tank access hole cover located in the middle of the tank cover. In this way,
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Figure 2. Front View of the SBLB Pressurized Water
Tank with the Hemispherical Test Vessel.

Figure 3. Side View of the SBLB Pressurized Water
Tank with the Condenser Unit.



vessels of varying sizes made of different wall materials could be easily installed and tested under
identical conditions one at a time.

To minimize heat loss from the water tank, thermal insulation material was applied to
cover all the exterior surfaces of the tank and the condenser unit, leaving only the viewing
windows exposed to the room air. With the insulation material in place, the bulk water
temperature dropped less than 0.71C per hour with the water being saturated and the immersion
heaters in the off position. This small amount of heat loss could easily be compensated by turning
on the immersion heaters for a couple of minutes every hour. Thus the same experimental setup
was suitable for both steady-state boiling and transient quenching experiments.

Two Strawberry Tree ACPC-16 data acquisition boards were installed inside a 386 IBM
personal computer. Each board could monitor up to 16 thermocouples with a resolution that
could be selected in the range between 12 to 16 Bits. The connections between the boards inside
the PC and the thermocouples were accomplished through the use of Strawberry Tree T21
terminal panels. These panels had a large isothermal plate with screw terminals for analog inputs
and digital I/O. The isothermal plate attenuated temperature differences at the cold junction
connector. Each of these panels was precalibrated at the factory with the ACPC board with
which it was intended to be used. These factory calibrations were found to be satisfactory when
the thermocouple readings were checked against thermometer readings at the freezing and the
boiling points of water. A total of 24 thermocouples were connected to the data acquisition
system. The first 16 of these sensors were placed at the locations corresponding to the nodes in
the finite difference analysis used to deduce the boiling heat flux. The rest were placed at various
locations inside the vessel wall to assess the uniformity of the heating of the test vessel before
each run.

Based on estimates of the time constant of the vessel at the critical heat flux state, it was
decided to use a sampling rate of 0.1 s which also allowed the resolution to be set to 16 Bits for
maximum accuracy. For higher sampling rates, the resolution might have to be decreased since
readings at a higher frequency take longer to achieve than those at a lower frequency. A
computer program was developed to read the temperatures from the thermocouples. After the
thermocouples were scanned once, the readings were stored in memory before the sensors were
scanned again after 0.1 s. It was only at the end of the process that all the thermocouple readings
were transferred into a file for later analysis.

EXPERIMENTAL PROCEDURE

Two types of experiments were conducted in this study. These were transient quenching
experiments and steady-state boiling experiments. The transient quenching experiments were
used to simulate the transient decay heat removal process in a delayed cavity flooding situation
whereas the steady-state boiling experiments were employed to simulate the situation of long-term
external cooling of a reactor lower head in a flooded cavity. To prepare for either type of
experiments, the tank was filled with water to a desired level, leaving a 0.25m air gap on the top
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(see Figure 2). The water was then purified and upgraded using a filter system consisting of a
Porta pump (1/2 HP) and a high-grade replaceable filter. This was done by circulating the water
through the filter system at least twice to remove all particles in the water. The water was then
boiled for a long period of time to degas, and was allowed to cool down to room temperature. It
was then circulated through the filter system again to remove whatever particles precipitated from
the water during boiling. After the water in the tank had been conditioned, the external surface of
the hemispherical vessel was polished with fine emery paper (#220) and cleansed with acetone.
The vessel was then suspended in the air gap near the top of the water tank by using the vertical
guidance mechanism. The heating elements (i.e., the nichrome coils) and the thermocouples
inside the vessel were connected to the power supply and the data acquisition system,
respectively, through the hollow space in the guidance mechanism. The immersion heaters were
then turned on to bring the water in the tank to a prescribed temperature. This completed the
procedure to prepare for a run.

Both stainless steel and aluminum vessels having diameters of 8" (-0.2m) and 12" (-0.3m)
were tested in this study under saturated and subcooled boiling conditions. In the former case,
the water temperature was maintained at 100IC whereas in the latter case, the water temperature
was kept either at 900C, 931C, or 970C. To conduct a transient quenching experiment, the
immersion heaters were turned off once the water in the tank was raised to the prescribed
temperature. A sufficiently long waiting period was given to allow the water to become
completely quiescent. During the waiting period, power was supplied to the nichrome coils in the
vessel to gradually heat the vessel wall to a uniform temperature in the range of 3000C to 3500C.
Once the vessel reached the prescribed temperature, the power supply was turned off, and the
data acquisition system was activated. The vessel was quenched into the water by suddenly
lowering the vertical guidance mechanism to a prescnied position. Usually, it took less than two
seconds to submerge the vessel in a relatively smooth manner. By the time the vessel assumed its
final position, the external surface of the vessel was still in the film boiling regime. As long as the
initial temperature of the vessel was above 3000C, the measured CHF values and the
corresponding wall superheats were found to be virtually independent of the initial vessel
temperature.

Transient responses of the local wall temperatures during the quenching process were
recorded by scanning the embedded thermocouples (a total of 24) once every 0.1 second.
However, a higher sampling rate was found to be needed for the case with the water temperature
at 900C, as the quenching time was relatively short. In that case, the thermocouples were scanned
once every 0.05 seconds. Throughout the quenching event, the data acquisition system controlled
with a 386 IBM personal computer was used for temperature recording. In the meantime, the
downward facing boiling process and the dynamic behavior of the two-phase boundary layer on
the vessel outer surface were video taped through the large viewing windows in the water tank
using a high-resolution CCD video camera by Sony. An in-house inverse heat conduction code
was employed to deduce the local boiling curves from the transient temperature data. The data
reduction analysis is presented in the next section.
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Steady-state boiling experiments were also performed in this study under both saturated
and subcooled conditions. However, no quantitative heat transfer data were taken in this series of
experiments. Only visual observation of the dynamic behavior of the two-phase boundary layer in
the nucleate boiling regime was made. The primary objective was to seek a better physical insight
of the effect of subcooling on the local behavior of the two-phase boundary layer. To conduct a
steady-state boiling experiment, the test vessel was submerged in the middle of the water tank
once the water temperature reached 901C. The immersion heaters were then turned off and the
power control unit was turned on and set at a prescribed level to supply power at a given rate to
the nichrome coils in the vessel The power input was maintained constant and a sufficiently long
waiting period was given to allow the boiling process to reach a steady state. The attainment of a
steady-state boiling situation was assumed when there were no flrther changes in the temperature
readings of the embedded thermocouples. The steady-state boiling process and the behavior of
the two-phase boundary layer on the vessel outer surface were video taped. When the recording
was done, the immersion heaters were turned on to raise the water temperature in the tank. As
the water temperature reached the next level, i.e., 930C, the immersion heaters were turned off.
Video taping of the boiling event was made as a new steady state was attained. The above
procedure was repeated until the saturated boiling case was done.

DATA REDUCTION

R.V

i Ix

Figure 4. Configuration of the Control Volume and the Node Distribution in the Data
Reduction Analysis.

An inverse heat conduction code was developed for deducing the local boiling curves from
the transient temperature data recorded in the quenching experiments. The code was based on the
finite difference method using the control volume approach. Figure 4 shows the configuration of
the control volume and the node distribution. The wall thickness was not drawn to scale in the
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figure. For all test vessels used in the transient experiments, the wall thickness was two orders of
magnitude smaller than the vessel diameter. In view of this, the control volume for node n was
chosen to be

3 i (0 (2)

where X? is the outside radius of the vessel, RI the inside radius, and 0 the local angle of
inclination, and AO the node size in the O-direction. A total of 16 nodes were used along the
curved heating surface with the temperature at each node given by the corresponding
thermocouple reading. An energy balance on the control volume represented by node n gives

p c (Tk - TklI) =((Q).l -(Q) -(Qb) 8 -(Q 3)..]& (3)

where T,," and T? represent the local temperatures at the time steps k-i and k, respectively, At
the time step, p the density of the wall material, C. the specific heat, (QJd.I the heat conducted
into the control volume in the e-direction, (Qd the heat conducted out of the control volume in
the 0-direction, (Qb). the local heat removal from the outer surface by boiling, and (Q(. the heat
loss to the interior of the vessel. Since all the test vessels were tightly sealed, the quantity (Qf,),
was found to be almost two orders of magnitude smaller than the others. Hence, it was neglected
in the calculations. The other three quantities are given by

(Q),,X= - sinO (R0
2 _A 2)A(Th ITk) (4)

WO) = 2-sin(O +AO) (R,2 )E2 )2(T - t) (5)

(QO). = R, 2 [cos6-cos(O +A6)](qa"), (6)

where (qb"), is the local boiling heat flux for node n, A the thermal conductivity of the wall, and
As the distance between nodes given by

AS=2 (A + R)As (7)
2

For the node at the bottom center of the vessel, the same approach was used except that the
quantity (Qd.., was set equal to zero due to symmetry.

From the transient temperature data, equations (2) to (7) were used to solve for the values
of (qge). The time step At was chosen to be the same as the sampling time of the data acquisition
system employed in the experiments. Note that a total of 24 thermocouples were embedded in the
wall. The first 16 of them were placed at the locations corresponding to the nodes shown in
Figure 4. Each of these sensors were embedded halfway through the wall. The remaining eight
thermocouples were placed at other selected locations and were embedded at various depths in
the wall. From the readings of these eight thermocouples, it was found that the thermocouple
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located at the center of each node represented closely the instantaneous average temperature of
the node during transient quenching.

RESULTS AND DISCUSSION

Dynamic Behavior of the Two-Phase Boundary Layer During Transient Quenching

The transient quenching events were examined in detail by playing the video tapes in slow
motions. The rate of quenching was found to increase substantially with increasing subcooling.
As the water temperature was decreased from 1000C to 900C, the time required to quench the
vessel from the same initial temperature reduced by almost an order of magnitude. However, the
time evolution of the boiling process on the vessel outer surface was essentially the same for both
saturated and subcooled boiling. A typical sequence of events is reproduced in Figures 5 and 6.

In the initial stage of quenching, the entire external surface of the vessel was covered by a
continuous vapor film, as shown in Figures 5(a) and 5(b). The picture shown in Figure 5(a) was
taken immediately after the vessel was submerged in water. At that moment, the wall temperature
was well above the minimum film boiling temperature. The vapor film was quite wavy, especially
in the upper portion of the vessel. Evidently, the two-phase boundary layer was in the turbulent
film boiling flow regime. As the wall temperature dropped toward the minimum film boiling
temperature, the vapor film became very smooth. This situation corresponded to the moment
when the picture shown in Figure 5(b) was taken. At that time, the two-phase boundary layer
was in the laminar film boiling flow regime.

Once the local wall temperature dropped below the minimum film boiling temperature,
transition boiling began to take place, eventually leading to the occurrence of CHF on the vessel
outer surface: This intermediate stage of quenching was represented by the sequential pictures
shown in Figures 5(c), 5(d), 6(a) and 6(b). It was in this stage that significant local variations of
the two-phase boundary layer configuration were observed. Changes in the boiling regime did not
occur uniformly over the entire surface. Rather, transition boiling first took place near the upper
edge of the vessel, as shown in Figure 5(c). It then propagated downward along the curved
surface, and eventually reached the bottom center of the vessel. By the time transition boiling
took place at the bottom center, the upper portion of the vessel was already in the state of CHF,
as shown in Figure 5(d). Immediately after the CHF state, the local wall temperatures dropped
very quickly toward the saturation temperature. This situation was shown in Figure 6(a). No
vapor bubbles were generated near the upper edge of the vessel, and the local surface was non-
boiling The state of CHF continued to spread downward along the curved surface until it
reached the bottom center (see Figure 6b), marking the end of the intermediate stage.

Beyond the CHF state, nucleate boiling became the only mechanism of vapor production
on the vessel outer surface. The quenching process thus entered into its final stage. In this stage,
vapor bubbles were generated mainly in the bottom center region. Elsewhere on the vessel outer
surface, it was non-boiling, as shown in Figure 6(c). The presence of vapor bubbles in the upper
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Figure 6. Sequence of Events Observed in the Intermediate and Final Stages of Quenching.



portion of the vessel was due entirely to the upstream effect of the two-phase boundary layer flow
along the curved surface. Eventually, the bottom center was cooled down toward the saturation
temperature, and no firther vapor bubbles were generated beyond this point, marking the end of
the quenching process (see Figure 6d).

When the water was subcooled, the time duration occupied by each of the above three
stages of quenching was found to decrease substantially. In general, the larger the subcooling, the
shorter was the time duration. For the cases with water temperatures at 900C and 93TC, the
intermediate stage was so short that the state of CHF was attained almost immediately after the
onset of transition boiling. Also, the turbulent film boiling flow regime was not observed in the
initial stage of quenching. This was probably due to the fact that the minimum film boiling
temperature might have increased with subcooling. It should be noted that with subcooling, there
was natural convection cooling of the vessel at the end of the quenching process. Although the
entire vessel outer surface was non-boiling, the wall temperature continued to drop until it
reached the subcooled water temperature.

From the above observation, it is obvious that the dynamic behavior of the two-phase
boundary layer depended strongly upon the water subcooling as well as the local position along
the curved heating surface. For all cases explored in the experiments, the local rate of quenching
was highly non-uniform. Although the bottom center of the vessel was submerged in the water
before the other parts of the vesseL it took a longer time to quench than the rest of the vessel.
Conceivably, the local boiling curve and thus the local critical heat flux could vary significantly
from the bottom center to the upper edge of the vessel. In addition to the spatial variation,
subcooling also had significant influence on the local boiling curve and the local CHF value. A
detailed discussion of the spatial variation and subcooling effects will be presented in the
following sections.

Dynamic Behavior of the Two-Phase Boundary Layer During Steady-State Boiling

To seek a better physical understanding of the dynamic behavior of the two-phase
boundary layer, steady-state boiling experiments were conducted under both saturated and
subcooled conditions. In all cases, a buoyancy-driven two-phase boundary layer flow was clearly
observed on the external surface of the heated hemispherical vessel, as shown in Figure 7. The
shape and size of the vapor bubbles as well as their growth and departure behavior were found to
vary significantly along the curved heating surface. For saturated boiling, the vapor bubbles in the
bottom center region of the vessel were an order of magnitude larger than those observed in the
upper portion of the vessel. The vapor bubbles at the bottom center were elongated and had a
shape resembling a pancake whereas those in the upper portion were almost spherical. Upon
departure, the vapor bubbles from the bottom center gradually transformed into the shape of a
spherical cap while washing away the growing bubbles in the downstream locations. Evidently,
the nucleate boiling process taking place in the downstream locations depended strongly on the
upstream conditions (i.e., the vapor bubble activities in the bottom center region), and thus it
could not be treated as a localized event.
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Figure 7. Configurations of the Two-Phase Boundary Layer During Steady-Slate Boiling.



For subcooled boiling, higher bubble growth and departure fiequencies were observed.
However, the bubble sizes were found to decrease considerably. The vapor bubbles, particularly
those from the bottom center, shrank quickly afler departing from the heating surface, apparently
due to condensation. With large subcooling, the vapor bubbles in the bottom center region were
almost an order of magnitude smaller than those observed in the saturated boiling case. This
situation can be seen by comparing the pictures shown in Figures 7(c) and 7(d) for subcooled
boiling with those shown in Figures 7(a) and 7(b) for saturated boiling. Large variations of the
vapor bubble sizes are shown in Figures 7(a) and 7(c) where the pictures were taken by fieezing
the two-phase motions. On the other hand, significant differences in the vapor flow configuration
are shown in Figures 7(b) and 7(d) where the pictures were taken using multiple exposure.

It should be stressed that for both saturated and subcooled boiling, the two-phase
boundary layer flow was three-dimensional although it was axisymmetrical. The downward facing
boiling process on the curved heating surface depended strongly upon the upstream flow
conditions, particularly the activities of those large elongated bubbles in the bottom center region.
Conceivably, it is not possible to simulate the boiling phenomena by performing two-dimensional
experiments.

Local Boiling Curves for Saturated Boiling

The transient quenching data obtained in this study included results from quenching 8"
(-0.2 m) and 12" (-0.3 m) stainless steel and aluminum hemispherical vessels in water. Local
boiling curves were deduced using the data reduction method described in the previous section.
When compared at the same dimensionless wall location, VID, having a value of zero at the bottom
center and unity at the upper edge of the vessel, the local boiling curves for the two vessel sizes
and two wall materials were found to be essentially the same. The differences were well within
the uncertainties of the experiments. Since the boiling data for the 12" (-0.3 m) aluminum vessel
were most complete, they were chosen to be presented in this paper.

Typical temperature-time histories recorded at various wall locations during a transient
quenching experiment are shown in Figure 8. Initially, the vessel was cooled by natural
convection in air. The rate of cooling was very small. Upon submergence in water, the rate of
cooling increased substantially as a result of boiling of water on the vessel outer surface. Thus
there was a sharp change in the slope of the temperature curve at the point of submergence. The
local wall temperature decreased continuously in time as boiling proceeded. When the local CBF
state was reached, there was a large drop in the wall temperature over a very short period of time,
as indicated in the figure. The quenching event was practically over beyond this point.

Figure 9 shows the local boiling curves deduced from the quenching data for the case of
saturated boiling. Consistent with the observed behavior of the two-phase boundary layer, the
local boiling curves showed significant variations along the vessel wall. In general, the local
boiling curve shifted upward as the local wall position was raised, i.e., as I/D was increased. The
local critical heat flux, having the lowest value at the bottom center of the vessel (i.e., at l/D = 0),
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increased monotonically with increasing value of lID. On the other hand, the local wall superheat
corresponding to the CHF state varied only slightly from the bottom center to the upper position
of the vessel.
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Figure 8. Typical Temperature-rime Histories
Recorded at Various Wall Locations
During Quenching

Figure 9. Local Boiling Curves for Saturated
Boiling on theVessel Outer Surface
(Water Temperature at 100IC).

Note that the present results were substantially different than those for an inclined flat
plate (Guo and El-Genk 1991, 1992). In the latter case, the local wall superheat corresponding to
the CHF state was a strong function of the angle of inclination. Specifically, the local wall
superheat increased by almost a factor of three (i.e., from 120C to 35 0C) as the heating surface
was changed from a horizontally downward facing position to a vertical position. In addition,
significant changes in the CHF value (from 0.21 MW/r 2 to 0.34 MW/r 2) and corresponding wall
superheat (from 121C to 231C) were observed as the angle of inclination was increased from zero
to 5°. These abrupt changes over such a narrow range of inclination angles were not observed in
this study. As shown in Figure 9, the CHF value increased only moderately and the
corresponding wall superheat remained almost unchanged as the local inclination angle was
increased from zero (ie., lID = 0) to 180 (i.e., I/D = 0.2).

From the above discussion, it is evident that the process of downward facing boiling on
the external bottom surface of a hemispherical vessel is quite different than the process of
downward facing boiling on an inclined flat plate. While the former case involves a 3-D two-
phase boundary layer flow along a curved heating surfce, the latter case involves a 2-D flow
along a flat surface. Both the divergent effect of the flow and the buoyancy-driven two-phase
boundary layer along the curved heating surface in the forner case cannot be simulated in the
latter case.
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Local Boiling Curves for Subcooled Boiling

The local boiling curves deduced from the transient quenching data under subcooled
boiling conditions are shown in Figures 10 to 12 for water temperatures of 90'C, 931C, and 970C,
respectively. In all three subcooling cases, the local boiling curves showed significant variations
along the external surface of the heated vessel. Similar to the behavior observed in saturated
boiling, the local critical heat flux assumed the lowest value at the bottom center, and had
considerably higher values in the upper positions of the heating surface. On the other hand, the
corresponding local wall superheat exhibited a substantially different behavior than the one
observed for saturated boiling. With subcooling, much larger values of the local wall superheat
corresponding to the CHF state were found in the bottom center region of the vessel. This result
is consistent with the behavior of the two-phase boundary layer observed in the steady-state
boiling experiments, where strong subcooling effects were observed mainly in the bottom center
region. Elsewhere on the vessel outer surface, subcooling effects were not as important. With
large subcooling (i.e., the cases of 900C and 93C), the large elongated vapor bubbles that were
observed at the bottom center of the vessel under saturated boiling conditions disappeared
altogether. The size of the vapor bubbles at the bottom center was an order of magnitude smaller
than those for saturated boiling. Conceivably, much higher local wall superheats were required
for the occurrence of CHF at the bottom center under subcooled boiling conditions.

To further explore the effect of subcooling, the boiling curves obtained at a given wall
location for different water temperatures were plotted in the same graph for comparison, as
presented in Figures 13 to 17. As can be seen from these figures, subcooling had important
effects on the boiling curves at all wall locations. However, the strongest effects were found at
the bottom center of the vessel (i.e., I/D = 0). At this horizontally downward facing position,
both the local critical heat flux and the corresponding wall superheat increased significantly as the
degree of subcooling was increased. Moreover, the boiling curve in the nucleate boiling regime
depended strongly on the degree of subcooling. This strong dependence of the nucleate boiling
heat flux on subcooling was not observed in conventional pool boiling studies (Carey 1992).
Note that the effects of subcooling became much smaller in the region away from the bottom
center (ie., for I/D = 0.2, 0.35, 0.5 and 0.75). In these downstream locations, only the local CHF
value was found to increase with subcooling. The corresponding wall superheat as well as the
nucleate boiling heat fluxes were weakly dependent upon the water temperature.

Variations of the Local Critical Heat Flux

Figure 18 shows the variations of the local CHF values with the degree of subcooling at
five dimensionless wall locations. For a given value of V/D, a higher local critical heat flux was
always obtained as the degree of subcooling was increased. To the first approximation, the local
CHF values for all five locations were found to vary almost linearly with subcooling. This
behavior is qualitatively similar to those reported in the conventional pool boiling studies (Carey
1992). The major difference is the magnitudes of the local critical heat fluxes. For the case of
saturated boiling, the CHF value at the bottom center of the vessel was found to be 0.40 MW/r 2,
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which was only one third of the value for an upward facing flat surface. With a subcooling of,
say, 100C, the CHF value at the bottom center increased to 0.59 MW/n 2, which was about one
half of the value for an upward facing flat surface. It should be reiterated that there was a
significant spatial variation of the critical heat flux along the vessel outer surface. In the upper
positions of the vessel, the local CHF values were only slightly below the conventional pool
boiling value. Evidently, with subcooling, a local CHF value above 1.0 MW/r 2 can be expected
in the upper portion of the vessel.
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Figure 19. Variation of the Local Critical Heat
Flux on the Vessel Outer Surface.

The spatial variations of the critical heat flux along the curved heating surface under both
saturated and subcooled boiling conditions are shown in Figure 19. For all water temperatures,
significant variations of the local critical heat flux were observed on the vessel outer surface.
Over the range of subcooling (00C to 10QC) explored in the experiments, a nearly 100% increase
in the local critical heat flux from the bottom center to the upper position of the vessel was
observed. Note that the spatial variation was not linear. A relatively large change in the local
CHF value was found in the middle (i.e., at lI/D = 0.5) of the vessel outer surface. On the other
hand, there was no sharp change in the local CHF value in the region adjacent to the bottom
center. This behavior is quite different than that for an inclined flat plate. In the latter case, an
abrupt change in the CHF value was found as the inclination angle was increased from zero to 5°
(Guo and EI-Genk 1991, 1992). Evidently, the results for inclined flat plates cannot be used to
predict the local variation of the critical heat flux on the external surface of a hemispherical vessel.
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PHYSICAL SIGNIFICANCE OF THE RESULTS

The present work represents the first attempt to observe the phenomena of downward
facing boiling and the critical heat flux on the external surface of a heated hemispherical vessel.
Many new results have been obtained. Substantial differences in the behavior of the two-phase
boundary layer and the local boiling curves have been found between the present results and those
for downward facing inclined flat plates. The dependence of the local critical heat flux on the
dimensionless wall location and the degree of subcooling obtained in this study should provide a
useful database for model development and validation. They should also be useful in establishing
a proper scaling law.

The findings of this study are very encouraging. First, it is widely recognized that the
local heat flux from a melt pool increases from the bottom center to the upper edge of the pool.
The local variation of the critical heat flux on the external bottom surface of the vessel observed in
this study is similar to the heat flux distribution of the melt pool. With both the local heat flux
from the core melt and the CHF for downward facing boiling varying in the same manner, the
likelihood for a local hot spot to develop on the vessel wall would be substantially reduced.
Second, the fact that the critical heat flux increases appreciably with subcooling throughout the
external surface of the vessel is highly favorable from a safety standpoint. With subcooling,
considerably higher heat fluxes from the core melt can be accommodated. It should be noted that
subcooling is an important factor as the water level in the flooded cavity is likely to be well above
the location of the reactor lower head.

To further illustrate the above points, the present results are applied to the AP600 specific
geometry. Based on the assumption that 100%/e of the core fiel would relocate to the reactor
lower head (with an inside diameter of 3.99 in), the size of the resulting melt pool would be
approximately 13.9 m3 in volume and 1.8 m in height. At a typical decay power level of 16 MW,
the volumetric heat generation rate of the melt pool would be 1.15 MW/m3. Using the heat
transfer correlations for internally heated melt pools bounded from below by circular segments
(Mayinger et al. 1976, Gabor et a. 1980), the average downward heat flux to the hemispherical
lower head can be estimated to be 0.25 MW/n 2. Assuming the minimum local heat flux at the
bottom center to be approximately one-half the average reactor heat flux and the maxinum local
heat flux at the upper edge of the melt pool to be approximately twice the average value, the local
reactor heat flux from the melt pool to the vessel outer surface can be determined. The result is
shown graphically in Figure 20. Also shown in the figure is the anticipated variation of the local
critical heat flux (upper dashed curve). Because of gravity head, the water near the bottom center
of the vessel is likely to be subcooled. Assuming the degree of subcooling to be between 7MC to
10PC at the bottom center and 0C to 31C at the upper edge, the upper dashed curve was
constructed as shown. The difference in the heat flux level between the upper dashed curve (i.e.,
the local critical heat flux for downward facing boiling) and the lower dashed curve (i.e., the local
reactor heat flux from the melt pool) represents the available thermal margin. Evidently, a nearly
constant thermal margin is available throughout the entire vessel outer surface in this sample case.
A local hot spot is not likely to develop under such circumstances.
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CONCLUSIONS

Based upon the flow observations and the heat transfer results obtained in this study, the
following conclusions can be made:

1. The two-phase boundary layer configuration exhibits significant spatial variations during
quenching. The rate of heat removal is highly non-uniform on the vessel outer surface and
depends strongly on subcooling.

2. For steady-state boiling, large elongated vapor bubbles tend to form at the bottom center
whereas those in the upper positions of the vessel are usually an order of magnitude smaller.
Subcooling tends to increase the bubble frequency while decreasing the bubble size.

3. For both saturated and subcooled boiling, the two-phase boundary layer flow is three-
dimensional although it is axsymmetrical. Strong upstream influences are observed as a result
of the activities of large elongated bubbles in the bottom center region of the vessel. These 3-
D flow configurations as well as the divergent effect of the flow cannot be simulated by two-
dimensional experiments or by downward facing inclined flat plates (Guo and El-Genk 1991,
1992).
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4. The local boiling curves and the critical heat flux vary significantly along the vessel outer
surface. In particular, the local critical heat flux increases by almost 100% from the bottom
center to the upper edge of the vessel under both saturated and subcooled boiling conditions.

5. Considerably higher Cob values are obtained with subcooling. Also, much larger values of
the local wall superheat corresponding to the CHF state can be expected in the bottom center
region of the vessel when the water is subcooled.

6. Significant quantitative as well as qualitative differences in the boiling curves, the CHF values,
and the corresponding wall superheats exist between the present results and those for
downward facing inclined flat plates (Guo and El-Genk 1991, 1992).

7. The critical heat flux has the lowest value of 0.4 MW/r 2 at the bottom center of the vessel
under saturated boiling conditions. The local ClHi value is highest near the top of the vessel,
and is approximately 1.06 MW/rn2 with subcooling of 100C.

8. The present results are very encouraging. When applied to AP600 specific geometry, a nearly
constant thermal margin is found between the local critical heat flux on the vessel outer
surface and the anticipated local heat flux from the core melt. Under such circumstances, a
local hot spot is not likely to develop.
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ABSTRACT

The FARO programme of JRC-Ispra includes three main activities
centred on the FARO facility: large scale melt quenching experi-
ments, small scale KROTOS FCI tests, code development and test
analysis. Four FARO tests involving up to 151 kg of 76.7W/0 U02 +
19.2w/o ZrO2 + 4.1W/% Zr melt at 2800 K quenched in 608-kg, 2-m-
depth saturated water at pressure 5.0 MPa have been performed. In
KROTOS the melt is poured into a water column height 1.10 m, and
diameter either 95 mm or 200 mm. An explosion can be artificially
triggered. Five tests performed recently involved 3 kg of proto-
typical core materials (80w/0 U02 + 20W/ 0 ZrO2) and one test
involved 1.5 kg of simulant (Al203). Modelling and test analysis are
focused on the development and validation of the JRC-Ispra COMETA
computer code and the University of Wisconsin TEXAS-III code, and
analysis of the FARO and KROTOS tests by these codes. The paper
presents the recent results and progress in each activity.

INTRODUCTION

The FARO tests have been designed to provide the experimental data base on
melt Jet/water quenching and mixing with information from tests performed with
150-kg-scale of real corium in prototypical conditions. Basically, the pene-
tration of the molten corium into the water of the lower plenum and its subse-
quent settling on the bottom head of the RPV are simulated. The melt quantity
is of about one order of magnitude higher than what has been performed so far
in this field. Thus, the data represent a major contribution in evaluating the
potential of water to quench the core material before it reaches the bottom of
the reactor pressure vessel and the subsequent early thermal load on the
bottom structure, and further help in validating the computer models for
melt/water mixing. So far high pressure (5.0 MPa) core melt down scenarios
have been simulated.

Two preliminary tests known as L-06 and L-08 were performed with 18 and 44
kg of pure oxide melts ( 80w/0 U02 + 20w/o ZrO2)1' respectively, poured into

aThe present FARO-LWR Test Programme is performed in collaboration with USNRC in the frame
of Technical Exchange Agreement nO 4086-90-09 TG ISP USA.
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1-m-depth water at saturation at 5.0 MPa (537 K) from a nozzle of diameter
100 mm. They have shown that, although significant breakup and thus quenching
of the melt occurred, part of the corium (-1/3) reached the bottom plate still
molten. Nevertheless, the thermal load on the bottom plate remained rather
mild with a temperature increase of the plate contact face around 275 K and a
maximum downward heat flux of 0.8 MW/m 2. More recently two larger size tests
known as L-11 (or Base Case Test: BCT) and L-14 have been performed. They
involved up to 151 kg of melt quenched in 2-m-depth water at saturation at 5.0
MPa. The melt composition was varied from 76.7w/0 U02 + 19.2w/0 ZrO2 + 4.1w/o
Zr to 80w/0 U02 + 20w/o ZrO2 for L-11 and L-14, respectively. These tests,
together with the two preliminary tests, allow quantifying the effect of melt
mass, H2 generation and water depth on the quenching process. In the first
part of the paper the results of the large melt mass tests are reported and
compared with those of the two lower size tests L-06 and L-08.

The KROTOS FCI tests aim at providing benchmark data to examine the effect
of fuel/coolant initial conditions and mixing on explosion energetics.
Experiments, fundamental in nature, are performed in well-controlled
geometries and are complementary to the FARO large scale tests. An explosion
can be triggered from the base of the water column using a gas trigger device.
In the past, fuel simulants, e.g. Sn (7.5 kg at 1370 K)2 or A1203 (1.5 kg at
2650 K)3 were poured into a water column of <1.20 m in height, 95 mm in
diameter.

Recently, a new test series was started using prototypical core materials
(80 W/0 U02, 20 W/o ZrO2). Four tests have been performed in the test tube of
diameter 95 mm with different subcooling levels (10-80K) and with and without
an external trigger. No spontaneous energetic FCI has been observed in these
corium tests. This is in contrast with the energetic FCI's observed in the
previously reported aluminium oxide tests which had the same initial
conditions (pressure and subcooling)3 . However, the analysis of the corium
experiments indicated that strong vaporisation at the melt/water contact led
to a partial expulsion of the melt from the test section into the expansion
vessel. Thus, a precise comparison with aluminium oxide tests could not be
made at this point. In order to obtain a good penetration and premixing of the
corium melt, further tests have been performed with a test tube of inner
diameter 200 mnm instead of 95 mm, thus increasing the quantity of water from
7.5 kg to 35 kg. A test with aluminium oxide in the same condition has also
been performed for comparison. In the second part of the paper, a synthesis of
the test results is presented.

Modelling and test analysis activities are focused on development of the
JRC-Ispra COMETA computer code, and analyses of the FARO and KROTOS tests by
COMETA and TEXAS-III codes. So far, COMETA was used only for the
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interpretation of the FARO tests. A brief description of COMETA and
comparisons with the FARO experimental data are presented and discussed in the
third part of the paper. Results obtained by TEXAS-III in analysing the FARO
data are also reported.

FARO FULL-SIZE EXPERIMENTS

Objectives of the FARO Tests

The main objectives of the tests were:
1. determine the melt quenching rate prior to debris settling on the

bottom plate;
2. evaluate the global rate of zirconium oxidation and subsequent

hydrogen production;
3. assess the influence of zirconium oxidation process on melt

quenching;
4. determine the early thermal load on the bottom structure;
5. characterise the debris structure.

FARO Test Apparatus

The experimental arrangement for performing the FARO large size tests is
shown in Figure 1. The interaction vessel TERMOS (designed for 10 MPa, 573K)
is connected to the U02-ZrO2 melting furnace via the release channel and
isolated from it during interaction by the valve S02. After melting in the
FARO furnace, the melt is first delivered to the release vessel, and then
released into the water. The release vessel, located in the upper head (so-
called dome) of the test vessel, can contain about 1000 m of 1.2 mm diameter
Zr wire (7 kg) uniformly distributed in the whole volume. In that case (L-11
test) the superheated oxide melt coming from the furnace Induced the melting
of the zirconium and the formation of a homogenous mixture U02-ZrO2-Zr.

The test vessel TERMOS is connected downstream to a condenser via a steam/
water separator and exhaust valves (Figure 2). The purpose of this unit is to
vent and condense part of the steam produced during the melt quenching should
the pressure in the interaction vessel TERMOS exceed a pre-established value
(9.3 MPa for the tests reported here). The high pressure steam/water separator
is connected to TERMOS by a pipe with an internal diameter of 146 mm. From the
separator the steam is distributed to four circuits, each including an exhaust
valve (full lift safety valve) with a discharge diameter of 32 mm. Downstream
to the valves the steam is vented to a low pressure condenser (design pressure
0.8 MPa). The unit was conservatively designed on the basis of predictions
from several computer models. Non-condensable gases (such as the hydrogen
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produced by zirconium oxidation or the argon possibly initially present in
TERMOS) can be stored in the 2.5 m3 free-board volume of the condenser.

FARO Test Procedure

Initially, the release vessel Is at the same low pressure as the furnace
(0.2 MPa). After transfer of the U02-ZrO2 mixture to the release vessel, the
intersection valve SO! and the isolation valve S02 are closed, and the release
vessel is pressurised to the TERMOS pressure (i.e. 5.0 MPa) by using an argon
supply. Upon pressure equalisation, the two melt catcher flaps automatically
open. The lower flap allows the melt to be released to the water by gravity .
The side flap, of the same diameter as the melt release flap, prevents against
pressure differences between the release vessel and TERMOS during the melt
release. After mixing with the water, the corium is collected in the debris
catcher. If the pressure in the TERMOS vessel reaches the threshold pressure
of the exhaust valves, steam/gas venting to the condenser occurs.

FARO Instrumentation

The principal quantities measured in the test vessel during the corium
quenching are pressures and temperatures both in the freeboard volume and in
the water, and temperatures in the debris catcher bottom plate. Tungsten
ultrasonic temperature sensors are mounted in the release vessel for measuring
the temperature of the melt. A total of about 250 signals are loaded to 6
different recorders of the data acquisition system. KELLER pressure trans-
ducers (piezoresistive, 5-kHz frequency response) measure the vessel pressuri-
sat1on. VIBRO-METER pressure transducers (piezoelectric, 15-kHz frequency res-
ponse) are located in the water for rapid transient records in case of an
energetic FCI. They are protected by stainless steel grids. The gas-phase K-
thermocouples are protected from direct radiation of the melt jet by large
shells. The water K-thermocouples are essentially sacrificial thermocouples
used to determine the downward progression and radial expansion of the melt
jet. Those not destroyed during melt penetration record the long time water
temperature histories. The centreline thermocouples in the water are sustained
by thin (0.2 mm) stainless steel wires crossing the test section. The opening
of the melt catcher flaps is indicated by the rupture of two 0.5 mm K-thermo-
couples (OD1, 0D3). Another 0.5 mm K-thermocouple (0D2) is placed on the
centreline of the vessel, 250 mm below the lower face of the release flap, for
detecting the passage of the melt. The level swell is measured by means of
four resistance probes installed every 0.25 m for a distance of 1.00 m above
the initial water level, and a continuous level-meter based on the time domain
reflectrometry method. Experimental probes for testing the capability to
quantify the hydrogen produced by the oxidation of the zirconium are mounted.
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These probes are ultrasonic sensors based on the absorption of hydrogen by
pal ladi um.

The instrumentation includes also absolute pressure transducers and ther-
mocouples in the separator, on the downstream side of each valve and in the
condenser. Water level measurements are made by differential pressure probes
mounted both in the separator and in the condenser. Magnetic indicators show
the ON/OFF positions of the exhaust valves.

FARO Experimental Conditions

Table 1 summarises the experimental conditions of large size tests L-11
(BCT) and L-14, together with those of tests L-06 and L-08 made with reduced
quantities of melt and water 1 . The melt delivery conditions have been deduced
mainly from the thermocouple signals and are, therefore, subject to some
uncertainties. The main difference between L-11 and L-14 is the quality of the
melt. The Base Case Test L-11 was specially designed to meet objectives 2 and
3. It has to be noted that the measured melt temperature in L-14 is 250 K
higher than the estimate value for L-11. However, due to the difference of the
melting point of the two mixture (2860 K for L-14 mixture and 2723 K for L-11
mixture), the difference in superheating is only around 100 K.

The pressure equalisation procedure used for the two start-up tests L-06
and L-08 did not allow for a pure gravity delivery to the water. In fact, the
pressure in the release vessel oscillated but was damped during melt delivery.
The maximum amplitudes of the oscillations were +0.26/-0.15 MPa for L-08 at
the beginning of the delivery. For L-06 however, a crust 10 mm thick formed
above the melt in the release vessel, thus explaining the long delivery time
with respect to the quantity of melt.

FARO Results and Discussion

Table 2 summarises the main experimental data of the four tests. For all
the tests, time zero corresponds to the start of melt delivery to the water
from the release vessel, at the end of the pressure equilibration between
TERMOS and the release vessel.

Pressure histories during quenching are reported in Figure 3 (-2.5<time
<25s) and Figure 4 (-1<time<6s) for all the tests. The curves present two main
maxima, roughly corresponding to the end of melt fall and to the debris
cooling (Figure 3). Even though the melt mass in L-14 was 17% lower that in L-
11, the influence of the zirconium oxidation during the melt quenching is
evidenced by the significant difference of the rate of pressure increases and
of the maximum values of the pressure reached at the end of the melt fall
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Table 1. Summary of experimental conditions

Scoping Quenching Base Case
Test Test-2 L-14 Test

(L-06) (L-08) (L-11)

Melt composition U02  W/O 80 80 80 76.7
ZrO2  W/O 20 20 20 19.2
Zr w/o 0 0 0 4.1

temperature K 2923a 3023a 30 73±50b 2823a

discharged mass kg 18 44 125 151

delivery time s 0.28 0.37 - 1 - 1

mean mass flow rate kg/s 64 119 125 151

hydrostatic head in release m 0.34 0.47 0.57 0.59
vessel

Ap delivery -gravity -gravity gravity gravity

initial discharge diameter m 0.1 0.1 0.1 0.1

final discharge diameter m 0.084 0.095 0.092 0.095

free fall in gas m 1.66 1.53 1.04 1.09

Water mass kg 120 255 623 608

height m 0.87 1.00 2.05 2.00

diameter water container m 0.470 0.710C 0.710c 0.710c

inital mean temperature K 539 536 537 535

fuel/coolant mass ratio 0.15 0.17 0.21 0.25

Free- gas composition steam w/o 83 70 77 77
board argon W/0  17 30 23 23

volume m3  0.464 0.875 1 .2 60d 1 .2 8 0d

initial mean temperature K 543 536 536 536

Exhaust
valves

start opening pressure Ps MPa

full opening pressure'

full opening timee s

flow area at full openinge m2

sensitivity to back pressure'

_ 9.3 ± 0.15

0 1.05 Ps

_< 0.1 from 1.05 Ps

8.04x10-4

no if ' 0.5 Ps

Condenseroverall volume n31 - 4.0

water mass kg -_ 1440

initial water temp. K - - 290
ainferred from measurements in previous test; Pmeasured in the test; Ctest vessel itself;
dincludes separator and piping up to exhaust valves; evalve manufacturer data - proportional
opening up to 1.05 P. corresponding to 20% of full discharge capacity, then full opening.
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phase for each test (Figure 4). A maximum pressure of 10 MPa is obtained for
L-11 despite 48 kg of steam were discharged to the condenser starting at 9.3
MPa, while the maximum pressure is only 7.8 MPa in L-14. As melt quenching was
more efficient during the melt fall for L-11 than for L-14, the debris cooling
maximum is higher for L-14 than for L-11 (8.3 MPa for L-14 against 7.7 MPa for
L-11, see Figure 3).

Table 2. Summary of experimental data

Scoping Quenching Base Case
Test Test-2 L- 14 Test

(L-06) (L-08) (L-11)

Melt mean velocity in gas phase m/s 4 5 2.9 2.9

mean velocity in water m/s 2.3 3.7 4.8 2.4 /1.17a

broken up kg 12 30 105 151
conglomerated on bottom plate kg 6 14 20 0

mean size of fragments mm 4.5 3.8 4.8 3.5

melt/debris rejection no no no nob

Bottom maximum temperature increase' K n.a. 275 330 20
Plate maximum downward heat flux MW/M2  n.a. 0.8 0.5 negligible

state intact intact intact intact

Pressure melt fall stage maximum MPa 1.1 1.8 2.8 5.1
Increase long term maximum MPa 1.6 1.8 3.4 2.8

maximum rate MPa/s 1.6 3.3 2.4 4.8

steam explosion no no no no

Temp. gas phase K 43 40 38 44
Increase water K 15 23 28 27

Level Maximum measured m 0.130 0.410 0.600 0.800
swell__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

duration s - - - 3.8

Venting debris in separator kg - - no 5(< lnm)

Phase water added to condenser kg - - venting 48

pressure increase in condenser MPa - - in this 0.17

mean water temperature K - - test 20
increase in condenser

a2.4 m/s: from level 2.00 m down to 0.6 m, 1.17 m/s-constant: from 0.6 m down to bottom
plate; babout 5 kg of debris <1 um entrained by the steam/gas flow into the separator;
ccontact face.
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In Figure 5 the pressure histories in TERMOS and at the outlet of the
separator are compared. It is seen that the TERMOS and separator traces are
identical up to the time at which the gas started discharging to the condenser
(time 1.44s). Later on, the pressure difference between TERMOS and separator
indicates the gas flow through the connecting pipe. The gas venting started at
9.3 MPa, as expected, but the pressure continued to increase in TERMOS up to
about 10.0 MPa. This pressure-overshoot in the test vessel was due to the fact
that the venting system never reached its full discharging capabilities. The
exhaust valves are sensitive to the pressure at the outlet of the separator.
This pressure never increased beyond 9.7 MPa which was the lower limit for a
full opening of the valves. Because of the ±0.15 MPa uncertainty on the set
pressure, some valves opened completely, but some only partially. The valve
behaviour has been identified and characterised on the basis of experimental
results4 . This point is further analysed by COMETA in the last section of the
paper. Although a pressure difference between TERMOS and the separator is
clearly observed only up to time 3.15 s in Figure 5, a residual gas discharge
through the valves continued up to time 5.0 s, i.e. when the pressure reached
7.3 MPa (evidenced in Figure 3). Then, the pressure in TERMOS increased again
up to reaching the debris cooling maximum at time 22.2s. From Tables 1 and 2.
it is deduced that the 48 kg of water added to the condenser during the
venting phase contained 130 MJ, which corresponds to about 50% of the total
heat content of the melt (including the heat of the Zr/H20 reaction, i.e., -40
M) .

So far, it has not been possible to determine the hydrogen production rate
from the H2 probes for L-11. However, X-ray diffraction analysis of the debris
indicated that Zr was no longer present as a metallic phase. Furthermore, all
the melt experienced breakup during L-11. Analysis of the water thermocouple
signals indicated that complete breakup of the melt was achieved from 0.8 to
0.6 m height above the bottom plate (breakup length between 1.2 and 1.4 m).
This leads one to believe that the zirconium oxidation was nearly completed at
the end of the melt fall phase. Therefore, most of the heat from the chemical
reaction and, consequently, of the hydrogen (partial pressure of 0.5 MPa for
0.272 kg in the test conditions) were released during that period. This
contributed to enhance the pressurisation of the test vessel.

The fact that in L-11 all the melt experienced breakup well before reaching
the bottom plate is in contrast with all the FARO tests performed so far and,
particularly, with L-14. One can easily conclude that the Zr/H20 chemical
reaction also enhanced breakup of the melt jet. This further contributed to
the overpressurisation noted in L-11 with respect to L-14.

It is remarkable that for the U02-ZrO2 melt tests, the proportion of melt
which did not experience breakup apparently did not depend on the melt mass
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and varied linearly with the water depth. It is also remarkable that the
temperature increases in both the water and the gas phase were of the same
order for all the tests (see Table 2), except for L-06 (18 kg of melt).

Level swell measurements give an indication of the global void fractions
reached during the tests. Using the values of Table 2 and assuming a uniform
distribution of the two-phase steam/water mixture, one finds values of the
void fraction equal to 0.13, 0.29, 0.29 and 0.23 for L-06, L-08, L-11 and L-
14, respectively.

The particle size distribution of the debris of all tests is reported in
Figure 6. In this test, a few kilograms of particles (size of the order of 1
mm) were entrained into the separator during the gas discharge. The mean par-
ticle in test L-14 is sensibly higher than for L-11 (4.8 mm against 3.5 mm).
This could explain the relatively high settling velocity (5 m/s) observed in
L-14 (Table 2). As could be expected from the extensive melt breakup observed
in L-11, the thermal load on the bottom plate was negligible. The collection
of molten material on the bottom plate in L-14 (20 kg) gave rise to a maximum
heat flux of 0.5 MW/n2. As for the previous tests with a conglomerate found on
the bottom, the plate was not damaged by the melt. Only a brown coloured spot
evidenced the position of the conglomerate melt on the plate in L-14.

Calculation of the Quenching Rate

From the pressure and temperature data it is possible to calculate the
quenching rate and the energy released to the steam-water system as a function
of time. The following formula are used:

E = mjrh, +m.hk

P = dE = (m&, + m.) d4 + V dt hh

where: E energy of the system;
P quenching rate;
mtIq mass of liquid water;
mVOP mass of steam;
hzit enthalpy of liquid;
hvap enthalpy of steam;
CY yap specific volume of steam;
V freeboard volume.
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The results of the calculations are presented in Figures 7, 8a and 8b, and
in Table 3. In the data presented, the superheating of the steam has been
neglected and the enthalpies of steam and water at the total pressure of the
system have been used.

Table 3. Energy release and quenching rates

Scoping Quenching Base Case
Test Test-2 L- 14 Test

(L-06) (L-08) (L-11)

energy of the melt: Emelt MJ 27 66 190 265a

energy released at first pressure MJ 6 24 83 170
maximum (- melt fall): Efcll

ratio Ef0 11 / Emelt 0.22 0.36 0.44 0.64

energy released (calculated max.) NJ 13 43 136 181

maximum quenching rate MW 7 22 57 157

maximum quenching rate per kg of MW/kg 0.58 0.73 0.54 0.89b
broken up melt

maximum quenching rate per kg of melt MW/kg 0.39 0.50 0.46 0.89b
a includes the energy of the Zr/H20 chemical reactioni.e.-40 MJ; b related to the equivalent
melt mass corresponding to the total energy content, i.e. 177 kg.

In particular, it is seen from Table 3 that the proportion of energy
released during the melt fall phase with respect to the energy content of the
melt increases with increasing melt and water masses (or water depth) from
0.22 for L-06 to 0.64 for L-11 (for which,however, the Zr oxidation has to be
accounted for). The maximum quenching rate also increases from 7 MW for L-06
to 157 MW for L-11 (Figure 8a). However, related to the melt mass, the
differences are smoothed and the range reduces to 0.39 - 0.89 MW per kilogram
of available melt and to 0.58 - 0.89 MW per kilogram of broken up melt (Figure
8b).

KROTOS Tests

In support of the large-scale FARO tests the KROTOS facility was used for
FCI studies in the molten U02-ZrO2/water system. The objectives of these tests
were to investigate in 1-D and 2-D geometries the premixing of molten fuel
jets with nearly saturated and subcooled water.
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KROTOS Facility

A detailed description of the KROTOS facility and the results of aluminium
oxide-water experiments have already been given in a previous publications.
Therefore, only the general features and important changes from the previous
configuration are given here.

Figure 9a illustrates the main components of the facility: the radiation
furnace, release tube and test section. Figure 9a also indicates the locations
of pressure and temperature sensors (temperature sensors in the test section
are at the same elevations as pressure sensors). Two different test section
designs were used in this test series: a narrow test section with an internal
diameter of 95 nm, as depicted in Figure 9a, and a wide test section with an
internal diameter of 200 mm, illustrated in Figure 10. The sensors were placed
at the same elevations in both the test section designs.

A pre-test series with U02-ZrO2 melts showed that some modifications of the
facility were required with respect to the previous test series with molten
tin and aluminium oxide. At high temperatures (up to 3273 K) involved in the
U02 melting, the use of graphite heaters caused material problems due to
unexpected chemical reactions. For these reasons the graphite heater elements
were replaced by tungsten heaters. The pre-tests also demonstrated that helium
was better suited as furnace cover gas than argon. Furthermore, due to the
high temperatures in these tests only tungsten could be used as the material
for the melt crucible and the puncher (the device for perforating the crucible
bottom), see Figure 9b. Extensive work had to be done to refine the
sophisticated fabrication techniques to machine the bottom membrane of the
tungsten crucibles according to the required dimensions (0.2-0.3 mm
thickness).

In the tests, KROTOS 32-37, about 3 kg of melt composed of 80 w/o U02 and
20 w/o ZrO2 (density 7960 m3/kg) at temperatures ranging from 3018 to 3063 K
was used. The melt was contained in the W-crucible of 3 mm wall thickness and
dropped from the furnace onto the W-puncher where the bottom membrane was
ruptured (Figure 9b) allowing the melt to exit into the funnel and through the
nozzle. The pure tin brake disk used in the previous test series with
aluminium oxide was not used because the pre-test showed that the U02-ZrO2
melt would develop a crust upon touching it. This crust was observed to block
the melt injection into the test tube (KROTOS 31). Instead, the KROTOS 35 test
was performed with a Woods metal-tin alloy disk with a melting point of about
140 eC. The nozzle exit (30 mm diameter) was positioned 0.45 m above the water
free surface in the test tube. At the upper part of the narrow test tube, a
steel vessel of 205 mm inner diameter was mounted and filled up with water to
the test tube water level. In this vessel (Figure 9c), two level-meters were
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placed to measure the water level swell during melt/coolant mixing. One float-
type and one Time Domain Reflectometry (TOR) level-meter were used. However,
with the wide test section, the level-meter vessel was not needed and two
level-meters of TDR-type were mounted along the inside wall of the test
section. The data from these sensors allow to estimate the integral vapour
void fraction in the test section. A strong gas trigger device, shown in
Figure 9d, was mounted to the bottom of the test section in selected tests to
provide an external pressure pulse to trigger an explosion. It consists of a
gas chamber (volume 15 cm3) pressurised to about 12.5 MPa and closed by a 0.2
mm thick steel membrane. Either a thermocouple signal or a predetermined time
delay can be used to activate the destruction of the membrane to generate a
pressure pulse that propagates vertically upwards through the melt/water
mixture.

The zero-time signal for the data acquisition was generated by the falling
crucible fracturing a copper wire in the release tube. This signal is the time
reference for all measurements.

KROTOS Experimental Results

Up to now five experiments with U02-ZrO2 have been performed. The objective
of this test series was to study premixing of U02-ZrO2 melts with water at
both low and high subcoolings and to determine if an energetic FCI could take
place under such conditions. The main test parameters and some results are
summarised in Table 4. The KROTOS test programme has been evolutionary in
nature, the outcome of previous results contributing significantly to the
planning of the future experiments. To reduce the number of test variables,
the following parameters have been fixed in these tests: the initial system
pressure (0.1 MPa), release nozzle diameter (30 mm), fall height (0.45 m) and
the water depth (approximately 1.1 m).

In the next sections a brief description of the tests and results is given.
The discussion is subdivided into two classes as "saturated water conditions'
and "subcooled water conditions" following the same convention as before when
the results of the aluminium oxide/water system were reported3.

KROTOS Experiments in "Saturated Water Conditions.u

In the KROTOS 32 test, approximately 3 kg of U02-ZrO2 was heated up to 3063
K in a tungsten crucible. After the test sequence initiation, the crucible was
released and fell down onto the puncher. Since the test was performed without
a brake disk, the melt was free to stream out through the punctured crucible
bottom and funnel into the water without any time delay. A Plexiglas liner
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(2 mm thick) was used in the test section to reduce the risk of a spontaneous
steam explosion upon the melt contacting the walls of the test section.

The thermocouple data gives an estimate of 4.2 m/s for the leading edge
velocity using the thermocouples TC6 and TC7 as melt arrival indicators. This
value is significantly lower than the value considering a gravity release of
the melt from the furnace. Evidently, the puncher and funnel assembly slowed
down the release rate. Thermocouples in the water allowed for the estimation
of the melt velocity after penetration into the water. The estimated velocity
of the melt jet between TC5 and TC6 was approximately 1.5 m/s. The
thermocouple data demonstrates that the coherent jet
to TC5.

penetrated at least down

Table 4. KROTOS Experimental Conditions and Results

KROTOS Test nf 32 33 35 36 37

Melt composition U02  W/O 80.8 81.2 79 79 79
ZrO2  w/O 19.2 18.8 21 21 21

discharged mass g 3030 3170 3102 3027 3222

temperature K 3063 3063 3023 3025 3018
brake disk no no yesa no no

initial jet diameter m 30 30 30 30 30

free fall in gas m 0.46 0.46 0.46 0.46 0.46

Water mass kg 7.1 7.7 7.7 7.7 34.5
height m 1.08 1.08 1.08 1.08 1.105
inital temperature K 351 298 363 294 294

subcooling K 22 75 10 79 79

Test initial pressure (He) MPa 0.1 0.1 0.1 0.1 0.1

Section internal diameter mm 95 95 95 95 200
Plexiglas liner yes no no no no
gas trigger no no yes yes yes

Results confirmed penetration TC5 TC4 n.a.b TC5 TC4
depth of the melt jet
maximum pressurisation MPa 0.23 0.14 0.17 0.13 0.07

steam explosion no no no no no
total debrisc g 2608 2802 1424 2801 2925
debris in test section g 1402 1705 331 1142 2925

aTin/WHoods metal alloy (Tm.1400C). bThenmocouple wires destroyed by melt ejection from
the test section. CFound in test section, level-meter vessel and pressure vessel.
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No energetic interactions occurred, and the pressurisation of the expansion
volume was only due to the steam generation of the quenching melt (see Figure
11). The initial pressure increase reached approximately 0.23 MPa and then the
pressurisation fell quickly to the quasi steady-state value of about 0.05 MPa
due to condensation heat-transfer onto the cooler test section walls.

The KROTOS 35 test was essentially a repeat of the KROTOS 32 experiment
except that the test section did not have a Plexiglas liner and a Woods metal-
tin brake disk was installed to reduce the melt release rate. Additionally, a
gas trigger device (Figure 9d) was mounted. The gas trigger was configured to
trigger when TC3 sensed the melt arrival. Furthermore, if the melt jet could
not reach TC3 or by-passed it, a backup operation of the trigger was ensured
by activating it after a predetermined time delay.

After the initial melt injection, a rapid pressurisation of the expansion
vessel was observed. This initial rapid pressurisation lasted longer than in
KROTOS 32. This difference was likely caused by the lower subcooling of the
water (10 K as opposed to 22 K in KROTOS 32). The observed peak pressurisation
of 0.17 MPa is lower than in KROTOS 32, because the vigorous steaming lead to
an early expulsion of significant fraction of unquenched melt (77%).
Unfortunately, some of melt swept out from the test section damaged the
thermocouple and level-meter cables on the outside of the test section. Thus
the trigger device activated only after the set time delay (2.6 s), but no
steam explosion took place. However, the time delay might have been too long
for an appropriate triggering, i.e. it is believed that significant fraction
of the melt was already quenched.

Experiments in Subcooled Conditions

The KROTOS 33 test was essentially a repeat of the KROTOS 32 test except
that the water subcooling was higher (75 K) and that the Plexiglas liner was
removed from the test section. A similar estimate to KROTOS 32 for the leading
edge velocity was obtained. The TC6 and TC7 data indicated a somewhat higher
velocity of 8 m/s prior to melt penetration into the water. Once in the water,
the jet decelerated rapidly from the average velocity of 4.4 m/s between TC6
and TC5 to 0.9 m/s between TC5 and TC4. Due to the higher subcooling, the
pressurisation of the expansion volume is less than in KROTOS 32 with a
maximum of about 0.14 MPa and a quasisteady-state level of about 0.025 MPa,
see Figure 11.

The KROTOS 36 test was performed with the same conditions as KROTOS 33
except that a trigger device was mounted. The trigger device was set to
activate with the TC3 signal as in the KROTOS 35 test. Moreover, the results
from the KROTOS 35 test allowed for a better estimate of the appropriate back-

126



up time delay for triggering. Melt injection was successful but again vigorous
steaming at the melt-water contact lead to a partial expulsion of the melt
from the test section. The gas trigger device was activated by the TC3 signal
at 1.6 s. However, no energetic propagating explosion was observed. Immediate
rapid pressurisation and melt sweep-out lead to the conclusion that the melt
mass participating in the premixing process was limited due to the flow
constraint imposed by the narrow test tube.

The KROTOS 37 test was a repeat of the KROTOS 36 test with a new, larger
diameter test section (20 cm vs. 9.5 cm). The larger test section was utilised
to reduce the superficial steam velocity above the water thus reducing early
(fall stage) jet breakup, levitation and sweep-out of the melt as observed in
previous tests. In KROTOS 37, the melt jet was successfully injected into the
test section with an insignificant amount of sweep-out. The coherent melt jet
penetrated at least down to the TC4 level. The trigger activated with the TC3
signal at Is, but no interaction was observed. However, due to the larger test
section, the magnitude of the propagating trigger pulse was reduced from the
previous tests because the trigger energy (200 J) was kept constant. The pres-
surisation of the expansion vessel, shown in Figure 12, was lower than the
previous one (KROTOS 33) because of the greater mass of subcooled water (34
kg).

It is interesting to contrast the U02-ZrO2 results with the previous ones
from the aluminium oxide test series where supercritical explosions were
observed3 . However, to make consistent comparisons, it was imperative to
repeat an aluminium oxide test with the larger diameter test section to see if
lessening the constraint of the narrow test tube would indeed affect the
outcome (normally an energetic interaction). Such a test (KROTOS 38) was
performed recently with 1.5 kg of aluminium oxide (at 2670 K). A spontaneous
energetic explosion took place before the trigger system was activated. Peak
dynamic pressures up to 67 MPa were observed in the test section. The
expansion vessel pressurisation for this test is shown with the KROTOS 37
result in Figure 12. A different type of premixing behaviour with U02-ZrO2 and
aluminium oxide is evident by comparing the initial pressurisation rates of
the expansion vessel. Significantly greater steam generation with the U02-ZrO2
melt is further illustrated by the level swell data, shown in Figure 13. This
preliminary data would therefore suggest that less breakup of the melt
occurred and that the void fraction in the mixing region was smaller prior to
triggering in the case of aluminium oxide. These observations have important
implications concerning tests with simulants. The differences between U02-
ZrO2 and aluminium oxide melts, in this respect, should be well understood.
Currently, experimental investigations are pursued to study the differences
between the prototypic U02-ZrO2 melts and aluminium oxide simulant melts
within the frame of general objectives of the KROTOS programme.
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MODELLING AND ANALYSIS OF THE FARO EXPERIMENTS

Description of the COMETA code

COMETA (tCre Ml2t Ihermal-hydraulic Analysis) is a two field code: the
water/steam/non-condensable gases field and the corium field5.

The water/steam/non-condensable gases field is described by an Eulerian 6-
equation model including mass, momentum and energy conservation equations for
water and steam, and mass conservation equations for each non-condensable gas.
The interface relations are represented by momentum and energy exchanges
depending on the flow pattern. Thermal and mechanical equilibrium are assumed
for the non-condensable gases. A network of fluid volumes connected at their
top, bottom, or one of their two sides (external or internal) is constructed.
Specific macro-volumes and macro-junction structures are present in the code,
thus allowing 2-D nodal schemes.

The corium field is represented by three sub-components: the jet, the drop-
lets and the fused debris bed. They are described in Lagrangian coordinates.
The jet is released with the appropriate velocity from a tank and is frag-
mented during its fall according to jet breakup length correlations available
in the literature.

The heat exchange between jet, droplets, fused debris bed and the steam-
water mixture is controlled by heat transfer coefficients which are dependent
on the local thermal hydraulic conditions. Heat slabs can be specified to
represent the vessel walls or possible heaters.

A simple correlation for hydrogen production from the water/zirconium
reaction has been implemented. This correlation determines the hydrogen
production as a function of the fragmentation rate. The gas produced
represents a non-condensable mass source for the actual volume, a mass sink
and an energy source for the water which reacts with the zirconium.

The code has been written to run both on a PC or on a UNIX workstation and
it produces on-line plots and automatic nodalisation drawing schemes showing
volume void fractions. It is currently applied to the prediction of the FARO
facility behaviour and test interpretation.
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Calculation of the Base Case Test by COMETA

A 1-D pre-test calculation of the L-11 test has been made. The
corresponding pressure history is presented in Figure 14, and compared to the
experimental data. The prediction is in reasonable agreement with the data,
considering the fact the real conditions understandably differed from that
assumed in the calculation. In particular, in the simulation the valves were
supposed to open completely and to operate around the set point (9.3 MPa),
which was actually not the case (see description of the test in the first
chapter).

A post-test calculation using initial and boundary conditions closer to
that observed in the test was made. The corresponding pressure history is also
reported in Figure 14. The pressure increase was still over-predicted but the
behaviour of the valves was significantly improved. In particular, almost the
same magnitude of the pressure peak was calculated. However, the pressure
fluctuation at the beginning of the venting phase was not caught. It was
suggested that the second pressure increase after the fluctuation had been
induced by an enhancement of the steam production because part of the water
had already reached saturation when the valves opened. In the 1-D simulation
the saturation conditions were reached later on.

A 2-D calculation was then performed to account for possible non-uniform
radial heating of the water. The result is presented in Figure 15. The
pressure increase is still slightly overpredicted but the pressure trend at
valves opening is significantly improved with respect to the 1-D simulation.
Also the time dependent temperature distribution in the vessel is correctly
predicted (Figure 16). Internal temperatures initially increased faster than
the external ones and, later on, became lower than the external ones. This
behaviour was already shown and predicted for the L-08 Test (Quenching Test-
2).

The hydrogen distribution at valves opening is presented in Figure 17. It
is possible to see that before the valves opening most of this gas is
concentrated in the vessel area while after the valves opening a
redistribution tends to make the gas fraction more uniform.

Calculation of the Base Case Test by TEXAS-III

In collaboration with the University of Wisconsin (USA), modifications have
been added to the 1-D computer code TEXAS-III in order to improve its
simulation capabilities for the FARO and KROTOS experiments. A simple
diffusion based hydrogen generation model, developed by Corradini and Murphy6

is now included. This model assumes that if a fuel droplet contains a metallic
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component then it is always available at the droplet surface and that the
hydrogen gas production matches the removal of water vapour surrounding the
melt in a 1:1 molar ratio. It is also assumed that all the energy liberated
from this metal/water exothermic reaction is deposited into the melt particles
and that the thermodynamic properties of the water vapour are compensated by
using the partial pressure of the water vapour, not the total system pressure.
The simplistic addition of the diffusion based oxidation equation will only
provide meaningful results when the mole fraction of hydrogen gas produced is
small compared to the existing water vapour.

TEXAS-III has now been modified to allow the input of a non-uniform Jet,
according to a recommendation made recently7 . Modelling more correctly the
non-uniform jet flow experienced in the first two FARO quenching tests, L-06
and L-08, it is now possible to have consistent agreement with experiment for
both particle settling times (including melt cake production) and pressure
profiles. Assuming a uniform jet is far too restrictive to account for all the
physical phenomena that occur during the melt fall and quenching.

A simple valve-opening simulation has been incorporated into TEXAS-III to
account for the relief of the system pressure in the TERMOS vessel. The top
boundary condition is switched from a "closed boundary" to an "open boundary
condition" at a particular gas pressure, and vice versa. The cross-sectional
area of the top boundary cell is equivalent to the total area of the valves.

All the above modifications have been used to model the FARO Base Case
test, L-11. Figure 18 shows the discretisation of the TERMOS vessel, condenser
and exhaust valves. The melt jet is modelled as a coherent jet, diameter 10
cm, with a few discrete particles at the leading edge to account for some
dispersion which probably occurs during the opening phase of the release
vessel. The jet exit velocity profile from the release vessel was calculated
by an independent program. The condenser is not modelled, thus when the valves
open it is assumed that the gas flows out of the system into the atmosphere
rather than build up a pressure in a condenser. Figure 19 compares a TEXAS
pressure prediction with the experimental pressure where it is assumed that
the valve flow area remains constant until the pressure falls to 7.3 MPa.

CONCLUSIONS

The main objectives of the two large melt mass tests in FARO have been
achieved. The melt quenching rate and the importance of the zirconium
oxidation have been determined. In particular, it has been found that:
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- The zirconium oxidation was completed during the melt fall phase;
- The Zr/H20 chemical reaction induced an increase of the early quenching

of the melt with respect to a pure oxide melt, and, consequently, led to
a significant increase of the steam production and vessel pressurisa-
tion, and a decrease of the thermal load on the bottom plate.

From the FARO tests performed so far, including those with reduced
quantities of melt and water, it does not seem that a "limit to quenching"
during the melt fall have been reached in the test conditions. This point will
be investigated further by using a large mass of oxide melt (150 kg) in a
reduced depth of water (1 m). The water depletion phenomena in case of
multiple jets has still to be investigated as well. These will be the
objectives of the next FARO tests. To draw more general conclusions applicable
to the reactor case still require a sound analysis of the tests with the help
of analytical tools.

Concerning KROTOS tests, it is important to note that the following
conclusions are based on preliminary trends observed so far with only a few
tests and need to be confirmed with further tests. The experimental results
from the KROTOS U02-ZrO2 programme so far indicate:

- Significant breakup of the melt into relatively fine debris;
- No energetic interaction within the range of the following investigated

parameters: low subcooling (10-20 K), high subcooling (80 K) and external
trigger (energy of 200 J);

- Due to lack of energetic interactions so far with U02-ZrO2 melts, the data
on effects of geometric constraints on explosions and the far field effects
are limited to results from aluminium oxide tests;

- Significant differences between the behaviour of prototypic U02-ZrO2 and
simulant aluminium oxide melts have been observed and more data is needed
to understand them.

Further development of COMETA will consist of introducing additional models
for fuel fragmentation (Corradini-Tang and BUrger models) and specific models
for low pressure cases, and modelling the 2-D behaviour of the fuel drops.
Further improvements to iEXAS are required to model more correctly the
valve opening sequence, the system of piping and the separator.
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Figure 2. FARO Venting System
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Figure 3. Test Vessel Pressure (-2.5sct<25s)

134



Pressure (bar) eWnGraf l1 10-19-1994
120.0

110.0

100.0

90.0

80.0

70.0

60.0

50.0

Time (s)

Figure 4. Test Vessel Pressure (-lsct<6s)

MnGrat 1.0 10-20-1994Pressure (bar)

Time (s)
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IFCI Validation Using Small Scale Coarse Mixing
Experiments

Freddie Joe Davis, Jr.
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Albuquerque, New Mexico

Abstract

The Integrated Fuel-Coolant Interaction Code (IFCI 6.0) [Dav94] is a tool for the numerical
investigation of Fuel-Coolant Interaction (FCI) phenomenology. FCIs are possible in a
variety of severe accidents. FCIs may involve a variety of fuel-coolant contact modes as
well as a variety of energy releases up to and including steam explosion events. One of the
most crucial considerations in FCI is the mixing of the fuel and coolant, and the effects of
steam production.

IFCI is operable and able to produce plausible results. [Dav93] As part of a complete code
validation effort, and in preparation for a peer review of the code, IFCI 6.0 calculations are
being compared with a matrix of experimental results. The matrix covers a spectrum of
FCI contact modes and range of energetics. The list of experiments in the validation
includes, but is not limited to the following experiments: 1) single drop experiments;
2) stratified layer experiments; 3) FARO; 4) KROTOS; 5) NPR/FCI EXO-FiTS;
6) ALPHA; 7) MAGICO; 8) MIXA. Due to the critical nature of fuel-coolant mixing on
the possibility and severity of a steam explosion, the first assessments performed are against
mixing experiments.

This paper describes the validation of IFCI 6.0 against the MIXA-06 experiment. The
MIXA experimental series provides data for steam generation rates, and time dependent
results for melt distribution and vapor pressure [Den92]. MIXA provides data for small
scale (3kg) prototypic melts.

The simulation effort revealed two shortcomings of IFCI that have been corrected. IFCI
calculations for pressure rise and melt front progression are presented in this paper. This
paper also describes animation sequences of the melt and water volume fractions. The
steam generation rate, not normally an IFCI output variable, is also discussed in the context
of a corrected finding.

The IFCI simulations demonstrate that the local distributions of material during the mixing
phase are reasonable. However, there is some room for improvement. The simulations
further show that IFCI captures parameters for system analysis, such as pressure history, to
within a few percent.
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Introduction

The Integrated Fuel-Coolant Interaction Code (IFCI 6.0) [Dav94] is a tool for the
investigation of Fuel-Coolant Interaction (FCI) phenomenology. FCIs are possible in a
variety of severe accidents. FCIs may involve a variety of fuel-coolant contact modes as
well as a variety of energy releases up to and including steam explosion events. One of the
most crucial considerations in FCI is the mixing of the fuel and coolant. Mixing includes
the separation of the two liquids by steam production.

The operability of IFCI and its ability to produce plausible results have been
demonstrated. [Dav93] As part of a complete code validation effort, and in preparation for
a peer review of the code, IFCI 6.0 calculations are being compared to a matrix of
experimental results. The list of experiments in the validation includes, but is not limited to
the following experiments: 1) single drop experiments; 2) stratified layer experiments;
3) FARO; 4) KROTOS; 5) NPR/FCI EXO-FITS; 6) ALPHA; 7) MAGICO; 8) MIXA.
FCI probability and consequences are tightly coupled to the degree of mixing of the melt,
water, and vapor. Fuel-coolant mixing is critical to the possibility and severity of a steam
explosion. Therefore, the first assessments performed are against mixing experiments. As
part of the IFCI validation effort, IFCI has been used to simulate the MIXA-06 experiment.
The MIXA experimental series provides data for the mixing and steam generation from a
pour of prototypic hot melt droplets into a quenching medium. [Den92]

Experimental Description

The MIXA experimental series investigates the quenching of kilogram quantities of
molten core simulant (in the form of 6 mm diameter droplets of 81 % uranium dioxide and
19% molybdenum metal) at prototypic temperature (3600 K) into a saturated coolant pool
near atmospheric pressure[Den94]. The pool was 0.6 m in depth and contained in a square
vessel, 0.37 m on a side. The vessel was open to the atmosphere via a vent line. The vent
line contained a flow meter to measure the steam production.

The following results from MIXA-06 affect the validation of IFCI. First, no steam
explosion was observed. This validates only latent energy effects. Second, steam
generation and level swell obscured the inflow region for a large portion of the inflow
period. Local void fraction calculations cannot be validated. Third, melt holdup near the
surface and extensive steam void in the mixing region was observed. This provides a
qualitative basis for validation. Fourth, the melt initially reached the water surface with a
velocity of -5 m/s, slightly larger (-10%) than that from a gravity pour. The melt pour
lasted approximately 1.5 s. The delivery of the melt into the system and particularly into
the coolant pool is not precisely known. Finally, the peak pressure rise of 0.031 MPa,
occurs approximately I second after the melt arrives at the water surface. This provides a
basis for validation of the energy transfer models, and to a lesser degree the transport
calculations.
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IFCI Modeling Description

The following values were used in modeling of the MIXA-06 experiment. All of
the following values are common to the entire suite of MIXA-06 simulations. The Fletcher
and Denham paper I.7 from CSNI Specialist meeting in Santa Barbara, CA is the primary
reference. [Fle93]

Vessel Radius = 0.21 in
Vessel Height = 1.5 m.
WaterLevel = 0.6 mn
Droplet size = 0.006 m
Jet Radius(60mm) = 0.06 m
Melt Mass In = 3 kg
Melt Density = 8400 kg/m3
Jet Col. Ht. = 0.48 mn

Table 1. Parameters Used in the IFCI MIXA-06 Model.

The vessel radius is based on an area equivalent to that of the 0.37 m x 0.37 mn vessel.
Water depth is 0.6 m, as specified in section III of the reference document. The vessel
height, droplet size, jet diameter, melt mass, melt density and jet column height are all
provided in section IV of the reference document.

IFCI simulations were performed using a 7 x 24 and a 11 x 36 mesh that bound, by
number of cells, the calculation results presented from the CHYMES validation. [Fle93]

Validation Findings and Corrections

Simulations of the MIXA-06 experiment produced two primary findings. The first
finding was a considerable variation in results with nodalization. Figure 1 illustrates the
large variation in pressure calculated using different nodalizations. Due to the highly
dynamic and rapidly evolving nature of FCI, bifurcations may exist for even subtle
differences in values. Therefore, slight variations with nodalization are unavoidable.
However, it was clear that different nodalizations tracked the melt jet much differently.
After considerable investigation, it was determined that the initialization of matrices was
being performed incorrectly for the melt field equations. The error caused melt tracking to
be dependent on the nodalization and solutions were highly divergent as a result. The
source code was corrected and the results shown in the Final Results section are calculations
from the corrected source code.

The second finding was an underprediction of the pressure rise in the upper plenum
vapor region. Unfortunately, having corrected the melt tracking problem previously
identified, no combination of user parameters enabled IFCI to reproduce the pressure values
reported from the experiment. Figure 2 is a representative IFCI pressure calculation.
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A brief description of the modeling of the coolant pool is in order, as it was critical
in the discovery process. The coolant pool was modeled as uniformly at saturation at a
pressure of 0.1 MPa. These conditions are not equilibrium throughout the coolant pool due
to the small but not negligible static head of the liquid. The reason the static head is not
negligible is that it causes regions below the surface to activate the subcooled boiling mode.
This tests the adequacy and robustness of the subcooled boiling and condensation models.
Since the melt energy is insufficient to place the coolant pool into a dominantly bulk boiling
regime, the subcooled boiling and condensation models were investigated.

The inability of IFCI to match the experimental pressure rise results indicate some
error in the heat transfer models, equations of state, or application thereof. Steam
generation and the pressure rise are coupled results. The error was not in the generation of
steam, but an excessive condensation of steam, while submerged in the slightly subcooled
pool. The rapid condensation in the pool prevented the steam from being released to the
atmosphere and elevating system pressure.

The source code was modified to inhibit, by a factor of 1000, the steam
condensation rate. This effectively precluded the rapid condensation of vapor produced by
subcooled boiling. The subsequent calculations for steam generation and pressure, with
condensation suppressed, compare to within 10-25 percent of the reported experimental
values. Suppression of essentially all of the condensation allows the pressure and steam
generation to be bounded on the high side. This indicates that IFCI can reproduce the
experimental values. However, it is not clear that the suppression of the condensation
applied to this case is applicable to all simulations. It does indicate the need for further
study and model improvement for subcooled effects.

Fuial Results

After addressing the deficiencies described previously a suite of final calculations
was performed. This suite of calculations investigates two issues. First, how sensitive are
the results to variations in delivering the melt to the coolant? This addresses the issue of
how well melt delivery must be characterized in order to provide useful information to
numerical models and simulations, and hopefully how sensitive FCI are to melt delivery.
Second, what are the effects of nodalization on the overall solution? This is investigated
using the pressure in the vapor plenum region.

The initial configuration of melt, coolant, and vessel geometry for each nodalization
is shown in Figure 3. It is assumed for the first calculation that the melt falls unaffected
through the vapor space and that the melt can accurately be represented as in tact, just
above the water surface, with an initial downward velocity of 5 m/s, as reported from the
experimental observations. The initial velocity is applied uniformly to the melt region
above the water. This may produce some error as the melt in cells at higher locations will
have the additional gravitational potential associated with elevation. This error is believed
to be minimal as melt holdup will dominate the melt motion within milliseconds of water
contact and vapor generation. Figure 4, a-d, shows the average vapor pressure calculated
by IFCI, for several different cases. Error bars indicate the maximum and minimum
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calculated pressure within the solution domain. The thinner line, w/o error bars, represents
the experimental pressure. The maximum calculated pressure exceeds the experimental
value. If the calculated pressure response is smoothed for comparison to the pressure
traces, which may or may not be justifiable based on the pressure transducer response
characteristics, then the pressure agrees to about 10%. The timing of the peak pressure lags
the experimental result slightly. There is some concern about the experimental zero time.
The zero time is reported as, 'm elt water contact and steam generation.' The detection of
steam generation may not correspond exactly to melt water contact, so some temporal shift
may be present.

The second simulation (Figure 4b) shows the calculation for releasing the melt from
above the pool surface with zero initial velocity. The calculated values compare reasonably
well with the experimental results. The maximum pressure rise is again overpredicted.
This could be a result of more efficient fuel coolant mixing, or an indication that the
adjustment to mitigate condensation effects is excessive. However, this simulation closely
matches the timing of the maximum pressure, and the slopes of pressure increase and
decrease are very similar.

Two different nodalizations were selected for study of variations with nodalization.
The 7 x 24 and 11 x 36 meshes, shown in Figure 3, are roughly to scale. Fluid transport
codes are generally sensitive to extreme cell aspect ratios. The nodalization schemes
employed here maintain a suitable aspect ratio (on the order of 2). These nodalizations
intentionally are not one double the other. It is hoped that the variations which result from
meshing will be highlighted by these two meshes.

Figures 4c and 4d show the IFCI simulations performed for a 7 x 24 grid. Those
results show some differences from the 11 x 36 calculations. This is expected and will be
discussed in the following paragraph. The overall characteristics of the upper plenum vapor
pressure are the same for all four calculations shown.

As mentioned previously, some variations with nodalizations are expected. This is
for the following reasons. First, IFCI uses a lower volume fraction threshold to decrease
computational time and avoid singular matrices. In a given cell, if the volume fraction of a
field, melt, water, or vapor, is below that threshold, the equations for that field will not be
incorporated into the solution. Thus, for cells of different volumes, if the same amount of a
field is transported into those cells, the resulting volume fractions of the material in
question will differ between the small and large cell. Consequently, at a particular time,
the field may be solved for one nodalization and not for the other, and results will be
slightly different. Second, IFCI calculates the timestep used. The timestep is based on
limits of transport across cell interfaces and on relative phase change within a cell. Both
depend on the nodalization scheme employed. Thus, nodalization will effect the results to a
small degree. It is hoped that no severe bifurcations exist in the phenomenology, such that
any slight changes in local characteristics will have a dramatic effect on global results.

The advance of the leading edge of the melt through the coolant pool was also
reported from the experiment. This information can also provide insight into the quality of
the IFCI calculations for this experiment. Figure 5 shows three values; the 5 m/s line
corresponding to the reported velocity of the melt incident on the coolant surface, the
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progression of the melt front calculated by IFC1, and, the data points reported from the
experiment. The penetration of the melt front compares well for the initial phases of fuel
coolant mixing (a little more than one-tenth of a second). After that time, the experimental
measurement shows some hold-up of the melt progression that IFCI does not predict. The
discrepancy may be a result of modeling the melt as intact at the surface of the pool at time
zero. Modeling the melt as a pour from an elevated location may produce different melt
progression results. This is currently being pursued. Unfortunately, the disparity between
calculated melt tracking and that reported from the experiment may also indicate an error in
the multi-field drag correlation.

Animation Observations

In addition to the history plots shown in this paper, an animation sequence was
generated for the melt and water volume fractions calculated on the 1 1 by 36 grid. This
section briefly describes the observations from those animations. Further details can be
obtained by direct inquiry to the author.

The first animation is for the cell wise melt volume fractions. Initially the 'stack' of
melt begins to sink into the coolant pool region. Some lateral spreading along the top of the
coolant pool occurs. Then, at about 0.3 seconds, the top level of the melt begins to rise.
This corresponds to level swell. Significant vapor formation occurs at about 0.6 seconds
that accelerates some fraction of the melt upward. Radial spreading of the melt, beneath
the surface of the coolant pool possesses a characteristic fireball shaped spreading below the
coolant surface.

As melt falls from the top of the vessel, the continued vapor generation accelerates
the melt back upward once again. This continues in a quasi-cyclic fashion, until the rate of
vapor formation significantly decreases. Melt eventually accumulates at the vessel bottom.

The animation of the water volume fraction supports some of the occurrences
described in the previous paragraph. In the animation the minimum water volume fraction
utilized is 0.25. This corresponds to the lower end of a continuous liquid phase. As melt
displaces and boils water, the water level rises on the outer half of the region. At about 0.6
seconds, some water is accelerated upward as with the melt in the previous animation.
Water strikes the vessel top and spreads radially outward returning down the outer side
walls in somewhat of a convection loop. Steam/water slug flow is established upward in
the center regions of the vessel. Counter-current flow is observed on the periphery. There
is generally less and less water in the system as boiling continues and escapes the outlet.

Whereas the pressure history for the upper plenum space provides a basis for the
evaluation of the global parameters calculated by IEFCI, the animation sequence provides
some confidence that the underlying processes of fuel-coolant mixing are being readily
calculated. These animations provide confidence in the IFCI simulations of MIXA-06.
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Conclusions

The results of the MIXA-06 simulation revealed two shortcomings in the IFCI code.
One of these, melt field initialization and tracking, has been corrected by source code
modification. The other, excessively rapid condensation, has been addressed through a
model correction factor. The net effect and overall applicability of the latter correction still
require validation. The simulations also show that IFCI captures the MIXA-06 pressure
well subject to a calibration of the condensation model. IFCI tracks melt front progression
well in the early stage of mixing. Further investigation is required for later stages.
Animations show that IFCI captures the qualitative characteristics of FCI mixing. IFCI is
poised to continue with further validation.
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Figure 4a. IFCI Simulations of MIXA-06, 11 x 36 Grid, 5 m/s.
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Figure 4b. IFCI Simulations of MIXA-06, 11 x 36 Grid, 0 m/s.
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ABSTRACT

SCDAP/RELAP5/MOD3.1 an integrated thermal hydraulic analysis code
developed primarily to simulate severe accidents in nuclear power
plants, was used to predict the progression of core damage during
the TKI-2 accident. The version of the code used for the TKI-2
analysis described in this paper includes models to predict core
heatup, core geometry changes, and the relocation of molten core
debris to the lower plenum of the reactor vessel. This paper
describes the TMI-2 input model, initial conditions, boundary
conditions, and the results from the best-estimate simulation the
TMI-2 accident as well as the results from several sensitivity
calculations.

1.0 INTRODUCTION

The SCDAP/RELAP5/MOD3.1 computer code'" was used to predict the
progression of core damage during the THI-2 accident. SCDAP/RELAP5/KOD3.1 is
an integrated thermal-hydraulic analysis code developed primarily to simulate
severe accidents in nuclear power plants. It includes models to predict core
heatup, core geometry changes, and the relocation of molten core debris to the
lower plenum of the reactor vessel. This paper briefly describes the TMI-2
input model, including the initial and boundary conditions used for the
analysis, and discusses results from the best-estimate simulation of the THI-2
accident as well as the results from several sensitivity calculations. The
primary objectives of this analysis were to (a) calculate all of the relevant
phenomena believed to have occurred during the THI-2 accident, (b) exercise
and assess various core damage models and options, and (c) determine if the
most recent version of SCDAP/RELAPS is better able to predict the progression
of core damage during the TMI-2 accident than previous code versions.

All major components of the THI-2 primary system were modeled using the
SCDAP/RELAP5/MOD3.1 code package. The RELAP5 module was used to simulate the
thermal-hydraulics of the reactor vessel, primary coolant loops, steam
generators, and pressurizer. Steam generator secondary side coolant levels,
pressures, and feedwater temperatures, and primary side makeup and letdown
flow rates were supplied as boundary conditions. The SCDAP module was used to
simulate the reactor core, which was divided into five radial regions by
grouping similarly powered fuel assemblies together.

161



Figure 1: RKLAP5 nodalization of the reactor vessel and core.

. |7 I I I 1
idI

. , ,,, g

1111111!111
t Il_ F -1_ I I

:~~~~~~~ I I
I I I 11 -2l -3 L415

-I XI LDE -1~

I 1 I I I I I I 1 I 1
: : * i I b . i

II l I I I I IL

Radial
Region Peaking Factor

1
2
3
4
5

1.245
1.136
1.074
1.061
0.733

M2S-U9"1

Figure 2. Cross-section
peaking factors.

of cora showing fuel assembly grouping and radial

162



Table 1. THI-2 axial power peaking factors.
----------------------------------------------------------------
Distance From
Bottom of Fuel

(m)

0.183

0.549

0.914

1.280

1.646

2.012

2.377

2.743

3.109

3.475

Power Factor

Region 1 Region 2 Region 3 Region 4 Region 5

0.665

0.933

1.134

1.216

1.248

1.262

1.225

1.078

0.792

0.448

0.674

0.919

1.099

1.164

1.202

1.221

1.232

1.124

0.853

0.512

0.729

0.962

1.112

1.112

1.138

1.153

1.251

1.174

0.880

0.488

0.690

0.951

1.132

1.168

1.192

1.206

1.241

1.131

0.834

0.455

0.670

0.944

1.145

1.213

1.238

1.248

1.222

1.083

0.794

0.442

One SCDAP fuel rod component is used to represent all the fuel rods in
each core region. One SCDAP control rod component is used to represent all
the full- and part-length control rods, all the guide tubes (including those
containing burnable poison rods), and all the instrument tubes in each core
region (except region five which contains no control rods).* The control rod
radii in regions one through four have been adjusted so that the total mass of
Zircaloy, Ag-In-Cd absorber, and stainless steel is conserved (the burnable
poison mass is neglected). In core region five, a dummy fuel rod component is
used to represent all the guide and instrument tubes. By specifying a small
fuel diameter and zero power, this component essentially behaves as a
hollow Zircaloy tube. The SCDAP grid spacer model is used to represent the
eight Inconel spacer grids that are uniformly distributed along the length of
each fuel assembly.

Much of the SCDAP input data was obtained from Reference 9 and is
summarized in Table 2. Table 3 lists the total number of fuel assemblies,
fuel rods, control rods, burnable poison rods, and orifice rods in each core
region.

2. . Initial Conditions

Table 4 compares the initial conditions in the SCDAP/RELAPS model to
those recommended in the TMI-2 data base.b With the exception of steam
generator pressures and temperatures, the calculated (or specified) initial
conditions are in good agreement with the data base. For steady-state
calculations, a control system is used in the SCDAP/RELAP5 model to
automatically adjust steam generator pressures (by varying the flow areas of
the main steam valves) until user-specified cold leg temperatures are
obtained. For simplicity, the target coolant temperature for all four

a. Component models specifically for burnable poison rods and instrument
tubes have not been developed for SCDAP/RELAPS.

b. All initial conditions correspond to the time of turbine trip: 04:00:37
hours on March 28, 1979.
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Table 2. Total fuel assemblies, fuel rods, and control rods in each core region.

Core Fuel rull-Length
Reions Assemblies Fuel Rods Control Rods

Part-Length Burnable Instrument Orifice
Control Rods Poison Rods Tubes Rods

1
2
3
4
S

13
28
40
48
48

2704
5824
8320
9984
9984

144
256
192
384

0

0 64
0 192

128 320
0 384

128

13 0
28 0
40 0
48 0

8L 640

Total 177 36816 976 123 1088 177 640

Table 3. SCQAP input parameters.

Parareter

Fuel Rods

Active height (a)
Rod Pitch (n)
Cladding inner radius (a)
Cladding outer radius (i)
Fuel pellet radius (a)
Fuel density (% T.D.)
Mass of He fill gas (kg)

(estimated)
Upper and lower plenum
void volume Cm?)

Value

3 S68
1.443
4.788
5.461
4.699

92 5
1.265

x 10
x le
x 104
x I04

x leo

1.490 x 104

Control Rods

guide tube inner radius (a)
Guide tube outer radius (a)
Cladding inner radius (a)
Cladding outer radius (a)
Absorber radius (p)

Instrument Tubes

Tube inner radius (a)
Tube outer radius (a)

Grid Spacers

Grid spacer mass (kg)
Grid spacer height (a)
Grid spacer thickness (i)

6.32S x 104
6.731 x 104
5 055 X 104

.S588 x 104
5.004 x 104

5. 601 x 104
6.261 x 10X

0.86
3.30 X 104
5.08 X 104
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Table 4. THI-2 initial conditions at turbine trip.

Reactor power (MW)

Primary system pressure (Mpa)

Pressuriser, level (a)
Pressurizer heater power (MW)

Loop A coolant flow (kgs)
Loop B coolant flow (kg/s)

Cold leg temperature IA (K)
Cold leg temperature 1B (K)
Cold leg temperature 2A (K)
Cold leg temperature 2B (K)

Hot leg temperature loop A (K)
Hot leg temperature loop B (K)

Makeup flow (kg/s)
Letdown flow (kg/s)
PORV flow (kg/s)

Steam generator A feedwater flow (kg/s)
Steam generator B feedwater flow (kg/&)
Feedwater temperature (K)

Steam generator A pressure (Mpa)
Steam generator B pressure (Mpa)

Steam generator A steam temperature (K)
Steam generator B steam temperature (K)

XCEc
Data Base

2700

15.2

5.77
1.39

8280
8560

561
565
548
565

592
592

5.44
4.18
2 59

723
717
513

7.31
7.24

586
585

SCDA1LEPS

15 2

5 76
1.39

565

565

593
593

0.0
0.0
0.0

6.34
6.28

576
582

Table 5. Steam generator initial conditions.

Parareter

Main feedwater temperature (K)

Steam generator A feedwater flow (kg/a)
Steam generator B feedwater flow (kg/s)

Steam generator A pressure (Mpa)8

Steam generator B pressure (Mpa)a

Steam generator A steam temperature (K)
Steam generator B steam temperature (K)

Steam generator A riser level (cm)
Steam generator B riser level (cm)

Steam generator A downcomer level (cm)
Steam generator B downcomer level (cm)

Steam generator A power (MW)
Steam generator B power (MW)

Reference 12 SCDAPIRELAPS

513

722 723
718 717

6.38 6.34
6.24 6.28

586 576
586 582

526 197
538 183

660 559
669 543

1346
1339

1332
1378

a. The pressures reported in Reference 12 are average steam line
pressures measured 10 to 0.1 ain before turbine trip.
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cold legs was specified to be 565 K. Table 5 compares the calculated initial
conditions on the secondary side of each steam generator to the initial
conditions recommended in Reference 10. It is seen that the calculated steam
generator pressures are in much better agreement with the Reference 10 than
with those presented in Reference 8.'

2.5. Boundary Conditions

All boundary conditions, except HPI/makeup flow rates, were obtained from
Reference 8. The HPI/makeup flow rate history reported in Reference 11 was
adjusted until the time of core uncovery (as inferred from hot leg temperature
measurements), the time of initial fuel rod cladding failure (as inferred from
containment radiation measurements), and the primary system pressure history
were predicted reasonably well."

calculated steam generator coolant levels, steam generator pressures,
and letdown flow rates were compared to Reference 8 data and found to be in
good agreement. For transient calculations, a control system is used in the
SCDAP/RELAP5 model to automatically add auxiliary feedwater to the steam
generators whenever calculated boiler levels are less than levels given in the
TXI-2 data base. Core power as a function of time for the first 400 s
following reactor scram was estimated using the reactor (point) kinetics and
decay heat models in the RLAPS code. The decay power from 400 s onward was
obtained from Reference 12. Figure 3 shows the reactor power versus time
curve used in the SCDAP/RELAP5 model.

goo

0

10

I

0.11
.4 0 0 40 so 120 too 200 240 280 220

flTni (mEn)

Figure 3. Reactor power versus time curve used for THI-2 calculation.

a. The pressures reported in Reference 13 are average steam line pressures
measured 10 to 0.1 min before turbine trip.

b. The HPI/makeup flows were not measured resulting in large
uncertainties. 11.1
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3. RESULTS

3.1 Base case best-estimate calculation

This section describes the results of the base case best-estimate
analysis.' Best-estimate conditions were based on the results of sensitivity
studies, discussed in Section 3.2, performed with variations in the makeup
flow rates. The best-estimate conditions were selected by comparing predicted
system pressure, vessel liquid level, and initial clad failure time with those
in the TMI-2 data base and the hypothesized core damage prior to the 2B-pump
transient. The makeup flow rates used for the best-estimate calculation are
shown in Figure 4. For comparison purposes, the nominal letdown flow, used as
the other input flow boundary condition, makeup flow, and calculated flow
through the PORV are shown in Figure 5. As shown in this figure, letdown
flows were approximately 9 kg/s and the calculated flows through the PORV
varied between 10 and 55 kg/a, considerably greater than the makeup flow
rates. Calculated flows through the PORV show large spikes associated with
system pressure fluctuations prior to the closure of the block valve at 139
minutes.

40.0

30.0

X
j20.0

Thie (Man)

Figure 4. Makeup flow rate used for the best-estimate calculation.

a. These results include the correction of an error in the oxidation model
identified during the analysis of the results from the sensitivity studies on
core liquid level. The error resulted in the suppression of the oxidation in
a region that contained relocated material due to the interaction of Inconel
spacer grids with fuel rod cladding.
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Figure 5. Makeup, letdown, and calculated PORV f lows from the best-estimate
case.

As shown in Figure 6, the predicted pressure during the core heating and
melting prior to the 23 pump transient was significantly less than that
measured. As discussed later, this is attributed to the underprediction of
oxidation and hydrogen production during this phase of the accident. Figures
7 and 8 show the predicted best-estimate collapsed liquid level, and integral
hydrogen production. As shown in Figure 8, hydrogen production is predicted
to begin 135 min into the accident with a significant rise in production prior
to the 2B pump transient. However, the total amount of hydrogen predicted
during the accident is still significantly less than that estimated during the
accident. The code predicted 430 kg hydrogen to be produced during the
accident. Henria and Postma estimated the total hydrogen produced during the
accident to be 460 kg'4 . This underprediction is consistent with other code-
to-data hydrogen production comparisons of bundle reflood tests as noted in
References 2 and 3.

It was estimated from containment radiation measurements that the fuel
rod cladding began rupturing about 139 minutes into the accident. The best-
estimate calculation predicted fuel rod clad ballooning and rupture to occur
at 138.7 minutes. A comparison of the best-estimate and hypothesized core
damage state at 173 minutes shows that the code predicted the formation of a
molten pool and associated flow blockages in relatively good agreement with
the hypothesized core damage state. The code also predicted partially
oxidized and embrittled fuel rods in the upper core which is consistent with
the formation of a loose debris bed late in the accident. Figure 9 shows the
hypothesized THI core damage state prior to the 2B pump transient. The
predicted core damage state is shown in Figure 10.

The 23 pump was throttled to inject 30 me of water. Once water started
entering the core additional damage was predicted to occur. The molten pool
continued heating as did some regions immediately above the pool. As material
continued heating it moved downward into the pool, creating voided regions.
Rubble beds continued to form above and below the molten pool as cold water
contacted embrittled cladding. Small quantities of cohesive debris formed in
the outer channels. Although rubble beds were predicted above and below the
molten pool and in core region four, the pool was not calculated to slump into
the lower plenum since the molten pool did not extend to the outer periphery
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Figure 6. Calculated best-estimate and measured pressures.
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Figure 7. Predicted best-estimate collapsed liquid level.
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Figure 8. Predicted best-estimate integral hydrogen production.

Figure 9. Hypothesized TMI-2 core damage state prior to the 2B pump
transient.
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Figure 10. Predicted TKI-2 core damage state prior to the 2B pump transient.

of the core. The calculation was stopped at 226 minutes as the core appeared
to have cooled considerably and the formation of additional rubble or
relocation of the molten pool to the lower head did not appear imminent. The
predicted end state of the reactor core had a smaller void region, and a
slightly smaller molten pool. Figure 11 shows the hypothesized end-state of
the core after BPI injection. The predicted end-state of the core is shown in
Figure 12.

Figures 13 and 14 show the predicted radial temperature profiles of
cladding temperatures at two elevations in the core region, 2.19 and 2.56 m.
Each elevation was predicted to contain molten material during the TMI-2
accident prior to the 2B pump transient. As shown in the figures a molten
pool was predicted to form in the centermost channel prior to the core reflood
associated with the restart of the 2B pump when the predicted temperatures
reached 2873 K. Also, the figures show channels 2 and 3 reaching temperatures
in excess of the eutectic melting point for UO and ZrO2 , 2600 K, and the two
peripheral channels reaching temperatures near 2800 K with the production of
superheated steam in conjunction with the core reflood during the 2B pump
transient.

The predicted peak temperatures in the outer channels are important
since complete blockage of the channels and the formation of a molten pool is
not predicted to occur until a temperature of 2870 K is reached.a As
described in Reference 2, the maintenance of coolable geometries in a reactor
core to temperatures in excess of 2870 K has been observed in a number of
severe accident experiments. Consequently even though extensive melting and
loss of geometry in the outer channels was predicted to occur, the assemblies
in these channels were predicted to remain coolable. As shown in Figures 13
and 14 the temperatures drop sharply to near 1200 K in channels 2 through 5
immediately after the restart of the 2B pump. However temperatures in the

a. As described in Reference 2, the maintenance of coolable geometries to
temperatures in excess of 2870 K has been observed in a number of experiments.
This temperature is the lowest melting point of a mixture of U02 and ZrO2 .
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Figure 11. Hypothesized end-state of the THI-2 core.

Figure 12. Predicted end-state of the TMI-2 core.
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Figure 13. Predicted radial temperature profile at the 2.19 m elevation.
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Figure 14. Predicted radial temperature profile at the 2.56 m elevation.
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central core regions containing molten ceramic material remained high since
these regions were not immediately coolable. The code predicted the formation
of metallic melts in all core channels along with the melting and relocation
of grid spacer and control material between 1250 and 1500 K, as indicated by
the change in heating rate in this temperature range. Molten control and grid
spacer materials are predicted to relocate to the bottom of the reactor vessel
and solidify in the water at the bottom of the vessel.

3.2 Influence of Makeup Flow

Table 6 summarizes the different makeup flow rates used for this
sensitivity study. Tables 7 through 9 summarize the damage progression at
three different stages of the TMI-2 accident, namely at a time prior to the
23 pump transient, after the 2B pump transient, and after sustained HPI
injection began. As shown in these tables, a small change in makeup flow can
influence core damage dramatically. Case 1, where 4 kg/s makeup was allowed
to flow into the core from 139 to 200.2 minutes, showed the least core damage.
A small fraction, S%, of the core was predicted to be in a damaged state prior
to the 2B pump transient. After the 2B pump was restarted, some additional
fragmentation of embrittled cladding occurred increasing the total core damage
to nearly 12 percent and total hydrogen production by approximately 50 kg to
142 kg. The other 5 cases showed initial core damage prior to the 2B pump
transient ranging from 9 to 14 percent of the core, with a molten pool size
varying from 2 percent of the core, for case 2, to 14 percent for case 5.
Cases 2 and 6 showed no predicted increase in the size of the molten pool
during the 2B pump transient and sustained HPI injection, whereas cases 4 and
S showed pool growth during the 2B pump transient. The size of the molten
pool increased slightly during the 2B pump transient for case 4 and from 13 to
16 percent of the core for case S. All cases, except case 5, showed increased
hydrogen production during the 2B pump transient and no increase during
sustained HPI injection. Case 5 showed increase hydrogen production during
both the 29 pump transient and HPI injection. During sustained BPI injection,

Table 6 Summarv of variation in makeun flow Case No.
Timelminl Flow rates(kels)

1 100-139 3.0
139-200.2 4.0

2 100-139 3.0
139-200.2 2.0

3 100-139 3.0
139-200.2 0.0

4 100-122.3 3.0
122.3-200.2 0.0

5 100-116.7 2.0
116.7-125 0.0
125-174 1.0
174-200.2 1.5

6 100-116.7 2.0
116.7-125 0.0
125-200.2 2.0
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Table 7. Core damage prior to the 2B ouzy transient

Extent of Core Extent of Core
Case Number Damaged %) Molten (%I

1 5 0

2 13 2

3 12 7

4 10 8

5 14 9

6 9 6

Hydrogen Produced
(KayI

93

227

321

353

300

297

Table S. Core damage after the 2B Puma transient

Extent of Core Extent of Core
Case Number Damaged (%i Molten MI

Hydrogen Produced
(Kt

1

2

3

4

5

12

21

12

11

17

0

2

7

8

9

6

142

240

365

395

362

3486 12

Table 9. Core dama e after sustained EPI injection

Extent of Core Extent of Core Hydrogen Produced*
Case Number Damaged (tI Molten (%I ([cl

1 is 0

2 26 2

3 17 7

4 32 8

5 30 9

6 52 6

*Total estimated hydrogen production

142

240

365

395

375

348

was 460 kg.
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additional fragmentation of embrittled cladding occurred. Cases 2 through 5
showed considerable differences in core damage during the sustained HPI
injection phase of the accident.

Figure 1S compares the calculated system pressure for all cases with the
measured system pressure, while Figures 16 through 18 show the calculated
collapsed liquid level, maximum core temperature, and total hydrogen produced
for each case. As shown in Figure 15, the predicted system pressure is
consistently less than measured during core heatup and malting. Figure 16
shows the predicted collapsed liquid level for each sensitivity case.
Predicted liquid level reflects the quantity water entering the core as makeup
prior to the 2B pump transient. For each case, except case 1, less than 1 m
of water was predicted to be in the core prior to the restart of the 2B pump
and water level was predicted to increase to slightly more than 2 m prior to
sustained HPI injection. For all cases, water filled the core to the bottom
of the hot legs after sustained HPI injection. The maximum core temperature
for all cases, Figure 17, shows clearly the effect of variation in makeup flow
on the formation of a molten pool. The formation of a molten pool, shown by
the leveling of temperature near 2850 X, occurs at different times during the
accident for each case. Case 1 shows temperature spikes but gives no
indication of a molten pool forming in the core region. As shown in
Figure 18, cases 5 and 6 show similar hydrogen production behavior up to and
through the 23 pump transient, with case 6 predicting the production of
approximately 18 kg more during the 23 pump transient. The code predicted an
additional 43 kg hydrogen to be produced during sustained BPI injection for
case 5 and no additional hydrogen production for case 6. As shown in the
tables, a small change in the quantity of water entering the core during the
accident causes large differences in core damage, pressure response, and
predicted collapsed liquid level in the reactor vessel.

20.0

15.0

a 10.0

5.0

0.0 _-
0.0

ThIS (ffii) ma-U&SUG"

Figure 15. Calculated system pressure from sensitivity study.
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Figure 17. Calculated maximum core temperatures from sensitivity study.
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Figure 18. Integral hydrogen production from sensitivity study.

4. CONCLUSIONS

SCDAP/RELAP5/XOD3.1 clearly cannot predict the major events occurring in
the THI-2 accident following the 2B-pump transient. Even though the
uncertainties in the system thermal hydraulics boundary conditions are very
large, these uncertainties do not appear to be a significant factor in the
later stages of the accident. The most obvious deficiency in the predictions
following the 2B pump transient is that the radial extent of the blockage and
resulting molten pool is significantly underpredicted. As a consequence, the
molten pool and core remains in a coolable geometry. When the core is
reflooded, the molten ceramic remains within the core and eventually cools.

Although all of the factors leading to the underprediction of the radial
spreading of the molten pool are not yet known, two main factors seem to be
the dominant contributors;

1. The systematic underprediction of the oxidation, and resulting heat
generation, during the initial malting and relocation of core material
prior to and during the 23-pump transient. - There are two direct
indications of the underprediction of the oxidation heat generation.
First the total predicted hydrogen production is 90% or less than that
estimated for the accident; Second, the system pressure response during
this period is systematically underpredicted. Although system pressure
is a function of the heat removed from the system, it is also directly
related to the hydrogen generation rate. The underprediction of
oxidation and hydrogen production for this period is also consistent
with the results from the XOD3.1 developmental assessment using data
from reflood experiments such as CORA-13 and PBF SFD-ST.

2. The enhanced cooling of the outer assemblies during the initial heating
and melting phase of the central portion of the core - Even though the
outer assemblies reached temperatures near the ceramic melting point,
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their heating rates were slowed because of the diversion of steam from
the center assemblies to the outer assemblies as damage in the
centermost portions of the core grew more severe. The possible
overprediction of the flow diversion associated with the initial stages
of damage, such as fuel rod ballooning and the metallic melt relocation,
is also consistent with the results of the MOD3.1 assessment where the
flow diversion in the LOFT LP-FP-2 experiment was overpredicted. This
enhanced cooling, in conjunction with the assumption that complete
blockage of the outer assemblies will not occur until the ceramic
melting point is reached, means that the outer assemblies did not become
blocked during this period of the accident. As a result, these
assemblies were relatively quickly cooled when the core was reflooded.
Therefore, it was not possible for the molten pool to continue to grow
out to the outer periphery of the core.

Even though MOD3.1 did not predict the relocation of melt into the lower
plenum while earlier version of the code did, MOD3.1 did not predict slumping
of the molten pool for the right reasons, while earlier versions predicted
slumping for the wrong reasons. In earlier versions of the code, the core was
predicted to block off as the result of metallic melt relocation and then the
molten pool slumped because the metallic layer under the molten pool started
to thin. Both of these earlier assumptions are clearly at odds with the
experimental evidence that we now have.
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ABSTRACT

The objective of the present work was to analyze the progression
and consequences of hypothetical severe accidents in a reference
BWR power plant using the APRIL and MAAP severe accident
computer codes. The APRIL-based numerical simulations of vari-
ous accident scenarios were conducted at RPI and their results
were compared against similar calculations performed at Niagara
Mohawk Power Company (NMPC) using MAAP. The observed
differences in the predictions by these two codes, as well as the
results of parametric studies using APRIL, have been analyzed and
used to assess the uncertainties in BWR severe accident predic-
tions. The comparison between the APRIL and MAAP codes has
revealed that whereas these two codes produce similar long-term
results in most cases analyzed, several significant differences have
also been observed in the predicted timing of specific events and
the values of selected parameters governing accident progression.

L INTRODUCTION

In recent years, both experimental and theoretical studies have contributed to the development
of severe accident computer codes. However, the complexity of the phenomena being modeled
and the random character of events such as the reactor core meltdown and melt relocation, do not
allow for eliminating various uncertainties in the results of calculations and tracking the melting
progression in a precise manner using deterministic models. One way to improve the understand-
ing of the reasons behind those uncertainties, to identify, and possibly develop methods of reduc-
ing, their major sources, is to perform comparative studies using different computer codes for the
same accident scenarios in a given nuclear power plant. Although limited studies of this kind were
undertaken in the past, the existing results [1, 2] clearly indicate the potential benefits for future
individual plant examinations.

The objective of the present work was to analyze the progression and consequences of hypo-
thetical severe accidents in a reference BWR power plant using the APRIL and MAAP severe
accident computer codes. This objective has been accomplished by conducting at RPI the
APRIL-based numerical simulations of various accident scenarios and comparing the results
against similar calculations performed at Niagara Mohawk Power Company (NMPC) using
MAAP.
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IL OVERVIEW OF THE APRIL AND MAAP CODES

APRIL (Accident progression and Radioactive Isotope location) is a computer code [3-7]
developed at Rensselaer Polytechnic Institute under the sponsorship of Oak Ridge National Labo-
ratory and Empire State Electric Energy Research Corporation (ESEERCO). Some of the fea-
tures of the APRIL code which make this code a useful tool for the present analysis are:
• APRIL has been developed especially for BWRs. It contains mechanistic models of several

severe accident phenomena, such as: gradual relocation of molten materials and their refreez-
ing in contact with cold structures, channel blockage and crust remelting, heatup and possible
failure of the lower core plate, steam separator/dryer, and reactor pressure vesseL

* Several models in the APRIL code have been validated against detailed experimental data [8-
11, including those taken at Rensselaer and elsewhere. In particular, the comparisons against
the SANDIA DF-4 and CORA BWR-series experiments have shown good agreement
between the APRIL predictions and the experimental results.

* Extensive testing of APRIL on various computers have been performed, including: VAX 750,
386/486-PC, RS/6000, IBM-3090, and CRAY.

* APRIL is a fast running code. For example, on a RS/6000 (model 320) computer the CPU
time is comparable to, or faster than, the real time (a similar estimate applies to 486-PC). This
feature is very useful when a parametric analysis is to be performed for various user-specified
parameters and different accident conditions.

The MAAP code has been developed by the Industry Degraded Core Rulemaking Program for
simulating core and containment conditions duing a severe accident MAPP models core heatup
and degradation, reactor pressure vessel (RPV) failure, containment response and fission product
behavior. Details concerning the MAAP modeling and code structure can be found in this code's
user's manual [12].

Several differences can be noticed in the modeling concepts used in the APRIL and MAAP
codes. Examples include: the evaluation of the fuel melting temperature, and the model of melt
relocation. It is assumed in MAAP that the core materials (including fuel pellets) melt at a fixed
temperature (4040F in the present study). This temperature is between the melting temperate of
Zircaloy (3365F) and U02 (4960F in the APRIL calculations), and reflects in a simplified form
the effect of Zircaloy-UO2 eutectics formation. On the other hand, APRIL models separately the
melting of individual core materials, such as stainless steel (control rods), Zircaloy (cladding and
canister walls) and U02. The eutectic reaction between Zircaloy and U02 is accounted for using
a quasi-binary phase diagram. Concerning the melt relocation phenomena, MAAP assumes that
in order for the core materials to relocate and move into the lower plenum, one of the lowest code
nodes must be completely molten. APRIL uses mechanistic models to evaluate the gradual melt-
ing, melt relocation, and refreezing of the various core materials, both inside the core and on the
lower core plate. Melt release to the lower plenum occurs in APRIL as a result of (local) failure of
the lower core plate. The molten debris includes both the core materials and, possibly, the molten
steel from the upper vessel structures. The melting and heatup of these structures, ie. the upper
shroud, stand pipes and the steam separator/dryer complex are explicitly modeled in the APRIL
code.
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m. SITUATIONS ANALYZED

The purpose of the present work was two-fold. First, the effects of uncertainties in selected
physical parameters and modeling assumptions have been studied with the APRIL code. This
study has been performed using a short-term station blackout as a reference accident scenario.
Next, a comparative analysis has been performed between the APRIL and MAAP predictions for
four different accident scenarios. A detailed discussion of all the cases studied is given below,
including a description of the individual scenarios, the results of simulations and their analysis.

E31l. The APRIL-based Analysis of Short-Term Station Blackout

The station blackout accident analyzed here includes both loss of offsite power as an initiating
event and the loss of emergency AC power. In the analysis, it is assumed that the station blackout
is due to equipment failures at the emergency buses or 115 KV supplies, and the situation is not
recoverable. Similarly, the emergency diesels are not recoverable. Thus, all coolant injection sys-
tems fail to supply emergency cooling to the reactor. The operators will attempt to establish
effective reactor vessel injection; nevertheless, by the definition of this accident sequence, these
efforts will fail. Without reactor vessel injection, the vessel water level cannot be maintained
above the top of the core. With the core partially uncovered and the vessel water level decreased
to the top of active fuel (TAF), the operator is supposed to manually open the ADS (Automatic
Depressurization System) valves to depressurize the reactor pressure vessel. This action provides
flashing of water in the core region and in the lower plenum, and also provides desired temporary
cooling for the uncovered region of the core.

The emergency depressurization causes all the water in the core region and, partially, the water
in the lower plenum, to be flashed. At the end of the depressurization, the vessel water level falls
below the lower core plate, and into the lower plenum. Thereafter, the remaining water inventory
will be confined to the lower plenum, the core will be completely uncovered and start heating up.
If the operator fails to open the ADS valves to depressurize the reactor pressure vessel, the vessel
water level will continue to decrease to very low levels until the core is completely uncovered.
Thereafter, the accident sequence proceeds into a severe core damage phase during which the
molten materials released from the core are discharged into the lower plenum. This leads to steam
evaporation in the lower plenum and failure of the reactor pressure vessel.

The main purpose of this series of tests was to demonstrate the consistency of APRIL calcula-
tions by parametrically varying selected parameters and/or modeling assumptions in the numeri-
cal simulations of a hypothetical station blackout accident. The reference accident scenario
(denoted as Case-i) is described in Table 1. In addition, parametric calculations were performed,
in which the effects of selected input parameters on the accident progression were quantified. Spe-
cifically, Cases-2 and 3 address the fact (observed, among others, in the CORA-series experi-
ments) that the U02-Zr eutectic reaction decreases the melting temperatures of both U02 and
Zircaloy during the fuel damage phase.

Accident Progression for the Reference Case (Case-l)
The sequence of the main events as calculated by APRIL is shown in Table 2. The station

blackout accident causes loss of feedwater to the reactor vessel, and the reactor system pressure to
rise rapidly to SRV setpoint. The SRVs open in response to a higher reactor vessel pressure.

Since feedwater flow has stopped, the reduction in water inventory thereafter causes the RPV
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Table 1: Descriptions of Input Conditions for Station Blackout Accident Analysis (Case-I)

No. Input Description

1 Loss of all ECCS injection

2 No ADS valve opening

3 No CRD flow

4 Reactor core power is only due to decay heat

5 Nuclear fuel (U02) melting temperature is 4960 F

6 The Zircaloy melting temperature is 3365 F

7 Time step for the reactor core thermal-hydraulic calculation is
Isecond

The reactor core is divided into 5 radial zones with equal vol-
8 ume in each zone, and 10 axial nodes of equal length in each

zone

9 Local failure of the vessel lower head is due to the drain plug
meltdown

water level to drop. The downcomer water level shortly reaches the HPCS and RCIC setpoints as
a result of steam evaporation in the core due to the decay power generation. However, because of
the loss of station power, no ECCS water is injected into the reactor vessel. Thus, the water level
in the core/riser region begins to decrease. Eventually, the downcomer water level drops to the
ADS setpoint. However, due to the nature of this accident and the assumption of no manual actu-
ation of ADS by the operator, the ADS cannot be opened to depressurize the reactor system.

The reactor heat-up starts immediately after the core water level drops below the top of active
fuel (TAF). The Zircaloy oxidation, together with increasing cladding temperature, rapidly
weaken the mechanical properties of the cladding tubes. When the calculated stress reaches the
allowable stress limit, cladding rupture is assumed to occur Cladding failure results in the release
of gaseous fission products, and makes the internal gap between the fuel pellets and the cladding
accessible for steam After Zircaloy melting the molten cladding, exposed to steam, will undergo
a rapid oxidation and produce additional heat. A part of the molten Zircaloy may form Zr-U02
eutectic mixture. When a substantial amount of Zircaloy is oxidized or melted in any node, the
nodal section of cladding may not be able to support the weight of the materials in all nodes
located above. As a result, the node may collapse, forming a localized rubble bed. Thereafter, the
node height diminishes and causes a relocation of all the nodes above. Eventually, the molten
material may release to the lower core plate, or may cool down and freeze, forming a partial chan-
nel blockage.

As a result of heating by the combined decay power and the exothermal reaction of Zircaloy
oxidation, the APRIL code predicts the hottest fuel element to reach the U02 melting temperature
at approximately 84 min. from the beginning of core uncovering. As core melting is in progress,
the molten materials released from the degraded core will eventually reach the lower core plate.
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The predicted time of molten materials being dropped into the lower core plate is about 116 mi.
In APRIL, the lower core plate is treated as a combination of the fuel support unit and the plate
unit, and the code calculates the gradual delivery of molten materials from the core onto the lower
core plate complex. The molten materials may lose most of their heat in contact with the highly
subcooled plate. The failure of the plate is assumed to be due to the total tensile stress exceeding
the temperature-dependent ultimate tensile strength of the plate; this local plate failure mecha-
nism may occur prior to plate melt-through. The predicted time of lower core plate failure is
about 164 mn.

Following the failure of the lower core plate, the molten materials are released into the lower
plenum which contains water. The accumulated mass released from the core to the lower plenum
is illustrated in Fig.l. The molten corium first comes in contact with the upper parts of the CRD
tubes and the instrument guide tubes. Subsequently, it may collect on the lower head of the reactor
pressure vessel. There, the corium may interact with the lower head itself.

The molten corium in the lower plenum may partially solidify and, at the same time, heat up
the solid steel structures. Excessive heating and melting of these structures may lead to a loss of
vessel integrity and discharge of water and melt from the lower plenum to the drywell of the reac-
tor containment. The actual sequence of events depends on the history of core meltdown, the melt
release to the lower plenum, and the progression of solid structure melting in the lower plenum.

The molten corium released from the core transfers some of its heat to the remaining water in
the lower plenum. Consequently, any water in the lower plenum serves as a heat sink for the mol-
ten debris, preventing, or delaying, the process of lower head melting and failure. At the same
time, a substantial amount of steam can be produced to reduce the inventory of water in the lower
plenum, and cause rapid oxidation of the remaining metallic Zircaloy in the core. Fig. 2 shows
that the mass of water in the lower plenum begins to decrease immediately after the molten
corium is delivered from the core.

It is assumed in the APRIL model that early failure of the lower plenum is due to either the fail-
ure of the drain plug or of the CRD tubes. The drain plug is a thin tube, about 0.25 inch thick,
located at the center of the lower head. It can easily heat up and melt in contact with the hot mol-
ten corium. It is also assumed that the CRD tube failure occurs if the tube wall outside the vessel
completely melts. The following three criteria are used for the drain plug failure:

(1) the total stress exceeds the ultimate tensile strength of the tube prior to complete debris
solidification in the drain plug, or

(2) all debris is solidified and the drain plug wall is melted-through, or
(3) the total stress imposed on the crust-filled drain plug exceeds the ultimate tensile stress of

the crust.
In the present case, the APRIL code predicts the reactor pressure vessel failure at about 168

min. into the transient, due to the drain plug failure. Following the vessel failure, the system pres-
sure drops immediately and the remaining water in the lower plenum is discharged to the drywell
of the reactor containment. The history of fuel mass left in the reactor core is illustrated in Fig. 3.

Effect of Melting Temperature of Fuel (Case-2)
U02 and Zicaloy are chemically active with each other. At high temperatures, chemical inter-

actions are therefore expected to form eutectics which can influence the integrity of the fuel rods
and the fission product release. For example, the CORA experiments, performed in Germany,
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Table 2: APRIL Calculated Main Events in a Station Blackout Accident (Case-i)

lime into
Events transient

(min)

Reactor scram after loss of offsite power 1.0

Beginning of core uncovering (swollen water level falls below 57.3
TAF)

Oxidation of Zircaloy begins 93.9

Melting of fuel begins 105.3

Reactor core completely uncovered 116.3

Beginning of Zircaloy relocation onto lower core plate 118.0

Lower core plate fails 1642

Molten debris starts collecting on the lower head of the vessel 165.7

Reactor vessel fails 168.4

Loss of all water in the lower plenum 206.5

indicated that during the fuel damage phase the U02 - Zr eutectic reaction may decrease below
the melting temperature of both U02 and Zircaloy.

In order to parametrically test the effect of decreased melting temperature on the core damage
and other related results, calculations were performed using a lower melting temperature of fuel,
ie., 4500 F, compared to 4960 F in Case-i.

The interaction between fuel and cladding can take the form of one of two basic phenomena,
depending on the cladding temperature. First, below the melting point of Zircaloy, the extent of
reaction depends on the fuel/cladding contact conditions. If a solid contact occurs due to external
overpressure or different thermal expansions of the fuel and cladding at high temperature, Zir-
caloy-U02 reaction occurs to form several layers. For a temperature at, or above, the melting
point of Zircaloy, the solid fuel can be partially dissolved by the molten Zircaloy, and structural
changes may occur in the fuel pellets.

Although several experiments have been reported, and analytical models have been developed,
to evaluate the extent of the interaction, substantial uncertainties still exist. Especially, when the
core temperatures are higher than the melting point of Zircaloy.

In the APRIL code, the interaction between molten Zircaloy and U02 is evaluated based on a
conservative assumption that U02 is instantly dissolved in molten Zircaloy to reach an equilib-
rium state. This process continues until the molten Zircaloy flows out through a cladding breach.
The mole fraction of fuel in the Zircaloy melt is a function of the fuel temperature, and this
parameter is calculated in the APRIL code. The dissolved fuel is released through the cladding
breach in the form of mixture with molten Zircaloy.
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In the present case (Case-2) both the input data, except for the fuel melting temperature, and all
the modeling assumptions are the same as in Case-i. Hence, these two cases yield identical
results until the fuel temperature reaches the Case-2 melting temperature of 4500 F, including the
initial phase of U02 liquefaction due to the eutectic reaction after the fuel element temperature
reaches the Zircaloy melting point of 3365 F (see Figs. 4 and 5). The accelerated melting phase
that follows is delayed in Case-I by about 25 min., which is the time needed to increase the U02
temperature to 4960F. With an earlier (and faster) faster fuel melting in the core in Case-2, a
larger amount of molten fuel material is released onto the lower core plate and, thereafter, to the
lower plenum. Therefore, the failure of the vessel lower head in Case-2 occurs about 50 mn. ear-
lier than in Case-1, as indicated by the vessel depressurization time in Fig. 6.

Effect of Melting Temperature of Zircaloy (Case-3)
As mentioned before, the U02 - Zr eutectic reaction decreases the melting temperature of both

U02 and Zircaloy during the fuel damage phase. In order to parametrically test the effect of
decreased Zircaloy melting temperature on core damage progression, calculations were per-
formed by reducing the melting temperature of Zr from 3365 F to 3327 F.

In the APRIL code the mole fraction of fuel in the Zircaloy melt is calculated based on the oxy-
gen-stabilized zirconium-uranium dioxide quasi-binary phase diagram [5, 13]. It is known from
this diagram that when the fuel temperature is below 2103 K (3326 F), there is no fuel dissolved
in the Zircaloy melt. Therefore, in this calculation, the melting temperature of Zircaloy has been
decreased to 3327 F. Other parameters are the same as Case-l.

Fig. 7 compares the fuel mass left in the core for Cases-I and 3. It can be seen that initially the
mass of fuel in the core in Case-3 decreases faster than in Case-l. Interestingly, this trend
reverses after about 3.5 hours into the transient. This result can be explained by the accelerated
core heatup and melting driven by the Zircaloy oxidation reaction during the depressurization
after the reactor vessel failure. With more molten materials released onto the lower core plate and
into the lower plenum, both the core plate failure and the lower head failure occur earlier in Case-
3 than in Case- I (see Fig. 8). On the other hand, the delay results in higher core temperatures at
the time of vessel failure in Case-1 and, thus, has a stronger effect on the exothermal chemical
reaction during depressurization, and on the resultant core melting. After the vessel failure, the
molten materials are released into the containment.

Based on the results provided by the APRIL code, it can be concluded that the eutectic-reac-
tion-induced reduction in the melting temperature of Zircaloy may significantly affect the timing
and consequences of an accident. Specifically, a decrease in the Zr melting temperature by only
38 F (21 K) may accelerate the reactor vessel failure by about 40 min. On the other hand, such a
change may also slow down the long-term core melting, reducing the amount of molten U02 by
as much as 10% or more.

HL2. Comparative Analyses of Core Meltdown Accidents Predicted by the APRIL and
MAAP Codes

A comparative analysis of the hypothetical core meltdown accidents predicted by the APRIL
and MAAP codes has been performed for four basic cases. The MAAP calculations were per-
formed at NMPC, whereas the APRIL code was run at RPI. The results obtained for each case are
discussed below, including the effects of the differences in the modeling concepts between the
MAAP and APRIL codes on the predictions of accident progression by these codes, and an
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assessment of some of the major modeling uncertainties.

Sequence-1: Loss of All Injection and No ADS Actuation
In this core meltdown accident, it is assumed that all of the ECCS injections and the ADS sys-

tem are unavailable. Most assumptions used in this case, and thus the basic accident progression
and core melting /relocation phenomena, are similar to those used in the analysis of the station
blackout accident described in Section m.1.

The APRIL and MAAP-calculated heights of the collapsed water level in the downcomer and
lower plenum are shown in Fig. 9. It can be noted that the MAAP-calculation shows only the
downcomer level and is not applicable after the water level falls below the bottom of the jet pump
diffusers. The MAAP code predicts early core uncovering, which results in early core heatup and
temperature increase, as illustrated in Fig. 10. It can be seen from these results that although the
fuel melting temperatures used in APRIL (4,960 F) and MAAP (4,040 F) are significantly differ-
ent, similar long-term core average temperatures are predicted by both codes. The reason for
using a lower fuel melting temperature in the MAAP code can be attributed to the effect of Zir-
caloy-U02 eutectic reaction in the core. In the APRIL code, the effect of this reaction is modeled
based on the oxygen-stabilized zirconium-uranium dioxide quasi-binary phase diagram, as
described in Section IL

Although there are clear differences in the time of core heatup and fuel melting, both MAAP
and APRIL predict approximately the same time of lower core plate failure and pressure vessel
failure. Therefore, the APRIL computations agree well with the MAAP code predictions of the
time of primary system depressurization and water mass change in the lower plenum, as shown in
Table 3.

A comparison of the fuel mass left in the reactor core is shown in Fig. 11. The APRIL code
predicts gradual core melting and molten material relocation throughout the transient, whereas the
MAAP results indicate that large portions of the fuel melt and relocate in a very short time. This
is due to the different modeling concepts used in these codes. At the same time, however, there
are several similarities in the long-term accident consequences predicted by these two indepen-
dently developed computer codes, using entirely different numerical methodologies and employ-
ing different modeling concepts.

Sequence-2: ATWS
ATWS (Anticipated Transient Without Scram) is an event sequence in which a reactor transient

event is coupled with a failure to insert control rods into the core. Thus, in this event, there is
insufficient negative reactivity available to scram the reactor. The postulated failure of the reactor
scram system may be attributed to mechanical or electrical failures. ATWS sequences typically
involve early and large containment failures, potentially leading to larger radionuclide releases
than in other accidents.

In the present hypothetical ATWS scenario, the accident is initiated by MSIV closure, followed
by failure to scram and a successful trip of the recirculation and feedwater pumps. In particular,
the following assumptions have been made in the present APRIL simulations:
(a) ADS valves are actuated at a time of 4,060 s into the transient to depressurize the reactor pri-

mary system; this action is triggered at containment failure in the MAAP calculations,

(b) HPCS system is assumed to start automatically when water level in the downcomer falls
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Table 3: APRIL and MAAP predicted main events for loss of all injections at high RPV pressure

Main Events plaon~f
MAAPeAPRIL)APRIL Results

(Sequensc-1)

MSIV closure and loss of feedwater 0.0 min 0.0 min From MAAP

Water level in the downcomer region drops to TAF 31.0 min 46.8 min Calculated

Two-phase water level in the core region drops to 36.0 min 57.0 min Calculated
TAF

Beginning of fuel heat-up 40.2 min 64.0 min Calculated

Beginning of Zr melting 60.9 min 103.0 min Calculated

Beginning of Zr-UO2 eutectic reaction and the N/A 104.0 min Calculated
resultant fuel melting

Fuel temperature reached melting temperature 65.1 min 147.0 min Calculated
(MAAP: 4040F, APRIL: 4960F)

Reactor core becomes totally uncovered 158.3 min 135.0 min Calculated

Lower core plate failure 161.4 min 155.4 min Calculated

Pressure vessel failure 161.5min 160.4 min Calculated

Molten materials release to the pedestal room 161.6 min 162.3 min Caculated

Loss all of water in the lower plenum 162.1 min 176.5 min Calculated

Mass of molten fuel in the core after 9 hours into 296,000 lb 266,000 lb Calculated
the uransient

Reactor core average fuel temperature after 9 hours 3669 F 3685 F Calculated
into the transient

below 40 ft (ref. to the bottom of the vessel), with a time delay of 27 s after vessel depressur-
ization; the HPCS flow rate is 936,000 lb/hr,

(c) CRD pumps deliver a constant flow of water (31,800 lb/hr) until pressure vessel depressu-
rization, after which there is no CRD flow.

Fig. 12 compares the calculated reactor core relative power, which is a sum of the decay power
and ATWS power. It can be seen that the MAAP-calculated ATWS power is higher than that of
APRIL This is probably due to the different water levels in the downcomer, calculated by each
code, as shown in Fig. 13. Again, the constant MAAP-calculated level below the bottom of the
core corresponds to the bottom of the jet pumps. Since these two codes have different thermal-
hydraulic models, and the calculated ATWS powers are different from each other, the computed
water level behavior and the onset of core uncovery are also different. Before the ADS actuation,
the APRIL and MAAP-calculated heights of the collapsed water level in the vessel shroud remain
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approximately steady.
Both the MAAP and APRIL codes predict very similar histories of core heatup and tempera-

ture increase, as illustrated in Fig. 14. However, the fuel melting temperatures used in APRIL and
MAAP are different again (see Fig. 15). A comparison of the fuel mass left in the reactor core is
shown in Fig. 16. APRIL computes a gradual core melting and molten material relocation
throughout the transient, whereas the MAAP result indicates a large amount of fuel melting and
relocation in a very short time. As illustrated in Fig. 17, the MAAP code predicts almost immedi-
ately loss of all water in the lower plenum after pressure vessel failure. On the other hand, the
APRIL code results show a gradual loss of water in the lower plenum due to the discharge
through the break and because of steam evaporation in the lower plenum (including the effect of
mass reduction due to flashing and partial refill due to the inflow from the core and downcomer
after the end of sudden depressurization). The former effect is mainly due to the mode of RPV
failure predicted by APRIL Specifically, the drain plug failure opens a small flow area, which,
even with the effect of ablation by molten corium discharged from the vessel, only allows for a
relatively low flow rate of water through the break. The main events calculated by both codes are
listed in Table 4.

Sequence-3: Lae LOCA
This LOCA accident is initiated with a 18 inch pipe break inside the RHR room. The assump-

tions used in the analysis include: successful reactor scram, loss of feedwater and all ECCS injec-
tions, and no ADS actuation. Because this accident is a large LOCA, the time of events and the
operator actions are limited, and no operator action and equipment are needed to depressurize the
RPV. The ECCS injection failure, combined with a large loss of coolant from the vessel, result in
significant core damage.

The discharge from RPV occurs in the downcomer region via the pipe break Due to a large
two-phase discharge flow and immediate system depressurization, the water level in the vessel
drops quickly below the lower core plate. Thereafter, the reactor is totally uncovered, and the
core begins to heat up and melt.

Both the MAAP and APRIL codes predict the core heat-up and temperature increase at almost
the same time, as illustrated in Fig. 18. It can also be seen from these results that due to the differ-
ences in the modeling assumptions, the fuel heatup rate predicted by MAAP is much faster than
that in APRIL The higher heatup rate and lower fuel melting temperature in the MAAP calcula-
tions result in early fuel melting predicted by this code.

A comparison of the fuel mass left in the reactor core is shown in Fig. 19. The APRIL code
predicts less fuel left in the core than MAAP The predictions of all major events are summarized
in Table 5.

Sequence-4: Loss of RPV Makeup at Low Pressure
In this core meltdown accident, it is assumed that all of the ECCS injections are unavailable,

the ADS system is initiated when the water level decreases to the top of active fuel (CAF), and the
LPCS injection is put into operation just before the vessel failure. The ADS valves are opened
when the downcomer water level drops below TAR. Then, a fast system depressurization results
in the swollen water levels to increase quickly. The heights of the collapsed water levels in the
downcomer/lower plenum regions, as calculated by both MAAP and APRIL, are shown in Fig.
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Table 4: APRIL and MAAP predicted main events for ATWS accident

Main Events xanto f
MAAP APRIL Resuts

(Sequence-2)_

MSIV closure and loss of feedwater 0.0min 0.0 min From MAAP

HPCS initiation 0.8 min 0.8 min From MAAP

Onset of core uncovering 4.4 min 6.1 mi Calculated

ADS valves opened 67.5 min 675 min From MAAP

HPCS & CRD flow trip off 67.5 min 67.5 min From MAAP

Reactor core becomes totally uncovered 69.7 min 68.9 min Calculated

Beginning of fuel heat-up 69.4 min 71.8 min Calculated

Beginning of Zr melting 98.3 min 112.0 min Calculated

Beginning of Zr-UO2 eutectic reaction and the N/A 112.6 min Calculated
resultant fuel melting

Fuel temperature reaches U02 melting temperature 101.6 min 150.0 min Calculated

Lower core plate failure 122.8 min 151.4 min Calculated

Pressure vessel failure 122.9 min 155.4 min Calculated

Loss of all water in the lower plenum 126.0 min 219.1 min Calculated

Mass of molten fuel in the core after 9 hours into 127,000 lb 96,030 lb Calculat
the transient

Reactor core average fuel temperature after 9 hours 3548 F 3653 F Calculated
into the transient

20. Due to the early ADS actuation, the MAAP code predicts early total core uncovering, which
results in an early core heatup and temperature increase, as illustrated in Fig. 21. It can be seen
from the MAAP results that the fuel temperature reaches the melting point (4040 F) very quickly
after system depressurization.

The MAAP code predicts the lower core plate failure at 91.7 min into the transient. After the
failure of the lower core plate, the LPCS system is initiated, with a flow rate of 1,028 lb/sec. The
spray of a large amount of subcooled water into the core causes core temperature to decrease
immediately.

Three cases have been analyzed using the APRIL code. In Case-i, the timing of LPCS actua-
tion in APRIL was assumed the same as in the MAAP calculations. The resultant fuel tempera-
tures are shown in Fig. 22. In the Case-2 calculations, the LPCS was actuated after the APRIL-
calculated failure of the lower core plate at 127.4 min. The calculated fuel temperatures are
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Table 5: APRIL and MAAP predicted main events for large LOCA

Main Events ExplanationOf

(Seq 3) 1L APRIL Results(Sequence-3) PIxlnd f

Onset of large LOCA 0.0mm 0.0 minm Frm MAAP

Onset of core uncovering 1.3 min 0.9 min Calculated

Reactor core becomes totally uncovered 2.0 min 1.7 mm Calculated

Beginning of fuel heat-up 2.1 mm 2.6 min Calculated

Beginning of Zr melting 18.8 min 43.0 min Calculated

Beginning of Zr-U02 eutectic reaction and the result- N/A 43.9 min Calculated
ant fuel melting

Fuel temperature reaches U02 melting temperature 22.9 min 70.3 min Calculated

Lower core plate failure 42.9 min 72.3 min Calculated

Pressure vessel failure 43.0 min 76.5 min Calculated

Loss of all water in the lower plenum 56.7 min 174.5 min Calculated

Mass of molten fuel in the core after 9 hours into the 113,800 lb 96,000 lb Calculated

Reactor core average fuel temperature after 9 hours 3629 V 3450 V Calculated
into the transient

shown in Fig. 22. In Case-3, in order to simulate more fuel melting in the core, the LPCS system
was initiated 22 min. after the lower core plate failure. The effect of this delay on the APRIL-cal-
culated fuel temperature are shown in Fig. 23. As can be seen, the heatup rate slowed down after
the temperatures reached the melting point of Zircaloy.

A comparison of the fuel mass left in the reactor core is shown in Fig. 24. Furthermore, a com-
parison between the APRIL and MAAP calculated hydrogen productions are shown in Fig. 25.
The main events according to APRIL and MAAP predictions are listed in Table 6.

IV. CONCLUSIONS

The APRIL computer code has been used to simulate the progression of severe accidents at a
reference BWR. The input data for the APRIL calculations were prepared based on the MAAP
code parameter file obtained from NMPC. In addition to the reference accident scenario, several
runs were performed in order to test the sensitivity of results to various input parameters and mod-
eling assumptions, and to quantify some of the major uncertainties in the modeling of severe acci-
dent phenomena.

An extensive comparison (for four different accident scenarios) was performed between the
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Table 6: APRIL and MAAP predicted main events for loss of RPV makeup at low pressure

Main Events APRIL Explain.
MAAP Of

(Sequence4) Case I Case 2 Case 3 A IL

MSIV closure and loss of feed- 0.0 0.0 0.0 m 0.0 m From
water MAAP

Water level in the core region at 25.3 mi 49.3 mi 49.3 mi 49.3 mn Calc.
TAP

ADS valves opened 25.3 min 49.3 min 49.3 min 49.3 min Calc.

Onset of core uncovering 26.6 min 45.2 min 45.2 min 45.2 min Caic.

Beginning of fuel heat-up 27.2 min 52.9 min 52.9 min 52.9 min Caic.

Beginning of Zr melting 55.5 min 86.8 min 86.8 min 86.8 in Cac.

Beginning of Zr-U02 eutectic N/A 87.1 min 87.1 min 87.1 min Caic.
reaction and the resultant fuel
melting
Fuel melting reached (MAAP: 61.1 min N/A 125.9 min 125.9 min Ca1c.
4040F, APRIL: 4960F)

Lower core plate failure 91.7 min No failure 127.4 min 127A min Caic.

LPCS initiated 91.7 min 91.7 min 127.4 min 150.0 min Input

Pressure vessel failure 91.8 min No failure No failure 131.1 min Ca1c.

Mass of molten fuel in the core 1570lb 3510b 500lb 9000b Cac
after 9 hours into the transient 155, lb 30500 lb 190,100 b CaIc.

APRIL and MAAP codes, and the observed differences in the obtained results have been analyzed
and used to assess the uncertainties in BWR severe accident predictions.

The obtained results can be summarized as follows:
1. The depressurization of the reactor vessel by opening tie ADS valves when the downcomer

level is already below TAF (but at least 60-70% of the active fuel height) may provide, due to
the combined effects of level swelling and steam flow, a desired temporary cooling of the
uncovered region of the core. Therefore, this action will delay core heat-up and melting.

2. It is known that the U02-Zr eutectic reaction decreases the melting temperature of both fuel
and Zircaloy during the core damage phase. With a lower assumed fuel melting temperature,
more molten materials are released to the core plate/lower plenum and the failure of the ves-
sel lower head occurs earlier. The simulations are even more sensitive to the assumed melting
tempe e of Zircaloy/U02 eutectic. A small decrease in this temperature may accelerate
the predicted vessel failure by several minutes, and its impact on long-term core melting is
even more complex.
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Figure 25. Comparison between the MAAP and APRIL-calculated
mass of H2; Sequence-4

3. The consequences of hypothetical core meltdown accidents predicted by the APRIL and
MAAP codes have been compared against each other. The major observations are as follows:
* These two independently developed computer codes, using entirely different numerical

methodologies and different modeling concepts, produce similar long-term results in most
cases analyzed. Both MAAP and APRIL predict approximately the same time of lower
core plate failure, pressure vessel failure, and primary system depressurization.

* At the same time, however, several significant differences has been observed in the pre-
dicted timing of specific events and the values of selected parameters, such as: core
heatup, fuel melting, and ATWS power. The APRIL code predicts gradual core melting
and molten material relocation throughout the transient, whereas the MAAP code resuls
indicate that a large amount of core fuel melting and relocation occurs in very short time.

* The fuel melting temperatures used in the APRIL (4,960 F) and MAAP (4,040 F) are sig-
nificantly different. The use of an assumed lower fuel melting temperature in the MAAP
code can be attributed to the effect of Zircaloy-U02 eutectic formation. In the APRIL
code, the effects of eutectic reaction are modeled based on the zirconium-uranium dioxide
quasi-binary phase diagram, whereas the melting of the remaining fuel pellets is modeled
using the actual melting temperature of U02.

* The MAAP code predicts a loss of all water in the lower plenum almost immediately after
the pressure vessel failure; the APRIL code results show a gradual loss of water in the
lower plenum due to the combined effects of: (a) discharge through the break caused by
drain plug failure, and (b) of water evaporation on the lower plenum.
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ROSAIAP600 TESTING: FACIITY MODIFICATIONS AND INITIAL TEST RESULTS
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ABSTRACT

The Japan Atomic Energy Research Institute (JAERI) and the United States
Nuclear Regulatory Commission (USNRC) are jointly conducting high-pressure,
confirmatory, integral testing on the Westinghouse AP600 rector transient
responses by using the ROSA-V Large Scale Test Facility of JAERI. This facility,
built originally for the simulation of conventional 4-loop pressurized water reactors
(PWRs), has been modified by adding components specific to the AP600 design.
The modified LSTF provides a full-pressure, full-height, 1/30.5 volumetrically-
scaled simulation of AP600. Seven loss-of-coolant experiments have been
performed for the break locations of cold leg, Pressure Balance Une (PBL) and
Direct Vessel Injection (DVI) line. The experimental results generally indicate
satisfactory core cooling and decay heat removal performances of the AP600
passive safety components.

1. INTRODUCTION

The Japan Atomic Energy Research Institute (JAERIQ and the United States Nuclear Regulatory
Commission (USNRC) entered a cooperative research agreement in 1992 to perform a series of
high-pressure integral tests on the safety response of the Westinghouse AP600 design using the
Large Scale Test Facility (LSTF) of JAERI. The primary objective of this test series is to provide
thermal/hydrautic data of phenomena that would be expected during an AP600 transient; those
data will then be used for assessment of safety analysis codes.

Under this agreement, the USNRC funded the modifications of LSTF to perform simulations of
AP600 transient responses. The major modifications Included the addition of two Core Makeup
Tanks (CMTs), a Passive Residual Heat Removal System (PRHR). an In-Containment Refueling
Water Storage Tank (IRWST). CMT Pressure Balance Unes (PBLs) and an Automatic
Depressurization System (ADS). Also, a new, full-height pressurizer was installed, and the two
existing accumulator tanks were modified to allow nitrogen discharge to follow the discharge of
the scaled water Inventory. The design specifications for these changes were developed by the
Idaho National Engineering Laboratory (INEL) based on RELAP5/MOD2.5 comparative analyses
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of the AP600 and modified-LSTF responses to selected accident scenarios. The modified LSTF
now provides a 1130.5 volumetrically-scaled full-height model of AP600.

After the completion of above modifications In February 1994, a facility shakedown
experiment(l] and seven matrix experiments were conducted by the end of October 1994. This
paper summarizes the facility modifications and findings from the first five experiments.

IL FACILITY MODIFICATIONS

The ROSA-V LSTF[21 was bult In 1985 as a 1/48 volumetrically scaled, fuli-height, full-pressure
model of a conventional Westinghouse-type 4 loop (3423 MWt) PWR. The LSTF has two
primary loops each including one cold leg, one hot leg, an active Inverted-U tube steam
generator (SG), and an active reactor coolant pump. Each SG contains 141 full-heIght U-tubes
The LSTF pressure vessel Includes an annular downcomer and contains 1008 electrically
heated rods capable of operating at 10 MW, or 14% of the scaled full power for the reference
PWR. The heater rod dimensions and pitch are the same as those for the 17x17 fuel assembly
used In the reference PWR core. The existing components are approximately fUll-heIght and
-1/30 volumetrically scaled as compared to those in AP600.

INEL conducted a series of RELAP5/MOD2.5 calculatons[3] to explore different levels of LSTF
modifications for the simulation of AP600 transients. The scenarios chosen for these
calculations were: 3- and I-Inch cold leg breaks, -inch PBL break one and three SG U-tube
ruptures (SGTRs), and a main steam line break. The modifications were evaluated In terms of
their capability in reproducing the AP600 response, predicted by using the same code and the
same modeling approach, in such parameters as the depressurization rate, mass Inventory, and
energy distnbution.

Based on considerations of these analysis results, cost estimates, past testing experience with
LSTF[ 4 6 1, and Impacts on the LSTF capability on performing tests on conventional PWR
design, the USNRC and JAERI agreed to implement the following modifications to LSTF:

- Add two CMTs.
- Add one PRHR and one IRWST.
- Add 4-stage ADS, with catch tanks for the stage" valves.
- Add connecting lines for the above components Including pressurizer surge

line. CMT PBLs, CMT and IRWST discharge lines and Direct Vessel Injection
(DVI) lines].

- Replace the existing pressurizer with a full-height one.
- Add a stand pipe to the two accumulator tanks to allow nitrogen discharge to

follow the discharge of the scaled water Inventory.
- Reduce the depth of cold leg loop seals.
- Increase the flow paths between the upper plenum and the upper head, and

between the upper head and the downcomer.
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The modified LSTF provides a 1/30.5 volumetrically-scaled full-height model of AP600. The
AP600 design changes which were announced by Westinghouse in February 1994 were
Implemented before the first matrix experiment was conducted In April 1994.

A schematic of the modified LSTF Is given in Fig. 1. The loop on the left hand side In this figure
(A-loop) represents the P-loop in AP600 to which PRHR and the pressurizer are connected.
The other loop (B-loop) represent the AP600 C4oop to which CMTs are connected. Since LSTF
has only one cold leg per loop, the two CMTs are connected to the same cold leg In the standard
experiment geometry; however, for the PBL break and DVI line break experiments, the
unaffected CMT Is connected to the P-loop cold leg, while the affected CMT Is still connected to
the C-loop, to avoid atypical influence of the break on the behavior of the unaffected CMIT.

The break Is always located in the simulated C-loop and represented by using a quick opening
valve and a limiting nozzle. The break flow Is routed to a catch tank (not shown In Fig. 1), where
the steam component is condensed, to estimate the time-integrated break mass flowrate on the
basis of the level Increase In the catch tank.

Measurement of transient parameters are made for approximately 2300 channels Including
about 300 channels for the newly-added AP600 components. The final data reduction Is made
off-line, but real-time displays are available In the control room not only for directly-measured
quantities but also for derived quantities Including the spatial distributions of coolant inveray
and subcooling which are calculated from measured differential pressures, densties,
temperatures and pressures.

Ill. EXPERIMENTAL RESULTS
111.1 INITIAL AND BOUNDARY CONDIONS

The seven experiments conducted to date simulated loss-of-coolant scenarios with different
break sizes and break locations as follows:

Fx2. ID, Date*_ Stenario
AP-CL-03[ 8] Apnfl 14 1-in. cold leg break
AP-AD-01 P19 May 17 Inadvertently open ADS
AP-CL-041101 June 7 0.-in. cold leg break
AP-PB-011111 June28 2-In. PBL break
AP-CL-05 August 2 1-in. cold leg break with failure of ADS 1-3
AP-PB-02 September 20 14n. PBL break, with failure of unaffected CMT
AP-DV-01 October 12 Double-ended break of DVI line

(*: AHl Conducted In 1994.)

The experiments were Initiated from Initial pressures and temperatures typical of AP600 rector
rated operating conditions. Since the LSTF maximum core power was limited to 10 MW, or 16%
of the scaled AP600 rated core power, the Initial core flow rate was set to 16% of the scaled
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rated flow to obtain cold leg-to-hot leg temperature difference typical of AP600 rated operating
conditions. INEL developed a core decay power curve which takes into account the small-than
scaled Initial core power. With this power curve, the time-Integrated core power was scaled
starting from 21.3 s after reactor trip. Other test boundary conditions Including the ADS flow
areas, the pump coastdown curve, and the component trip logics were also developed by INEL
and implemented by JAERI for testing.

The experiments conducted to date generally Indicated that the passive safety components had
sufficient capabilities to maintain the core cooling and decay heat removal in simulated LOCA
situations. Major findings from these experiments are briefly described below.

111.2 GENERAL SYSTEM RESPONSES

Figure 2 depicts the reactor coolant system (RCS) and SG secondary-side pressures during
Experiment AP-CL-03 (1 -inch cold leg break) with timings of major events indicated. Post-test
analysis for this experiment has been done by INEL using the RELAPi51MOD3 code(12 1.

The initial events In this experiment (reactor trip, SG isolation) were similar to those In a
SBLOCA In a conventional PWR, except that both CMTs and PRHR were tripped on by a low
pressurizer liquid level signaL

Despite the small break size, the RCS pressure became lower than the SG secondary-side
pressures early In the transient as shown In Fig. 2. This occurred because most of the RCS
liquid inventory was kept subcooled by the PRHR and CMT flows, even after the SGs no longer
extracted heat from the RCS. The core temperature distribution Is shown in Fig. 3. The core
was entirely subcooled until ADS came on at 3533 s. (Also, the cold leg break flow was
subcooled until that time.) The RCS was thermally decoupled from the SGs after the U-tubes
voided completely at -800 s for SG-A and -2000 s for SO-B. The asymmetric response of the
two SGs resulted from the pressurizer outsurge which flowed into the SG-A primary side and
thus fed the SG-A primary side with hotter fluid than SG-B.

The collapsed liquid level distribution In the facility at 3005 s, before ADS actuation, is shown In
Fig. 4. The steam which filled the upper portions of RCS resulted from flashing; there was no
steam production In the core.

The response of the APSOO components in the Initial five experiments (from Experiment
AP-CL-03 to AP-PB-01) are summarized in the following subsections.

111.3 PRHR RESPONSE

The LSTF represents the two banks of PRHR heat exchanger (HX) tubes In AP600. The tubes
are full-size but the number of tubes (45) is scaled. The PRHR energy removal rate, calculated
from the flow rate and temperature drop, is compared to the core decay power In Fig. 5 for
Experiment AP-CL-03. The energy removal amounted to 4% core decay power for an Inlet
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temperature of 550 K; so It exceeded the core decay power soon after scram occurred In the
experimentl1 31. With other energy sinks (CMTs and break flow) available, the RCS Inventory
cooled down and depressurized continuously.

After the primary loop natural circulation through the SGs had stopped, the cold PRHR return
flow entered the pressure vessel without being mixed with the hot loop flow. This resulted In an
accumulation of highly subcooled water In the lower parts of the vessel; the core inlet flow was
kept suboooled throughout all the experiments conducted so far, except the double-ended DVI
line break experiment (AP-DV-01) In which the core was saturated entirely. Since the core flow
was nearly stagnant after the cessation of the loop natural circulation, a strong thermal
stratification formed in the core as shown In Fig. 3 for Experiment AP-CL-03.

After the PRHR Inlet flow became two-phase flow, the steam component condensed In the upper
horizontal leg of the C-shaped HX tubes. For the 2-inch PBL break case (Experiment
AP-PB-01) the PRHR return flow indicated notable fluctuations synchronized with temperature
fluctuations In the upper part of HX tubes. The temperature fluctuations were significant for
those tubes which opened above the water level In the PRHR Inlet plenum. The axial and
temporal changes of fluid temperatures Inside these tubes suggested that steam condensed not
only on the HX tube walls but also on the surface of subcooled water which existed in these
tubes as shown In Fig. 6.

The HX tubes were filled and Inactivated by the nitrogen gas which discharged from the
accumulator gas phase, soon after the accumulators became empty of liquid. Significant gas
discharge occurred only after the ADS actuation which lowered the system pressure to nearly
atmospheric pressures. The HX tube water level dropped to the bottom, as Illustrated In Fig. 7,
as the gas accumulated In the tubes. Since PRHR did not play any Important role after ADS
actuation, the above nitrogen effect did not affect much the system overall responses.

111.4 CMT RESPONSE

Opening the CMT discharge valve Initiated a iiquid-phase natural circulation flow In the loop
formed by each CMT, PBL, cold leg and downcomer. Hot water from the PBLs replaced the
Initial cold water inventory of the CMT. This replacement occurred first at the top of each CMT
and progressed downward. The axial temperature profiles of the CMT inventory are shown In
Fig. 8 for Experiment AP-CL-03.

The CMT started draining down when saturation was reached at the top of the CMT. The axial
temperature profile In the CMT at this time depended on the length of the natural circulation
period and the time history of cold leg temperature during the natural circulation. For the
simulated 1- and 0.5inch breaks, the duration of natural circulation was long enough to allow hot
water to accumulate above the cold water Inventory before the CMT started draining. This hot
water Inventory continually flashed as the RCS depressurized. The boundaries between the
cold, hot and saturated water zones are shown in Fig. 9 together with the water level. As shown
In this figure, one-dimensional calculation based on the measured CMT discharge flow rate was
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able to predict the bottom-edge height of the hot zone. This indicate that axial diffusion in the
liquid phase was small.
For the larger breaks (2-inch break and Inadvertently-open ADS scenarios), the natural
circulation was Interrupted early In the transient because of the quick depressurization. in these
cases, the CUT water surface became subcooled during the late drain-down phase because of
heat transfer to the CMT wall which was Initially cold. Because the accumulators were
discharging nitrogen by this time, this nitrogen accumulated above the water surface In CMrs,
preventing the direct-contact condensation of steam on the subcooled water surface from
occurring. The axial temperature profile for the Inadvertently open ADS scenario (Experiment
AP-ADOl11)Ob, Fig. 10, indicates gas phase temperatures significantly lower than the saturation
temperature because of high concentration of nitrogen.

Jn.5 ADS AND IRWST RESPONSE

The ADS stages 1, 2, and 3 valves, all connected to the top of the pressurizer, were opened by
the CMT level signal after specified delay times. The discharge through these valves resulted in
a quick system depressurization, as shown In Fig. 2 for Experiment AP-CL-03; and a liquid
holdup In the pressurizer, as shown in FIg. 7. The increase in the accumulator flow during the
depressurization interrupted the CUT discharge flow, since these two flows entered the same
One (DVI line) connected to the vessel downcomer.

The opening of ADS moved the hot water Inventory in the upper plenum into the pressurizer
surge One. The cold leg inventory flashed as shown in the coolant inventory distnbution, Fig. 7,
and forced the cold water In the vessel lower portions Into the core as can be seen In the core
temperature profile, Fig. 3. Since this cold water was brought into contact with steam in the
upper portions of the RCS, causing direct-contact condensation of steam, oscillatory changes In
core differential pressure were recorded In Experiments AP-CL-03 and AP-CL-04; however, the
core Inventory was entirely subcooled during such oscillations, and thus there was no problem In
the core cooling capability.

The Injection from the IRWST initiated only after the ADS stage-4 valves, connected to the hot
legs, had opened. The injection flow was initially oscillatory. The How oscillations were coupled
with changes in the pressurizer and hot leg water levels, the ADS stage flows, the vessel
pressure and the core steaming rate. The pressurizer level and IRWST flow rate are plotted In
FIg .11 for Experiment AP-CL-0[l. The flow became steady after the pressurizer had emptied.

IV. CONCLUDING REMARKS

The ROSAIAP600 testing program have conducted seven high-pressure Integral experiments on
AP600 reactor response to postulated LOCA scenarios. In all these experiments, adequate core
cooling was maintained and the RCS depressurized automatically to such a level as allowing
continuous Injection from IRWST driven by gravity alone.

The PRHR indicated a high cooling capability and created significant subcoolings In the RCS
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liquid phase. The subcooling in the cold leg affected the CMT drain-down behavior. Also, the
significant subcooling In the vessel lower portions caused a potential for direct-contact
condensation when the hotter water beneath the steam-water interface was taken away by ADS.

The nitrogen discharged from the accumulator gas phase blocked the PRHR HX tubes, but only
after ADS was actuated. The gas also limited the condensation In.CMTs which occurred for
relatively-large breaks, and thereby stab Wzed the CMr drain-down behavior.

Future experiments In the ROSA/AP600 testing program will Include simulations of station
blackout, multiple SGTR and main steam line break scenarios. Currently, it is planned to
conduct a total of 14 experiments by June 1995.
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ROSA/AP600 Characterization Tests and Analysis of 1-Inch
Cold Leg Break Test

R.R. Schultz. J.M. Cozzuol. R.A. Shaw
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T. Yonomoto, Y. Kukita
Japan Atomic Energy Research Institute

ABSTRACT

The United States Nuclear Regulatory Commission (USNRC) and the
Japan Atomic Energy Research Institute (JAERI) are jointly
performing tests at the ROSA-AP600 facility located in Tokal, Japan.
The first test, a simulation of a I-inch break, oriented downward
and located in one of the cold legs, was performed in April, 1994.
The paper discusses and summarizes the important results of the test
and shows a comparison between a calculation performed using the
RELAP5/N003 code and the data. The calculational results show
reasonable agreement with the data.

INTRODUCTION

In response to a request for certification of Westinghouse Electric Co's
new advanced passive 600 MWe nuclear plant design (AP600), the U.S. Nuclear
Regulatory Commission (USNRC) recently initiated testing at the 1/30.5-volume
scaled ROSA-AP600 Facility in Tokat, Japan. The cooperative test effort is being
conducted using the help and expertise of the Japan Atomic Energy Research
Institute (JAERI). The facility, located on the JAERI campus in Tokai, Japan,
has all the passive-safety system components inherent to the AP600-system and was
designed to study all phases of the AP600 transients of interest.

The first test, performed in April, 1994, was a simulation of a 1-inch
downward-oriented break in one of the cold legs of the AP600 system. This test
was performed to: (i) generate code assessment data and (ii) study the behavior
of the ROSA-AP600 system during a small break loss-of-coolant accident (SBLOCA)
scenario. Even though the test was performed only a few days after Westinghouse
announced major changes to the AP600 design (for example, elimination of the
pressurizer pressure balance lines and various important modifications to the
passive safety system initiation logic) all the announced changes were included
in the ROSA-AP600 facility. In fact, the test (labeled AP-CL-03) generated the
first data from an integral-effects system subsequent to the Westinghouse
hardware/system logic modifications.

The test was a success and has formed the basis for performing subsequent
tests with other size breaks placed in other locations. The following paragraphs
describe: (i) the facility and test procedures, (ii) the thermal-hydraulic
behavior occurring in the test together with a comparison to the RELAP5/MOD3
calculation, and (iii) conclusions.
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ROSA-AP600 FACILITY & TEST PROCEDURES

The ROSA-AP600 Program tests are being performed in a full-height 1/30.5-
volume scaled facility (see Fig. 1). All the passive-safety systems and other
AP600-specific systems included in the AP600 plant are contained in the ROSA-
AP600 facility, viz.: the automatic depressurization system (ADS), the core
makeup tanks (CNTs), the passive residual heat removal system (PRHR), the in-
containment refueling water storage tank (IRWST), and the accumulators.

One of the first activities undertaken by the ROSA-AP600 experimentalists
was designed to measure the loss coefficients and friction factors of the
facility hardware. Since the flow rates and flow distribution in the AP600
system are governed by fluid density gradients in large measure, the facility was
designed to have resistances equivalent to those in the AP600 plant. The systems
characterization tests provided data for direct comparison with the design
specifications. Comparisons between the design specifications and the measured
data from the systems characterization tests showed the facility to have
acceptable flow resistance characteristics.

The 1-inch cold leg break test was performed by first achieving a steady-
state at ROSA-AP600 rated conditions. The transient was begun at time zero by
opening the break valve.

THE 1-INCH COLD LEG BREAK TRANSIENT

The 1-inch cold leg break transient was begun at time zero by opening the
break in the cold leg. The break nozzle had a throat diameter of 4.6 mn and was
oriented downward.

Three distinct phases were noted during the transient (see Fig. 2): the
high pressure phase, the ADS phase, and the long-term cooling phase. The time
of transition from one phase to the next is given in Table 1.

Table 1: Time of Transition From One Phase to Next

Phase-* High Pressure to ADS Blowdown to
Test or ADS Blowdown Long Term Cooling
Calculation

Test 3425. 4375.

Calculation 4100. - 5050.
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High Pressure Phase

The high pressure phase began at time zero and ended when the ADS opened.
The phase was characterized by the following behavior and phenomena:

i. A rapid depressurization over the first 380 s (475 s for calculation) from
15.5 MPa to the secondary pressure level, followed by a moderate
depressurization lasting until ADS actuation;

ii. Formation of large regions of subcooling in the primary caused by the
action of the PRHR and CMT recirculation. In particular, the core
remained subcooled throughout its length for the high pressure phase;

iii. Formation of fluid zones with large thermal gradients (in excess of 170 K
in the cold leg fed by the PRHR and in excess of 90 K across the core);

iv. A net decrease in primary energy as the PRHR energy removal and CMT energy
removal exceeded the core power input;

v. Subcooled break flow;

vi. Accumulator discharge began (the primary pressure was less than 4.9 MPa).

The behavior and the effect of the phenomena summarized in items i through
vi are shown in Figs. 2 through 8 for the test data and the RELAP5/MOD3
calculation.

The depressurization phase between time zero and about 230 s, observed in
the test, occurred as the pressurizer drained (see Fig. 2) and energy was
transferred from the primary to the secondary. Shortly thereafter the primary
briefly equilibrated with the secondary system and secondary to primary energy
transfer began. Even so the continuous draining stemming from the break and the
heat removal to (a) the IRWST from the PRHR and (b) the CMTs (both beginning at
about 165 s) resulted in a continuation of the primary depressurization until ADS
was initiated, but at a reduced rate. Similar behavior was shown in the
calculation but with events occurring at slightly different times due to
different (with respect to the data), but reasonably close, recirculation flow
rates and break flows.

The PRHR, using the IRWST as its heat sink, proved to be a remarkably
effective means of removing energy from the primary system. Comparisons between
the calculated and measured PRHR inlet and outlet temperatures are shown in Fig.
3. Initially the PRHR cooled the incoming fluid in excess of 235 K (the initial
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calculated cooling was approximately 15 K less than measured). As the transient
proceeded the PRHR inlet fluid temperature decreased together with the primary
pressure. However the PRHR outlet temperature remained at a relatively constant
value just slightly above the IRWST secondary fluid temperature at the lower
elevation of the PRHR heat exchanger tubes.

The effectiveness of the PRHR (and the CMTs) can be seen by comparing the
total integrated energy removed by the PRHR compared to the integrated core
power. The integrated energy removal by the PRHR and the CMTs versus the
integrated energy addition from the core beginning at the initiation time for the
PRHR and CHT systems are shown in Fig. 4. Shortly after 1000 s the PRHR system
began to remove more energy than was added to the primary from the core. Thus
considering the CMTs together with the PRHR it is evident the PRHR and CMT
systems were important contributors in the primary system depressurization prior
to actuation of the ADS.

As the PRHR effluent moved into the ROSA-AP600 crossover leg (A-Loop) it
mixed with the A-Loop loop flow moving through the crossover leg enroute to the
A-Loop cold leg and thence into the vessel (see Fig. 1). The resulting mixture
entered the pressure vessel downcomer 5.5 m above the core inlet elevation. The
PRHR effluent combined with the CMT discharge, entering the downcomer from the
direct vessel injection (DVI) lines, moved to the vessel lower plenum and from
thence to the core inlet. The action of the combined CMT and PRHR effluent can
be easily seen by viewing the temperature decrease measured and calculated at the
core inlet and shown in Fig. 5. As the transient proceeded the core inlet
subcooling increased.

Although natural circulation-driven loop flow was present in both loops at
the start of the transient, the measured loop flows were not sustained beyond 400
s and 1750 s in the A-Loop and B-Loop piping respectively (500 s and 1700 s
respectively in the calculation). Termination of A-Loop loop natural circulation
is apparent by studying the measured and calculated core inlet temperature (see
Fig. 5) and occurred as a significant portion of the A-Loop loop flow began to
circulate through the PRHR instead of the U-tubes. Termination of A-Loop natural
circulation-driven loop flow resulted in a more rapidly decreasing core inlet
temperature (at 410 s for data and 600 s for calculation). Termination of B-Loop
loop natural circulation is apparent by the indicated increase in the core exit
temperature shown in Fig. 5 (1720 s for data and 1770 s for calculation) and the
sudden downturn of the fluid temperature at the pressure balance line (PBL) inlet
(see Fig. 6--1700 s for data and 1720 s for calculation).

The increase in core exit temperature and corresponding decrease in PBL
inlet temperature were caused by a shift in the pressure vessel downcomer flow
distribution triggered by termination of the B-Loop natural circulation. Once
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flow from the B-Loop cold leg to the downcomer decreased sufficiently, the very
subcooled fluid present in the downcomer (from the PRHR and CMT systems) began
to move into the B-Loop cold leg toward both the break plane and the PBL inlet.
Concurrently the core flow decreased, the core fluid residence time increased,
and the core exit temperature increased.

Of particular significance is the termination of natural circulation-driven
loop flow in the B-Loop. Prior to termination the flow moving into the PBL and
thus transported to the CMTs was fluid circulated through the steam generator U-
tubes. The PBL fluid was near saturation prior to termination of loop flow
natural circulation. However, after natural circulation-driven loop flow ceased,
the PBL fluid became increasingly subcooled (see Fig. 6). By 2800 s the measured
PBL flow subcooling was 38 K (83 K subcooling in calculation).

Following termination of B-Loop natural circulation-driven loop flow but
before reaching maximum subcooling of the PBL inlet flow, the primary pressure
was decreased sufficiently by energy removal through the break, the PRHR system,
and the CMT systems that the accumulator injection pressure was achieved.
Accumulator injection began at 1934 s in the test and at 2050 s in the
calculation.

Throughout the high pressure phase, following opening of the CMT isolation
valve, the CMT fluid temperatures (from top to bottom of the tank) showed the
history of the fluid fed to the CMTs through the PBLs (see Fig. 7).
Recirculation through the CMTs began immediately after the isolation valve
opened. The temperature at the 5.3 m (above the bottom of the CMT) rapidly
increased indicating the arrival of cold leg fluid. Similar behavior is shown
in the calculation. The arrival of warm fluid at each elevation is indicated by
a rapid increase in the temperature by the resident thermocouples. The
calculation indicates a more gentle increase in temperature at each elevation and
by an earlier indication of a temperature increase at lower elevations due to
numerical diffusion. Physical fluid thermal stratification cannot be properly
modelled by the code without a special model designed specifically to simulate
such behavior (currently being developed).

Termination of CMT recirculation and the beginning of draining in both CMTs
occurred due to flashing in the fluid near the top of the CMTs. Draining began
in the test at 2200 s in the B-Loop CMT (see Fig. 8) followed by the A-Loop CMT
at '2700 s (the CMTs were calculated to begin draining shortly thereafter: 2900
s). The automatic depressurization system (ADS) Stage I signal was generated
when the 67.5% volumetric level was reached (3425 s and 4100 s in the test and
calculation respectively). Thus ended the high pressure phase.
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ADS Phase

The ADS phase began when the Stage 1 valve opened and ended when the ADS
Stage 4 valves opened. The phase was characterized by the following behavior and
phenomena:

vii. A rapid depressurization of the primary system occurred as each successive
ADS stage opened;

viii. The pressurizer filled and became liquid solid;

Ux. Fluid discharge from the accumulators and the CMTs rapidly increased;

x. The fluid in the upper reaches of the core became saturated.

xi. The break flow became saturated;

xii. Flashing occurred in various regions in the primary;

xiii. Condensation occurred in various regions of the primary (even while other
local regions flashed as noted in item xii) as steam (in some cases
superheated) came in contact with subcooled liquid;

xiv. The accumulators were fully discharged and nitrogen from the accumulator
gas volumes entered the primary system;

xv. The PRHR became ineffective.

The rapid primary system depressurization during the ADS phase is shown in
Fig. 9. Over a 500 s time interval the measured primary pressure decreased 2.7
MPa (calculated primary pressure decreased ' 1 . 7 MPa in 300 s). The measured and
calculated primary depressurization rates were similar (see Fig. 9--following
opening of the ADS).

The pressurizer filled by 3825 s (4650 s in calculation) (see Fig. 10).
Thus the ADS discharge varied from being single-phase steam (when ADS Stage 1
opened) to single-phase liquid (when the pressurizer became liquid solid).

As the ADS blowdown continued and the CHTs drained sufficient volume was
lost from the CMTs to trigger ADS Stage 4 (see Fig. 8: at 4375 s for test and
5050 s for calculation).
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Long-Term Cooling

Initial behavior of the system during the long-term cooling phase transient
phase is shown in Figs. 11 through 14. The long-term cooling phase began when
the Stage 4 valves opened and continued to the end of the transient. The phase
was characterized by the following behavior and phenomena:

xvi. The CMTs emptied;

xvii. A slow primary depressurization continued;

xviii. The primary pressure decreased to less than hydrostatic driving head of
IRWST. Gravity-driven IRWST flow commenced;

xix. A slow primary system oscillation developed with slow decreases in
pressurizer level balanced with rises in the downcomer liquid level,
rises in core inventory average temperature level, rises in the primary
pressure level, and corresponding decreases in IRWST flow rate;

xx. As flow from the IRWST increased the degree of core subcooling and the
subcooled fraction of the core increased.

The criteria for terminating the test was continuous flow from the IRWST.
The test was terminated at 7527 s after it was confirmed continuous IRWST
injection was achieved.

The character of the long-term cooling phase for the test (see Figs. 11
and 13) and the calculation (see Figs. 12 and 14) can be seen by studying the
behavior of the pressurizer level, the downcomer liquid level, the mid-core fluid
temperature, the upper plenum pressure, and the IRWST mass flow rate.

After the ADS Stage 4 valves opened, the primary system fluid level began
to decrease as ADS Stage 4 effluent was discharged from the hot legs. By 4975
s (5910 s in the calculation) IRWST injection began. As the pressurizer level
decreased corresponding increases in the downcomer liquid level and the upper
plenum pressure can be observed. Coupled with the downcomer liquid level
increase was a calculated flow reversal in the core region--resulting in a net
average core inventory temperature increase, an increased core steaming rate and
a corresponding increase in primary system pressure. The IRWST mass flow rate
increased with an increase in primary pressure.
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CONCLUSIONS AND OBSERVATIONS

The test data, discussed in the paragraphs above, give some insights into
the expected behavior and effects of the passive safety systems inherent to the
ROSA-AP600 facility:

1. The core remained covered throughout the 1-inch cold leg break simulation
and remained subcooled for most of the transient.

2. The PRHR system played a key role in the transient progression. From the
time of the S-signal (when the PRHR isolation valve was opened) until the
ADS was initiated, the core was very subcooled.

3. Once IRMST flow was Initiated the degree of core subcooling and the
subcoo7ed fraction of the core increased. Even though the test was
terminated before equilibrium was reached it is expected the core would
ultimately be fully subcooled.

Throughout the transient the code did a good job of calculating the event
chronology and phenomena.
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Figure 1. ROSA AP600 Facility
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AP600 ANALYSES AND SENSITIVITY STUDIES

Paul D. Bayless
Idaho National Engineering Laboratory

Abstract

Analyses of the transient response of the AP600 design
are being performed to support the U.S. Nuclear
Regulatory Commission's evaluation of the plant
safety. Transient calculations with the RELAP5/MOD3
computer code are being performed to characterize the
plant response. Sensitivity studies are being
performed to investigate the behavior of specific
plant systems or components. Transients investigated
to date have included small break loss of coolant
accidents in both the hot and cold legs, and main
steam line breaks. None of the transients
investigated thus far are predicted to result in core
heatup or damage.

Introduction

Plant transient calculations are being performed with the RELAP5/MOD3
computer code to investigate the behavior of the AP600 reactor system design.
The analyses of the transient behavior support the U.S. Nuclear Regulatory
Commission's evaluation of AP600 safety. Sensitivity studies are also being
performed to investigate the influence or significance of specific system or
component behavior on the plant transient response. The range of calculations
being performed also provides a general characterization of the plant
behavior. These studies complement earlier scoping analyses performed for a
previous version of the AP600 design. The results of the analyses also feed
back to the phenomena identification and ranking table (PIRT) that has been,
and is being, developed for the AP600.

The primary safety concern for the AP600 design relates to the behavior
of the passive safety systems. Are there periods of time during which there
is no emergency core coolant (ECC) injection to the reactor coolant system?
How do the passive systems interact with each other? How well do the passive
systems perform? Do the interactions detract from the expected individual
system performances?

Of particular interest is the automatic depressurization system (ADS)
performance, since most transients rely on the ADS to depressurize the reactor
coolant system to allow injection from passive low pressure safety systems.
The ADS controls the mass and energy loss from the system. If the flow
through the ADS valves is mostly steam, both the depressurization rate and the
liquid inventory in the system are maximized; if the flow is of lower quality,

239



both the depressurization rate and the liquid inventory decrease. The former
scenario tends to decrease the likelihood of core heatup, while the latter
tends to increase it.

In the AP600 design, as the pressure decreases, the driving head for flow
from the passive safety features also decreases. This holds indirectly for
the core makeup tanks as well, which will drain as the reactor coolant system
pressure decreases, thereby reducing the injection flow from the tanks. This
behavior is different from plants with active, pumped ECC injection, in which
the decreasing system pressure allows more coolant to be injected. With low
driving forces for ECC injection, the plant may be very sensitive to small
changes in conditions. Intermittent flow from the in-containment refueling
water storage tank (IRWST) to the reactor coolant system has been predicted in
several calculations. If the vessel liquid inventory falls low enough during
the periods of no injection, a core heatup might occur.

The way the plant is designed, the potential for large asymmetries
between the two coolant loops exists. The passive residual heat removal
system is connected to only one of the loops. In a transient, the
preferential cooling of that loop may influence the transient progression.
While the one loop cools down and stays liquid solid, the other loop may stay
stagnant and relatively warm, resulting in liquid flashing as the plant
depressurizes.

A detailed RELAP5/MOD3' input model has been developed for the AP600
design. This model represents best available design information. Detailed
input for the reactor coolant system and passive safety features are provided.
The secondary system in the containment is modeled. The complete model
contains 724 control volumes, 927 junctions, and 638 heat structures

Mass Inventory Reauired to Keep the Core Cooled

An inadvertent ADS opening transient was used to determine the minimum
inventory required to cool the core. This information is needed to help
define the safety margin in other plant analyses. The minimum reactor vessel
inventory in a given calculation can be compared to the amount required to
keep the core cooled, thereby giving an indication of the margin to core
uncovering for that transient.

The transient is initiated by opening the first stage ADS valves. This
action alone is not sufficient to scram the reactor; that occurs on low
pressurizer pressure. Opening of the other three stages of ADS valves occurs
normally, based on decreasing core makeup tank (CMT) level. In order to allow
a core heatup to occur, injection of coolant from the IRWST was prevented.
Normally, injection from the IRWST would occur long before core heatup could.
The liquid in the reactor vessel was allowed to boil off, until core heatup
began. In the base transient calculation, fuel heatup began with a core
collapsed liquid of about 45%.

In addition to the base calculation, sensitivity calculations were run to
determine the influence of containment back pressure and interphase drag in
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the core on the inventory required to keep the core cooled. These are two
areas of uncertainty in the calculations. Changing the interphase drag in the
core had a minor effect on the minimum inventory required to keep the core
cooled. Increasing the average drag by about 20% allowed the core to remain
cool with a lower inventory (about 4%), because liquid from the lower part of
the core was entrained further up the length of the fuel rods. Conversely,
reducing the drag by about 10% reduced the entrainment, allowing the core
heatup to begin with more liquid in the reactor vessel (about 2%).

A much greater impact on the core heatup was effected by the containment
back pressure. In the sensitivity calculation, the containment was held
constant at atmospheric pressure, compared to a pressure of about 30 psia in
the base calculation. With the lower pressure, about 14% less mass was
required to keep the core cooled, as a higher froth level was maintained in
the core. In this case, the collapsed liquid level in the core was near 30%
when the heatup began.

Containment Back Pressure Effect

Containment back pressure was the subject of a sensitivity study for a
0.05-m (2-in.) cold leg break. Containment pressure in the two calculations
was held at 14.7 and 45 psia, respectively. These pressures are expected to
bound the actual containment pressure during a transient. While the core
remained cooled in both calculations, the injection flow from the IRWST was
different. With the higher containment pressure, the flow from the IRWST to
the reactor vessel was continuous. With the atmospheric containment pressure,
the IRWST injection flow was intermittent, although no core heatup was
predicted to occur.

Phase Separation Effects on ADS Performance

Phase separation effects on ADS performance have been investigated in two
locations, the upper plenum and the surge line connection to the hot leg. For
the upper plenum investigation, the base transient was a 0.05-m (2-in.) cold
leg break; for the surge line investigation, an inadvertent ADS opening
transient was used. Both analyses used calculations with nominal, maximum,
and minimum entrainment of liquid. Maximum entrainment was achieved by
specifying no slip between the liquid and vapor phases. Minimum entrainment
was achieved by updating the RELAP5 code so that no liquid was allowed to pass
through the subject location until the upstream void fraction was less than
15%.

The intent of these analyses was to determine how much difference in mass
and energy flow through the ADS would be effected by altering the phase
separation in the upper plenum or the surge line inlet. Neither set of
calculations was significantly affected by the difference in liquid
entrainment. Slight differences in the transient timing were observed. In
neither case was core cooling in question, as the reactor vessel inventory
remained well above the minimum required to keep the fuel cooled.
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Asymmetric Loop Effects

A main steam line break transient has been used to investigate asymmetric
loop effects. The steam line break causes the blowdown of one steam
generator. The resultant cooling of the reactor coolant system leads to
temperature differences between the cold legs, with the temperature of the
liquid returning from the affected steam generator being much lower than that
flowing to the reactor vessel from the intact generator. The objective of the
analysis was to determine how much of the cold leg temperature difference is
attenuated in the reactor vessel, to help guide the modeling detail needed for
similar calculations.

This analysis used both RELAP5 and COMMIX2 code calculations. A RELAP5
transient calculation was performed first to determine the cold leg mass flow
rates and temperatures entering the reactor vessel. This information was then
used in a three-dimensional COMMIX calculation of the fluid behavior in the
reactor vessel. The COMMIX calculations showed that with cold leg temperature
differences of 70 K, the temperature of the liquid entering the core is nearly
uniform across the reactor vessel; nearly complete mixing occurred in the
downcomer and lower plenum.

Main Steam Line Break with Maximum Cooldown

A main steam line break with maximum cooldown has also been investigated.
The purpose of this analysis was to determine whether ADS might be actuated
during a main steam line break. This was a question raised during the
development of the PIRT. This analysis differed from the other plant analyses
in that bounding modeling assumptions and boundary conditions were used,
rather than best-estimate conditions. If ADS actuation did not occur with
bounding assumptions designed to encourage it, ADS would not be expected to be
actuated with best-estimate conditions.

To provide maximum cooling of the primary coolant system, liquid
entrainment in the break flow was minimized. A range of break sizes was
modeled, and the break was placed on either loop to account for differences
between the coolant loops. In all of the calculations, the CMTs remained
subcooled and liquid full. ADS actuation during a main steam line break is
therefore unlikely.

Conclusions and Future Work

The results of the analyses performed thus far have provided insight into
the expected transient response of the AP600 design. Less inventory is
required to keep the core cooled at lower system pressures than at higher
pressures. Phase separation in the reactor vessel upper plenum and at the
surge line connection to the hot leg did not have a significant impact on the
ADS performance, or the transient progression, for the transients
investigated. Based on the results of a main steam line break calculation,
there is sufficient mixing in the downcomer and lower plenum that thermal
asymmetries between the cold legs have essentially disappeared by the time the
flow reaches the core inlet. ADS actuation during a main steam line break is
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not likely to occur, even if bounding boundary conditions are assumed.
Finally, core heatups have only been observed in transients in which the
injection from the IRWST was prohibited.

Analysis of postulated transients in the AP600 design is continuing.
Further sensitivity calculations related to ADS performance will be performed.
Of particular interest are plant calculations that can be compared to data
obtained from the various scaled experimental facilities, as well as the
associated code calculations of those experiments. These comparisons, and the
assessment of the RELAP5/MOD3 code against the experiment data, will provide
information on scaling distortions in the facilities and on the ability of the
RELAP5 code to predict the important phenomena and transient behavior of the
AP600 design.
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SCALING OF THE PURDUE UNIVERSITY MULTI-DIMENSIONAL INTEGRAL
TEST ASSEMBLY (PUMA) DESIGN FOR SBWR

by
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W. Wang, IL Pokharna, V. H. Ransom and R. Viskanta

School of Nuclear Engineering
Purdue University
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The scaling study of the Purdue Qniversity Multi-dimensional Integral Test Assembly
(PUMA) design has been carried out. The PUMA facility is to be built at Purdue under
the 'Confirmatory Integral System Testing for the GE SBWR Design" contract sponsored
by the U.S. Nuclear Regulatory Commission. The scaling is based on a three-level
scaling method developed for this tasL The first level of scaling, the integral scaling, is
based on a well-established approach obtained from the application of integral response
function to the thermal-hydraulic system. This level ensures that the steady-state as well
as dynamic characteristics of the thermal-hydraulic loops will be similar between SBWR
and PUMA. The second scaling level addresses the boundary flow of mass and energy
between components, insuring flow and inventory similarity. The third scaling level
focuses on the similarity of key local phenomena governed by constitutive relations. The
PUMA facility has 1/4 height and 1/100 area ratio scaling. This corresponds to the
volume scale of 1/400. The PUMA power scaling based on the integral scaling is 1/200.
The present scaling method predicts that PUMA time scale will be one-half that of
SBWR. The system pressure for PUMA is full scale, therefore, a prototypic pressure is
maintained. PUMA is designed to operate at and below 1.03 MPa (150 psi), which
allows it to simulate the prototypic SBWR accident conditions below 1.03 MPa (150 psi).
The facility includes models for all the major components of SBWR safety and non-
safety systems that are important to the transient response to postulated LOCA and other
transients.

1. Introduction

The General Electric Nuclear Energy (GE) has developed a new boiling water reactor called
the Simplified Boiling Water Reactor (SBWR) [1]. Major differences between the current
Boiling Water Reactors (BWRs) and the SBWR are in the simplification of the coolant
circulation system and the implementation of passive emergency cooling systems. There are no
recirculation pumps to drive the coolant in the vessel of the SBWR. The engineered safety
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systems and safety-grade systems in the SBWR are: (1) the Automatic Depressurization System
(ADS), (2) the Gravity-Driven Cooling System (GDCS), (3) the Passive Containment Cooling
System (PCCS), (4) the Isolation Condenser Systems (ICS), and (5) the Pressure Suppression
Pool (SP). The GDCS and PCCS are new designs unique to the SBWR and do not exist in
operating BWR's. The ICS is similar to those in some operating BWRs. Both the GDCS and
PCCS are designed for low-pressure operation (less than 1.03 MPa or 150 psia), but the ICS is
capable of high pressure operation as well (up to 7.58 MPa or 1100 psia). It is necessary to
study the performance of the new safety system and interaction between the safety systems to
assess the response of the SBWR under postulated accident conditions. Since it is not feasible to
build and test a full power prototypical system, a scaled integral facility is the best alternative.
This paper addresses the scaling method used in the design of a model facility called PUMA

The integral test facility scaling method should provide a rational basis by which to scale- up
the integral model test results to the prototype conditions. Therefore, it is necessary to have
rational scaling method that establishes the interrelationship between the important physical
variables associated with mass, force and energy of the prototypical system and the model. In
view of this a well balanced and justifiable scaling approach has been developed for the design
of the SBWR integral test facility. For this task a three level scaling approach is used. This
three level scaling approach consists of; (1) integral scaling, (2) boundary flow scaling, and (3)
local phenomena scaling. The integral scaling is derived from the integral response functions for
major variables in single and two-phase flow. This scaling insures that both the steady state and
dynamic conditions are simulated. It also determines the geometrical requirements and time
scale. The integral scaling results in the simulation of all the major thermalhydraulic parameters.
The boundary flow scaling simulates the mass and energy inventory of each component and flow
among these components.

The third level scaling is used to insure that key local phenomena can be reasonably well scaled.
Even under the global simulation of flow, mass and energy, various local phenomena which
affect the constitutive relations should be addressed through this third level of scaling. Local
phenomena scaling scaling have been carried out in detail.

2. General Scaling Consideartions

The scaling criteria for a natural circulation loop under single-phase and two-phase flow con-
ditions were developed by Ishii, et al. [241. The criteria include the effects of fluid properties,
so one can also use them for reduced-pressure system scaling. For a single-phase flow, con-
tinuity, integral momentum and the energy equations in one-dimensional area averaged forms
are used. First, relevant scales for the basic parameters are determined, then the similarity
groups are obtained from the conservation equations and boundary conditions. The heat transfer
between the fluid and structure can be included in the analysis by using the energy equation for
the structure. From these considerations, the geometrical similarity groups, friction number,
Richardson number, characteristic time constant ratio, Biot number and heat source number are
obtained. It should be noted that the simulation of a long, large pipe section by a small scale
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model may encounter some difficulties if the prototype system does not have a reasonably large
loss coefficient in addition to the wall frictional loss.

For a two-phase natural circulation system, similarity groups have been developed from a
perturbation analysis based on the one-dimensional drift flux model. The set of mass, momen-
tum and energy equations are integrated along the loop, and the transfer functions between the
inlet perturbation and various variables are obtained. The scaling parameters are developed
from the integral transfer functions, represent the whole-system similarity conditions, and are
applicable to transient thermal-hydraulic phenomena.

The scaling approach that has been used for the design of many existing NRC thermal-
hydraulic research facilities is summarized in an NRC NUREG Report prepared by Condie, et al.
[5]. The so-called "full pressure full-height method' was used for most of these facilities. The
scaling approach recommended by the NRC, based on the experience accumulated from exten-
sive LOCA studies in scaled integral test facilities, is summarized in a comprehensive paper by
Boucher, et al. [61.

3. Global Scaling

3.1 Integral System Scaling (1st Level)

It is imperative to have the single-phase flow similarity requirements as a ready reference, as
they are needed to simulate the single-phase to two-phase flow transition. The system consists
of a thermal energy source, energy sink and connecting piping system between components. For
a natural circulation loop under single-phase flow condition the similarity parameters are
obtained from the integral effects of the local balance equations (continuity momentum and'
energy) along the entire loop.

The fluid continuity, integral momentum, and energy equations in one-dimensional, area-
averaged forms are used along with the appropriate boundary conditions and the solid energy
equation. From the non-dimensional form s of these equations, important dimensionless groups
characterizing geometric, kinematic, dynamic and energetic similarity parameters are derived.

If similarity is to be achieved between processes observed in the prototype and in a model, it is
necessary to satisfy the following requirements:

AiR = (ai/Ao)R = 1 (2)

I-R = (4i/1A) = 1 (2)
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[Fj/A;2 [;[ I' + Kj I(a/a.)2 1 (3)

RR =(3ToloI/U)R = 1 (4)

StR = (hlOI/PfCpfUodi)R = 1 (5)

Ti = [(Io/UO)I(82/as)]R = 1 (6)

BiR = (hAk)iR = 1 7

Q;R = (qS'lO/pscp$uOATO)iR (8)

where subscript i designates a particular component and R denotes the ratio of the value of a
model to that of the prototype, i.e.,

Vm __ for model
WR =- = (9)lp 4r for prototype

The reference velocity, uO, and temperature difference, AT, are obtained from the steady-
state solution. If the heated section is taken as the representative section, these characteristic
parameters are expressed as follows:

uo =fcf a (10)

and

AT0 = )Col ][ ) (11)
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where the subscript o here denotes the heated section.

The frictional similarity requirement, Eq. (3), can be satisfied independently of the remaining
scaling requirements [2-41. Hence, from the remaining scaling requirements, it can be shown
that the following conditions should be satisfied for a complete simulation:

[UR pSCP R (12)

(ATORq= i I (13)
IPSCPSUOJR

[80 ° ] R(14)

(d)R=(d)R [ pmcz ] nO (15)
F ~ R

(hi)R = (h)R = (k)RL (16)
R

where the parameters without the component subscript, i denote universal values that must be
satisfied in all components. In addition to the above, the geometric similarity requirements dic-
tate that

=I and 1 (17)

must also be met.

With these conditions, Eqs. (12-17) and Eq. (3), the effects of each term in the conservation
equations are preserved in the model and prototype without any distortions. If some of these
requirements are not satisfied, then the effects of some of the processes observed in the model
and prototype will be distorted.
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It is important to note that the above set of requirements does not put constraints on the
power density ratio, q0R. However, they do put a restriction on the time scale as follows:

'oR
UO[ R =[(Oqo l)R/(Psc"3 RJ' (18)

The small perturbation technique and integral response finction have been used by Ishni and
Kataoka [21 to develop similarity criteria for two-phase flow systems. The important dimension-
less groups that characterize the kinematic, dynamic and energetic fields are given as follows:

PhaseChange No. Npch [ adu]pf~hgT P Nz] (19)

This phase change number has been renamed as the Zuber number, Nz, recently in recognition
of Zuber's significant contribution to the field.

Subcooling No.

Froude No.

Nsub =f A1
[A-h-fgJ Pg (20)

(21)

Drift-Flux No. Ndi a

i

(or Void-Quality Relation) (22)

Time Ratio No. T! aI
i

(23)

(24)Thermal Inertia Ratio Nt a
(Pscps.]
pfc~fdJ,
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Friction*No. Nfg. (~I [i +XAIAg) ] a2 (25)

Orifice No. N01 . K, [I + X312 (Ap/pg)] [ ] (26)

where Vgj, Ahfg, Aha, and x are the drift velocity of the vapor phase, heat of evaporation, sub-
cooling and quality, respectively In addition to the above-defined physical similarity groups,
several geometric similarity groups such as (lIl.) and (a,,a.) are obtained.

The Froude, friction and orifice numbers, together with the time ratio and thermal inertia
groups, have their standard significance. Subcooling, Zuber and drift-flux numbers are associ-
ated with the two-phase flow systems. Their physical significance is discussed in detail else-
where [2-4].

Eqs. (19) through (26) represent relationships between the dimensionless groups and the gen-
eralized variables of a two-phase flow system. The dimensionless groups must be equal in the
prototype and model if the similarity requirements are to be satisfied. Hence, the following con-
ditions result

(N 7iR = 1 , (Nsub)R = 1, (NFr)R = 1, (Ndi)R = 1

(Ti)R = I (NO)R = l(N)R = l, and (No)R = . (27)

It can be shown from the steady-state energy balance over the heated section that Na and
N.* are related by

Nza - NXb = Xe [(28)

where xw is the quality at the exit of the heated section. Therefore, the similarity of the Zuber
and subcooling numbers yields

(Xe) (= 1 (29)
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This indicates that the vapor quality should be scaled by the density ratio. When combined with
Eqs. (25) and (26), Eq. (29) shows that the friction similarity in terms of NA and Noi can be
approximated by droping the terms related to the two-phase friction multiplier. Furthermore, by
definition it can be shown that Nd = (Ap/ps x) [p.lApax- 1] -1. Therefore, similarity of the
drift-flux number requires void fraction similarity

(Or]R 1
or (ac)R= I (30)

Excluding the friction, orifice and drift-flux number similarities from the set of similarity
requirements, Eq. (27), and solving the remaining equations, one obtains the following similarity
requirements:

(Uo)R =(10 )j (31)

(Ahsub)R = Afp (32)

' = Pfpgphfg
] R

(33)

(34)8R =(1o)JY4 (a. )Y2

d= (fc~fR
(IO)MI (C(V)Y2 (35)

The velocity scale shows that, in contrast to the case of single-phase flow scaling, the time
scale for a two-phase flow is not an independent parameter. From Eq. (31), the time scale in
two-phase flow is uniquely established. Thus,

TR = [ =] (I (36)

This implies that if the axial length is reduced in the model, then the time scale is shifted in the
two-phase flow natural circulation loops. In such a case, the time events are accelerated (or
shortened) in the scaled-down model by a factor of (YoR)"2 over the prototype.
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3.2 Mass and Energy Inventory and Boundary Flow Scaling (2nd Level)

The scaled mass and energy inventory histories must be preserved for integral similarity to
be achieved. The integral system response scaling methods assure this similarity when friction-
dominated loop flow is considered. However, when vessel or system discharges occur that are
dominated by non-frictional momentum effects, such as at a point of choked flow or any nozzle
flow in which the pressure drop-flow relation is dominated by kinetic loss or by cavitation
effects, then additional constraints apply. At such discharge points the fluid velocity depends
upon the local pressure ratio across the device, which is preserved in a full-pressure scaled sys-
tem such as the PUMA facility. In nonfrictional momentum-dominated flows, the fluid velocity
is the same in the model as in the prototype. Therefore, the flow area at such discharge points
must be scaled to preserve mass and energy inventory rather than loop kinematics. An overall
criterion for similar behavior between the prototype and the model is that the depressurization
histories be the same when compared in the respective (scaled) time frames, ie.,

PM (t) = pp(tp) (37)

This integral condition will be satisfied if the differential pressure change is the same at
corresponding times, ie.,

dpm dpp (38)

dtm dtp

The scaling criteria for similarity of the friction-dominated natural circulation flows yields the
result that the time scale of the model, or laboratory time, is related to the prototype time, by

tm = (1/2)tp = OR tp (9

and the depressurization rates of the model and the prototype are related by

dpm = (1R) dtp = (2) dip (40)
dtm dtp dt~

This condition will be satisfied if the corresponding component vessel inventories are similar,
Le.,
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V ],, (41)(~L vi
where Mp and Mm are the prototype and model vessel inventory masses, and Vp and Vm are the
respective prototype and model vessel volumes. This relation must hold for each component as
well as for the overall system if complete similarity is to be ensured.

Mass inventory and Mass Flow Scaling

For integral experiments, accurate simulation of the mass and energy inventory is essential.
This requires a separate scaling criteria for the system boundary flows such as the break flow and
various ECCS injection flows. The scaling criteria, stated in Eq. (5.51), are obtained from the
overall control volume balance equations.

By denoting the total volume by V and the mean density by <p>, for the coolant mass inven-
tory the balance equation can be written in a non-dimensional form that applies to both the
model and the prototype system as

dt d: cp-T. m * t (42)

where

t* a t/(lIOu/) (43)

and

mIn _ m _V - Pin ain U[n (44)

where To = (101u) for either the prototype or the modeL The definition for mout can be given
similarly. For equal model and prototype pressure simulation, (PotR = (POUt/P)R is simply
unity. Hence, the simulation of the boundary flow requires

Ot Ut] 1 (45)

atUO R
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This is a similarity condition for the flow area and velocity combined. Therefore, it is not
necessary at discharge points to satisfy the independent conditions for area and flow given by
Eqs. (17) and (31), which must be satisfied by the other components of the loop. The form of the
discharge scaling criterion given by Eq. (45) is very convenient from the standpoint of practical
implementation.

For example, the break flow velocity, u=, can not be independently controlled if choking
occurs. In the case of choking, Mach number similarity is maintained. Thus, for a equal-
pressure system the break flow is prototypic in the sense that (u.u)R = 1, whereas the basic scal-
ing (uo)R = (10,)j" and the criterion given in Eq. (40) predict that the break flow area should be
scaled according to

[-]2 = (46)
R

which would result in a reduction of the break flow area beyond the geometrical scale used for
the loop flows.

Energy Inventory and Energy Flow Scaling

From the control volume balance, the energy inventory is given in non-dimensional form by

dEd- = q _ w - at hft (47)

where

mm h! = mm hi s Pin (a Un h) ( (48)
ininp ao uo ho

In view of Eq. (46), for a full pressure simulation, ie. (hO)R = 1, it is necessary to require

(hNOR =1 *(49)

This physically implies that the inflow or outflow should have a prototypic enthalpy. The above
non-dimensional energy equation also shows that the initial energy inventory should be scaled
by the volume ratio.

3.3 Pressure Scaling
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The work scope and program objectives of the PUMA are focused on the low-pressure
region of operation following the initial depressurization of the vessel This implies that the pro-
totype pressure maximum is about 150 psi (or 1 MPA). In considering the pressure scaling of
the integral test facility, two effects should be evaluated separately. These are:

1. System pressure level, which affects all the thermal-hydraulic properties of the liquid,
vapor and phase changes.

2. Individual component or inter-component pressure distributions.

Considering the pressure scaling in these two separate effects is somewhat analogous to the
well-known Boussinesq assumption. The prototypic pressure is aken as the system pressure
scaling base. Hence, the system pressure and all other fluid properties are considered to be pro-
totypic. This will greatly simplify the scaling procedures. Thus, we have the global pressure
scaling given by

PR = 1 (50)

Under the above prototypic system pressure scaling, the thermodynamic and transport pro-
perties at every component are considered prototypic. However, the pressure distribution in
each component may not be prototypic. It should be noted that the pressure distribution within a
component or between components can be the controlling factor in determining the flow by
forced convection or natural circulation. This aspect of the pressure effect in a reduced-height
system should be considered separately. At the initial blowdown phase of a LOCA or other tran-
sient, the major intercomponent flow occurs due to the initial pressure difference between the
reactor pressure vessel and the containment. For this initial phase, the pressure difference
between these two components should be prototypic at the same elevation. Thus,

(A Pj)R = I atZR = IR (51)

where the notation i and j stand for the reactor vessel and containment, respectively.

However, in the case of natural circulation-dominated flow, such as the reactor vessel inter-
nal circulation, GDCS injection or PCCS venting, the hydrostatic head is the essential driving
force. For this case, the differential pressure is scaled by the reduced height scaling. Hence,

(AP)R = IR (at AZR = IR) (52)

For the PUMA, the initial differential pressure scaling is set by the initialization process with
isolated components. At the later stages of accident simulation, most of the significant liquid
flows between components are driven by the hydrostatic head. These flows are accurately
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simulated by using proper height scaling of all major elements and components based on

AR = IR (53)

which implies the complete axial geometrical similarity. This condition, together with the void
distribution simulation based on the integral scaling, insures that the differential pressure is
scaled by the reduced height scaling.

3.4 Basis for Reduced Height Scaling

Under the prototypic pressure simulation, the system geometry can be determined from the
integral system scaling and the boundary flow scaling discussed above. The dynamic scaling
requirements for a two-phase flow system are given by Eqs. (19-26). In general it is difficult to
match all these similarity criteria for a scaled down system, so a careful evaluation of each of
these requirements should be made.

In considering the dynamics of the system, two conditions should be considered separately.
The first is on the quasi-steady flow simulation and the second is the dynamic response of the
system, including the inertia effect It is clear that the Froude number and friction number scale
the dynamic response. When the inertia forces are not important, only the balance between the
frictional resistance and gravitational force should be considered. This can be achieved by tak-
ing the product of these two numbers. Thus, natural circulation number is defined as

N = Nf N (friction inertia 1(4)F= interia J gravity headJ

This equation can be extended to include the minor loss coefficient as

N1, = (Nf+NO)Njr (55)

Using kinematic and energy similarities a less restrictive requirement is obtained for an approxi-
mate dynamic similarity between the inertia term and flow resistance:

(Nf+No)R = 1 (56)

The advantage of Eq. (56) relative to the two independent requirements of (Nf1) = 1 and
(N.)R = 1 is significant. Under a homogeneous flow assumption, the requirement given by Eq.
(56) can be approximated by
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(Nf+NO)R (57)

By using the geometrical similarity criteria,

+ =1 (58)
dR

A careful analysis of Eq. (58) clearly indicates the great advantage of using the reduced-
height system for a given volume scale in satisfying the dynamic similarity criteria By reducing
the flow area, the hydraulic diameter is reduced by dR = i, except at bundle sections such as
the core. For most small integral test facilities, it is necessary to have IR > dR in order to main-
tain a reasonably large axial height so that the naturally existing two-phase level fluctuations do
not adversely affect various transient phenomena. In general, the ratio of the first friction term
itself is always larger than unity. However, by reducing the height of a facility, this ratio can be
made closer to unity by increasing dR for a fixed value of vR. The second significant point is
that the minor loss coefficient is an easy parameter to adjust through small design modifications
in such a way that KR < 1 to compensate for increased ffiction. Hence by properly modifying
the K value, Eq. (58) can be achieved.

In view of the above and the cost consideration, the volume scale of 1/400 and the height
scale of 1/4 appear to be most desirable for the Purdue integral test facility. This implies the
general area ratio of 11100.

4. Local Phenomena Scaling (3rd Level)

The global scaling criteria satisfy the system response similarity, the local phenomena may
not be satisfied with the global criteria. Hence it is important to study the local phenomena scal-
ing in detail. In the local phenomena (1) Reactor Vessel Flow Dynamics and Instability Scaling,
(2) Choked Flow Case, (3) Unchoked Flow Case, (4) Relative Velocity and Flow Regime, (5)
Critical Heat Flux Scaling (CHF), (6) Flashing in the Chimney, (7) Condensation in Suppression
Pool, (8) Vent Phenomena in Suppression Pool, (9) Mixing in Stratified Fluid Volumes, (10)
Natural Circulation, (11) Heat Source and Sink, (12) PCCS Venting into Suppression Pool, (13)
Condensation in PCCS Condensers, (14) Stratification in the Drywell and (15) Stratification in
the Suppression Pool are considered. The scaling of these phenomena are considered in detail.

S. Scale of the PUMA Facility

For determining the overall size of the proposed facility, it is necessary to consider four
essential factors. They are: (1) the need to scale relations to the existing facility, (2) the need to
compensate for the shortcomings of existing facilities or complement the overall data base, (3)
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the need for a stand-alone justifiable rationale for the choice of aR and IR, and (4) the overall
impact on the total cost.

For the PUMA facility, the above factors have been examined in detail. Based on these con-
siderations, a quarter height and 1/400 volume scale have been chosen as the optimum design.
The existing or under-construction integral facilities for the SBWR are all full height. The GE's
GIST facility M7] is a low pressure, full-height facility, thus IR = 1 and aR = 1/508. The
GIRAFFE facility [81 in Japan has IR = 1 and aR = 1/400. The planned PANDA facility [9] has
IR = 1 and aR = 1/25. The aspect ratio, IR/dR, for these facilities are 22.5, 20 and 5, respec-
tively. In view of the overall cost and the volume scale of these facilities, a new facility at the
volume scale of about 1/400 appears to be optimum. This will match the mass and inventory of
the GIST and GIRAFFE facilities.

Since the existing facilities are all full height, the impact of the actual total height on various
phenomena can be evaluated sufficiently. However, the existing facilities fall into the category
of thin and tall systems, which have some major shortcomings. In Table 1, the dimensions of
various components of the SBWR are compared between prototype and full-height, 1/4-height
and 1/8-height scaled model for a 1/400 volume scaled facility. As shown in Table 1, the 1/8-
height scaled model is close to a linearly scaled model. It has very fat vessels, especially the
upper drywell and suppression pool. For 1/8 height scale, the required core power is also large.
The 1/4 height and aR = 1/100 scaled facility has moderate power requirement and makes the
aspect scaling ratio factor to be only 1/2.5 which is very close to the prototype system.

The present quarter-height system with the volume scale of 1/400 has the advantage of well-
matched gravity to frictional forces. Furthermore, due to relatively large cross-sectional areas,
the important phenomena of two or three dimensional voiding patterns and flow regimes in the
core and chimney can be well simulated. This is considered to be particularly important for
assessing the effects of various instabilities such as the manometer oscillation, density wave ins-
tability, geysering and flashing induced cyclic phenomena on the natural circulation cooling and
stability of the GDCS. The scientific design of the PUMA facility is complte and the construc-
tion of the facility is underway. The schematic of the PUMA facility is shown in Figure 1. The
facility includes models for all the major components of SBWR safety and non-safety sysdtems
that are important to the transient response to a postulated LOCA and other transients. Thus it
includes the reactor pressure vessel, drywell, suppression pool, GDCS, ICS, PCCS, and auxiliary
system like feed water line, CRD line and RWCU/SDC.
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Nomenclature

A Flow area scale
a Cross-sectional area [m2]
Bi Biot number
cp Specific heat [J(kg-C]
D,d Diameter [m]
E Energy tJ]
F Total pressure loss coefficient
f Friction factor, friction
G Mass velocity [kg-m/s 2]
Gr Grashof number
g Gravitational acceleration [mis2 i

j Superficial velocity [m/s]
H Height [m]
h Enthalpy [J1kg]
K Minor loss coefficient
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L Axial length scale
I Length [m]
m,M Mass [kg]
mi Mass flow rate [Ws]
n,N Number
Nd Drift flux number
NFr Froude number
Nf Friction number
Nf*h Flashing phase change number
N,,c Natural circulation number
No Orifice number
Np& Phase change number (= Zuber number)
Nb Subcooling number
Nth Thermal inerda ratio
Nu Nusselt number
Nz, Zuber number
p,P Pressure [Pa]
q Power [W]
q" Heat flux (W/M2]
Qs Heat source number
R Richardson number
Ra Rayleigh number (Gr Pr)
St Modified Stanton number
t Time ls]
T Temperahtur °C
T Time ratio number
u Velocity [m/s]
Uf Internal energy of liquid
v,V Volume lm3]
Vg Drift velocity [m/s]
w Work [J
x Quality
z,Z Distance [m]

Greek Symbols

Volumetric thermal expansion coefficient [KI-]
5 Conduction depth [m]
A Difference
&hfg Latent heat of vaporization [J/kg]
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a Void fraction
p Density [kg/M3]
I rTime Constant (s]
AL Dynamic viscosity kg/rm-si
11 Heated perimeter (m]
v Kinematic viscosity [m2/s]
x Time constant ratio
a Surface tension [N/m]
£ Summation
g Wetted perimeter [m]
P Parameter

Subscripts

a Ambient
b Bulk
c Core
e Exit
f Fluid
g Gas
i ith component
in Inlet
m, Model
o Reference pointlcomponent
out Outlet
p Prototype
R Ratio
s Surface, solid
t Throat
th Thermal
v Vapor

Superscripts

* Dimensionless quantity
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TABLE 1 COMPARISONS FOR MAJOR COMPONENTS
AND DIMENSIONS OF DIFFERENT HEIGHT SCAUNG*

COMPONENT PROTOTYPE Mi I&a
___ __ ___ __ ___ __ _ _ __HEIG HT__ __ HLIG HA!

REACTR RES~URE
VESSEL

Total height (mm)
I.D. (mm)
Total volume (m3)

CORE
Rod material
Active length (mm)
Total power
Core shroud I.D (mm)

CHIMNEYSECTION
Total height (mm)
Partition height
# of divided areas
I.D. of shroud (mm)

CNIMNMENT
Wall material
Upper head volume(m3)
Upper head height (mm)
Upper head dia.(mm)
Lower head volume (m3)
Lower head height (mm)
Lower head dia. (mm)

SUPPRESSION POOL

24600
6000
669

Zr clad
2743

45 mW.
5150

9000
6500
25

4955

Concrete/steel
3770
6100
28050
1696.5
27200
8911

3255
3819
11950
27450

Not circular
6100
348

24600
300
1.67

S.S alloy
2743

112.5W
257.5

9000
6500

9
247.75

S.S
9.4

6100
1402.5
4.24

27200
445.55

8.13
9.55

11950
1372.5

450
6100
0.87

6150
600
1.67

S.S alloy
685

225 kW
515

2250
1625

9
495.5

S.S
9.4

1525
2800
4.24
6800
891.1

8.13
9.55
2987
2800

900
1525
0.87

3075
848.7
1.67

S.S alloy
342.9

318.2 kW
728.4

1125
812.5

9
700.8

S.S
9.4

762.5
3967.5

4.24
3400

1260.4

8.13
9.55
1493

3882.6

1273
762.5
0.87

Initial water volume (M3)
Initial gas space (m3)
Height (mm)
Diameter (mm)

GDCS POOL (f OF 3)
Diameter (mm)
Height (mm)
Volume (m3)_ x _ _

Note: The volume scaling ratio is kept as 1/400 for all different height scaling.
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Assessment of PUMA Preliminary Design*

Y. Parlatan, J. Jo, U.S. Rdhatgi, and G. Slovik
Brookhaven National Laboratory

Department of Advanced Technology
Upton, NY 11973

ABSTRACT

General Electric (GE) has submitted to the United States Nuclear
Regulatory Commission (USNRC) an application for a design certification of their
Simplified Boiling Water Reactor (SBWR). This reactor system is an advanced
light water reactor (ALWR) concept that differs from previous GE BWR designs
since the safety systems are based on passive systems. Some of the SBWR unique
features include natural circulation during normal plant operation and a passive
containment cooling system (PCCS) that condenses steam in the containment and
returns the condensate back to the reactor pressure vessel (RPV) by gravity driven
flows. During a Loss of Coolant Accident (LOCA), the low water signal in the
RPV opens squib valves, actuating the Automatic Depressurization System (ADS)
and allows the RPV to depressurize by blowing down into the containment.
Depressurization allows the Gravity Driven Cooling System (GDCS) drain into the
RPV by static head in a tank to provide the water required to keep the core covered
and cooled, and keep the containment and core in safe conditions.

SBWR is an advanced design that introduces several new phenomena.
Passive systems are relied upon for plant safety that have never been licensed
before by the USNRC. GE has proposed a series of separate and integral test
facilities to develop the required data base supporting the performance and
interaction of the components to acconplish the safety function in the SBWR. The
USNRC is also building a confirmatory integral test facility at Purdue University,
which has been given the acronym of PUMA (Purdue University Multi-
dimensional Integral Test Assembly). This facility is being designed with the scale
of 114 in height and 11400 in volume, with a time scale of 1/2. Transients can be
initiated at pressures as high as 1.034 MPa (150 psia). The information obtained
from this facility will be used to confirm GE data and to assess the RELAP5 code
for application to SBWR. Brookhaven National Laboratory (BNL) is providing
technical and analytical support during the development phase of the PUMA
facility and will provide pretest and post-test analysis during the operation of the
facility.

*This work was performed under the auspicies of the U.S. Nuclear Regulatory Commission
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The PUMA facility was designed by matching the important
nondimensional groups. The scaling covered the top level approach as well as
bottom-up approach. However, this approach may miss the interaction of system
components. In order to assess the fcility capability to model SBWR transients,
the facility design was carefully reviewed. The review was performed at two
levels. In the first level, the facility configuration and dimensions were compared
with SBWR information. In the second stage, the RELAP5 code was used to
simulate a Main Steam Line Break Accident (MSLB) with consistent nodalization
to both the SBWR plant and PUMA facility. The predictions for SBWR and
PUMA are compared on the same time scale. The preliminary assessment
indicated that the RPV pressure and break flow rates were indistinguishable. There
were other observations that came from these results that identified the deficiencies
in the PUMA facility design, such as oversizing of IC condenser and larger heat
transfer area in PCCS.

1. Introduction

GE Nuclear Energy (GENE) has submitted an advanced light water reactor design to
United States Nuclear Regulatory commission for design certification. This new design is based
on the result of extensive simplifications to the currently operating BWR plants, and therefore,
called Simplified Boiling Water Reactor (SBWR) [1]. As the design is based on passive systems
that are new, there is a need for experiments to assess the performance of new concepts.
Furthermore, the computer codes such as RELAP5 that will be used to provide independent
analytic capability, also need to be assessed for new applications. In order to meet these
requirements USNRC is sponsoring an integral test facility at Purdue University. The facility is
called Purdue University Multi-Dimensional Integral Test Assembly (PUMA) [21.

The objective of this paper is to present an assessment of the PUMA facility. While the
PUMA design report was reviewed for any inconsistencies in configuration or dimensions, the
interaction of various components could not be addressed. This last item was reviewed by
performing systems calculations for design basis accidents using RELAP/MOD3.1.2 for SBWR
and PUMA, and comparing the results. These results from the analysis of Main Steam Line Break
Accident (MSLB) are presented here.

1.1 SBWR

The primary thermal-hydraulic features that distinguish the SBWR from existing BWRs
are natural circulation inside the Reactor Pressure Vessel (RPV) during normal operation, the
Gravity Driven Cooling System (GDCS) for emergency core cooling, Isolation Condensers (IC)
for removing heat from the RPV and the Passive Containment Cooling System (PCCS) to reject
the decay heat from the containment in long term LOCA transients. The driving force for the
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recirculation of the coolant in the vessel lacking jet pumps, is provided by the buoyancy head in
a tall chimney attached on the top of the core. Figure 1 shows a schematic of SBWR.

Emergency Core Cooling System (ECCS) provides water by gravity head into the RPV
during a LOCA. The GDCS tanks provide large amounts of water to RPV near atmospheric
pressure. The water initially available in the GDCS tanks is about 1.5 times the total RPV
volume. However, for this gravity flow from GDCS to work, the vessel needs to be
depressurized. The depressurization of the RPV is initiated by the downcomer low water level
(LI) trip and is accomplished by opening in tandem several Safety Relief Valves (SRV) and
Depressurization Valves (DPV) located near the RPV steam dome.

The suppression chamber is the main system that limits the initial pressure rise in the
containment by condensing large amounts of steam originated in RPV from the primary system
and cooling the nitrogen initally present in the inerted atmosphere of the drywell. However, the
long term decay heat removal from the containment is provided by the PCCS. These PCCS heat
exchangers are located at the top of the drywell inside the tanks filled with water. Hot
steam/noncondensable mixture present in the drywell rises into the PCCS where the steam is
condensed and the nitrogen is cooled. The condensate is returned to the GDCS tanks and then to
RPV while the noncondensable gas is vented to the suppression chamber. The PCCS operation
is expected to be of a self-regulating: when the pressure rises in the drywell, the rate of steam
condensation increases which in turn decreases the pressure.

Besides the PCCS, SBWR also employs another set of heat exchangers, IC, to limit the
overpressurization of the RPV during various transient including LOCA. ICs are directly
connected to the RPV steam dome and condense the steam and return the condensate to
downcomer. However, ICs become nonoperational in long term during LOCA, since the
noncondensable gases that are expected to accumulate in the tubes cannot vent from the system.

1.2 PUMA

The PUMA fcility is a full pressure, reduced volume, reduced height, integral effects
facility that contains all the major SBWR components to simulate various small and large break
LOCA transients. The scaling factors for the length and volume of PUMA are 114 and 1/400,
respectively. The maximum operating power is 300 kW. Power generation and heat rejection
rates, and mass flow rates are scaled by 1/200. The time constants for PUMA are 1/2 of the time
constants of SBWR. The maximum pressure allowed in the system is 10.3 bars (150 psia).
Therefore, the facility will simulate the LOCA transients beyond the initial blowdown period when
the pressure in the RPV has dropped down to 10.3 bars. Figure 2 shows a schematic of PUMA.
The results of the scaling study by Ishii and coworkers can be found in [2]. This facility is
currently under construction.
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2. Analysis

Two sets of calculations are performed using the RELAP5IMOD3 Version 3.1.2 to
investigate the phenomena expected to occur in a hypothetical SBWR LOCA transient. One of
the calculations was based on the prototypical SBWR and the other on PUMA facility. The
parameters predicted in the analysis of the PUMA are modified with the scale factor for that
parameter. For example, the time is doubled and the flow rate is multiplied by 200 for PUMA
calculations. The modified PUMA results are compared with the SBWR results.

The RELAP5/MOD3 code is based on two-fluid formulation for analyzing the thermal-
hydraulic phenomena of two-phase flow [3]. Six equations are used for the conservation of mass,
momentum and energy for both the liquid and vapor phases. The constitutive relations are used
to model the mass, momentum and energy transfer between the phases, and, wall heat and
momentum transfer with the phases. These constitutive relationships are dependent on the flow-
regimes, which are determined from flow regime maps.

The input decks used in this study are based on many sources of information including
drawings of the SBWR and PUMA. All the major components and safety related devices were
modeled. Although the two input decks were developed separately, an effort was made to achieve
input deck consistency. One of the criteria used to achieve consistency between the two decks was
to match Courant number at steady state. PUMA is scaled such that matching the number of nodes
also satisfied the Courant number criterion. A schematic of the nodalization for these input decks
is not included in this paper because of space limitations.

The PUMA facility can simulate the phenomena associated with a LOCA transient starting
from 10.3 MPa (150 psia). However, the present calculations were started from the normal
operating conditions in the RPV, i.e., at a pressure of about 7.2 MPa (1040 psia). In the
following sections some of the results are shown.

3. Results and discussion

MSLB type LOCA tansient for the SBWR plant and for the PUMA filit were simulated
by using RELAP5/MOD3. Two consistent input decks have been used in this study.

The transient following a LOCA can generally be divided into five different phases for
SBWR. These are pre-isolation, isolation, depressurization, GDCS refill, and long-term cooling.
Pre-isolation is the period starting from the initiation of the transient and lasts only about 5
seconds when the Main Steam Isolation Valves (MSIV) close. Isolation-phase covers the period
(on the order 10 minutes) until the downcomer level reaches a low level (Li) and ADS signal
actuates the depressurization process. Depressurization covers the period of the opening of all
DPVs and SRVs and equalizing of the pressure in the drywell and RPV which lasts about 150
seconds. The GDCS refill period starts with opening of the squib valve in the GDCS injection

268



line and lasts until the RPV is full and water starts to spill over to lower DW. The long term
cooling period is the period where the PCCS becomes the most important system to limit the
pressure rise in the containment and remove the decay heat generated in the core.

In a large break transient such as MSLB, the first three phases are not clearly
distinguishable. Since the break area is large, the closing of MSIVs cannot isolate the RPV.
Similarly, the RPV depess on starts from the beginning of the transient, and opening of the
SRVs and DPVs has only a minor influence on the depressurization process. In the current work,
the transient is analyzed for 2000 seconds that covers part of the GDCS refill phase. The heat
removal of PCCS and IC has only a minor importance in this period, since the initial stored
energy in the RPV fluid and structures as well as decay heat are absorbed in the Suppression
Chamber Pool (SP). However, the heat transfer rates can be compared and scaling for PCCS and
ICS can be assessed.

In the following figures, the parameters from PUMA simulation have been modified with
the scale factors to provide direct comparison with SBWR results. For example, the mass flow
rates in PUMA are multiplied by 200, the elevations by 4 and the time by 2.

Mollowing a double ended steam line break, the pressure in the steam dome drops rapidly.
As shown in Figure 3, the pressure responses of PUMA and SBWR are indistinguishable.
Initially, the PUMA pressure is slightly lower than SBWR pressure. Tiis discrepancy is explained
later. The break flow from the broken steam line is choked for approximately the first four
hundred seconds. The pressures in the drywell and RPV are equal after about five hundred
seconds and are about 3 bars each.

The total break flow, sum of the intact line flow and broken line flow, is shown in Figure
4. The mass flow rate in PUMA is multiplied by 200 in this figure to scale it to SBWR values.
Initially, the flow through the break is greater than the rated steam flow rate, since the initial
inventory in the steam lines is at high pressure and it discharges into the containment at near
atmospheric pressure. Since the MSIVs close at around five seconds and the initial inventory in
the steam lines has discharged by then, the limiting area reduces to the area of the flow restrictor
located in the steam line, which limits the flow to rated steam flow rate.

The break flow, although stll choked, starts to decrease rapidly with the depressurization
of the RPV. The break flows from PUMA and SBWR behave similarly, however, PUMA has
slightly smaller break flow rate than SBWR for the first 200 seconds, which is again explained
later. After 500 seconds, the flow becomes unchoked and the flow rate becomes dependent on
the pressure difference between the drywell and the RPV steam dome. At around 700 seconds
after the break, the GDCS starts to refill the RPV with cold water. The steam generation in the
RPV ceases as the decay heat is used to heat the subcooled water. The predicted break flow rates
for SBWR and PUMA are very close.
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The SRV and DPV valves can depressurize the RPV quicldy having a combined area
greater than that of the flow restrictor in the steam lines. However, these valves start to open
about 550 seconds into the transient, at which time the RPV is already been depressurized.
Therefore, the ADS signal which initiates the opening of the SRV and DPVs as well as the GDCS
squib valve do not have a major role in the depressurizaion process. SRV and DPV flow rates
are not shown because of space limitations, but they are small.

Figure 5 shows the so called 'Wide Range Readings (WR), which indicates the water level
in the RPV downsomer. The WR shows the collapsed liquid head between two pressure taps (one
located near the steam line and the other above the core). The PUMA value is multiplied by four
since the length in PUMA is scaled 1/4. This level provides the signal for the initiation of ADS.
ADS signal is set when the WR reading falls below a location about 4 m. above the top of active
fuel for a period of 10 seconds. The ADS signal is set almost at the same time for PUMA and
SBWR. WR, collapsed water level, recovers faster after about 700 seconds in PUMA since the
GDCS drains at a faster rate than SBWR (see Figure 6).

Figures 6 and 7 show the GDCS flow rate into the RPV and the level in the GDCS tank
as a function of time, respectively. Again, the PUMA flow rate is multiplied by 200 and the tank
level by 4. The GDCS starts discharging water into the RPV by gravity head after the squib
valves in the injection lines have opened based on the ADS signal. After the valve opening, the
flow reaches more than 400 kg/s for both PUMA and SBWR, while the peak flow rate is
somewhat higher for PUMA. The GDCS flow rate starts to decline since the RPV water level
increases (see Figure 5) and the GDCS tank level decreases (see Figure 7). GDCS flow starts
almost at the same time for PUMA and SBWR. Higher GDCS flow rate suggests that the fition
in the GDCS line is small.

Figure 8 shows the heat rejection rate in the IC as well as the decay heat generation rate
in the core. The heat generation and rejection rates in PUMA are multiplied by 200. Even
though the total surface area of IC tubes is roughly half of that of PCCS, the heat rejection rate
in IC much larger than that in PCCS. This is expected since the IC draws pure steam from the
RPV steam dome at higher saturation temperature, and PCCS draws a mixture of nitrogen and
steam from the upper drywell at a lower saturation temperature. The higher condensation rates
in the IC for PUMA partly eplains the faster pressure drop and slower inventory loss of PUMA,
since the condensate returns to RPV downcomer. The higher condensation rates predicted for
PUMA is caused by faster draining of water inventory initially present in the IC drain lines in
PUMA. Even though IC system in PUMA has a larger inventory in the drain lines, it drains
faster than SBWR exposing more heat transfer inside the heat exchanger tubes. As the IC starts
to drain, the heat transfer increases until a balance is reached in the increase in the heat transfer
area and decrease in the RPV steam temperaturea After IC heat exchanger tubes drain completely,
the heat transfer essentially follows the RPV pressure curve. Faster draining of inventory suggests
that the friction in the IC line is small.
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The results shown in the above figures idite that the primary system in PUMA simulates
the global variables, such as break flow, pressure, water inventory and GDCS flow rates for
SBWR satisfactoily. However, one can further improve the agreement by eliminating the initial
excess water inventory in the IC condensate lines.

Figures 9 and 10 show the pressure response of the drywenl and the suppression chamber.
The pressure in the containment rises very quickly during the initial period of blowdown. The
nitrogen initially present in the drywell (air in case of PUMA) mixes with the steam from the
break and discharges into the suppression chamber primarily through the vertical vents. These
vents are located inside the suppreon chamber and covered by the normal water level. When
the pressure in the drywell exceeds the Suppression Chamber (SC) pressure, the vertical vent level
is depressed and the vents are cleared. The suppression chamber starts condensing steam and
cooling the nitrogen coming from the drywell. This limits the very steep rise of pressure in the
containment. The pressure in the suppression chamber keeps increasing at a slower rate due to
the flow of nitrgen from the drywell and due to the incmase in the temperature of the suppression
pool which controls the partial pressure of the steam. The pressure decreases after the GDCS
injection to the RPV strts and the steam generation in the core ceases. During this period PCCS
continues to operate by condensing steam and hereby, lowering the pressure in the drywell.
Vacuum breakers that connect the suppression chamber with drywell open as result of the drywell
pressure drop and the nitrogen is redistributed in the containment. The SC pressure in PUMA
simulation is higher than in SBWR prediction partly because vertical vent open earlier in PUMA
and more air passed to SC leading to higher pressure.

Figure 11 shows the predicted heat rejection rate in PCCS for PUMA and SBWR along
with the decay beat generation curve. Condea on pcess in PCCS slowly stalls after the GDCS
flow starts to refill the RPV and prevents steam generation after about 1000 seconds into the
transient. PUMA heat rejection rates are higher since the saturation temperature of the pool where
the PCCS condenser resides is lower for PUMA. Even though these pools ame open to
atmospheric con ns, the hydrostatic head of PUMA, and hence the saturation temperature, is
lower than those of SBWR. The spikes in PCCS condensation rates are caused by sudden pressure
drop in the drywell due to spurious condensation on the surface of GDCS tank water and
subsequent opening of vacuum breakers.

RELAP5/MOD3 has some limitations hat have caused inaccurate predictions for some of
the containment parameters. The partial pressure of the steam in the suppression chamber gas
space is probably underestimated in this model because of two reasons:

1) RELAP5 overestimates the interficial heat transfer between the gas and the liquid in the
suppression chamber gas space, making the two at equilibrium at all times.
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2) There is considerable recirculation among the three levels of the horizontal vents
preventing any stratification effects and therefore, effectively lowering the surface
temperature of the pool. These issues need to be resolved.

After the GDCS tank starts to provide water to the RPV, the pressure in the drywell starts
to level and then decrease due to the PCCS condensation and the absence of steam generation in
the RPV. There are sudden drops in the pressure because of non-physical surface condensation
taking place in the GDCS tank. Again the interfacial heat transfer between the cold water in the
GDCS tank and the steam above it is overestimated especially when the water level in the tank
crosses a cell boundary. These sudden drops in the drywell pressure cause opening of the vacuum
breakers, and the nitrogen is redistributed, lowering the pressure in the whole system.

4. Conclusions

The PUMA fality design was assessed by comparing its predicted behavior with that of
SBWR for an MSLB transient We have reached the following conclusions based on this study:

* Global variables related to RPV matched well between the SBWR and PUMA,
indicating proper overall scaling.

-The PUMA facility has higher initial water inventory in the IC drain lines compared
to SBWR. This discrepancy initially decreases the break flow rate by limiting flashing
in the downcomer.

* Both the IC and GDCS drain faster in PUMA suggesting less friction in PUMA
facility.

• Drywell pressure responses of PUMA and SBWR are in good agreement.

* IC and PCCS heat rejection rates for PUMA is higher than those for SBWR. IC heat
rejection rate is higher since initial water inventory in tem IC condenser headers and
drain lines drain faster in PUMA exposing more heat transfer area- PCCS heat
rejection rate is higher since the saturation temperature of the pool where the
condensers reside is lower.

* RELAPS/MOD3 has two major limitation that may affect the containment pressure.
First, the code predicts large recirculation among the three rows of horizontal vents in
the suppression pool, and therefore, less temperature stratification. The suppression
chamber pressure is affected by the surface temperature of the pool. Secondly, the code
predicts large condensation at the pool surface of the GDCS tank, when it starts to
drain. This shows sudden pressure drops in the containment.
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RELAPS Model Improvements for AP600 and SBWR

Gary W. Johnsen
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ABSTRACT

The United States Nuclear Regulatozy Commission is sponsoring improvements to the
RELAP5IMOD3 comutercode to enable it to credibly modl the two advanced light water react
designs (AP600, SBWR). This paper describes the scope and content of new models and other
impovets that are being incorporated to deal with system charactiscs and phenomena
unique to these new designs.

INTRODUCTION

Since the middle of 1992. the INEL has been engaged in incorporating improvements into the
RELAP5/MOD3 computer code for the U.S. Nuclear Regulatory Commission to enable the code to
model postuated accident behavior in the AP600 (Westinghouse) and SBWR (General Electric)
advanced light watetor designs.

The AP600 and SBWR designs have some common characteristics. Both rely on natural forces
(ie., gravity, expansion of a compressed gas) to cope with accidents and ensure long-term heat
removal. The designs do not depend on "active" engineered safety systems (e.g., emergency
coolant pumps) to successfully recover from design-basis accidents. That is why they are
sometimes referred to as "passively safe". Both designs call for intentional, controlled,
d essuition ofthe reacor coolant system under prescribed accident conditions, which enables

e flow by gravity of makeup coolant fm large in-n ment water sources into the reactor.
Also, both designs rely on the containment as an integral partof long-term decy heat removal
strategy.

Analysis of the ected behavior of these systems under the range of postulated accidents that
must be studied vealed that the RELAP5 code would need to model a number of charac cs or
phenomena that it was either unable or untested to address. Among these are:

- Long trandents (up to three days)
- Sharp liquid/gas interfaces
- Small, hydrostatic driving forces
- Strong tmal gradients within liquid pools
- Condensation inside tubes and on walls with noncondensable gas present

These, along with other requirements dictated by specific design attributes, formed the basis for
planning imprvements to the RELAPS/MOD3 code. Key modeling changes are next described.

DECREASING RUN TIME

Both the AP600 and SBWR are described as not requiring operator intervention for up to three
days following certain prescribed accidents. Typical analyses of current generation reactors might

279



simulate several hours at the most. It was clearly apparent that having to analyze transients that
long meant simplifying the input models and incorporating changes that would allow much larger
time steps.

Several different approaches were pursued to increase code execution speed, the most significant
of them being a new matix solver and increasing the implicitness of the numerics. The former
decreased the "grind time" while the latter enabled larger time steps to be taken. Speed gains of
between three and nine times faster have been achieved, as shown in Table 1.

Table 1. Some examples of run time improvements
Transient Max Speed up

Problem Description No. Vols. Time (sec) At MOD3.1 MOD3.1 8BA Factor

1. PWR: Feedwater 240 100 0.2 586 62.4 9.4
Transient to steady-
state

2. Similar to #1, more 594 20 0.2 452 64.9 7.0
detailed model

3. Steam generator
modeL ruptured 130 10 0.004 538 166 3.2
steam One

4. Steam generator model,
transient to steady- 52 300 0.02 98.4 34.0 2.9
state

Developmental version using Nearly-Impikit Solution Scheme and BPLU matrix solver. All runs
CRAY C-90

LEVEL TRACKING AND THERMAL STRATIFICATION MODELS

In both the AP600 and SBWR, well after the reactor coolant system depressurizes, the thermal-
hydraulic behavior is characterized by a slow moving transient involving small pressure forces,
low flows, and sharp liquid/gas interfaces. Several code improvements were implemented to better
represent these conditions.

A level tracking model was added to permit recognition of a liquid level within a RELAPS control
volume. This obviates the need for a fine mesh nodalization, which would ordinarily be needed to
capture a sharp void gradient. The model senses the existence of a level based on the void gradient
between adjacent cells. When the criterion is satisfied, the model alters the void convected out of
the cell. Ordinarily, the code would convect cell-centered, average properties across cell
boundaries. However, when a level is detected, the code computes a void fraction above and
below the two-phase level. These become the donored quantities, depending on the direction of
flow through the volume.
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Figure 1. RELAPS CMT test model
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The development of sharp temperature gradients in liquid-filled tanks and pools occurs during
accident conditions in both designs. Because of the numerical diffusion inherent in RELAP5 due
to upwind differencing, such gradients tend to get numerically "smeared". To overcome this
problem a thermal stratificaton model was added to enable tracing a sharp temperature gradient
within a stack of control volumes. The technique used is similar to the level tracking model. A
simple tank draining problem illustrates the effect of invoking the new model. Figure 1 shows the
nodalization of an AP600 Core Makeup Tank (CMI), along with the prescribed boundary
conditions for a draining scenario. The tank is initially filed with 90 degree F water at 2250 psia.
Time dependent volumes (FDV) are connected to both ends of the tank The TDV at the bottom
provides a constant pressure boundary condition while the TDV at the top supplies first, 550
degree F water (for 400 seconds), then superheated steam (653 degree F). Figure 2 shows the
calculated temperatures at the top, middle, and bottom of the tank as a function of time without the
new model. Also included in the plot are the corresponding temperature profiles if perfect
separation is assumed. The results show how the donoring scheme used in RELAP5 smears out
the temperature gradient, distorting it both time and space. Figure 3 shows the result produced
with the thermal stratification model turned on. The smearing is almost completely eliminated

LOW FLOW PRESSURE DROP MODELS

The low flow wall friction and irreversible form loss models were also improved. A more accurate
appimation to the Coledrook equation for wall friction was implemented for turbulent flow
(Re>3000). The friction factor is computed using the Zigrang-Sylvester ModelI:

137 Re (feD

where f is the friction factor, e is the pipe roughness, and Re is the Reynolds number. In addition,
a "heated wall effect" model was added to recognize the change in viscosity near a heated surface.
The modified friction factor is given by:
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/fad =+ [Ph/PW][(I.w/ILb) -1

where fad is the adiabatic friction factor, ph is the perimeter of the heated surface, Pw is the wetted
perimeter, tw is the viscosity of the fluid evaluated at the wall temperature, gb is the viscosity of
the fluid evaluated at the bulk fluid temperature, and n is a user-supplied constant with a default
value of 0.14. A new provision was added to permit users to specify a Reynolds number
dependency for form losses. The form expression is given by:

K=A+B*RSe

where A, B, and C are user-specified constants.
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WALL CONDENSATION HEAT TRANSFER

In both reac designs condensation of steam inside the containment building is the essential
mechanism for long-term passive decay heat removal following a design basis accident. In the
SBWR condensation occurs inside the tubes of two condensers mounted high in the containment
building, whereas the AP600 design relies on condensation on the interior shell wall. In both
cases, the condesion process includes the inhibiting effects of the noncondensable containment
atmosphere. A new condensation model is being developed that explicitly models the diffusion of
water vapor through the noncondensable to the condensing surface. This new model involves
altering both the wall heat transfer and interfacial heat transfer models.

DESIGN-SPECIFIC CHANGES

Specific design features necessitated the inclusion of other new models. A mechanistic
separator/drjer model was added to enable modeling these components in the SBWR. Also under
consideration for the SBWR is a one-dimensional neutron kinetics model that was developed under
a DOE-spnsored program.

Figure 4a. AP600 PRHR
PRHR
Tube
Bundle

New convective heat transfer models were added to treat the horizontal portions of the tube bundle
of the Passive Residual Heat Removal (PRHR) heat exchangers. These heat exchangers allow heat
rejection from the reactor coolant system to the In Containment Refueling Water Storage Tank
(IRWST). Figure 4a shows a depiction of the PRHR and Figure 4b a comparison of the pool
boiling heat transfer characteristics of a single horizontal tube versus a bundle of horizontal tubes.
The comparison shows the bundle average heat transfer coefficient is higher for the bundle but
the peak heat flux is lower. Initially, the heat flux is higher for the bundle owing to the turbulence
caused by steam ring through the bundle. The peak heat flux seen for the single tube is a result
of reaching the boiling crisis (ic., critical heat flux). In contrast, for the bundle the peak heat flux
is assocated with the generation of steam on tubes low in the bundle starving the tubes above of
liquid. That explains why the roll off in heat flux as wall superheat increases is much more gradual
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than it is for the single tube. New boiling and critical heat flux (CHF) models were added to
handle horizontal bundles. The boiling heat transfer coefficient suggested by Polley et al2 was
adopted:

h=hpb+hl(1I1-a)o 4

where hpb is the pool boiling correlation proposed by Foster and Zuber3 and hf is a convective
heat transfer coefficient by E.D.S.U4.The CHF model proposed by Folkin and GoldbergS for
horizontal tube bundles was incorporated into the code. It is based on Zubers 6 single tube model
and lowers the CHF value as void fraction increases:

qcht = °e (1-1.175a)

where q2 is the CHF value given by Zuber's correlation.

Figure 4b. Boiling and CHF for bundle compared to single tube
l.00 L .* *. *I

o Hotzontal Bundle Daia
Horizontal Tube Prediction

E

% 0.10

ca
0

0.01
1 10 100 1000

Wagl Superheat (K)

CODE RELEASES

The 6rst version of MOD3 containing some of these improvements was released as version 3.1 in
March 1993. Two subsequent intenal releases were made in November 1993 and August 1994
(versions 3.1.1 and 3.1.2 respectively). Version 3.1.2 contains neatly all the scheduled
improvements and is now undergoing validation and developmental assessment leading to the
scheduled release of version 3.2 in February 1995.
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ABSTRACT

The SPES-2 Is a full height, full pressure
experimental test facility reproducing the
Westinghouse AP600 reactor with a scaling factor
of 11395. The experimental plant, designed and
operated by SIET in Piacenza, consists of a full
simulation of the AP600 primary core cooling
system Including all the passive and active safety
systems. In 1992, Westinghouse, In cooperation
with ENEL (Ente Nazionale per r Energia
Elettrica), ENEA (Ente per le Nuove Tecnologier
Energia e r Ambiente). SIET and ANSALDO
developed an experimental program to test the
integrated behaviour of the AP600 passive safety
systems. The SPES-2 test matrbi, concluded in
October '94, has examined the AP600 passive
safety system response for a range of small break
LOCAs at different locations on the primary
system and on the passive system lines: single
steam generator tube ruptures with both passive
and active non-safety systems, and a main steam
line break transient to demonstrate the boration
capability of passive safety systems for rapid
cooklown. Each of the tests has provided detailed
experimental results for verification of the
capability of the analysis methods to predict the
Integrated passive safety system behaviour.
Colds and hot shakedown tests have been
performed on the facility to check the
chracteristics of the plarnt before to start the
experimantal campaign.
The paper first presents a description of the
SPES-2 test facility then same results of the main
tests compared with predictions performed using
RelapVmod3fi0 obtained by ANSALDO through
agreeement with U.S.N.RFC. The SPES-2
nodalization and RELAP Code results will be
presented by ANSALDO in a second paper.

TRODUCTION

Westinghouse Electric Corporation, hi conjunction
with the U.S.Deparlment of Energy and the
Electric Power Research Institute, has developed
an advanced tight water reactor design, known as
AP600. AP600 is a 1940 MWt, 600MWe two-loop

pressurized water reactor (PWR) that utilizes
passive safety systems and modular design and
construction techniques to reduce the capital
costs, construction time and operational and
maintenance cost.
The AP600 primary system utilizes a four-cold-
leg, two-hot-eg configuration with canned-motor
primary reactor coolant pumps. The pressurizer
used hI the AP600 design has a volume which is
30% larger than operating two-loop PWRFs.. The
larger pressurizer allows the unit to tolerate
operational transients with increased margin. The
average power has been reduced by 20Y/, the
lower power density provides additional critical
heat flux (DNB) margins for postulated design
basis accident such as the large-break loss-of-
coolant accident (LOCA). The primary loop design
also results in a smaller cold legs for AP600
compared to a current PWR as a result, the break
flow is reduced for the postulated large LOCAs
resulting in an increased margin for AP600. Also,
injection flow is injected directly into the reactor
vessel downcomer so that less cooling water is
lost through large breaks, making the passive
safety systems more effective. The most
significant unique features of the AP600 are the
use of a safety grade passive core cooling system
(PXS) and a passive containment cooling system
(PCS) to mitigate the consequences of postulated
accidents.
The passive safety systems are comprised of:
- two lull pressure Core Make-up Tanks (CMi)

providing borated makeup water to the primary
system in the event of a loss of reactor coolant
or reactor cooldown;

- two accumulators discharging high flow water
into the core in the event of a large loss of
reactor coolant;

- a set of valves connected to the pressurizer
steam space and on the two hot legs,
constituting the (ADS) which provides a
controlled depressurization;

- an In-Containment Refuelling Water Storage
Tank (IRWST) that is the long term gravity fed
core cooling water reservoir and in which the
ADSIrom the pressurizer are discharged;

287



- a Passive Residual Heat Rernoval System
(PRHR) supplied with a C shaped heat
exchanger submerged inside the IRWST that
removes decay heat during loss of steam
generator inventory.

A comprehensive test and analysis program has
been developed lo confirm the passive safety
features of the AP600 design. The program
includes large-scale separate effects tests on the
major components and two integral system
expenmental.campaigns: the experimental results
obtained at SPES-2 facility are to be used in
conjunction with one-quarter scale, low pressure
Oregon State University facility to obtain the final
design approval of the AP600 and to verify the
capability of the analysis methods to predict the
integrated passive safety systems behavour.-
For SPES-2,Westinghouse, ENEA, ENEL and
Ansaldo have a co-operative agreement for SIET
to perform a set of integral system tests to
simulate the operation of the AP600 passive
safety systems. The SPES facility located in
Placenzaltaly (Fig.1) and operated by SIET was
modified to simulate the AP00 reactor vessel,
reactor coolant system, and passive safety
injection system.
Originally the SPES facility was commissioned by
ENEA to simulate a Westinghouse 312
pressurised water reactor with Italian specific
design features.
The modified SPES facirty,SPES-2 (Fig.2), Is a
full height, full pressure, 1/395th volume scale
simulation of the AP600.

SYSTEM DESCRIPTION

Sca1b cubtri

The facility simulates the AP600:

. primary circuit;

. secondary circuit up to the steam isotation
valve;
all the passive safety systems: CMTs, IRWST,
PRHR, ADS;and accumulators.

. the non safety systems: CVCS, NRHRS and
Start-up Feed water (SFW).

The following general scaling criteria have been
applied to the design of the SPES-2 test facility:

1. conservation of thermodynamic conditions
(pressure and temperature);

2. power over volume ratio conservation in each
component;

3. power over mass flowrate conservation;
4. fluid transit time preservation (as a

consequence of 1, 2,3);
5. heat flux conservation In heat transfer

components (core and steam generator);

S. elevations maintained in lines and
components;

7. preservation of Froude number in the
primary circuit loop piping (hot leg and cold legs)
inorder to preserve the flow regime transition to a
stratified flow that would be expected for small
break LOCA situations in horizontal piping.

Further specific scaling criteria have been applied
to some components or lines to better duplicate
the AP600 behaviour.
The overall scaling factor of the facility is 1/395,
the main operating parameters are:

. process fluid
. number of loops
. number of reactor coolant pumps
. primary operating pressure, MPa
. secondary operating pressure, MPa
.primary operating temp.(HLJCL) ,C
. secondary operating temperature, OC
. full power, Mw
. elevation scaling
.primary core flowrate (kgls)

water
2
2

15.5
4.9

.315/276
262

4.991
1i/
23.

The primary piping consists of two loops each one
including one hot leg and two cold legs. The hot
leg, connecting the reactor vessel to a steam
generator, duplicates the AP600 up to the
pressurizer surge line nozzle by maintaining the
AP600 LiD in the horizontal section and the same
5 angle in the inclined section.

The AP600 two cold legs per loop design, is
duplicated however they detach from a single
coolant pump vertical discharge (Fig.5). The split
from the single pump discharge into the two cold
legs is positioned at the elevation of the AP600
SG channel head in order to preserve the same
geodesic flow path that the fluid ust take from
the unbroken cold leg to the broken one during a
cold leg break transient (Fig.6) .
Due to the great inportance of surge fine during
ADS depressurization the line has been designed
preserving the friction pressure drops.

Rod bundle

The rod bundle Is electrically heated and consists
of 97 skin heated inconel rods reproducing, In the
active zone, the same geometry (rod pitch, rod
diameter and length) as the AP600 bundle. The
axial power profile is uniform for all the rods,
radially the profile is also uniform with the
exception of two rods with a peaking factor of
1.19. The heater rods are single ended and are
connected to a ground bus at the top of the
bundle at the upper core plate elevation. The
maximum bundle power is 9 Mw and the
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maximum current is 70 kA The scaled full power
used for the AP600 transients is 4.89 MW (x 1.02)

Power channel downoomer

The downcomer is composed of an annular
section in which the tour cold legs and two direct
vessel Injection (DVI) nozzles are attached (Fig.
3,4). Below these rozzles a pipe connects this
annular downcomer section to the lower plenum.
In this fashion, the four cold legbtwo hot leg
characteristics of the AP600 can be preserved
along with the downcomer injection features.
The annular pnd the tubular downcomer sections
have the same friction pressure drops. The
circumferential pressure drop of the annulus has
been equalized to the AP600 . There are turning
devices to direct the ECC injection flow downward
in the annular downcomer as in the AP600. The
total volume is scaled by the scaling factor.

The pressurizer controls primary system pressure
during normal and transient plant operation and
consists of a cylindrical flanged vessel equipped
wIth 2 immersion type heaters each having a
maximum controlled power of 16 kw and 6
external heaters each generating 3 kW. The
pressurizer volume is scaled and the bottom
elevation is preserved. The level swelling is
preserved by ensuring that the average void
fraction in the test is equal to AP600 for similar
thermo-hydraulics conditions using the Wilson
bubble use models. The experiments performed in
the original SPES test series indicated that this
was a properscaling approach.

EUM n

Two primary pumps (one per loop) drive primary
coolant into the PC downcomer to remove the
generated heat. The pumps are centrifugal-single
stage-horizontal shaft type, the suction lke is
horizontal while the delivery is directed
downwards discharging in a 3' pipe common to
the two cold legs. A flywheel is provided to have
an irertia closer to the AP600. The rotational
speed can be controlled in the range +1- 190% of
the nominal value and the speed variations can be
programmed by a means of a motor driven
regubt.

Steam lenerasr

The facility has two identical generators to
transfer thermal power from the primary to the
secondary circuit. The steam generator primary
side consists of a tube bundle and inlet/outlet

plena. The SG bundle includes 13 inconel 600 U-
tubes assembled in a square array.
The secondary side volumes are scaled by 1/395,
and aft the vertical elevations are preserved up to
the top of the steam separator (the steam dome
has no influence on the natural circulation
phenomena).

Passive safety systems

- The Core Make up Tanks (CMTs) design is
unique and has been developed by SIET
engineers so that the CMT metal mass is
scaled to the AP600 CMT. The CMT design
uses a thin-waled vessel inside a thicker
pressure vessel with the space between the
two vessel pressurised with air at 70 bar. in
this manner the rate of steam condensation
on the walls is preserved. Since the CMTs are
full height and operate at full pressure, the
surface area to volume and total metal mass
of a single pressure vessel would have been
excessive resulting in very large wall steam
condensation effects.

- two Accumulators with volume scaled;

- one Passive Residual Heat Removal (PRHR)
with a full height C shaped heat exchanger
with friction pressure drops maintained and
the heat transfer area is scaled such that the
natural circulation behaviour of the AP600
PRHR is simulated.

- In-containment Refuelling Water Storage
Tank (IRWST) at atmospheric pressure with
water volume scaled and elevation
maintained;

- four stages of Automatic Depressurization
System (ADS) simulated by means of ball
valves (one per stage) with an orifice in series
to achieve the proper scaled low area. The
two ADS valve pacheges connected to the
steam space of the pressurizer in the AP600 are
conbined into a single set with the first,
second and third stage valves in SPES-2. The
three ADS valves share a common discharge
line to a condenser and a collection tank that
has bad cells -to measure the mass
accumulation. A similar measuring arrangement
is also used for the two ADS fourth stages, one
of which is located on each hot legs of the
primary piping.
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The injection capability of the AP600 non passive
systems such as CVCS, NRHR and SFW can be
provided in order to illustrate any safety/non
safety system interaction. The friction pressure
drops of all the connecting lines are maintained.
Snall break are simulated using a spool piece
which contains a break orifice and quick opening
valve. The break ADS and secondary relief valve
discharges are collected into different catch tanks
with load cells to measure the mass
accumulation.

TEST OBJECTVES

The overall and specific objectives of the AP600,
SPES-2 integral Systems Test are:

1. - Simulate the AP600 thermal-hydraulic
phenomena and behaviour of the AP600
following specified small-break loss of coolant
accidents (LOC~s). steam generator tube
ruptures (SGTRs), and steam Fine breaks
(SLB's).

2. - Obtain detailed experimental results for
verification of accident analysis computer
codes.

3. - Provide detailed measurements of the
operation of the AP600 Core Makeup Tanks
(CMTs) Following initiation of the specified
transients.

4. - Observe the effects of the injection of
nitrogen gas from the safety-injection
accumulators following their water delivery.

5. - Provide i-sight on the ability of the
automatic Depressurization System (ADS) to
depressurize the reactor coolant system
sufficiently to permit gravity injection following
any postulated event.

6. - Provide information on interactions
between the AP600 Passive Safety Injection
System (PXS) and non safety active systems.

TEST MATRIX AND RESULTS

1.- Test Nos. 1,3 and 4 which are 1-inch and 2-
inch pipe size, primary system cold leg
breaks. These breaks were located in the
bottom of the cold leg that contains the
balance line to the normally instrumented
CMT (test No.2 will not be performed).

2.- Test Nos. 5 and 6 are breaks in the direct
vessel injection line of 2-inch pipe size and a
double ended guillotine break of the DVI
nozzle. The 2-inch break was located in the
DVI fine and both breaks were located in the
DVI line connected to CMT-B.

3.- Test Nos. 7 and 8 are a 2-inch pipe size break
and a double-ended break of the CL to CMT
balance line. These breaks were located in
the balance line to the CMT-B.

4.- Test Nos. 9, 10, and 11 are simulated steam
generator tube ruptures (SGTR s). Test 9 and
10 are to simulate a single ruptured tube; one
with operator action and active systems, and
one with just the passive systems and
automatic actuations for accident mitigation
with no operator actions. Test No.11
simulates single ruptured tube with only
passive system and with ADS initiated shortly
after (2.5 minutes) reactor trip.

5.- Test No. 12 is a large, single-ended steamline
Break (SLB) at the steam discharge nozzle of
steam generator A:

6.- Test No. 13 is similar to No.1, a 1-inch cold
leg break, but with all three PRHR-HX tubes
in operation.

Tests 1 through 11 and 13 were initiated from
conditions simulating AP600 full power operation.
Initial conditions for Test 12, the large steamline
break, simulate plant start-up condition, 0%
power, no decay heat, with RCPs initially
operating.
The response of the facility is shown below and is
compared with pre-test analysis which were
performed by ANSALDO using RELAP5mod3W80
in Figures 7 to 18. The above initial conditions and
automatic actuations in the sequence of events
simulate the AP600 full power conditions and
safety actuation signal set points.

The transient tests which were performed are
listed and described in Table 1.
These tests include:
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Comparison between experimental data and ANSALDO pretest calculation.
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Comparison between experimental data and ANSALDO pretest calculation.

P O-
1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

o
Vl

IfI- 1t:20 CL r (no PRZ-CT ?tL 1h"I. PCMSSURE

l-1--1 - ___ I--I _ I__ I -
=[ | Experimental data

-.. - Calculated data

1 0 1 2 3 4 5 6 7

ue__ t13: DE ( ti a endedtgu f O bek:. P'M PREI ISSURE

-t=-. Calculated data

Experimental data

I. - - - -

-1 0 1 2 3 4 5 6 7
Tlme

Flow fg 12:2 CL Omkftmoolh (no PRZ-CMT hi. lie): LMCS fw

0.9 I I I -

0.8 - .... Calculated di
0.7 = - Expedmetal
0.6 - .

0.5 z -:

0.3' : j j:
0.2 Pes-'

0 --
-0. 1-

Preset
1

0.9

0.8
0.7
0.6

0.5
0.4
0.3
0.2
0.1

0

Flow Fig. 14: DEa (double ended gufotlne) DVI breask ECCS ftow

18 _ - -T T -2 1 20.9- - -- -

0.8-1 -- -
0.7L

0.6 .*.*.Calculated data
0.5
0.4 - - -Experimental data

0.3
0.2 -it

-0.1 _ _ _ _ _ _

0.1 I I I -

-1 0 1 2 3 4 5 6 7
eTIe

-1 0 1 2 3 4 5 8 7
Tnm

AN the scales are normalized



Comparison between expedrnental data and ANSALDO pretest calculation.
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TABLE -1
SPES.2, TEST MATRIX

W

Test Description
(AP600 Transient Status Non-safety

Test No. Test Type Simulated) Systems Single Failure Comnuent

I SBLOCA l-inch CL break (Note CVCS, NRHRP and I of 2 4th stage valves Maximize CMT
2) of Loop B (Note 1) SFW Off on Loop B beatup prior to ADS

actuation

2 SBLOCA 1-inch CL break of CVCS, NRIR Off; I of 2 4th stage valves Ibis test delete due to
LoopB SFW On (Note 3) on Loop B AP600 design cbanges

3 StLOCA 2-Incb CL break, CVCS, NRHR, and I of 2 4th stage valves Reference CL break
bottom of Loop B SFW Off on Loop B

4 SBLOCA 2-Inch CL break, CVCS, NRIR and No effect - no 4th Non-safety/passive
bottom of Loop B SFW On (Note 3) stage actuation system Interactions

expected

5 SBLOCA 2-inch DVI break CVCS, NRHR and I of 2 4th stage valves Asymmetric CMT
SFW Off on Loop B performance

6 SBLOCA DEG break of DVI CVCS, NRHR, and I of 2 Stage I and Complete loss of one.
SFW Off Stage 3 valves of-two PXS

subsystems

7 SBLOCA 2-Inch break of a CVCS. NRHR, and I of 2 4th stage valves Examine effect on
CIJCMT balance line SFW Off on Loop B CMT drain down

8 SBLOCA DEG break of a CVCS, NRHR, and I of 2 Stage and I of No delivery from
CLJCMT balance line SFW Off 2 Stage 2 ADS valves faulted CMT
between valve and
CMT

9 SCIR Design basis SGTR (I CVCS, SFWS On; No effect Recovery with proper
tube) Operator action to operator action; show

Isolnte SO, subcool, recovery. margin
depressurize



TABLE -I (Continued)
SPES.2, TEST MATRIX

'00

Test DescripUon
(AP600 Transient Status Non-safety

Test No. Test Type Simulated) Systems Single Failure Comment

10 SaTR Design basis SGIR No CVCS. SFWS Is No effect Recovery with no
(t tube) on until isol. by HI SO operator action

level or LO T-cold, no
operator action

11 Sam Design basis SGTR (I No CVCS, or SFW o I of 2 4th stage valves Cause SO to primary
tube) with manual additional operator on Loop B flow observe dilution
ADS actuation actions. rae, ADS

performance.

12 SLB SL break at zero No CVCS, NRHR SFW not Isolated on Show CMT's do not
power. A 1388 V2  Tcold signal drain and no ADS
single ended SLB on actuation occus
SGA discharge.

13 SBLOCA (with 3 1-Inch CL break CVCS. NRHR, and I of 2 4th stage valves Show effect of 2
PRHR HX tubes In (Note 2) of Loop B SFW off on Loop B PRHR HX's on coWl
service) (Note 1) s_ l temperature.

Notes:

1) Loop B 1s the CMT side of plant, Loop A Is PZR and PRHR side of planL
2) Break sizes are *a broken pipe of tbe Indicated diameter, e.g., 2-inch bmak Is 3.146 n.1

3) SG main feedwater isolated on S-signal and SFW Initiated, SFW on unil Isolated on HI SG level or LO-Tcold.
4) Selected repeat test may be performed.
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ABSTRACT INTRODUCTION

SPES-2 is a full height, full pressure experimental facility
scaled 11395 respect to the Westinghouse AP600 plant The
SPES-2 faility designed and operated by SIET in Piaeza
is the evolution of the previous eisting SPES-1 facility.
The SPES-2 test matrix provide a complete set of
experiments from Cold Leg break accidents to Steam
Generator Tubes Ruptures and Main Steam Line break.
The SPES-2 test program is performed under the technical
cooperation agreement among ENEL, ENEA, ANSALDO
and WESTINGHOUSE
In the frame of the SPES-2 activties ANSALDO caried out
pr-test calculations for the ficility as well as c s
nith full plant behaviour to support the facility scaling
criteria
SPES-2 calculations were carried out using a nodalization
developed by ANSAIDO for the RelapShnoMVSO code.
The fidlity noding was developed mainly with the usual
hand calculations while for some aspects of the facility 3-D
calculations were caried out to provide guidelines for the
noding development
The paper presents some of the particular aspects of hie
facility analyzed using the CFDS-FLOW3D code (developed
by Harwell Laboratory) as well as the final RelapShmod3
noding for SPE2.
The main purpose of this presentation will be to show how a
3-D code can be used to develop user guidelines for the
RdapS noding to deal with particular aspects of the fility
(or plant) not automatically handled by the code itsel
After the presentation of such noding details, and
considerations on Relap5 modelling limitations as well as
possible solutions, a comparison of the calculations
performed for the 1 Cold Leg break with expeimnental data
is also presented.

In the following the SPES-2 RelapS/mod3 noding developed
by ANSALDO is presented. The noding is briefly described
to give an idea of the extension of the noding itself while
particular aspects of the facility solved with the help of 3-D
calculations will be presented in detail. Others components
of the SPES-2 noding where developed by comparison of
experimental results with pre-test calculations gaining in
this way a better knowledge on how to simulate the system
taken into conderton. This work is mainly devoted to the
presentation of user guidelines, developed during the SPES-
2 activity, able to improve the response of the Relap5/mod3
code.

he following parts of the facility have been analyzed with
3-D calculations resulting in modifications to the original
SPES-2 noding

- Annular-Tubular downcomerbehaviour
- Annular downcomer (hot leg) form losses

Noding was also reviewed by comparison of the facility
behaviour with pre-test predictions for:

- ChMs noding
- IRWST noding

The paper presents the final noding and condusion for each
of the above cited aspects of the simulation.

RelapS modelling limitation are analyed, were they exists,
and possible solutions briefly outlined to improve the code
response in future releases.

Fially the results of the 1I C.L break simulations are
compared with xperimental data to show the degree of
reproduction of the experimental data obtained.
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SPES-2 NODING

The general arrangement of the SPES-2 noding is presented
in Fig. 1. Total number of volumes is 457 while junction
connections are 542. Each volume is provided by its own
heat structure exchanging heat with the environment since
heat losses simulation is very important for facility scaled
like SPES-2 (1/395). A complete noding description is not
here reported We are going to concentrate our attention on
parts of the noding were unusual approaches have been used
for the noding development

ANNULAR-TUBULAR DOWNCOMER BEHAVIOUR

During small break accidents the facility behaviour is
characterized by a constant pressure phase in which the
downcomer situation is rather stable with cold water injected
by the Mvfrs through the DVIs lines and core flow driven by
natural circulation.
In AP600 were the annular downcomer extends to the inlet
plenum is cleaw that the cold water injected by DVIs is able
to reach the lower plenum while hot water is reciated to
the upper part of the downcomer. For this reason the AP600
noding was provided by a quasi 2-D simuation which allows
ReapS to represent such situation at lea qualitatively.
The SPES-2 facility is provided by an anl downcomer in
the upper part and tubular dowcomer connecting the
annular downcomer to the lower plenum.
A I-D simulation of the tubular downcomer will not permit
cold water to reach the inlet plenum of the facility until hot
water already present in the tubular downcomer is pushed
through the core In the facty it was not really clear if the
cold mwter injected is able to flow into the tubular
downcomer or not. To solve this problem a 3-D simulation
of the annular-tubular downcomer was perfomed using the
CFDS-FLOW3D code (developed by garwell Laboratory) to
better understand the behaviour of the annular-tubular
downcomer flow

The SPES-2 CFDSFLOYW3D noding is shown in Fig.2.
Only the upper part of the noding is presented to give details
about the grid used. The fall grd extends to the inlet plenum
connections and cor inlet section The annmlus is
partitioned in the radial direction with 6 cells, in the

muthl direction with 50 cells and in the vertical
direction with 77 cells. The tubular downcomer is provided
by a 6x6 mesh in the cross section and subdivided in the
axial with about 150 cells. Lower plenum is simulated by
lixil mesh in the horizontal section and 72 cells in the
vertical direction.
Boundazy conditions have been applied to the annular
dowacomer top (upflow to the break location) and injected
DVIs flow resulting in a core flow rate equal to the
differ of the two above cited values. The difference
scheme uked by the code is the hybrid scheme,
The coriolis force has been also included in the simulation to
improve the response of the code respect to the interaction of
the injected flow and hot water recirculating in the tubular
downcomer.

Figures 3,4 and 5 shows the annular-ubular downcomer
connection at different times 31, 35 and 120 seconds
respectively. The cold water stream located just above the
annular-tubular dowucomer connections is characterized by

an unstable behaviour switching from left to right due to the
interaction with the hot water coming in the opposite
direction from the tubular downcomer. The simulation of
this interesting behaviour of the cold water stream was
possible only with the introduction of the coriolis force
which added a force term able to produce this unstable
interaction.
Velocity vectors and temperature field in the upper part of
the tubular downcomer are shown in Figure 6. Here it is
possible to observe the recirculation path in the tubular
downcomer with hot water coming up from the lower
plenum and cold water directed to the lower plenum.
However as shown in the previous plots the cold water level
in the upper part of the tubular downcomer is not already
stable and some degree of mixing is predicted by the code.
Plot of the temperatune distribution on the lower part of the
tubular downcomer is shown in figure 7 were a much more
stable situation is predicted Although the situation here
described is ideal (the calculation was performed without the
PRHR low contrition) it is clear that the facility can
exhibit such a behaviour so that adequate noding should be
provided to RelapS Input deck.

Figure 9 shows the RelapS tubular downcomer noding. Two
pipes were used (130 and 131) and each volume of the first
pipe is connected by means of cross flow junction to the
correspondent volume in the second pipe,
This noding enable the code to qualitatively simulate the
tubular downcomer behaviour allowng a recirculation flow
path for hot and cold water in the tubular downcomer.

A plot of the SPES2 measurements in the lower part of the
tubular downcomer is presented and comparison with
tempeures of pipe 130 and 131 is perfonmed in Figure 8.
Temperatures measurements were made in the lower and
upper part of the tube and as can be clearly seen the RdapS
prediction well agree with experimental data

ANNULAR DOIWNCOMER (HOT LEG) FORM LOSS

Hot leg penetration into the annular downcomer is provided
in the SPES2 facility configuratimo RelapS noding uses a
quasi 2-D simulation of the annular downcomer as shown in
Fig. 1.
However it is not easy to develop form losses to be used in
the RelapS noding due to the flow obstruction caused by hot
leg. For this reason another 3-D simulation was performed
using the CFDS-FLOW3D code.
Steady state conditions at fail power were simulated
obtaining theresults shown in fig 10 .
CFDS-FLOW3D provided the flow field behaviour and
pressure distribuoit inside the annula downcorner.
From the results oaied equivalent form losses were
computed and applied to the RdapS quasi 2-D noding.

CMls NODING

As shown in Figure I CMTs lave been noded using a large
amount of volumes. Each CMTs is nodalized using 62
volumes, the height of each volume is 10 cm.
Such an expensive noding in terms of cpu time has been

used due to the first results obtained in SPES-2 pre-test
analysis. Using a larger size volumes resulted in several
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stops of the injected flows due to steam condensation and
consequent local pressure decrase
The unexpected behaviour is due to the fowin two
reasons:

* when the CMT level crosses the interface between two
volumes the steam is able to exchange energy with the
cold water of the hydrodynamic volume just reached.
However the liquid temperature where the leve is now
located can be still subcooled so that a large steam
condensaon is predicted by the code.

* Another reason for steam condensation is due to the heat
exchange with the heat structure attached to the
hydrodynamic volume. In fact the whole beat structure
area is used to compute the heat exchange with the
steam without Wcing into account the level position
inside the volume.

The second effect is however of the second order. Sensitivity
analysis performed using completely insulated CIfs shown
that Mr}s injected flows reductions were sl present

Both the lack of a thermal stratification model for the liquid
inside a vaer lly stratified volume and the absence of the
heat structure area partitioning for heat exchange
calculations below and above liquid level affected the ReapS
code response producing overestimation of the steam
condensation and consequent unrealistic CMTs injection
stop&-
The only way to solve the problem was (rm the users point
of view) to implement a so detailed noding to help the code
in the prediction of the thermal stratification preventing the
unrvalistic steam condensation.
In this way the CMrs injected flows were stabilised and no
stops were predicted by the code.

Possible solutions for this problem require code development
for vertical stratified volumes Am the point of view of both
liquid thermal stratification and heat structures area
parttiong below and above liquid leveL

IRWST NODING

From the first comparisons performed between eperimental
results and pre test predictions it was clear that PRUR outlet
teperature was higher than ex imental data of about 40-
50 C being the tot mass flow well predicted.
It was finly realized that IRWST noding was not adequate
to represent what really as place in the ailty.
The PRHR tube (C-shaped) is immersed In the IRWST and
when heat exchange taks place a natural convection cell
develops in the tank We have no information's on the
extension of the IRWST upWow close to the PRMM tube in
the facility. However we finlly realized that to obtain a good
reproduction of the experimental data we have first to make
a 2-D noding of the IRWST to create a recirulation flow
path as well as to decrease the size of the IRWST volumes
connected to the PRHR heat structure to better represents the
convection Cell
Ihe final IRWST noding was tested on SPES2 test N.9 an
SGTR test were flow conditions at PRHR inlet were in sigle
phase conditions for most of the transient

A good agreemnt was found with the last developed IRWST
noding between experimental PRHR outlet temperature and
RelapS 6alculated value.

1" COLD LEG BREAK COMPARISON

Comparison of the test results with RelapS/mod3NSO is
made inthe followingfigure from II to 18.
The following table presents the experimental sequence of
events fro the SPES-2 1 cold leg break Test S00401.

SPES-2 test s00401 - Sequence of events Time (sec.)

Break opens 0.0
Reactor Trip Signal R 244.5
Main Steam line isolation 247
s Sig 255.5

Main Feed Water isolation 257
CM s and PRHR IV. begin to open 258
Rai=r Coolant Pumps trip273
Accumulators injection starts 2498
ADS _ ge I 4598
ADS stage 2 4693
ADS stage 3 4813
ADS stage 4 5655
IRWST injection starts 5775/5806

Figure II presents the comparison between exerimental
and calculated primary and secondary pressure
The calculated behaviour of the primary pressure is very
similar to the expriment, only a small pressure
overprediction is present before first stage ADS.
The secondary pressure is on the contrary undepredicted by
the code in the second part of the transient
This fact however does not ifluence the primary pressure
since primary and secondary side in this phase of the
transient ae nearly completely decoupled. The
undeVredicton is due to an incorrect evaluation of the
secondary side he losses caused by the external heat
transer coefcient applied as a boundary condition to the
secoday side bea structuref s

Figure 12 compares pressurizer level behaviour. The initial
pressurizer draining is very well computed by the code and
also the pressurizer level increase at ADS opening is well
reproduced. Some difference is still present in the slow and
small increase of the level in the central part of the transient
as well as in the final draining of the pressurizer due to
fourth stage opening, anticipated in the code prediction.

Cmt injection flows, Figure 13, are very we reproduced.
The single phase recirculation value in the first part of the
transient is captured by the code as well as the following
ijection flow decrease due to the change of the gravity head
available caused by CMT heat-up. he onset of the two
phase recirculation is very close to experiment
For this transient the CMIs two phase recirculation is not
very stable and some liquid entrainement is still present in
the cold leg balance line. The predictions of the code follows
very -close the 1ex mental results An injection flow
increase at ADS opening is present in both the experiment
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and the prediction. The final CMT draining is slightly
anticipated.

COA level comparison is made in the following figure 14
and shows a good reproduction of the experimental data.

Figure 15 presents both the accumulator and IRWST
injection flows. The code predictions clearly shows the
effect of the ADS stages on accumulator injection as in the
experimental data. The accumulator injection stop is
slightly different and delayed respect to the eperiment.
INWST injection is anticipated but the injection value is
correctly calculated by the code.

Figure 16 presents the total discharged mas from the
primary system taking into account the contribution of the
break flow and ADS stages. The reproduction of the
eixprimental data is very good before and after the ADS
opening.

Finally figure 17 and 18 presents respectively the PRHR
mass flow and inlet-outlet temperature. As it can be
obsewvd the PRHR mass flow is underpredicted and this fact
has some influence on the overall energy balance (primary
pressure overprediction) since the inlet and outlet
temperature are well predicted. Before the run here
presented and IRWST renoding the outlet temperature was
overpredicted with a correspondent increase of the primary
pressure overprediction.
The IRWST renoding permitted to match the PRHR outlet
temperature although more work is needed to improve the
PRHR mass flow calculation (note that in single phase
condition during the first part of the transient the PRHR
mass flow is well computed by the code).

The overall behaviour of the code compared with
exerimental results was very good.
Events timing as well as quantitative predictions of the main
transient variables are correctly calculated showing that the
code is able to reproduce all phenomenologies taking place
during the transient
The development and improvement of the SPES-2 input
deck played an important role on the degree of reproduction
of the experimental dat. Development of special noding
arrangement enabled the simulation of the facility aspects
not automatically handled by RelapS modelling.

Some work can still be done to improve the Relap5 code
predictions for what the overall energy balance is concerned,
however such improvement should be done in the frme of
an extended post test calculation activity

CONCLUJSIONS

The SPES-2 noding developed by ANSALDO has been
briely presented and particular aspects of the Pclity
simulation discussed.
The use of three dimensional calculation to help the
developmest of the SPES-2 noding has been presented for
what annular and tubular downcomer in the faiility are
concernedl.
The work shown that three dimensional calculations can be
very helpful to develop RdapS input deck giving to the user
new insights into the phenomena to be simulated in order to

help the code handling aspects of the system taken into
consideration not automatically described by the code
modelling capability.
Moreover the comparison of the code predictions with
experimental data were very useful to identify input deck
limitations and to improve the SPES-2 noding.

Finally prediction for the 1I Cold Leg Break transient test
S00401 were compared with experimental data
The results indicate that Relap5 was able to deal with the
facility phenomenology both from a qualitative and
quantitative point of view.
Sequence of events was very dose to experiment while
calculated values of the main variables of the transient were
in good agreement with exerimental data.
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NOMENCLATURZ

ADS
OvMrIV
DVI
IRWST
MSWV
PRBR
CFDS

Automatic Depressurization system
Core Makeup Tank Isolation valve
Direct Vessel Injecti line
In containment Rfudeling Water Storage Tank
Main Steam Line Isolation Valve
Passive Resi"al Heat Removal
Computational Fluid Dynamics Services
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Figure 1 - SPES-2 Relap5lmod3 noding



Figure 2 - SPES-2 CFDS-FLOW3D annular - tubular downcomer grid
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Figure 4 - Annular-tubular downcomer connection
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Figure 8. Comparison of the lower and upper SPES-2 fluid temperatures In the
lower part of the tubular downcomer and Relap51mod3 predictions
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Figure 10 - SPES-2 Annular downcomer - Hot leg Intersection
CFDS-FLOW3D simulation of the flow field and pressure distribution
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22nd WATER REACTOR SAFETY INFORMATION MEETING
SESSION 11

HIGH-BURNUP FUEL BEHAVIOR
R. Meyer, Chair

INTRODUCTION

Welcome to Session 11 on High-Burnup Fuel Behavior, with special
emphasis on reactivity-initiated accidents. These are design-
basis accidents that are analyzed in safety analysis reports for
all licensed power reactors. It has been a long time since there
was so much interest in fuel behavior under conditions of design-
basis accidents, so I thought I would take a few minutes to
provide a little background.

In the 1970s, the NRC had a strong program of licensing and
research in the area of fuel behavior. That program was driven
to a large degree by commitments from the earlier ECCS hearings
and by fuel anomalies that were occurring in operating power
reactors. By the late 1970s, results from that program had been
used to define regulatory practices that were described in the
NRC's Standard Review Plan (Ref. 1).

Within a few years after the accident at TMI in 1979, that NRC
fuels program was idled. Resources were reassigned to address
severe accident issues as risk-based considerations were taken
into account. The kind of fuel-related phenomena addressed in
the Standard Review Plan were not seen as precursors to severe
accidents, and fuel performance in operating reactors had
improved.

The data base on which the regulatory practices had been founded
covered fuel burnups up to the range of 20,000 to 40,000 MWd/t.
For example, the ANS Standard Fission Product Release Model
(1982) had to use LMFBR data above 19,000 MWd/t because well
characterized LWR data were not available. And the highest
burnup fuel rod that had been tested under reactivity transient
conditions (in the CDC core of SPERT) had a burnup of 32,000
MWd/t. Nevertheless, burnups in that range were thought to be
adequate for the exposures that would be achieved in commercial
power reactors.

During the 1980s, fuel performance in operating reactors remained
good, and fuel burnup increased to levels not expected a decade
earlier. Experimental data at higher burnups also became
available from programs such as the Haiden Project. During that
time period, the NRC maintained its participation in the Halden
Project and in Studsvik's fuel research projects, but results
were merely archived and no research activities were pursued by
NRC. NRC's research attention remained focused on severe
accidents.
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By the early 1990s, it had become clear that burnups in
commercial power reactors were exceeding the burnup range for the
validation of NRC's fuel behavior computer codes and related fuel
damage criteria. Fuel suppliers were providing high-burnup
performance data to support the licensing of higher burnup fuel
designs, but the NRC's independent capability had not been
updated. Therefore, on October 4, 1993, a formal memorandum was
sent from NRC's licensing office to the research office
requesting assistance on high-burnup fuels. The memorandum asked
for work in three areas: (1) fuel performance model changes
(e.g., U02 thermal conductivity, fission gas release, etc.), (2)
fuel performance code updates (i.e., FRAPCON and resultant
effects on LOCA stored energy), and (3) fuel failure threshold
assessment (for reactivity transients).

The first of three contracts, which were initiated to respond to
the need, was placed at Battelle's Pacific Northwest
Laboratories, and that contract was for fuel performance model
changes. A number of specific modeling areas are being
addressed, and this work will be described in greater detail in a
subsequent paper at this meeting.

The second contract was placed at the Idaho National Engineering
Laboratory. This contract has two different activities. One
will take the revised models from the Battelle contract and
incorporate them into the FRAPCON code for steady-state fuel
behavior analysis, thus updating FRAPCON for high-burnup
applications. Updates will also be made to the transient fuel-
behavior code FRAP-T and to the MATPRO program for materials
properties. Validation, peer review, and documentation are all
planned for the updated codes. This work will also be mentioned
in more detail in the subsequent paper to be presented by INEL.

The other activity in the Idaho contract is an assessment of fuel
damage criteria for reactivity transients in high-burnup fuel.
This assessment will reevaluate NRC's cladding failure criteria
for reactivity accidents in light of the experimental data coming
out of completed and ongoing in-reactor test programs.

The third contract was placed at Brookhaven National Laboratory
to perform best-estimate calculations of plant transients for
reactivity-initiated events of the type addressed in licensing
safety analysis reports. Such results are needed to determine
the energy input into the fuel during reactivity accidents; this
energy input is needed to assess the impact of any reduced damage
thresholds that might be indicated by emerging high-burnup fuels
data. This work was initiated only recently, and no further
discussion of it will be given here.

During the past year, as the above work was getting underway,
important fuel behavior data were obtained in the Cabri test
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reactor in France (Ref. 2) and in the NSRR test reactor in Japan
(Refs. 3-4). Additional testing of this type has also been done
in the IGR test reactor in Kazakhstan by the staff at the Russian
Research Center (Kurchatov Institute). All of this work will be
reported in the following papers.

The importance of this experimental work on reactivity-initiated
accidents will be determined by its impact on current licensing
criteria and the way we do the related safety analyses. Let me
summarize the licensing criteria currently used in the U.S.

The present licensing criteria for fuel behavior during
reactivity transients involve two enthalpy values: one at 280
cal/g and the other at 170 cal/g. The 280 cal/g value is used as
a limit "to ensure that core damage will be minimal and that both
short-term and long-term core cooling capability will not be
impaired" (Ref. 5). The 170 cal/g value is used as an indicator
of cladding failure for BWR reactivity transients initiated at
zero or low power; thermal margin criteria are used for all other
BWR and PWR reactivity transients (see Ref. 1).

In the papers that follow, it will be seen that cladding failure
is observed at enthalpy values significantly below 170 cal/g at
very high burnups. Fuel loss from the test section was found in
some cases. These kinds of observations could have an impact on
the enthalpy values that are used as licensing criteria.

To obtain a preliminary assessment of the impact, the NRC staff
performed a brief review of plant analyses described in licensing
safety analysis reports that had been previously approved for a
typical BWR and a typical PWR. The review was to identify the
transients that are likely to result in reactivity insertion
levels on the order of 15 cal/g (the approximate added enthalpy
at the time of failure in the Cabri test at 65,000 MWd/t). It
was found that, for high-burnup fuel in typical loading patterns,
only a few of the analyzed transients would result in some fuel
approaching or exceeding a 15 cal/g increase. These transients
are:

* BWR Rod Drop

* PWR Rod Ejection

* BWR Flow Controller Failure with
Recirculation Flow Increase

* BWR Power Oscillations

The NRC staff concluded that the immediate public health and
safety significance of the new high-burnup transient tests is
small, but the potential impact on plant operation and planning
-- for future cores with higher burnup and longer operating
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cycles -- may be large. Results from the Brookhaven study
mentioned above, and results that might be obtained from reactor
manufacturers, will clarify the importance of these new data.

On August 31, 1994, an NRC Information Notice was sent to all
licensees and fuel suppliers in the U.S. to alert them to recent
information on high-burnup fuel performance that could affect
previously approved fuel burnup limits and enthalpy limits for
high burnup fuel. By the fall of 1995, all of the activities
described above will be at a stage where a more informed
conclusion can be reached and the need for any revision of fuel
behavior criteria can be defined.
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THE RIM EFFECT AND OTHER HIGH BURNUP MODELING
FOR NRC FUEL PERFORMANCE CODES

C. E. Beyer, D. D. Lanning, and H. E. Cunningham
Pacific Northwest Laboratory(a)

Abstract

Pacific Northwest Laboratory (PNL) has recently initiated a program
sponsored by U.S. Nuclear Regulatory Commission (NRC) to review data on the
material properties of fuel and cladding at high burnup levels and to update
models within NRC fuel performance codes. As part of this program PNL is
updating those models that may have a significant impact on predicting fuel
performance during reactivity initiated accidents (RIAs) occurring at high
burnup levels. Recent RIA experimental tests indicate that fuel failures
occur at decreasing energy deposition levels with increasing fuel burnup.
Factors contributing to failures at reduced energy levels are believed to be
increased power deposition in the rim of the fuel, high pressure gas bubbles
in the fuel that release mechanical energy, and cladding with reduced
ductility and impact strength.

Introduction

The U. S. Nuclear Regulatory Commission (NRC) has recently initiated a
new program to review data on the material properties of fuel and cladding at
high burnup levels. The objective of this program is to update fuel
performance models within NRC fuel performance codes to improve their
predictive capability to rod-average burnup levels of 60 GWd/MTU and higher.
Models being reviewed for improvement at the higher burnup levels are fission
gas release, fuel swelling, gap conductance, fuel thermal conductivity, fuel
specific heat, fuel rim structure, burnable poison properties, radial power
distribution, cladding corrosion/hydriding, and cladding mechanical
properties. In addition, the NRC is examining the results from the latest
experimental tests that simulate reactivity initiated accidents (RIA). 12.3.4)

Preliminary examination of these data show fuel failures occurring at
decreasing energy deposition levels with increasing fuel burnup levels.

As part of this NRC program, Pacific Northwest Laboratory (PNL) is
evaluating those fuel performance models that may have a significant impact on
predicting fuel performance during reactivity initiated accidents occurring at
high burnup levels. Those models that may have an impact are the fuel pellet

(a) Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 1830.
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rim structure, the radial power distribution within the fuel pellet, cladding
corrosion, and cladding mechanical properties. The first two are
interdependent because three interrelated phenomena in the fuel surface, or
rim, change with increasing burnup: 1) there is a significant buildup of
plutonium in a thin region at the fuel surface due to 238 resonance
absorption of neutrons, which results in higher fission rates and burnup; 2) a
highly porous structure develops within the rim with up to 30% porosity
(bubbles) filled with fission gases; and 3) a fine subgraln structure of --a m
grains develops, as compared to the as-fabricated grain structure of 10-20 pm.
In addition, the width of this rim increases with increasing burnup, with a
width of 150-200 em at a pellet average burnup of 60 GWd/MTU.

Fuel Rim Effects

The increased plutonium in the rim with increasing burnup significantly
changes the radial power distribution. For example, the volumetric heat
generation rate in the pellet rim at 50 to 60 GWd/MNTU (pellet average) has
been estimated to be a factor of two to three greater than the pellet average
as illustrated in Figure 1 (taken from Reference 5). The increase in both
plutonium and power within the rim with increasing burnup will be modeled in
the NRC fuel performance codes using the RADAR radial power profile
algorithm(6) with modifications as proposed by Lassmann'5) to explicitly
describe the increasing plutonium isotopes.

In addition, increased fission products and bubbles in the rim will
decrease the thermal conductivity in that region. Therefore, the higher
volumetric heat generation rate and the lower thermal conductivity in the rim
combine to produce slightly higher fuel rim temperatures (in the same neutron
flux) at higher burnups than lower burnups.

The fine subgrain structure (-.1 pm) that forms in the rim results in a
large quantity of gas bubbles on the subgrain boundaries that were not evident
prior to rim formation (Figures 2 to 4). The rim formation appears to be
dependent on the local burnup level within the fuel. Both Cunningham'7) and
Kameyama(8) estimate that the local burnup level for rim formation is between
70 to 80 GWd/MTU. Kameyama also shows that this burnup level remains
applicable over a wide range of rim widths. Therefore, the NRC fuel
performance codes will assume that rim formation begins at a local fuel burnup
of 75 GWd/MTU and will calculate the rim width based on the radial burnup
distribution in the fuel pellet.

The noble gases (xenon and krypton) produced in the fuel and stored in
the matrix and bubbles are the most likely source of cladding loading during
transient power increases. For slower power transients on the order of
several minutes to hours, the fuel will swell due to bubble growth from gas
atom and bubble diffusion that will load the cladding In the radial and axial
directions. However, for the faster RIAs, where the transient power increase
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is over in milliseconds, the diffusion kinetics for the fission gas is not
significant in this time period except for those extreme high energy RIAs
where fuel temperatures are near melting. The source of cladding loading for
these lower energy RIAs is most likely due to the high pressure bubbles that
have been recently observed in pressurized water reactor (PWR) fuel irradiated
at low temperatures typical of commercial operation.f 9 -10) These bubbles have
been observed to have high strain fields around them and pressures on the
order of 104 bar at room temperature and therefore, mechanical energy that can
load the cladding when released. As their numbers increase with burnup, there
is a large degree of microcracking and bubble interlinkage observed that
weakens the grain boundaries, particularly near the pellet surface. It is
further hypothesized that the very fast transients induce high thermal
stresses in the pellets that along with the high pressure bubbles on the grain
and rim subgrain boundaries create severe microcracking at the grain
boundaries releasing significant quantities of fission gas resulting in
cladding loading. A significant question that still needs to be addressed
through fuel examination is whether this microcracking during RIAs is limited
to the fuel rim (where power density is greatest in high burnup fuel) or is it
experienced within the whole pellet. Modeling of this phenomena will depend
on these examinations.

Cladding Effects

Zircaloy-4 cladding from PWRs has exhibited a significant decrease in
ductility when local fuel burnups exceed 55 GWd/MTU and fast fluences exceed
8xI02' n/cm2 (> 1.0 MeV) as illustrated in Table 1. At fast fluences of 5 to
7x1021 n/cm2 measured elongation is typically 2 to 3% near normal in-reactor
cladding temperatures, however, when fast fluences reach 8x102 1 n/cm2 and
greater uniform ductility drops to 1% or less. Even though yield strength
remains high in the Zircaloy-4 cladding it is likely that the impact strength
Is decreasing with the ductility and the cladding loadings due to RIAs are
probably closer to an impact load. Therefore, the cladding cannot withstand
the same impact loads at these high fluences/burnups as experienced at lower
burnup levels. The cause for the decrease in Zircaloy-4 cladding ductility is
believed to be due to high levels of corrosion, i.e., hydriding, and fast
neutron damage at extended burnup levels.

There is a large amount of in-reactor Zircaloy-4 corrosion data
indicating that corrosion is accelerating at burnup levels greater than
50 GWd/MTU 14.15) This accelerated corrosion leads to oxide thickness levels
greater than 100 pm particularly in high coolant temperature plants as
illustrated in Figure 5 taken from Reference 15. The hydride levels in the
cladding proportionally increase with oxide thickness with peak hydride levels
reaching 400 to 700 ppm when oxide thickness exceeds 100 pm.(13) Therefore,
the ductility decrease is believed due to a combination of irradiation damage
at fast fluences greater than 8x1021n/cm2 and hydride levels greater than
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400 ppm. This is confirmed by the fact that unirradiated Zircaloy-4 with
hydrogen levels of 700 ppm have shown a smaller decrease in ductility than the
extended burnup cladding. Conversely, Zircaloy-4 with fluences greater than
9xl021n/cm2 but with hydrogen levels less than 100 ppm also shows greater
ductility than the extended burnup cladding with hydrogen levels greater than
400 ppm. 3

Cladding corrosion (hydride levels) and fast fluence levels will both be
considered in the modeling of cladding properties.

Summary

Fuel failures have been observed at decreasing energy deposition levels
with increasing burnup in reactivity initiated tests of high burnup fuel
rods. 1*2*33 4 ) Factors contributing to failure at reduced energy levels are
believed to be increased power deposition in the rim, high pressure gas
bubbles in the fuel that release mechanical energy, and cladding with reduced
ductility and impact strength.

Fuel and cladding data and information are currently being collected by
PHL so that the rim structure and cladding properties can be modeled at high
burnup levels. These models will be updated within the NRC fuel performance
codes by September 1995.
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TABLE 1. Irradiation Effects on Tensile Test Results for Zircaloy Cladding Tubing
Mechanical Properties

wr.jw

Cladding Reactor t Local Fae Uf_ Total
Condition {Reference) ITmnerAtgre. 2l nce. Strena. ElongatJn., Elongatlon,

LC 10 n/rm. mf t. %

Unirradlated Zorita(1I) 385 340 ? 14 to 15

Irradiated Zorita(11) 316 5 to 7 620 2 to 3 3 to 6

Unirradiated ANO-1(12) 343 -- 390 3.9 14.6

Irradiated ANO-1(12) 343 9 563 2 to 3 4 to 11
(6.9 avg)

Unirradlated Oconee-1(12) 343 -- 404 3.1 20

Irradiated, Oconee-1(12) 343 7 546 2.1 avg. 15.5 avg.
4 -c y c l e_ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Irradiated, Oconee-1(12) 343 9 606 1.3 avg. 12.7 avg.
5-Cycle

Unirradiated Calhoun(13) 400 -- 240-310 --- _27-27

Irradiated Calhoun(13) 400 11 519 0.75 6.19
6 cycles
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Figure 1. Calculated Radial Power Density Function at 50 GWd/MTU Burnup for
several Fuel Types (from Lassmann, Reference 5). Initial Fuel
Enrichment was 5%.

324



- Pellet Edge

Rim Region

Figure 2. Example of Rim Region Hicrostructure at 54.2 GWd/MTU
from Reference 9.

Figure 3. SEM Photo of Fracture Surface in Rim Region at
83 GWd/MTU (Pellet Average) from Reference 9.
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Figure 4. TEM photo illustrating as-fabricated grain boundary (G), matrix
structure (A), tangled dislocation (B), and fission product precipitates
or bubbles (P).
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Investigation of the behaviour of high burn-up PWR fuel under RIA
conditions in the CABRI test reactor

F. SCHMITZ, J. PAPIN, M. HAESSLER, J.C. NERVI
Commissariat i IEnergie Atomnique

Institut de Protection et de SOreti Nucldaire, CADARACHE

P. PERMEZEL.
Electricit6 de France, SEPTEN Lyon

Abstract

In the frame of bum-up increase of the Pressurized Water Reactors (PWR), the French
Nudear Safety and Protection Institute (IPSN) is performing theoretical and experimental
studies in the field of Reactivity Initiated Accidents (RIA). This work is performed in close
cooperation with Electricit6 de France (EdF).

The basic goal of this work is to develop and to validate the computer code SCANAIR
as a reference tool for transient fuel behaviour under reactivity accident conditions, in
particular for fuel at high burn-up.

The presently available experimental data base is insufficient. High bum-up effects
resulting from clad corrosion, fission product accumulation and from the so-called RIM effect
must be evaluated by exposing high bum-up fuel to rapid power transients under
representative conditions. This experimental effort is performed in the French test reactor
CABRI.

In a first programme stage (1993 - 1996), which covers 6 to 8 experiments, high burn-
up fuel, both U0 2 and MOX is tested in the sodium loop of CABRI. The scope of this
programme stage only concern the fuel behaviour phenomena up to fuel rod failure.
In 1997 a pressurized water loop will be implemented into the CABRI test channel. The future
CABRI REP programme will then allow to study the full sequence of transient behaviour
including post failure events resulting from fuel dispersion.
In the present paper we present the major results of the first CABRI REP-Na experiments.

1. Introduction

Fuel cycle and fuel management economics are the motivation for the world-wide trend
to increase the burn-up at discharge of the LWRs and in particular of the PWRs.

A broad international data base is available for the demonstration that bum-up of more
than 60 GWd/t(U) can be reached reliably with improved fuel assemblies. Steady state
operation and operational transients are covered by this demonstration of satisfactory fuel
behaviour.

However, a similar degree of experimental knowledge has not been achieved in the field
of high bum-up fuel behaviour under design basis accident conditions, in particular RIA
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Reactivity Initiated Accident). More precisely, at high burn-up (> 30 GWd/t), the fuel service
limits and safety margins are unknown for the reference RIA, resulting from a postulated
ejection of a control rod bundle. For this scenario the presently valid safety criteria are
supposed to prevent from any severe damage to the reactor core and its structures.

In France, the RIA safety criteria have been formulated essentially on basis of the
SPERT, PBF experiments:

- Maxmm mean fuel enthalpy:. Hmax 200 cal/g(UO2)
- Maximu cladtemperature: Tc (max)•1482 0C
- Maximum fuel melt frmction: Fmelt < 10 %

These criteria, as formulated presently, are independent on burn-up.

Since the early SPERT experiments (1967-1970) however there is clear evidence 'that
the mode of fuel rod failure is strongly affected by the previous irradiations [1]. Similar
conclusions were drawn from more recent Japanese NSRR experiments [2] when, nearly 20
years after the SPERT-CDC tests, fuel at a significant burn-up level was once again exposed
to the conditions of rapid power transients.

No experimental data beyond -30 GWj/t(U) with sufficient energy deposition for fuel
behaviour under RIA conditions were available at the end of the 1980s. Russian experiments
at 47 MWd/t performed in the IGR- test reactor [3] in Kasakhstan were known; however the
hollow pellet geometry of the WWER fuel and the specific cladding were considered to be to
far from representativity for western fuel design.

In factthere is clear evidence however for fuel transformations at high burn-up which
might worsen the consequences of the hypothetical reactivity accident:

1/ formation of significant oxide layers on the ZIRCALOY cladding and related
hydrogen pick-up which leads to embrittlement and reduced mechanical strength of
the clad material.

2/ steadily increasing retention of gaseous and volatile fission products in the fuel
which lead to transient fuel swelling under rapid heating conditions causing severe
PCMI (pellet clad mechanical interaction).

3/ formation at the fuel surface of a porous, high burn-up zone with very small grains
and high fissile material content.

4/ strong pellet to clad contact.

As a consequence of these transformations it is expected that the critical fuel enthalpy
which leads to unacceptable consequences decreases with increasing bun-up. The early rod
failure resulting from PCMI loading of brittle cladding might produce undelayed expulsion of
finely fragmented solid fuel together with the gases retained in the RIM region and originate a
new type of fuel coolant interaction, FSFCI (Fragmented Solid Fuel Coolant Interaction).
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2. The transient response of the fuel to RIA accident conditions

The american (SPERT, PBF) and japanese (NSSR) in-pile experiments have established
a broad data base for fresh fuel rod behaviour for experimental fuel exposed to fast, close to
adiabatic, power transients.

The conclusions drawn from the results of these test programmes have largely
determined the formulation ofthe RIA safety criteria:

a) no fidlure without departure from nucleated boiling (DNB).
b) no fuel dispersion without melting.

The failure mode of the cladding was strain rupture due to ballooning at high clad
temperature.

Molten fuel ejection and subsequent molten fuel coolant interaction (MFCI) only
occurred at high fuel enthalpy levels when substantial melting was reached.

Some of the last SPERT CDC tests (756 and 859 at - 32 GWdht) and more recent
NSRR experiments (JM4 and JM5 at - 26 GWd/t), gave unrefutable evidence for a totally
different transient fuel behaviour with regard to fresh fuel. Failure occurred at significantly
lower enthalpy levels than for fresh fuel, as low as 85 cal/g in SPERT 859, however either no
or very little fuel was dispersed.

In addition, both test series are suffering from major unrepresentativities with regard to
PIER fuel:

- high preirradiation power level for the GEX pellet fuel used in SPERT CDC
(- 550 W/cm (max)),

- highly enriched (10 %) experimental fuel irradiated under helium and tested in
NSRR at 200C initial capsule water temperature conditions under 1 bar
pressure.

The three already mentioned high bum-up effects which are supposed to change
significantly the fuel behaviour at high bum-up must be analysed in detail.

If the accumulation of fission products with irradiation and also the clad embrittlement
could be prognosticated, this was not the case for the RIM effect in 1971 when the guide-lines
for safety criteria were formulated.

2.1. Clad corrosion

The in-pile clad corrosion process is the major life limiting factor for nominal fuel
operation.

In the upper part of the fuel rod, at high bum-up and for first generation clad material,
oxide layers of more than 100 IL thickness may be observed and the hydrogen content of the
underlying metal could be larger than 600 ppm. This corrosion is accompanied by the radiation
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damage due to fast neutrons and to the potential action of aggressive fission products on the
inner surface of the fuel clad.

Hydrogen has some solubility in ZIRCALOY at the operating temperature of - 3000C.
When cooling down, hydride phases could precipitate perpendicularly to the stress field in case
of very high tensile stress in the cladding. A circumferential orientation of the hydride platelets
is observed in metallographic eamminations of irradiated cladding giving evidence of the
loading from external pressure [4]. Stress inversion would lead to radial orientation of the
hydrides which might initiate cracking [5].

2.2. Fission product retention

At 52 GWd/t (U) the fuel contains 1.4 cm3/g of fission gas, Xenon and Krypton
essentially, which is contained in microscopic, fine bubbles and confined by the lattice and
grain boundary forces of the fuel (surface tensions). Under rapid transient heating this gas
inventory is activated (released), progressively at solid state of the fuel and completely and
instantaneously upon melting. This process produces the internal pressurisation of the fuel. and
the transient fuel swelling before the escape of the gas into the free volumes of the fuel rod.
The inert fission gas effect might be raised up by a factor of up to two if volatile fission
products (Cs, Rb...) or part of them would behave in a similar way like noble gases.

2.3. The RIM effect

At high burn-up, beyond 40 to 45 GWd/t(U) a typical zone appears at the radial
periphery of the fuel. This zone, approximately 200 IL thick, is characterized by both its
structure and composition [6 - 8]:

- very high local burn-up (- 2 x T),
- high local Pu content (- 2 x cPu),
- submicron size fuel grains due to subdivision resulting from high fission product

content at low temperature,
- high local porosity.

This peripheral zone is the product of the flux gradient in the pellet and of resonance
neutron captures close to the fuel surface.

During the rapid power excursion the RIM zone plays a key role because the already
peaking fission density in homogeneous fuel is amplified by the high Pu content and the
increased gas content is boosted up by the locally high fuel temperatures. In case of fuel rod
failure, this peripheral zone may be finely fragmented and dispersed into the coolant channel
together with the fission gas retained in the RIM region.

3. The French theoretical and experimental Programme of RIA studies

The basic objective of the IPSN/EDF programme on RIA's is the development,
qualification and validation of computer tools.
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TOSURA-REP (IPSN) [9] and METEOR (CEA-DRN) [10] are the codes which
describe the state of the fuel at the beginning of the power transient (t0state).

SCANAIR (IPSN) [11] is specially developed for the high burn up fuel response to
rapid power excursions. These codes are presently available for the preparation and
interpretation of the RIA experiments and for sensitivity studies in reactor application. In a
first step in the attempt to improve the experimental knowledge at high burn-up, IPSN has
established the association to the japanese programme NSRR. Rapidly a good insight was
gathered, especially on basis of the JM4 and JM5 experiments [12]. In 1991 however, on basis
of 8 experiments with irradiated fuel in NSRR, the IPSN specialists came to the conclusion
that the NSRR programme alone could not satisfy the French safety needs due to the NSRR
limitations:

- unsufflcient capacity of the amount of energy deposition into industrial fuel at
high burn-up,

- no precise detection of failure and post-failure events,
- unsatisfactory initial thermohydraulic conditions (stagnant water, I bar, 200C),
- non representative test rods only allowed to reach significantly high fiuel

enthalpies at high burn-up (JMTR fuel with 10 % enrichment and no
corrosion).

As a consequence it was decided to initiate in the CABRI test reactor in CADARACHE
an experimental programme in two stages with distinct objectives:

- Phase I of the CABRI RIA programme : REP-Na, RIA experiments in the
sodium loop of CABRI.

- Phase 2: CABRI-REP, after implementation of a pressurised water-loop into
CABRI, experiments in representative PWR conditions.

3.1. RRIA experiments in the sodium loop of CABRI i141

The early, precocious failures which have been observed in SPERT 859 as well as in
NSRR JM4, JM5 had demonstrated that PCMI failure at high bum-up occurs on cold
cladding, early in the transient. No significant thermal-hydraulic effect is to be expected before
failure. For this phenomenology experiments in the sodium loop of CABRI could be
envisaged. The nature of the coolant, if compatible with ZIRCALOY, should not play a role
before filure and fuel ejection.

A limited number of tests has thus been defined aiming at the determination of the fuel
failure enthalpy at high burn-up and at the evaluation of the safety margin to fuel ejection.

For this programme phase a number of 6 to 8 experiments are envisaged with fuel burn-
up as the major test parameter.

3.1.1. The CABRI REP-Na test matrix and the test parameters

In fact four parameters are studied already in the first phase of the CABRI tests:
- burn-up,
- clad corrosion,
- ramp rate,
- fuel type.
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The global aspect of irradiation effects is studied at 3 burn-up levels:

- 30, - 50, - 60 GWd/t

A fresh fuel test in CABRI cannot be envisaged because the sodium coolant environment
does not allow to simulate the sequence of clad overheating and ballooning after DNB.

2. Clad corrion

The effect of various degrees of corrosion is studied by the use of either standard or
improved clad material or by selecting lower or upper sections of a commercial fuel rod at the
same burn-up level.

3. Power ramp rate

In a first stage a fast power pulse of - 10 ms width at half maximum similar to the
NSRR and SPERT ramps, is applied.

In a second stage a pulse of - 80 ms width at half maximum as calculated from reactor
neutronies, will be applied. It is expected that the power ramp rate could have some influence
on the behaviour of the fission product populations resulting from the significantly different
temperature history and radial distribution.

4. Fuel typ

The introduction of mixed U-Pu fuel - MOX - into the french PWRs has already started
and will be amplified in a near fiuture. The fabrication mode of MOX fuel may lead to local
inhomogeneities especially for the fuel fabrication mode which is based on the mixing of U0 2
with a UIPu masterblend (MAS procedure). Fuel from this fabrication route may contain
Pu rich agglomerates which would reach local bum-up levels very much higher than average.
Rapid transient heating would overheat and overpressurize these agglomerates. Fresh fuel
tests have been performed by FRESMLEY and al. in the early 70's [14]. No data base is
available for highly irradiated MOX fuel. A few experiments at various burn-up are foreseen
already in the sodium loop of CABRI.

The CABRI test matrix beyond REP-Na3 is still provisional and is shown in table 1.

3.12 The CABRI-REP water programme

In 1997 the CABRI facility will be equipped with a pressurized water loop. At this time
some major questions will have been resolved thanks to the sodium experiments.

The essential part of the questioning and finally the validation basis for computer codes
must be delivered however by the fully representative experiments in the pressurised water
environment.
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TABLE I MATRIX OF RIA TESTS IN THE CABRI SODIUM LOOP

Name Fuel (US Max. Mean Objective Date
enichi) Fuel Enthalpy

(estimated)

REP EDF 65 GWd/t 120 Failure? Nov. 1993
Na-l (4.5 %) (m

SGL 5/6

REP BR3 35 GWdh 200 Failure June 1994
Na-2 (6.8S *X.) (d4f

REP EDF 50 GWdtf 140 Failure Sept 94
Nga-3 (4.5 %)

S;L S16

REP EDF S0 GWd/t 140 Failure ?
Na-4 (4.5% ')

SGL 2/3 Fin 94/
or 160 Failure ? Debut 95

EDF 30 GWdlt
(4.5 'Y)
SGLS/6

REP EDF 50 GWd/t 140 Failure ?
Na-S (4.5 %)

SGL 56 Reactor 95
Ramp

or 160 Failure ?
EDF 30 GWdh

(4.5 %)
SGL 5/6 Reactor

Ramp

REP MOX 180 Failure 95
Na-6 Fuel not yet chosen

SGL spacer grid level.

n INSTITUT DE PROTECTION ET DE SURETE NUCLEAIRE
DEPARTEMENT DE RECHERCHES EN SECURITE
Centre ME xes de Cadarache.unw.nw- *mos oS^ U. LEZ WRECEDOE -T46w1u415 ?7n.- F.: =2Sa T Cs N7 f

--- , 101C Am W"M09.0
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As already mentioned, the experiments under sodium are only valid in their early phase.
Early failure if occuring is significant. Once the rod has survived the early loading, the
overcooling under sodium causes thermal and thermal-hydraulic non-representativity.

Furthermore, the transient fission gas behaviour has to be validated under realistic
pressure conditions. The most important aspect of the PWR loop however is given by the
possibility to study post failure events, in particular the fragmented-solid-fuel-coolant-
interaction (FSFCI) which represents at present time a major threat. Without any precise
knowledge, a conservative approach must be adopted presently such that finely fragmented
fuel once ejected, which continues to be heated by the on-going power pulse and exchanges
heat directly with the pressurised water.

On the contrary, experimental evidence is expected to show that the real process is
considerably mitigated by the presence of the fission gas which was blown out simultaneously
with the fuel.

Together with the number of advantages of the CABRI facility [15]:
- hodoscope,
- precise energy deposition,
- precise failure time and location,
- temperature, pressure, flow measurements,
- on site examination.,

the pressurised water loop will open a new field for important safety studies.

4. First results from REP-Na tests

Three experiments of the CABRI REP-Na test matrix have been performed.

The test fuel was selected in accordance with the global matrix objectives. The
experimental fuel rods were carefully elaborated and submitted to detailed non destructive
testing and inspection before introduction into the CABRI test section.

After introduction and transportation to the CABRI site, the test rods are again
radiographied and y-scanned before loading into the CABRI test loop.

This is the usual CABRI procedure which is followed then by the flowmeter calibration
and the measurement of the neutronic coupling between the test pin and the CABRI driver
core.

Immediately before and just after the power transient a HODOSCOPE recording is
made at low power which establishes the state of the fuel just before and immediately after the
test.

All the three experimental rods have been exposed to the same driver core power pulse,
close to the maximum capabilities of CABRI, both in kinetics and in amplitude. The energy
deposition into the test rod is finally determined by the reactivity of the test fuel resulting from
fissile material content and from bum-up.
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All tests are carefuilly precalculated:

- t0-state: TOSURA (REP).

- transient: SCANAIR

4.1. The test REP-Na 1

For this first test the most penalising conditions have been chosen:

- highest bum-up,

- important corrosion.

4.1.1. The fuel rod

The tested fuel is a 570 mm long section cut-off from a commercial fuel rod at the level
of the spacer grids 5/6. The 4.5 % U-5 enriched fuel was irradiated in the EDF power-plant
GRAVELINES during 5 cycles, 3 of them under load follow operation mode.

The local burn-up is 63 GWd/t. The test rod was elaborated according to the FABRICE
procedure and filled with a He(Xe gas mixture simulating the calculated plenum gas
composition at I bar (ntp).

4.1.2. The CABRI test

The test rod was subjected to a 9.5 ms large power pulse which deposited a local
maximum average energy of 116 calg (UO2). The coolant channel conditions were:

- sodium inlet temperature : 280TC,
- sodium flow rate : 4 m/s,
- coolant pressure (outlet) : 2 bars.

4.13. Test results

The fuel rod failed early into the transient at a local average energy deposition of only
- 15 callg corresponding to an average maximum enthalpy of - 30 callg (UO2). Failure was
detected by microphones and pressure and flow events were recorded.(see fig 1) Channel
thermocouples measured temperature up to 13500C.

Post test non-destructive examinations showed multiple brittle failures (see fig 2), fuel
loss from the rod and fuel accumulation on channel filters.

4.2. The test REP-Na 2

The objective of this test was to explore the safety margin at - 30 GWj/t (U) and to
qualify the sodium channel testing at the level of the previous SPERT-CDC tests 756 and 859.
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LABORATORY FOR THE EXAMINATION OF IRRADIATED FUEL ELEMENTS a p HOT CELL FAcLrry CEA DRNDECISDLEC

Cabri test REP Na-1

0 CR1 8 mm/bfc 0 CR2 103 mm/bfc

1.3 mm

0 CR6 553 mm/bfc 0 CR8 212.5 mm/bfc

1.3 mm

FIG. 2: Radial cuts of REP-Nal showing multiple brittle failure sites
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4.2.1. The fuel rod

The test rod of this test is a full length BR3 fuel rod of 1000 mm fissile length. The
6.85 % enriched fuel was irradiated in the belgian reactor BR3 during 2 cycles to a maximum
bum-up of 33 GWd/t. The only transformation of the fuel rod consisted in replacing the
original fill gas by pure helium at atmospheric pressure in order to avoid an abnormal pressure
gradient in the CABRI test channel.

4.2.2. The CABRI test

The test rod was subjected to a 9 ms large power pulse which deposited a local
maximum average energy of 202 cal/g (UO2) (see fig 3). The coolant channel conditions were
identical to REP-Na 1.

423. Test results

The fuel rod did not fail. During the test the flow meters measured a so-called TOP
effect which is attributed to the expulsion of a small coolant volume which corresponds to the
transient volume change of the test pin (see fig 3). A slight permanent flow reduction was
detected indicating a significant plastic fuel rod deformation. A permanent cladding growth of
10 mm and a fuel gowth of 8 mm was registered.

4.3. The test REP-Na 3

The objective of this experiment was to test the response to the RIA transient of a
commercial fuel rod with improved clad material at goal bum-up.

43.1. The fuel rod

The tested fuel is a segmented fuel rodlet of 436 mm fissile length irrfaiated in
commercial conditions in the EDF power plant GRAVELNES during 4 cycles under load
follow. The 4.5 % U-5 enriched fuel reached a local bum-up of 53 GWd/t. The segmented
rodlet was located at the spacer-grid-level 516 during irradiation.

The preparation for CABRI testing consisted in removal of structure elements and
replacing the original fill gas by pure helium at 3 bar (ntp) pressure. In fact after REP-Na 2 it
was considered preferable to improve the failure detection by a slight overpressure in the pin
compared to the channel pressure.
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Fig. 4b : Inlet Flow (F1) and Outlet Flow (P2)
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4.3.2. The CABRI test

The test rod was subjected to a 9.5 ms large power pulse which deposited a local
maximum energy of - 120 cal/g (UO2) (see fig 4). The coolant channel conditions were
nominal, identical to the previous tests.

4.3.3. Test results

The fuel rod did not fail. A similar TOP effect like in REP Na2 has been detected by the
flow-meters (see fig 4). If confirmed, a significaant plastic straining of the cladding is to be
expected.

S. Discussion

The first three CABRI REP-Na experiments gave important, and to ; large extend,
unexpected results.

After REP-Na 1, critics and doubts were formulated as to the representativity and the
compatibility of the ZIMCALOY with the sodium test channel.

These experimental conditions may be considered as qualified by the tests REP-Na 2 and
REP-Na 3. Nevertheless, an important destructive examination programme has been
performed and to an important part devoted to the identification of eventual "system effects".
This extensive examination programme which is performed in the CEA/DRN hot-cells at
CADARACHE and SACLAY is nearly terminated.

There is no evidence for untypical material behaviour and in particular for
incompatibility between ZIRCALOY and sodium.

The extremely early and moreover violent failure of CABRI REP Nal can only be
explained by a specific action of the RIM region which is the only part of the fuel which had
reached thermal conditions largely beyond the nominal operation conditions due to the power
pealdng in the periphery (see fig 5). This action of the RIM is most probably coinciding with a
considerably reduced clad resistance due to corrosion and especially to hydrogen
embrittlement and a strong radial PCML.

REP-Na2 has demonstrated a good thermomechanical behaviour. The final
interpretation however must take into consideration the very low cladding oxidation and the
relatively low fast neutron dose. An important clad plastic straining has been measured. The
essential part of it seemsto be attribuable to transient swelling.

REP-Na3 is of highest interest. At 50 GWd/t the RIM is expressed and activated during
the transient. The test rod has survived the RIA transient. This is most probably attribuable to
the good mechanical behaviour of the improved cladding and to the reduced extension of the
RIM region..
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FIG. 5: REP-Nal refe ce callation of radial tempatue distribution
at the time of rod failure
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6. CONCLUSION

The REP-Na test matrix has been formulated as a bundle of tests which are
complementary for understanding. A synthesis will be established once the U0 2 tests are
terminated. Presently it appears that understanding is complicated by missing data in the field
of the dynamic mechanical properties of irradiated ZIRCALOY.

Furthermore a better understanding of transient fission gas behaviour is urgently needed.

From table.2 and fig. 6, it is obvious that low corrosion seems to improve the transient
response of the PWR fuel to the RIA transient.

The future tests should reveal the impact of the energy injection rate and possibly the
cliff-edge behaviour when corrosion degraded clad can not resist to the transient fuel swelling
(PCMI) and the finely fragmented fuel of the RIM region is dispersed into the coolant channel
when high burn-up fuel fails at an early stage, due to PCM.

Last but not least, the need to perform tests in a pressurised water-loop is the
indispensable condition for final code validation and so for the reassessment of safety criteria
which most probably must include a corrosion limitation in addition to burn-up.
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Table 2: REP-Na Test data summary

(tbd = to be determined) REP-Nal REP-Na2 REP-Na3
I 4 .

Test fuel rod
Cladding
Pressure (Ppin-Phannel)
Enrichment
Bum-up
Corrosion (j.)
Hydrogen (ppm)
Test Energy Deposition
Power Pulse Width
Maximum Fuel Temperature
Main Result
Load follow

FABRICE
Standard

0
4.5 %

63 GWdMt
80

760
116 cal/g

9.5
22300 C
Failure

3 of 5 cycles

BR 3 rod
Standard

0
6.85 %

33 GWd/t (max)
10

tbd
202 cal/g

9
27500C

No Failure
No

Segmented
Improved

2
4.5%

53 GWd/t
40
tbd

117 cal/g
9.5

23000 C
No Failure
all 4 cycles

_ _ L ,

347



REFERENCES

[1] P.E. MAC DONALD et al.
Assessment of Light-Water-Reactor Fuel Damage During a Reactivity-Initiated-
Accident.
Nuclear Safety vol. 21 - N05 (1980).

[2] K. ISHUlMA et al.
Behaviour of preirradiated LWR. Fuel Rods under Reactivity Initiated Accident
conditions.
IAEA TECDOC-706 - Aix-en-Provence 1992.

[3] L.A. EGOROVA.
Results of Cose Experiments in Investigation of Fuel Failure Mechanisms For The
UUER - 1000 in RIA Conditions.
IAEA TECDOC 706 Aix-en-Provence 1992.

[4] P. GUEDENEY et al
Standard PWR Fuel Rod Characterization at High Burn-up.
International Topical Meeting on LWR Fuel Performance, Avignon 1991.

[5] C. LEMAIGNAN, A.T. MOTTA
Zirconium Alloys in Nuclear Applications Material Science and Technology.
Volume IOB - Nuclear Materials VCH - 1994.

[6] ME. CUNNINGHAM et al.
Development and Characteristics of the RIM Region in High Burn-up U0 2 Fuel Pellets.
Journal of Nuclear Materials 188 (1992) 19-27.

[7] J.P. PIRON et al.
Fuel Microstructure and RIM Effect at High Bur-up.
International Topical Meeting on Light Water Reactor Fuel Performance.
West Palm Beach, Fl (1994).

[8] R. MANZEL, M. COQUERELLE, M.R BILLAUX
Fuel Rod Behaviour at Extended Bur-up.
International Topical Meeting on Light Water Reactor Fuel Performance.
West Palm Beach, Fl 1994.

(91 F. D. LEMOINE.
Adaptation du Code TOSURA aux REP.
To be published.

[10] C. S`TRUZIK et al.
Fuel Modelling at Extended Burn-up Comparison Between METEOR 1/
TRANSURANUS Calculations and Examinations on Fuel Rods Irradiated Up to
60 GWj/t.

348



International Topical Meeting on Light Water Reactor Fuel Performance, West Palm
Beach, Fl (1994).

[11] J.C. LATCHE.
High Burn-up Fuel and Reactivity Accident.
Meeting Franco/Finlandais (June 1994).

[12] J. PAPIN et al.
Irradiated Fuel Behaviour During Reactivity Insertion Accidents of L
WRs.
IAEA - TECDOC 706 Aix-en-Provence 1992.

[13] J. PAPIN, J.P. MERLE.
Irradiated Fuel Behamviour During Reactivity Initiated Accidents in LWRS. Status of
Research and Development studies in France.
21st WRSM, Bethesda (1993).

[14] M.D. FRESBLEY et al.
Behaviour of Discrete Plutonium. Dioxide Particles in Mixed Oxide Fuel During Rapid
Power Transients.
Nuclear Technology - Vol. 15 (1972).

[15] J.DADILLON, J.M. AUJOLLET and G. KUSSMAUL
The CABRI Facility - Generation and Control of the Transient Conditions,
Instrumentation of the Test Section.
International Colloquium on Irradition Tests for Reactor Safety Programmes.
Petten, Netherlands (1979).

349



NSRR EXPERIMENS TO STUDY

THE EFEECTS OF BURNUP ON

THE FUEL BEHAVIOR UNDER

REACITVITY IN1TIATED ACCIDENT

CONDMONS

T. FUJISHRO, K ISHD1MA

Deptment of Reactor Safety Research,
Tokai Research Establishment,

Japan Atomic Energy Research Institute,
Tokai, Ibaraki, Japan

Abstact

Since 1975, xteve studies on fuel behavior under reactivity initiated accident
conditions have ben conued m the Nuclear Safety Researci Reactor of Japan Atomic
Energy Research Ihstitute. New experimental program with prirradiated LWR fuel rod as

a test sample has recently been started. In this program, the effects of fuel bumup on the
transient behavior, the failure thrshold, the failure mechanisms and the consequences of the
failure will be studied. Thity two tsts have been performed so far with commercial PWR
and BWR rods, and MWR type rods prtiradiated in he g apma Materials Testing Reactor

IMR rods). The experiments indicated significant effects of burnup on fuel behavior such
as large fuel pellet swelling causing hard pellet-Cadding mechanical inteaction and
significant release of gseo fission products.

1. INMODUCIfON

In thc Nuclear Safety Research Reactor (6RR) operated by Japan Atomic Energy

Resarch Institute (AERI), etensive experimcntal studies on the fiel behavior under
reactivity initiated accident (RA) conditions have been continued since the start of the test
program in 1975(1J. Accumulated experimental data were used as the findamental data base
of the safety evaluation guideline for reactivity initiated events in light water cooled nuclear
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power plants established by the nuclear safety commission on January 19th, 1984.

All of the data used to establish the guideline were, however, limited to those derived

from the tests with fresh fuel rods as test samples because of the lack of experimental facility

to handle highly radioactive materials In time past, the tests with preirradiatod fuel rods were

conducted in the SPERT-CDC and the PBF projects at Idaho National Engineering Laboratory

in the United States[2]. The number of the tests perfonmed in these projects was, however,

limited to thirteen runs in all, and seems to be insuscient for clearly understanding the

influences of fuel bumup on fuel behavior under RIA conditions. The present Japanese safety

evaluation guideline, therefore, introduces the peak feld enthalpy of 85 cal/g-fuel which was

adopted from the SPERT-CDC data as a provisional failure threshold of preiradiated fuel rod

and says that this value should be revised based on the NSRR experiments in future.

This provisional failure threshold of 85 cal/gfuel was introduced the embrittlement of

the cladding tube and the possibility of PCMI (Pellet-cladding Mechanical Interaction) failure

and is used to count the number of failure rods during the course of an RIA and to evaluate

the source term for radiation baad calculation. The present guideline has two other criteria

230 callg for accidents to eliminate the possibility of mechanical energy generation and the

acceptable fuel design limit for abnormal transients as a function of pressure difference

between inside and outside of the cladding tube. The latter partially considers the effect of

fuel burnup, that is, accumulation of gaseous fission products. All of these criteria should be

reevaluated for high fuel bumup conditions.

According to the abQve requirement, new NSRR experimental program with preirradiated

fuel rod as a test sample was started in 1989. Test fuel rods are prepared by retfabication of

fuel rods preirradiated in commercial PWRs and BWRs intO short segments and by

preiradiation of short-sized test fuel rods in the Japan Materials Testing Reactor (JMTR)
Fuel rods already procured from commercial power reactors include PWR fuel rods from

Mihama-2, Genkai-1 and Ohi-1,2 reactors, and BWR fuel rods from Twruga-l reactor.

Preirradiation of 29 capsules (containing 87 test fuel rods) in the JlMrR had completed

or been progressing These test fuel rods will accumulate fuel burnups ranging from 10 to 40

GWd4A. Among them, some sods have higher initial emichment (20%) or different rod design
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(e.g. gap width).

The major interests in the current research activities are PCMI which might cause

cladding faiure at a low fuel enthalpy, fission gas release behavior under rapid heating

conditions and the possibility of f dispersion at a relatively low fuel enthalpy.

2. EXPERINTAL METHOD

2.1. Outline of the NSRR facilities

Since the NSRR, program is directed towards the study RIA fuel behavior, test fuel rods

should be iriadiated by a rapid power burst which should be similar to an RIA power burst

in an LWR IRIGA-ACPR, which generates pulsing power slightly more rapidly than an

LWR, was selected as the NSRR reactor. As shown in Fig. 1, the reactor core is mounted on

the bottom of 3.6 m wide, 4. m long and 9 m deep open pooL At the center of the NSRR

core, there is a large experimental cavity, where test fuel rods contained in a capsule or a loop

are subjected to power bursts.

The pulse opration which generates a power burst from zero power can simulte an

RIA from cold startup or hot stand-by. The reactivity insertion of up to $4.7 is licensed to

produce the maximum reactor power of 23,000 MW with the minimum reactor period of

approximaelIy 12 ms and to bring the maxim1um burst energy of 130 MW.

2.2. Test fuel rod

The test fuel rods used in the current test program are 14x14 and 17x17 type PWR rods

and 77 type BWR rods. The as-fabricated characteristics of the test rods re listed in Table
1. Bumnup of the commercial PWR rods ranged from 39 GWdA to 50 GWdA and that of the

BWR rods was 26 GWdA.
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Fig 1 NSRR facility

Table 1 Summary of as-fabricated characteristics of the test fuel rods

Item MWR mod (14x14) PWR rd (717) BWR rod RM rd

od SIMS d UOZ &md A Sineed U02 MMed U%

Densty 4f) 1OA4 (5%T) 10.41 (95%TD) 10.1 (95%TD) 10.41 (9S%

Pdet OD.mm) 929 8& 237 92

Pllet lgt ([mm) 252 9.0 21.0 I0

ment (wA) 2 of 4 3.4 279 10.AS. 0Nat.

ad sope DIshed end Dishe end Dished end Chamf=W end

Caddig St:= releved sena ieuLd Sam rdoved Sum id

- - d-4 -
addin O.D.(mm) 10.72 9I 143 10.72

Wal t lkne (in) OM62 DM o1 U.62

(Nme): MR od (2) GK rod (3) Mai paut of hl stack
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The fuel rods are refaicated from the preirradiated commercial reactor fuel rods. As

an example, Fig. 2 shows the design of BWR type test fuel rod. A short segment is cut off

from the axial position with relatively flat bumup distribution. A new top end fitting

containing a magnetic iron core to measure the elongation of fuel stack and a new bottom end

fitting with a pressure sensor for the measurement of rod internal pressure are welded to it

The active lengths and the fill gases of the test fuel rods are given in Table 2. The pressure

and the compositions of the fill gases for the PWR and the BWR rods are determined based

on the results of rod puncture tests. Table lists the measured fission gas release during

preirradiation for each type of the test fuel rod.

JMTR rods which are shortened PWR type rods coaining highly enriched fuel pellets

(10%) were preirradiated in the JMR to accumulate fuel bumup. The fuel stack contains

a 5%-enriched and a natural U02 pellets in each end. The rod was filled with pure helium

gas of 0.1 MPa. These rods were installed in a capsule filled with pure helium gas of

atmospheric pressure and subjected to the preirradiation. The linear heat zate during the

preirradiation ranged from 20 to 40 kWMm. The fission gas release of 02% was measured

for the reference rod after the completion of the preirradiation.

23. Experimental capsule.and instrumentation

Figure 3 shows the schematic of the experimental capsule and the instrumentation. Each

test fuel rod was instrumented with thermocouples (Pt/Pt-13%Rh: 02 mm O) to measure

cladding surface temperature. The shortened commercial reactor fuel rod was equipped with

a pressure sensor in the bottom end fitting to measure rod internal pressure. In some tests,

linear variable differential transformers (LVDTs) were used to measure transient elongation

of the cladding tube and the fuel pellet stack. The instrumented test fuel rod was contained

in a doubly scaled (double container type) capsule which is newly developed for the test with

preimadiated fuel rod. The capsule was filled with water of ambient temperature and

atmospheric pressure, and subjected to a pulse iradiation in the NSRR.
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Table 2 Test filW rod design

It= PR od (14124) F|R rd (1u7) BWR |d JUI rd

Ach:v leg (mm) 122 2 126 100l

OvemI lengt (mm) 308 314 312 220

FMPs Ova) He(4-24.6) He (0.1) Km ()or He .(O)

H.N (LI) 0

(Note): (1) 10%-enriched fuel region
(2) IS-3 rod

Table 3 FGR during preiradiation

PWR rod BWR rod JMTR rod

0.18(%)M)

0.47(%)O 17% 020

0.2%) , _

(Note): (1) MH rod

(2) GK rod
(3) 01 rod
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3. EXPERMENL RESULTS

3.1. Test condition

In each cxperment, a single fuel rod supported at the bottom in the stagnant water in

the test capsule was subected to a pulse irradiation. The long-term bumup (base burnup) due

to the preiradiation and the short-term bunup (energy deposition) due to the pulse irradiation

in the NSRR were evaluated by the chemical FP analyses of the samples tken from the test
fuel rods after the completion of the pulse irradiation.

Base burnup measurtment was performed by determining the fractional amounts of

isotopes of neodymium, uranium and plutonium using the isotopic dilution method. Evaluated

base bumups for PWR and BWR rods are described in section 2.2. Estimated values for

JMR rods ranged from 16 to 27 GWd4t

Test Fuel

Thermocou;

Instrumentati on Capsule (Uni t: mm)

Fig. 3 Experimental capsule and instrumentation
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Evaluation of the energy deposition due to the pulse irradiation includes severe difficulty
because of the presence of large amount of 7-ray emitting FPs due to the preirradiation.
Therefore, barium was chemically separated fom the sample with the cation exchange method
in nitric acid system. Post test examination including the evaluation of energy depostion was
completed for the first thirteen experiments. Thie results are summarized in Table 4.

3.2 Cladding surface temperature

The measured maximum cladding surface temperatures are plotted in Fig 8. The DNB
(Departure from Nucleate Boiling) phenomenon on the cladding surface was observed in some
cases. Durations of the film boiling were however, very short and less than 1 s. Figure 4
gives the histories of the cadding surface temperatures measured in Test JM-4 as an typical
example which shows the occurrence of DNB on the cladding surface.

Table 4 Summary of the test results

PWd PIk hd P
T:9 NO bmap

(GW (AVID n
Wi 39 44 M

P Ma-2 39 52 No
WM-S 39 65 No
OC-I 42 B9 No

W GK-2 42 as No
01-1 39 201 NM

R M-2 39 103 NO
EO-E1 90 Y
KBO-2 so cm NO
n-I 26 53 N

B 13-2 26 6171 No
23-3 26 a5 N.

W 7S-4 26 8 N.
R wS-5 26 96 Nl

3M-i 22 87 No
M-I2 27 80 N.

374-3 17 224 No
nM-4 21 16 YeS

M 3M-S 26 in Yes
-6 25 148 N

T n4-7 U3 139 N
1n 2D52 No

"4- C23) 1SS rb

R ms-io (10 1s9 N.
.M- 1 CM I?57 N
1-22 ( 168 Ya

Q~ofe): CL)Vaosd a m wId ym
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JM-4

1000 0.o 1 Cladding Suroce Tenperature '0.4
at the - axial center

0.3

(0 - P -qt0-)° 00.2
US 500

-0.

*0a
CICue kitwsnbc Pressure 0

0 0.2 0.4 0.6 0.8 1

Time sec

Fig. 4 aadding surface temperatre and capsule intemal pressure

measured in Test JM-4

33. Fuel rod deformation

Residual deformation of the claddn g tube was observed in many tests. Figu 5 gives

the measured axial profiles of some IMTR rods. The maximum hoop strain of the cladding

tube reached approximately 7.5% in JM-4 rod. As shown in the figue the profiles of JM-4

and -5 rods have 10 peaks and the position of each peak nearly sponds to the axial

center of each 10%-enriched fuel pellet. Ihis kind of deformation behavior was not so clear

in the PWR rods.

Tkansiet elongations of the fuel pellet stack and the cladding tube were successfully

measured in many tests. The cladding elongations of the PWR rods are most significant

among them. Figure 6 shows the histories of the elongations of the fuel pellet stack and the

cladding tube measured in Test JM-3.

3A. Fission gas release dinng pulse irradiation
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Fission gas relases (FGRs) during the pulse irradiation were measured by puncturing

test. FGRs of the PWR rods and the JMIR rod were 2-4% except GK-1 rod (-12%).

FGRs of the BWR rods were 10-13% and fairly higher than those of PWR rods except GK-

1 rod. In the tests with the PWR and the BWR rods, veiy sharp increases of the rod internal

pressure were observed indicating the additional FGR occurre at the very early stage of the

tnsienLt

3.5. Fuel failure

Fuel failure occurred at the fuel enthalpy of approximately over 150 cal/g fuel for JMTR

rods. By the visual inspection, generation of small defects of the cladding tube including

penetrated ones were observed. Figure 7 shows typical defects of the cladding tube observed

in JM-4 rod. Type of the defect is a small axial crack of a few millimeters. Regarding

commercial LWR rods, fuel rods irradiated to the burnup of 40 GWd/t or less did not fail for

the maximum fuel enthalpy of about 110 calgfueL Recently a commercial PWR rod

preirradiated to 50 GWd/t failed in a case in which fuel enthalpy of about 80 ca/g-fuel was

planned. Though the exact value of the fuel enthalpy has not yet been obtained through the

procedure described in 3.1, the results suggest the cffects of high burmups to the failure

thresholds. The failure mode is the generation of axial crack on the cladding probably by

PCMI in all cases.
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Fig. 6 Transient deformation of the fuel rod in Test JM-3
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Defect
No.7

Defect M
No.8

Fig. 7 Defects of the cladding tube observed in JM-4 rod

4. DISCUSSIONS

4.1. Cladding surface temperature

Figure 8 shows the maximum cladding surface temperature as a fnction of peak fuel

enthalpy. The difference in the thresholds of DNB between the PWR and the JMfR rods can

be explained by the significant creep down of the cladding tube in the PWR rods. The JMTR

rod preirradiated in the helium environment of atmospheric pressure showed no creep down.

Creep down in the PWR rod means the decrease of gap width and , therefore, the initiation

of PCMI at lower enthalpy. The cladding tube of the BWR rold shows milder creep down

than that of the PWR rods and it can easily be supposed that the threshold of DNB generation

for the BWR rod may be somewhere between those for the PWR and the JMTR rods.

The maximum cladding surface temperature of the JMTR rod was 500(800eC and

duration of the film boiling was less than 1 s when the peak fue enthalpy was 160-180

cal.gfueeL In this enthalpy range, the maximum cladding surface temperature of a fresh rod

is much higher than 10009C and the film boiling continues for
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Fig. 8 The maximum cladding surce tempeature as a function of peak

fuel enthalpy

more than 10 s. Once we have performed repeated irradiations for a fresh. irod and observed
similar difference between the 1st and the 2nd irradiations. That is, in the 2nd irradiation, the
maximum tcmpature was much lower and the duration of the film boiling was much shorter
than those in the 1st iradiation. This may be due to the, oxidation of the cladding surface
by the 1st irradiation. For the preirradiated rod, however, the additional effects of bumup
such as change of thermal conductivity of fuel pellet should be considered.

42. Fuel rod deformation

Figure 9 gves the longitudinal section of JM-4 rod s&owing the significant.defioation
of the dadding tube. As shown in the figure, the defomation. was brought by the sweling
of 10% enriched U0 2 pellet. The axial profiles of the JM rods given in Fig 5 indicate that
main part of the deformation was fonned during the very early stage of the transient and
PCM1 played an important role on iL Figure 10 gives the measured maximum residual hoop
strains of the cladding tube as a function of peak fuel enthalpy. The figure shows that the
PWR rods had the most severe PCMI due to the sgnificant acep down of the cladding tube.
This well corresponds to the behavior of the cladding surface temperature shown in Fig 8.
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Fig. 9 Macroscopic photographs of the JMTR rods after pulse irradiation
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Fig.10 Residual cladding hoop strain as a function of peak fuel enthalpy
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Figure 11 gives the results of the fuel pellet density measurements. The samples were

taken from the various axial positions of JM-4 and -5 rods which showed significant

deformation of the cladding tube. Horizontal axis is the increase of the fuel rod diameter at

the position where the sample was taken. The figure shows that the density of the fuel pellet

decreases almost linearly with the increase of the fuel rod defomation. This change in the

density, however, is not sufficient to explain the amount of the deformation.

Figure 12 shows the microstructures of the fuels in JM-3 and -4 rods. The

microstructure of the fuel in JM-3 rod which showed slight deformation has no sgnificant

change comparing with that observed in the reference rod. On the other hand, the

microstructure of fuel in JM-4 od which showed signcat deformation has significant

separation of the grain boundaries. The increase of pores In fuel pellet was not eviden Th

decrease of the pellet density, therefore, is due to the separation of the grain boundaries This

separation may be caused by the transient FGR and the increase of the pressure at the

separated boundaries might contribute to the deformation of the fuel pellet and, therefore, of

the cladding tube.

0 : before pulse (reference rod)
i : J.-4
1-l: A-5 10CK1: 10.96 p/cc

97

96

94 -

9) 93

G 92

91_

1 2 3 4 5 6 7. 8
Increase of fuel Rod Diometer (X)

(0'-1 80)

Fig 11 Density measurements for the JMTR rods
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FMgm 12 Mcrostructures of the fuels in JM-3 and -4 rods
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43. Fission gas release during irradiation

Figure 13 shows the FGR during pulse irradiation as a function of peak fuel enthalpy.

Among FWR rods, GK-1 rod showed the highest value. This is becuse the rod had the

highest fuel bumup, the highest linear heat rate during preirradiation and the highest peak fuel

enthalpy. FOR in JM-3 rod is much lower than that GK-1 rod in spite of higher peak fuel

enthalpy and higher linear heat rate during the preirradiation. This indicates that the fuel

bumup is the most effective parameter on FGR during pulse irradiation within the present

peak fuel enthalpy range.

Figure 9 gives the cross-sectional view of JM-3 rod. Many radial cracks can be

observed at the peripheral region of the fuel pellet. Ihis kind of crack genration is also

observed in the PWR and the BWR rods. Ihe cause of the generation of these cradks may

be due to the large temperature gradient at the periphery of the pellet immediately after the

initiation of the pulse irradiation. It is easily expected that generation of these crcks has

large contribution to the transient FOR because the large fraction of the fissions occurs in the

periphery region of the fuel pellet In the highr peak fuel enthalpy case, however, separation

of the grain boundaries will have additional contribution to it as discussed in Sec. 42.

15

0

lo o
._

OPWR rod
BWR rod
JMTR rod

00 0
0

0

0 O I *

50 100 150
Peak fuel entalpy (col/g)

Fig. 13 FGR as a function of peak fuel enthalpy
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4.4. Fuel failure

Figure 9 includes the cross-sectional view of JM-4 rod which shows the failure of the
cladding tube. Figure 4 gives the behavior of the capsule internal pressure measured in test

JM-4. It can be seen that the pressure pulses were generated at the time when the cladding
surface temperature was still low. Therefore, we can conclude that the cause of the cladding

defect is overstress due to PCMI taking the shape of the defect into account.

Commercial PWR rods of about 40 GWdA did not fail up to the condition of cladding
residual srain of about 3%. This indicates that the cladding had the ductility to endre the

severe PCML However, in the rod of 50 GWcA decrease of claddg ductility due partly to

iradiation and partly to oxidation and hydride formation might result in the failure at a lower

enthalpy. The threshold enthalpy for fue failure will thus be the strong function of cladding

mechanical properties. Detailed studies on cladding embrittlement as weel as the dynamic
PCMI behavior will be needed for quantifying the failure threshold.

Figure 14 summarizes the results of preizradiated rod tests performed in the NSRR. The

figure also includes the results from the SPERT-CDC and PBF programs in the United States.

It can be seen that no failure occurred except SPERT Run 859 at the peak fuel enthalpies

below 140 cal/g fucl for the fuel burnup of 42 GWdAt or less.

In the case of SPERT Run 859, fuel failure was detected during transient at the energy

deposition of 85 caVgfued in the experiment of peak fud enthalpy of 190 cal/g fueL This

energy depositon was applied as a provisional fuel failure criteria in the Japanese safety

guideline. However, it is not known whether the test rod would fail at the peak fud enthalpy

of 85 cai/gfue. No failure were observed for the peak fuel cnthalpy of 140 cal/g fuel in all

the tests with Japaese fuel rods. So it can be concluded that the provisional fue ailure

criteria of 85 cal/gfuel has a large safety margin as far as the fuel burnup is lower than 42

GWdA.

For higher burnup cases of over 50 GWdht, however, the NSRR experments suggests

the lower fuel failure thresholds. Further studies will be needed to quant the fuel failure

threshold.
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5. FUTURE PLAN

Figure 15 gives the tentative long-term plan of the major NSRR experiments. Study

of the effects of fuel burnup on the mechanical energy genezation and the tests for the rods

with extended bumup are the major tasks in future in the frame of preirradiated U0 2 fuel rod

test program. Mixed oxide fuel rod test is another important research item to contribute to

the project on the plutonium utilization in LWRs which is supported by the government.
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Fig. 14 Summary of the preiradiated fuel rod tests

6. SUMMARY

New cperimental program with preirradiated fuel rod as a test sample was started in

the NSRR. The major results obtained so far can be summarized as follows;

(1) The cladding surface temperature was strongly influenced by the degree of creep down

of the dadding tube during the preradiation. MRR rod showed sigificantly lower

cladig surface temperature than that of esh rod under the same peak fuel cnthalpy

condition probably due to preoxidation of the cladding surface during the preirradiation.
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( Measured residual cladding strains clearly reflected the effect of the creep down of the

cladding tube on the PCML. Vey large deformation of the fuel rods observed in the

tests with JMIR rods suggested tdat the transient FGR during pulse irradiation might

have significant effect on the deformation.

(3) The transient FGRs of 213% were observed. Ihe causes of the significant releases

might be the formation of micro-cracks at the periphery region of the fuel pellet and the

setion of the grain boundaries especially in the higher peak fuel enthalpy cases.

(4) Fuel failures were observed in the tests with JMIR rods. The PCM[ played an

important role on the generation of the through-wall cracks. The fued rod integrity was

cnfrmed at the peak fuele nthalpy below 100 cal/g for the bumup of up to 42 GWd/t

However, lower fuel failure threshold was suggested in recent experiments with a high

burnup rod irradiated up to 50 GWdA. Further study is needed to identify the threshold

as a function of fuel bumnup.
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Russian Approach to Experimental Studies of Burmup Effects
under RIA Conditions

V. Asmolov, L Yegorova

Nuclear Safety Institute of the RKurchatov Instituteu Russian Research
Center

During the period of 1989 - 1992 the Nuclear Safety Institute of the
Kurchatov Institutew Russian Research Center (NSI KJ RRC, Moscow) In

cooperation with the Research Institute of Atomic Reactors (RIAR,
Dimitrovgrad) and the Joint Expedition of the OLuch Scientific and
Industrial Association (JE "Luch' SIA, Semipalatinsk) prepared and
perforrmied a complex of experimental studies that Included reactor tests
of high bumup fuel rods of WER type under RIA conditions.

This cycle of research was the final stage of the experimental program
carried out by NSI KI RRC in 1983 - 1992 and aimed at studying the
behavior features of WER-1000 - type fuel elements under reactivity
initiated accidents.

The main purpose of preirradiated fuel rod tests was the determination of
the energy deposition that corresponds to the failure threshold and the
Identification of specific features of failure mechanisms of high bumup
fuel elements.

The capsule tests of 23 single fuel rods (13 - preirradiated fuel and
cladding, 10 - fresh fuel and preirradiated cladding) were performed at
the IGR pulse reactor (JE ULuchW SIA, Semipalatinsk).

As the test object we used refabricated fuel rods of WER-1000 type, that
were specially designed and manufactured in RIAR, Dimitrovgrad, made
of WER-1000 standard fuel elements .which operated for three years at
the power unit No. 5 of Novovoronezh nuclear power plant (bumup was
about 49000 MW days/t).
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The program overline was based on the following main principles:

* test parameters and geometric dimensions of preirradiated Mel rods
were maximally close to corresponding parameters of fresh fuel tests;

* set of variable parameters of the tests (including the fuel element
design) must provide credible Information on fuel element failure
mechanisms and their interrelation with test parameters.

The practical implementation of these provisions in the form of the
experimental program allowed us to obtain a set of experimental data
characterizing the behavior of preirradiated fuel rods In a wide range of
the total energy deposition (60 - 280 Cal/g U02).

At present the obtained data are the basis for the analysis of the
processes of deformation and failure of preirradiated fuel rods of
pressurized water reactors under RIA conditions.
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1982 year w the preparation of the experi-
mental Programm to study the behavior
of the WWER-1000 type fuel elements in
RIA conditions w was started at the
Kurchatov Institute of Atomic Energy.

In

WWER=1000/RIA Programm.

.......L I

NSI RRC "Kurchatov Institute"



WWER-1000/
I Stage 3

--- Nuclear Safety Institute,
RRC "Kurchatov Institute" (Moscow,

--- Institute for Nuclear Reactors,
RRC "Kurchatov Institute" (Moscow,

Russia)

Russia)

--- Research Institute of Atomic Reactors
(Dinitrovgrad, Russia)

--- Institute of Atomic Energy,
Kazakhstan Republic National Nuclear Centre
(Semipalatinsk, Kazakhstan)

NSI RRC "Kurchatov Institute"
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1. Realization of the specifically national
program without reference to the
experience and data base for PWR/RIA
programs.

2. The data base, obtained within the
fames of WWER-1000/RIA program
is to be sufficient for WWER-PWR/RIA
comparison analysis.

NSI RRC "Murchhtov Institute"@)
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Technical requirements
nrnvrlinat tha nnecihililtv

to perform direct
Group 1 comparison of

WWER-1000/RIA and
PWR/RM programs

results

Original technical

Gro 2requirements forWWER-1000/RIA
program

NSI RRC "Kurchtatov Institute"@

378



VIWER-100antIA
I Stap 3

Test type reactor, capsule, non-flow

Coolant initial parameters:
environment temperature

temperature

atmosphericpressure

Fuel element power initial corresponds to reactor power
level physical level

Typical half-width of reactor several milliseconds
power pulse

Range of fuel element energy up to 220 cai/g U02
deposition change

Type of fuel element shortened fuel element of
WWER-1000 geometry
fuel length = 150 mm

Initial value of gas pressure 0.1-2.5 MPa
in fuel element

Bum-up 0 MW day/t

Number of fuel elements per
capsule

NSI RRC "Kurchatov Institute"l)
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Test type reactor, capsule, non-flow

Coolant initial parameters:

temperature environment temperature

pressure up to 16.0 MPa

Fuel element power initial corresponds to reactor power
level physical level

Typical half-width of up to 1.5 s
reactor power pulse

Range of fuel element
energy deposition change up to 1000 cal/g UO

Type of fuel element shortened fuel element of
WWER-1000 regular radial
geometry

Initial value of gas pressure 0.1-2.5 MPa
in fuel element

Burn-up up to 50000 MW day/t

NSI RRC "Kurchat'ov Institute"
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1983-1989
(stage 1)

Tests of non-irradiated fuel
element in "HYDRA"
reactor

1983-1992
(stage 2)

Tests of non-irradiated fuel
element in "IGR' reactor

1990-1992
(stage 3)

Tests of pre-irradiated fuel
elements in "IGR" reactor

NSI RRC "Kurchatov Institute" V7
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[WWEPR-tOO0 ij
I stage S

* to obtain experimental results
characterising a range of values
variety of energy deposition
rupture thresholds for
WWER-1000 fuel rods design
elements both at the beginning
and at the end of lifetime

NSI RRC "Kurchatov Institute"@)
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- the maximum similarity of technical
parameters of WWER-1000 commercial
reactors fuel elements and experimental
fuel elements (for the given burn-up
level)

- the maximum similarity of geometric
parameters of experimental
pre-irradiated and non-irradiated fuel
elements

- the maximum similarity of test conditions
of pre-irradiated and non-irradiated fuel
elements

NSI RRC "Rurch'atov Institute"@)

384



1. IGR Safe'
under tei
irradiate4

2. Lack of r
informati
thresholc
irradiates

3. Impossib!
tive, post.
nation of

4. Umited r
rods

WWER-1000/RIA
Stage 3

iip~ro ems Iid olm

ty ensuring 1. Ensuring of capsule
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ility of opera- 3. Tests performing in 2
-test exami- stages. Examination
fuel rods of fuel rods after 1 -st
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of testing modes for
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number of fuel 4. Reduction of number
of varying parame-
ters

NSI ERCG urAuctov Institute" eJ
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VIER100J;

1. Fabrication of specimen(s) for experimental fuel elements
by means of cutting of regular fuel element

Iregular fuel element Ax | .

Specimens

2. Withdrawing of part of fuel column out of each
specimen by means of drilling

as/////r/Acm
OflinW specimen

2.

Specimen initial size

3. Joining of end seals by means of welding
, 150 nni ,

4 f//., ///t gas (
4. Fuel element filing with gas (He) and its sealing

*Scheme was develop and implemented in RLAR
(Dimitrovgrad, Russia)
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I RIA Study|

M

*1

1. Biological shield
plate

2. Water vessel
3. Reactor vessel
4. Helium pipes

6. Experimental
channel

7. Reflector
8. Reactor core
9. Lateral experi-
mental channel
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[WWEWtow/RIA
I State 3 1

Experimental fuel rods*:
- pre-irradiated,
- "fresh" fuel rod.

* - Tests were caried out both with use of the arrangement given in this
figure and with a single pre-irradiated fuel rod in capsdle unit

NSI RRC "Kurchatov Institute" i
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WWER-1000
I Stage 3�9

Type of experimental fuel WWER-1000
elements

Fabrication of experimental fuel refabrication out of commercial
elements reactor fuel elements

(Zr, 1% Nb)

Oiiginal material for regular fuel element from
refabrication NV NPP reactor

diameters (mm): center hole = 2.2
pellet = 7.5
rod - 9.15

Bum-up reference value 50,000 MW day/t

Length of fuel column in 150 mm
expemental fuel elements

Type of fuel elements "A" and "B"
"A" having pre-irradiated fuel

and cladding
"B" having fresh fuel and

pre-irradiated cladding

NSI RRC "Kurchatov Institute"pp
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WWER-tOOe/RIA I
I StLge 3

Half-width of reactor power 0.7 s
pulse

Coolant water, air

Coolant initial parameters environment temperature,
atmospheric pressure,
non-flow mode

Gas initial pressure in fuel 2.5 MPa
rod

Given range of energy 80-250 cal/g U0 2

deposition changing

Number of fuel rods supplied 13
for testing

NSI RRC "Kurchatov Institute"t A)
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Stage 3

wtow

1 2 3 4 5 6 7 8 9 10 11 12 13
Number of fuel rod

Fuel rods post-test state:

@ fuel rod without cladding rupture; * fuel rod with cladding rupture;
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Reassessment of the Technical Basis for NRC Fuel Damage
criteria for Reactivity Transients

R. K McCardell
Idaho National Engineering Laboratory

ABSTRACT

Recent experimental results on the radial average peak fuel enthalpy required to cause the failure
of irradiated fuel rods have indicated that the failure enthalpy may decrease with increasing
burnup. This possibility is not accounted for in the present NRC fuel damage criteria for
reactivity transients, and therefore a reassessment of the technical basis for the NRC criteria is
being made. This paper briefly describes the original data on which the present NRC criteria
were based, reviews the results of the testing of 10 irradiated fuel rods in the INEL Capsule
Driver Core (CDC) in the early 1970s, describes the results of the testing of both unirradiated
and irradiated fuel rods in the INEL Power Burst Facility (PBF) in the early 1980s, and compares
the results of the CDC, PBF, and very recent Nuclear Safety Research Reactor of Japan and the
CABRI reactor of France. Conclusions are followed by a brief description of future work for the
NRC at the INEL reassessing the technical basis for NRC fuel damage criteria for reactivity
transients.

INTRODUCTION

The present basis for the United States Nuclear Regulatory Commission (USNRC) Fuel Damage
Criteria for Reactivity Initiated Accidents (RIAs) was obtained from experiments performed in
the Special Power Excursion Reactor Test (SPERT) IV Reactor Capsule Driver Core (CDC) at
the Idaho National Engineering Laboratory (INEL) between 1967 and 1970[131. Most of the
CDC test fuel rods were previously unirradiated and the failure threshold for these unirradiated
fuel rods was measured to be about 200 calories per gram of U0 2 radially averaged fuel enthalpy
at the axial peak-power location. The CDC data also indicated that the failure consequences
were insignificant for total energy depoions below 300 cal/g U0 2 for both unirradiated and
irradiated U0 2 fuel rods subjected to rapid power excursions. Therefore, an axial peak, radial
average fuel enthalpy of 280 cal/g U0 2 was considered a conservative maximum limit to insure
minimal core damage and maintenance of both short term and long term core cooling capability.
The NRC requires that light water reactors (LWRs) operated within the United States must be
designed such that a worst case RIA will not result in a radial average fuel enthalpy greater than
280 cal/g U0 2 at any axial location in any fuel rod[41. Offsite dose consequences must be within
the guidelines of 10 CFR 100 and are calculated assuming that any fuel rod that departs from
nucleate boiling fails and any BWR fuel rod subjected to a radial average peak fuel enthalpy of
170 callg U0 2 or above fails 151.

Note that the USNRC expressed the RIA criteria in terms of radial average peak fuel enthalpy,
whereas the SPERT tests, which were used to develop the present design requirements, were
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originally reported in terms of radial average total energy deposition. Radial average peak fuel
enthalpy is less than the associated radial average total energy deposition because of heat transfer
from the fuel to the cladding and coolant during the power transient, and the relatively large
fraction of the total energy which is due to delayed fissions (10 to 25% depending on the reactor
design). The SPERT test rods that were subjected to a total energy deposition of 280 cal/g U02
reached a radial average peak fuel enthalpy of about 230 cal/g U02.

The SPERT CDC RIA tests were initiated from ambient conditions (room temperature water at
no flow and at atmospheric conditions) and the irradiated fuel rods were preirradiated in the
Engineering Test Reactor (ETR) at the INEL at atypically high power levels. Because of these
atypical conditions, further RIA tests were conducted in the Power Burst Facility (PBF)(6l at the
INEL at typical BWR hot startup conditions using typical preirradiated rods from the Saxton
Reactor. Experimental results for irradiated test fuel rods from both the SPERT CDC and PBF
tests indicated that the failure threshold for RIAs decreased with increasing burnup. The desire
to expose nuclear fuel in commercial power plants to higher and higher burnups has made more
important the question of whether the peak fuel enthalpy required to cause fuel failure during an
RIA decreases with increasing burnup. New data obtained from irradiated fuel rod tests
performed in the NSRRV1, and CABRIJ8 I reactors also indicate a downward trend in peak fuel
enthalpy with burnup. Therefore, a reassessment of the technical basis for NRC fuel damage
criteria was undertaken. The following sections of this paper briefly describe the results of the
CDC RIA tests on irradiated fuel, the results of the PBF tests on irradiated fuel, and the future
efforts planned on the reassessment of the technical basis for the NRC fuel damage criteria.

CDC RESULTS

Ten preirradiated test fuel rods were exposed to RIA transients in the CDC. Six of these test
fuel rods had burnups below about 4 GWd/MT`U. Two of the fuel rods had burnups of about
12 GWd/MTU, and two of the fuel rods had burnups of about 32 GWdjMTJ. Test conditions
and results for these 10 CDC tests are summarized in Table 1. The eight fuel rods designated
GEX had an outside diameter (OD) of 0.79 cm (5/16-in.) and the two GEP test fuel rods had an
OD of 1.43 cm (9/16-in.). The overall length of the GEX and GEP type test fuel rods were
22.58 cm (&89-in.) and 22.1 cm (8.70-in.), respectively. Pellet type fuel with an active length of
about 13.21 cm (5.2-in.) was used in both types of fuel rods with hafnium disks and natural U0 2
pellets located on each end of the active pellet stacks to reduce flux peaking (hafnium) and for
thermal insulation (U0 2 ). The 7% enriched pellets had a density of 10.30 g/cm3. The GEX type
fuel rods had a zircaloy-2 cladding thickness of 0.05 cm (20 mils) and a pellet to cladding gap
width of 0.005 cm (2 mils). The GEP type fuel rods had a zircaloy.2 cladding thickness of
0.089 cm (35 mils) and a pellet-to-cladding gap of 0.01 cm (4 mils). Both the GEX and GEP fuel
rods had upper plenums with springs and iron cores which, when calibrated with the associated
magnetic fields, yielded measurements of pellet stack growth during the transient.
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Table 1. Summary of conditions for irradiated fuel rods tested in CDC.

CDC test
number

571

568

567

569

W 703
W

709

685

684

756

859

Rod
type

GEX

GEX

GEX

GEX

GEP

GEP

GEX

GEX

GEX

GEX

CDC
reactor
period
(ms)

7.80

6.06

4.53

3.55

3.68

3.10

5.75

5.12

4.42

3.94

Power burst
half width
(ms)(a)

31

24

18

14

15

13

27

20

17

16

Average
bumup

(MWd/MTU)

4,550

3,480

3,100

4,140

1,140

990

13,100

12,900

32,700

31,800

Total energy
deposition
(cal/g U0 2 )

161

199

264

348

192

238

186

200

176

190

Radially
averaged
peak fuel
enthalpy

(cal/g U0 2)

137

161

214

282

163

202

158

170

143

85

Condition
of rod

F=failed
NF=not
failed

NF

F

F

F

NF

F

NF

NF

F

F

-

(a)Width of power burst at half maximum power.



The GEX and GEP test fuel rods were preirradiated in the ETR at the INEL The
preirradiation conditions were a pressure of 6.9 MPa (1000 psi), an inlet temperature of 511 K
(460 F), and linear powers of 460 W/cm to 755 W/cm (14 to 23 kW/ft). For the high
preirradiation powers, centerline melting occurred in the test fuel rods.

For all of the ten transient CDC experiments performed, the following measurements were made:
(1) reactor power (from which peak fuel enthalpy is calculated), (2) velocity of the capsule water
column above the test fuel rod, (3) axial growth of the fuel rod, (4) axial growth of the fuel
column, (5) dynamic pressure inside of the fuel rod, and (6) dynamic pressure inside the test
capsule.

Figure 1 shows posttest photographs of the four GEX fuel rods tested at peak fuel enthalpies of
137, 161, 214, and 282 cal/g of U0 2. These fuel rods had burnups ranging from 3100 to 4550
MWd/MTU. The rod tested to 137 cal/g of U0 2 peak fuel enthalpy did not fail. The rod tested
at 161 cal/g of U0 2 failed by a longitudinal split just above the 3-in. mark indicated on Figure 1
(the complete severence of the fuel rod near the bottom occurred during handling). The rod
tested at 214 cal/g of U02 peak fuel enthalpy failed by a longitudinal split between 2 and 3 inches
on Figure 1. The rod tested at 282 cal/g U0 2 melted completely through at the 3.5-inch location
on Figure 1. Thus, these four tests illustrated in Figure 1 indicate that the failure threshold is
near 161 callg of U0 2 for these low burnups.

Figure 2 shows the posttest condition of the GEP fuel rod tested at 202 cal/g of U0 2 peak fuel
enthalpy. The rod failed by a longitudinal tear in the cladding (between 4 and 5 inches on
Figure 2). The GEP fuel rod tested at 163 cal/g of U0 2 peak fuel enthalpy did not fail.

Two intermediate burnup fuel rods (13.1 and 12.9 GWd/MTU) were exposed to peak fuel
enthalpies of 158 and 170 cal/g, respectively in the CDC and the fuel rods did not fail. Figure 3
shows the posttest condition of the fuel rod tested at 170 callg of U0 2 peak fuel enthalpy.

Two higher burnup CDC test fuel rods failed with peak fuel enthalpies of 143 and 154 cal/g,
respectively. One of the fuel rods (32.7 GWd/'MT) failed near the end of the transient at 143
cai/g peak fuel rod enthalpy. The failure was by one very small longitudinal split as shown in
Figure 4. The other fuel rod (31.8 GWd/MTU) failed early in the transient after only 85 cal/g of
U0 2 peak fuel enthalpy. This rod failed by three very large longitudinal cracks. Two of these
longitudinal cracks (one on the side and one on the top) are shown in Figure 5 together with a
closeup edge view of the crack on the side. The other large longitudinal crack on this rod is
shown in Figure 6. These cracks appear to be caused by pellet-cladding mechanical interaction
(PCMI). Not much fuel appears to have been washed out from the large cracks and the test rod
remained in a coolable geometry. This 85 cal/g failure did not result from waterlogging.
Waterlogged fuel rods fail by violent rupture leaving large ballooned cladding regions with torn
cladding as shown in Figure 7191. Results of the CDC tests are summarized in Table 2.
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Figure 1. Posttest photograph of four GEX fuel rods tested in the Capsule Driver Core (CDC).

Figure 2. Posttest photograph of GEP fuel rod tested in CDC. Peak fuel enthalpy 202 (cal/g
U0 2); burnup 990 (MWd/MTU).
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Figure 3. Posttest photograph of GEX fuel rod tested in CDC Peak fuel enthalpy 170 (calfg
U0 2 ). burnup 12,900 (MWd/MTU).

crack l1.

Figure 4. Posttest photograph of GEX fuel rod tested in CDC. Peak fuel enthalpy 143 (cal/g
U02 ); burnup 32.700 (MWd/MTU).
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Figure S. Posttest photograph of GEX fuel rod tested in CDC. Peak fuel enthalpy 154
(85)(cal/g U0 2); burnup, 31.000 (MWdIMTU).
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Figure 6. Close-up of longitudinal split of GEX fuel rod tested in CDC. Peak fuel enthalpy 154
(85) (cal/g UO2 ), burnup 31,000 (MWd/MTU).
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Figure 7. Typical waterlogged fuel rod failure.

Table 2. CDC test data.

Radial average peak fuel enthalpy
(cal/g)Test rod condition

Unirradiated:

Failure threshold SPXM Rods 205-225
GEP Pellet Rods 171-206
GEX Pellet Rods 189-217

Loss-of-coolable geometry

Prompt fuel dispersal

Irradiated:

245

2 300

Failure threshold 85 to 200

PBF RESULTS

The PBF RIA Test Series was designed to address the following key safety issues: (1) Will there
be a loss of coolable fuel rod geometry when LWR fuel is subjected to a radial average peak fuel
enthalpy of 280 cal/g of U0 2 ? (2) Will energetic molten fuel-coolant interactions occur during a
severe RIA and result in the production of a significant pressure pulse? (3) What is the
mechanism and threshold enthalpy for failure of LWR fuel during an RIA? As part of the PBF
RIA Program. four-single rod tests and two four-rod tests were performed. Each fuel rod was
tested in an individual flow shroud. The initial conditions for the tests were a shroud inlet
temperature of 538 K (509 F). a coolant pressure of 6.45 MPa (935 psi). a shroud coolant flow of
85 cm3/s (5.19 in.3/s), and zero rod power. Seven PBF RIA experiments are discussed in this
paper. Test conditions and results for these seven PBF RIA tests are summarized in Table 3.
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The four single rod tests were designated Scoping Tests, and the characteristics of the
unirradiated test fuel rods used in the scoping tests are given in Table 4. The first four-rod test
was designated the RIA 1-1 test, which used two irradiated Saxton Reactor type fuel rods and two
unirradiated fuel rods. The characteristics of the RIA 1-1 test are listed in Table 5. The second
four-rod test was designated the RIA 1-2 test which used four irradiated Saxton Reactor type fuel
rods. Characteristics of the irradiated Saxton Reactor type fuel rods are listed in Table 6.

The PBF RIA Scoping Tests were performed to define the radially averaged peak fuel enthalpy
failure threshold for unirradiated fuel rods at hot startup conditions (RIA-ST-1, RIA-ST-2, and
RIA-ST-3) and to determine if destructive pressure pulses could result from large radially
averaged peak fuel enthalpy (RIA-ST-4). The RIA-ST-1 test fuel rod was exposed to two power
bursts, one that yielded a radial averaged peak fuel enthalpy of 185 cal/g of UO2, during which
the test rod did not fail; and the second power burst which yielded a radially averaged peak fuel
enthalpy of 250 cal/g of U0 2, during which the test fuel rod did fail. The RIA-ST-2 fuel rod was
exposed to 260 cal/g of U0 2 and it failed. The RIA-ST-3 fuel rod was exposed to 225 cal/g of
U0 2 and it did not fail. Figure 8 shows the posttest condition of the RIA-ST-1,-2,and -3 fuel
rods. As shown in Figure 8, the RIA-ST-1 fuel rod failed by large gaping longitudinal cracks and
had extensive cladding oxidation, but retained its rod-like geometry. The RIA-ST-2 fuel rod, with
only 10 cal/g of U0 2 larger than the RIA-ST-1 fuel rod, crumbled and lost its rod-like geometry
in the central region. The remainder of the RIA-ST-2 test rod that maintained rod-like geometry
appears much like the RIA-ST-1 fuel rod with extensive oxidation and large gaping longitudinal
gaps. From this data the failure threshold for unirradiated LWR fuel at hot startup conditions is
between 225 and 250 cal/g of U02 radially averaged peak fuel enthalpy. This may be compared
with a failure threshold of between 205 and 225 cal/g of U02 for unirradiated CDC SPXM test
fuel rods; a failure threshold of between 171 and 206 callg of U0 2 for unirradiated CDC
GEP-Pellet type fuel rods; and a failure threshold of between 189 and 217 cal/g of U0 2 for
unirradiated CDC GEX pellet type fuel rods.

Large cladding wall thickness variations (defined as thickening and thinning) were observed for
both RLA-ST-1 and RIA-ST-2. The thickness variations probably occurred as a result of extensive
plastic flow of the hot cladding driven by variations in the local coolant pressure associated with
rapid heating of the coolant early in the transient, shortly after peak power. An example of
cladding thickening and thinning is shown in Figure 9 for the RIA-ST-1 test fuel rod. Oygen
embrittlement occurs after the thickening and thinning has occurred as evidenced in Figure 10,
which shows ZrO2 on the outside layer of the cladding, and, in the thinned region, the internal
and external oxygen-stabilized alpha zirconium meet with almost no beta zirconium apparent.
However, in the thickened region a large fraction of the cladding thickness (about half) is beta
zircaloy with massive alpha zircaloy incursions. The cladding always failed in the totally oxidized
thin cladding regions, probably during fuel rod quench.
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Table 3. Summary of conditions for unirradiated and irradiated fuel rods tested in PBF.

Radially
averaged

PBF reactor Power burst Average Total encrgy peak fuel Condition of
PBF test period half width burnup deposition enthalpy rod F=failed
Number Rod type (ms) (Ms)a (MWd/MTU) (cal/g U0 2) (cal/g U0 2) NF=not failed

RIA-ST-I
Burst I

RIA-ST-1
Burst 2

RIA-ST-2

RIA-ST-3

RIA-ST-4

RIA 1-1
four rod
test

RIA 1-2
four rod
test

PWR(b)
#800-1

PWR(b)

#800-1

PWR(b)
#800-2

PWR(b)
#800-3

PWR(c)
#8004

Saxton(d)
#801-1
#801-2
#801-3
#801-5

Saxton(d)
#802-1
#802-2
#802-3
#802-4

5.7

4.4

4.6

5.2

3.85

3.1

22

17

17

20

16

0

0

0

0

0

250

330

345

300

695

365

185 NF

250 F

260 F

225 NF

350 F

13 285
4,600
4,650

0
0

F
F
F
F

4.3 16 240 185
5,220
5,110
4,430
4,530

NF
NF
F

NF

(a)Width of power burst at half maximum power
(b)17x17 PWR
(c)15X45 PWR,
(d)"me Saxton reactor was a small, prototype, closed cycle, pressurized LWR designed by Westinghouse Electric Corporation for the USAEC



Table 4. Nominal fuel rod design characteristics for test RIA-St.

Characteristic Rods 800-1,2,3 Rod 800-4

Fuel

Material U0 2  U0 2

Pellet outside diameter (mm) 8.23 9.3

Pellet length (mm) 15.2 15.49

Pellet enrichment (wt%) 5.8 20

Density (% theoretical 94 93
density)

Fuel stack length (m) 0.914 0.914

End configuration Dished Dished

Burnup 0 0

Cladding

Material Zircaloy4 Zircaloy4

Tube outside diameter (mm) 9.70 10.73

Inside diameter (mm) 8.42 9.50

Tube wall thickness (mm) 0.64 0.61

Fuel Rod

Overall length (m) 1.0 1.0

Fill gas Helium Helium

Initial gas pressure (MPa) 0.19 3.79
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Table 5. Test RIA 1-1 fuel rod design characteristics.

Irradiated
Characteristic Rods 800 1,-2(a)

Unirradiated
Rods 801-3, 4, -5

Fuel

Material

Pellet outside diameter (mm)

Pellet length (mm)

Pellet enrichment (wt%)

Density (% theoretical density)

Fuel stack length (m)

End configuration

Cladding

Material

Tube outside diameter (mm)

Tube wall thickness (mm)

Yield strength (MPa)

Ultimate strength (MPa)

Fuel Rod

Overall length (mm)

Fill Gas

Initial gas pressure (MPa)

Gas plenum length (mm)

Insulator pellets

U0 2

&59

15.2

5.7

94

0.914

Dished

Zircaloy-4

9.99

0.572

570

700

(801-112--3)
1.072

77.7% Helium(")
22.3% Argon

0.103

45.7

None

U0 2

8.53

15.2

5.8

94.5

0.914

Dished

Zircaloy4

9.93

0.533

570

700

(801-4P801-5)
1.068

Helium

0.103

45.7

None

(W)Data are pre-irradiation values.
(b)Rod 801-1 was filled with a mixture of 77.7% helium and 22.3% argon and Rod 801-2 was unopened.
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Table 6. Test RIA 1-2 fuel rod design characteristics.

Characteristic Rods 802-1,-2I-3I/4(a)

Fuel

Material

Pellet outside diameter (mm)

Pellet length (mm)

Pellet enrichment (wt%)

Density (% theoretical density)

Fuel stack length (m)

End configuration

Cladding

Material

Tube outside diameter (mm)

Tube wall thickness (mm)

Yield strength (MPa)

Ultimate strength (MPa)

Fuel Rod

Overall length (mm)

Gas plenum length (mm)

Initial gas pressure (MPa)

UO2

&59

15.2

5.7

94

0.914

Dished

Zircaloy-4

9.99

0.572

570

700

1.033

45.7

(802-1, 0.103)
(802-214, 2.41)b

77.7% Helium
22.3% Argon

None

Fill gas

Insulator pellets

(')Data are pre-irradiation values of the fuel rods.
(b)Rod 802-3 was unopened.
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Figure 9. Posttest photograph of RIA ST-1 cladding at 0.35-m elevation.
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Figure 10. Posttest photograph of RIA scoping test cladding microstructures. Rod 800-1, 0.40 m
elevation.

The RIA-ST-4 test did result in a molten fuel coolant interaction about 3 milliseconds after peak
power when the peak fuel enthalpy was 350 cal/g of U0 2. At 3 milliseconds a large pressure
pulse (34.6 MPa) was measured near the bottom of the experiment. The test rod was completely
destroyed. Seventy-five percent of the test fuel rod was adhered to the inside of the flow shroud
in a previously molten state. The remaining 25% was nearly spherical previously molten debris.

The objectives of the PBF RIA 1-1 and RIA 1-2 experiments were to (1) characterize the
response of previously irradiated fuel rods during an RIA event at BWR hot-startup conditions.
(2) evaluate the effect of internal rod pressure on preirradiated fuel rod response; and (3) provide
data on the failure threshold peak fuel enthalpy for previously irradiated rods. The radially
averaged peak fuel enthalpy for Test RIA 1-1 was 285 cal/g of U0 2 (near the 280 cal/g NRC
limit), and the radially averaged peak fuel enthalpy for RIA 1-2 was 185 callg of U0 2 (near the
suspected failure threshold).

For Test RIA 1-1, all four test rods failed early in the power burst. Complete flow channel
blockage occurred for the two irradiated Saxton fuel rods, 801-1 and 801-2. Based on flow shroud
inlet flow meters, the flow shroud for rod 801-1 blocked 4 to 5 seconds after power burst
initiation. The flow shroud inlet flowmeter for rod 801-2 indicated shroud blockage 3 seconds
after power burst initiation. Although flow reduction occurred for the two RIA 1-1 unirradiated
test rods (801-3 and 801-5), complete flow blockage did not occur until after the test was
completed. The flow channel blockage for RIA 1-1 is illustrated in Figure 11 which indicates
"foaming' of the preirradiated fuel.

All four test rods used in the RIA 1-2 test were irradiated Saxton rods. Two of the test fuel rods
(802-2 and 802-4) were instrumented, opened. and prepressurized to about 2.4 MPa to simulate
end-of-life rod internal pressure. Rod 802-1 was opened, instrumented, and backfilled to an
internal pressure of 0.105 MPa. Rod 802-3 was neither instrumented nor opened. Only one of
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Figure 11. Posttest photomicrograph showing complete shroud blockage for Test RIA 1-1,
Rod 801-1, irradiated fuel and cladding.

the four test fuel rods (802-3) failed as a result of the 185 cal/g of U0 2 radially averaged peak
fuel enthalpy. The rod failed by 22 longitudinal cracks that appear to be caused by pellet-cladding
mechanical interaction PCML The longitudinal cracks started at about 14.5 cm from the bottom
of the rod and extended to 68.1 cm from the bottom of 91.4-cm-long rod. The radially averaged
peak fuel enthalpy at the 14.5- and 68.1-cm locations was 140 cal/g of U02. Figure 12 shows
three of the small longitudinal PCMI cracks. A close-up photomicrograph of the upper end of
one of the through-wall cracks (taken in a region where the crack does not extend completely
through the cladding) is shown in Figure 13. This photomicrograph confirms that the PCMI
failures occurred early in the transient before significant oxidation occurred, because the oxidation
layer inside the crack is the same depth as the oxidation on the outside surface of the cladding.

The failure thresholds for unirradiated and irradiated fuel rods determined from CDC and PBF
tests are listed in Table 7. A plot of radially averaged peak fuel enthalpy versus burnup for CDC,
PBF, NSRR, and CABRI test results is shown in Figure 14. The decrease of radially averaged
peak fuel enthalpy required to cause fuel rod failure with increasing burnup is apparent in
Figure 14.
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Figure 12. Pellet-clad mechanical interaction induced longitudinal cladding cracks. Test RIA 1-

2, Rod 802-3.
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Figure 13. Close-up of upper end of through-wall crack (which is not completely throughcladding) indicating that cracking occurred early in transient before significant oxidation. RIA 1-2Rod 802-3. 0.3800-m elevation.
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Table 7. Comparison of CDC and PBF test data.

Radial/average-peak fuel enthalpy
(cal/g)

Test rod condition CDC PBF

Unirradiated:

Failure threshold SPXM Rods 205-225 225-250

GEP Pellet Rods
171-206

GEX Pellet Rods
189-217

Loss-of-Coolable a 245 u 250
Geometry

Prompt fuel w 300 Less than
dispersal 350

Irradiated:

Failure threshold 85 to 200 140
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400.0
' 'AR C nBR failure
9 CABRI no failure
v COC failure
o CDC no failure

~.PBF failure
, 300.0 *D PBF no failure
co PBF (4 of 4 rods failed)
__ * >PBF (4 of 4 rods failed)
it * NSRR failure

o NSRR no failure
200.0

b 0 0 °

a)a100.0 a i

0.04

0.0 20.0 40.0 60.0 80.0
Bumup (GWd/t) Am

Figure 14. Radially averaged peak fuel enthalpy versus burnup for CDC, PBF, NSRR, and
CABRI data.

CONCLUSIONS

The failure mechanism for unirradiated and irradiated fuel rods is different Irradiated fuel rods
fail during heatup, before the fuel rod departs from nucleate boiling, possibly because of
mechanical interaction between the pellet and the cladding. The failure threshold for irradiated
rods occurred at a radially averaged peak fuel enthalpy as low as 140 callg of U0 2 in PBF tests
and 85 ca/g of U0 2 in CDC tests.

In PBF tests the failure mechanism for unirradiated rods occurred after the cladding plastically
deformed (thinned and thickened), oxidized completely through the thinned regions, and
quenched. This failure type occurred at 225 to 250 cal/g of U0 2.

Ile probability of fuel rod failure at lower radially averaged peak fuel enthalpy appears to
increase with increasing burnup, but there is considerable scatter in the data. Further evaluation
of test data will be performed before a new technical basis for the NRC fuel damage criteria for
reactivity transients can be established.
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FUTURE EFFORTS

Future efforts on the reassessment of the basis for NRC fuel damage criteria for reactivity
transients will include (a) analyzing data from France, Japan, and Russia (IGR Test Reactor in
Kazakhstan)l°; (b) estimating the reasonableness of the data scatter for brittle fracture of the
cladding; (c) inserting the new burnup dependent models developed by PNL 1 into the
FRAPCON 2 and MATPRO computer codes; (d) performing parametric studies with the
FRAP-T6 code; (e) analyzing the data with the updated FRAP-T6 (high-burnup models
added) code to understand the PCMI failure mechanism during reactivity transients with high
burnup rods; (f) determining the compatibility of the data and analysis from the different reactors;
and (g) preparing a report summarizing the results of the work and providing the technical basis
for possible revision of the NRC failure criteria.
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