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Questions about the coolability of a continuous mass of relocated corium were raised
during the Three Mile Island Unit 2 (TMI-2) Vessel Investigation Project (VIP).1 Post-
accident examinations indicate that nearly half of the material that relocated to the vessel
lower head during the TMI-2 accident formed a cohesive or "continuous" layer. TMI-2 VIP
results and other evidence suggest that conduction through this continuous layer of
solidified corium materials was assisted by other cooling mechanisms. Because increased
knowledge about in-vessel coolability of corium materials may assist reactor designers in
demonstrating that their concepts are passively safe, there is international interest in this
topic. However, data are needed to identify what cooling mechanism(s) occurred and to
develop a validated model for predicting this cooling. Corium cooling models significantly
impact predictions for subsequent accident progression, such as the estimated time and
mode of vessel failure. Hence, improved cooling models will provide a much needed,
missing component of severe accident analyses.

This paper provides a critical review of research investigating the coolability of corium
relocating to a water-filled lower head. Where possible, existing models and data for
predicting cooling are quantitatively compared; and governing relationships are identified.
Key phenomena that should be incorporated into models for predicting this heat transfer
are discussed, and deficiencies in current models and available data for predicting cooling
are noted. Recommendations for improving these models and for obtaining data to validate
these models are also provided.

Background

During a severe accident, molten material may relocate from the reactor core to form a
molten pool in the water-filled lower head of a reactor vessel. In such cases, there are
sufficient data to warrant modeling the heat transfer mechanisms shown in Figure 1. In
severe accident codes, such as SCDAP/RELAP5,2 the models allow a crust to form on
lower surfaces of the primarily ceramic materials in contact with the vessel and on upper
surfaces of the corium materials in contact with the coolant. Heat is transferred via
convection from interior portions of the pool to the crust. If the primarily ceramic molten pool
contains molten steel or other materials with lower vaporization temperatures, vapors may
form that will enhance natural convection heat losses from the pool (This transient effect,
which will be present at least as long as core structure materials relocate to the lower
plenum, is not currently considered in SCDAP/RELAP5 or other severe accident analysis
codes). Heat is transferred from the pool through upper and lower crusts via conduction.
From the upper surface, heat can be lost to the coolant via boiling, radiation, and
convection. Although not currently modeled in severe accident analysis codes, data
suggest that heat transfer from the upper surface may be enhanced because of roughness
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that occurs as corium materials solidify. Downward heat losses occur via conduction. In
addition, sufficient data exist to model a small gap between relocated materials and the
vessel that is associated with the surface roughness of solidified corium materials
(assuming that the vessel material remains as a solid). Convection and radiation heat
losses from the vessel to the containment are modeled in severe accident analysis codes.
The above heat loss mechanisms are limited by the long conduction path through the crust
and the small crust surface area for heat transfer. However, evidence suggests that
relocated corium materials experience additional cooling beyond these mechanisms.

Boiling convection and radiation
heat transfer to coolant

Debris-to-vessel
contact resistance

Radiation and convection
heat transfer to surroundings

Figure 1. SCDAP/RELAP heat transfer mechanisms affecting relocated corium.

This paper presents results from a study of research investigating experimental and
analytical evidence of gap cooling in corium materials that relocate to a water-filled lower
head. First, we discuss prototypic and simulant data suggesting the existence of enhanced
cooling, including results from the TMI-2 VIP. In addition, we discuss tests to understand
the cooling possible in cracks and/or gaps by simulating heated narrow channels with
counter-current flow conditions. Last, selected analytical models for predicting enhanced
cooling are reviewed.

Data Suggesting Enhanced Cooling

Various sources of prototypic and simulant data suggest that corium materials relocating to
a water-filled head will experience enhanced cooling. As illustrated from the examples
discussed in this section, prototypic evidence is from tests or events for which
instrumentation was inadequate to quantify this cooling or identify the mechanism(s)
responsible for this cooling. In simulant tests, sufficient instrumentation was included to
quantify this cooling. However, uncertainties in material properties for prototypic and
simulant materials make it difficult to determine if results from simulant material tests are
applicable to LWR conditions.

TMI-2

Results from the Organization for Economic Cooperation and Development (OECD)-
sponsored TMI-2 VIP suggest that conduction through solidified corium materials was not
the only cooling mechanism present in the reactor vessel.1 Calculations were performed to
investigate the vessel thermal and structural response to the heat load from relocated
materials. Initially, these calculations used input based on metallurgical examinations of
specimens from the hard layer of relocated materials found next to the lower head and best
estimate models considering the mechanisms discussed in Figure 1. Samples of vessel
steel, instrument tube nozzles, and debris from the hard layer of solidified corium next to
the vessel were examined. Figure 2 shows locations where vessel steel samples and
nozzles were extracted from the TMI-2 vessel. Metallurgical examinations of the vessel
steel indicate that relatively high vessel temperatures (-1400 K) occurred in an elliptically-
shaped localized region (1.0 m x 0.8 m) of the vessel for approximately 30 minutes (see
Figure 2) and that this "hot spot" was rapidly cooled (-10-100 K/min). Data also indicate
that vessel locations outside this hot spot remained relatively cool throughout the accident



(below 1000 K). The calculated vessel thermal response, which relied on results from the
debris examinations to determine decay heat levels and material composition, did not
coincide with this metallurgical data. In fact, calculations indicate that the elevated
temperatures and pressures experienced by the TMI-2 vessel (see Figure 3) would cause
the vessel to fail within 2 hours after melt relocation, contrary to known events.
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Figure 2. Locations of TMI-2 vessel steel and nozzle samples.
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Figure 3. TMI-2 pressure history.

Scoping calculations were performed to investigate the potential for additional cooling to
have occurred after relocation to the lower head. Possible mechanisms for additional
cooling were postulated based on videos taken during defueling of the TMI-2 vessel. These
videos indicate that surface cracks were present on the hard layer of corium materials
adjacent to the lower head and that gaps were present between the instrument nozzles and
corium materials surrounding the instrument nozzles. Analyses indicate that coolant flowing
through a relatively insignificant volume of channels (cracks) within relocated corium
materials (e.g., less than 1 % of its volume) and that coolant flowing through a corium crust-
to-vessel gap of minimal thickness (e.g., as small as 1 mm) could provide the required
cooling. Note that TMI-2 data suggest that both crack and gap cooling mechanisms
occurred. If only cracks were present, vessel temperatures would not experience the rapid
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cooling rates observed in the metallurgical examinations. Furthermore, the vessel would
not have survived the hot spot temperatures for the 30 minute time period inferred from
metallurgical examinations if cracks had not been present to reduce heat loads to the
vessel. However, data from TMI-2 and other sources are insufficient to accurately identify or
develop models for predicting enhanced cooling mechanism(s).

Other Prototypic Evidence

Data from tests conducted in the FARO facility of EU-JRC, Ispra,3 and from the six Corium-
Coolant Mixing (CCM) tests performed at Argonne National Laboratory (ANL)4 also support
the hypothesis that enhanced cooling may occur when corium materials relocate to the
lower head. Although both programs were initially performed to investigate debris
fragmentation in a water pool, results were also obtained for the unfragmented melt that
formed a conglomerate "hard layer or cake" on the bottom plate. The FARO-LWR tests
investigated the behavior of 10 to 160 kg of UO2-based melt; whereas the CCM tests
investigated approximately 4 to 12 kg of corium (60 wt% UO2, 16 wt% ZrO2, 24 wt%
stainless steel).

In the FARO tests, the fraction of melt which formed the cake decreased as water height
increased (from 1/2 to 1/5 of the total mass). Post-test examinations indicated that the
solidified corium was "very brittle" and easily broke during removal. In the FARO and CCM
tests, the cake surface contacting the bottom plate was wavy with a furrowed structure.
Examinations suggest that the cake of relocated material scarcely contacted the plate. In
some regions, the depth of the furrows was several millimeters. It is postulated that void
pockets were created in the FARO tests by expanding steam following melt contact. No
significant difference of the furrowed structure was observed when results were compared
to FARO tests with pure UO2 melts impinging on plates during dry conditions. However,
examinations found that furrows were less deep and resolidified UO2 on the plate was less
brittle. Post-test exams also indicate that the solidified corium was porous with a highly
interconnected pore structure (large effective porosity). It is also interesting to note that the
top surface of the corium material was very rough. This roughness is due to the manner in
which particulates reaglommerated.

Figure 4. Photograph of FARO test L-19 cake surface in contact with the bottom plate.

Simulant Evidence

Table 1 summarizes several tests being conducted to investigate corium coolability
phenomena using simulant materials. As indicated in this table, these tests have similar
features. However, as discussed below, there are significant differences in the phenomena
and test parameters investigated.
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Table 1 . Comparison of simulant in-vessel debris coolability test programs

Organization/
Country/
Design

Materials

Debris Vessel Coolant

Maximum
Internal

Pressure,
MPa

Maximum Inner -
Outer Pressure
Difference, MPa

TE PCO/H itachi/Toshiba/Japan
and FAI/USA5

Igniter-

Thermite-
Charge

AI2O3 (with
and without
Fe)

0.3 m inner diam-
eter carbon steel
vessel with and
without insulation.
Some tests with
penetrations.

Water. NAa NAa

ALPHA JAERI/Japan6 AI2O3 0.25 m inner
diameter stain-
less steel-lined
carbon steel ves-
sel.

Water 1.6

SONATA IV LAVA KAERI/Korea7

Pressure vessel M v C.'~~'f' Melt injection ofiftce

AI2O3 (with
and without
Fe)

0.5 m inner diam-
eter carbon steel
vessel. Some
tests with pene-
trations.

Water 2.0 1.8

FOREVER RIT/Sweden 8

pressure vessellk]

CaO-B2O3

or CaO-
WO3, with
electrical
heating for
debris decay
heat

0.4 m inner diam-
eter, carbon steel
vessel. Some
tests with pene-
trations.

Water.
Some
tests with-
out water
addition.

4.0

a. Pressure information was not discussed in Reference 5.

TEPCO/Hitachi/Toshiba/FAI Tests. Tokyo Electric Power Company (TEPCO), Hitachi
Works, Hitachi, Ltd. (Hitachi), Toshiba Corporation (Toshiba), and Fauske Associates,
Incorporated (FAI) performed tests to investigate the adherence of relocated corium to the
vessel wall and the cooling due to gap formation associated with vessel deformation.5
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Available information suggests that the melt did not adhere to the test vessel and a gap
formed between the melt and the vessel (although no gap dimensions are reported).

ALPHA. In-vessel corium coolability experiments were performed in the Assessment of
Loads and Performance of Containment in Hypothetical Accident (ALPHA) containment
vessel at the Japanese Atomic Energy Research Institute (JAERI). In this program, two
tests were conducted with molten AI2O3 poured into a pool of water (approximately 0. 3 m
deep) in a lower head experimental vessel.

Post-test examinations indicate that a rough upper surface formed on the continuous layer
of solidified AI2O3. Cracks were also found over the upper surface of the solidified AJ2O3.
The debris lower surface was smooth, with several hollows, channels, and crevices. Tnus,
the surface of the AI2O3 that relocated to the vessel was different than the uneven surfaces
of prototypic materials that barely contacted the test plate in the FARO test. Post-test visual
observations and ultrasonic techniques indicated that a 1.0-2.0 mm gap existed at some
locations between the inner surface of the lower head and the solidified AI2O3. Maximum
temperature decrease rates during the thermal transient phase ranged from 3 to 6 K/s.

Temperature histories on the outer surface of the lower head were similar in both tests.
Although the lower head experimental vessel temperature initially increased due to
interactions with the molten AI2O3, the observed temperature increase was much smaller
than predicted by calculations that only considered heat losses due to conduction through
the vessel wall. Scoping calculations suggest that the interfacial gap initially acted as a
thermal resistance, and water subsequently penetrated into the interfacial gap to provide
enhanced cooling.

SONATA-IV LAVA. A research program, called SONATA-IV (Simulation of Naturally
Arrested Thermal Attack In Vessel) was developed by the Korea Atomic Energy Research
Institute (KAERI) to investigate the coolability of corium inside the lower head. As part of
the first phase of this program, the LAVA (Lower-plenum Arrested Vessel Attack) tests7

were conducted by pouring high temperature molten material into a scaled vessel filled with
water. In the LAVA tests, an AI2O3/Fe thermite melt was used as the corium simulant. In
addition to measuring the thermal response of the test vessel, LAVA tests investigated the
influence of internal pressure load on the vessel wall. The influence of melt materials on
gap formation was also studied.

Post test examinations found that Fe melt from several LAVA tests welded to the inner
surface of the LHV and that the vessel experienced some ablation. In the latter two tests, a
gap (0.6 to 1.5 mm) was observed, suggesting that the internal pressure load may have
contributed to gap formation. Even larger gaps (2-6 mm) were observed in LAVA tests with
AI2O3 melt. In the LAVA-4 AI2O3 melt test, thermocouple data indicate that AI2O3 melt tests
experienced rapid vessel cooling (ranging from 1.54 to 4.38 K/s). In tests with AI2O3/Fe
melt, cooling rates were ten to twenty times smaller than measured in the LAVA-4 test.

FOREVER. In the Failure Of REactor VEssei Retention (FOREVER) tests at the Royal
Institute of Technology (RIT),8 a naturally-convecting oxidic melt pool is maintained in long-
term contact with a hemispherical lower head to investigate cooling processes in a
pressurized, creeping, steel vessel. The facility includes a 1/1 Oth scale carbon steel vessel
with a 40 cm inner diameter and a 50 kW induction furnace. Up to 20 liters of binary-oxide
melt (CaO-B2O3) is heated with 100-300 K superheat in a melt generator (not shown) and
then poured into the test vessel, which is pressurized to 26 bars with Argon gas. A MoSi2
50 kW electric heater is employed in the melt to maintain the melt temperatures required to
obtain the specified vessel wall temperatures.

The FOREVER program plans to includes three major test series. The first series,
FOREVER/C, investigated vessel deformation and creep behavior under thermal attack by
a naturally convecting oxidic-melt pool. Subsequent test series will focus on understanding
gap cooling (FOREVER/G) and penetration failure (FOREVER/P). Available references
suggest that FOREVER/C tests (C1 and C2) were successfully completed and data were
obtained to study phenomena, such as melt pool heat transfer and multi-axial vessel wall
creep deformation. However, FOREVER/G tests have not yet been initiated.
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Comparison of Simulant and Prototypic Data

As discussed above, differences in the debris-to-vessel surface of relocating debris were
observed in tests with simulant materials and prototypic materials. For example, the smooth
surface of relocated AI2O3 near the vessel in the ALPHA tests was considerably different
than the uneven surface of prototypic material near the test plate in the FARO tests.
Differences in prototypic and simulant material test phenomena may be primarily due to the
thermal and structural properties of the materials selected for these tests. To gain additional
insights about the importance of test material selection, INEEL compared key parameters
affecting coolability of an aluminum oxide melt (which is used in many simulant tests) and a
melt composition similar to the material found in the TMI-2 vessel lower head
(approximately 80% UO2 and 20% ZrO2) for selected temperatures.9

Parameters affecting material coolability were compared for several representative
temperatures. Representative temperatures included the initial coolant temperature, the
liquidus temperature for the corium and the simulant, and 400 K above the liquidus
temperature for the corium and simulant. Parameters were selected to consider molten
pool heat transfer, crust crack formation, and crust-to-vessel gap formation. Material
properties required to evaluate these parameters included the melt viscosity, specific heat
capacity, thermal conductivity, Young's modulus, crust fracture strength, linear thermal
coefficient for expansion, Poisson's ratio, and thermal strain data. It should be noted that
considerable uncertainty exists in estimates for aluminum oxide and uranium-zirconium
dioxide material properties. Structural properties for AI2O3 are extrapolated above 1500 K,
and structural properties for (U,Zr)C>2 are extrapolated above 1700 K.

Results indicate significant differences in parameters for AI2O3 and (U,Zr)O2 due to
differences in material properties. For example, the melt Prandtf numbers differed by over
an order of magnitude. This difference is due to differences in melt viscosity [0.0047 Pa-s
for (U.ZOQo at 3200 K versus 0.0170 Pa-s for AI2O3 at 2700 K], specific heat [610 J/kg-K
for (U, Zr)O2 at 3200 K versus 2000 J/kg-K for AT2O3 at 2700 K, and thermal conductivity
[10.2 W/m2 K for (U,Zr)O2 versus 6 W/m2 K for AI2O3 at 2700 K. Parameters for estimating
the potential for solidified corium cracking were also found to differ because of differences
in the estimated material properties. Thus, results from this evaluation emphasize the need
to perform corium coolability tests with prototypic materials. In fact, values suggest that it is
difficult to determine if results from simulant material tests are applicable to LWR severe
accidents.

Narrow Channel Data

Even if it can be shown that relocated corium experiences cracks and /or gaps during
cooling, data are insufficient to predict the cooling associated with water ingress into these
cracks. Convection, boiling, and radiation heat transfer modes are possible in areas where
corium-to-vessel gaps form.

Convection heat transfer in steam-filled gaps could be established if water is absent at the
time of relocation or if water is boiled away faster than the injection rate. However, perhaps
the most probable mechanism for development of convective heat transfer in steam-filled
gaps is in conjunction with boiling heat transfer and the effects associated with
countercurrent flow limitations (CCFL). Specifically, water penetrating into the top of the
corium-to-vessel gap is typically expected to boil. As the water descends into the gap and
boiling progresses, steam generated as a result of boiling will tend to rise (ultimately
escaping at the top of the gap). The rate of boiling, the downward velocity of water, and the
interphase drag associated with the countercurrent flow of escaping steam will determine
the depth of water penetration. Convection in steam-filled gaps is appropriate below the
water penetration level under these conditions. (Steam convection could also be
augmented by radiation heat transfer) Some transition from steam convection to boiling
heat transfer would be expected at higher elevations.

Boiling heat transfer in narrow channels, with the complications added by CCFL, is not well
characterized. However, in the absence of complete information, the boiling response
associated with forced convective flow may provide qualitative guidance for what may
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occur. Specifically, the onset of nucleate boiling is expected when vapor begins to form as a
result of increasing convective heat transfer as shown in Figure 5. Heat transfer in the
nucleate boiling mode should then increase as long as a liquid film can be maintained on
the corium surface. When heat transfer increases sufficiently, however, the liquid film will
break up. At that point, known as the Critical Heat Flux (CHF), a transition occurs where
attainable heat fluxes decrease dramatically as shown in the figure. This decrease occurs
because water adjacent to the corium surface (with high thermal conductivity) is gradually
replaced by steam (with low thermal conductivity). Finally, boiling heat transfer ends, and
convective heat transfer in steam begins, when boiling of the remaining water is complete.
As illustrated in References 10 and 11, there are several factors, such as surface
orientation, peripheral conditions (open or closed channels), and coolant superheat, that
impact heat transfer in narrow channels.

100.0
Quality (%)

Figure 5. Anticipated characteristics of boiling heat transfer in a narrow channel.

Radiation heat transfer across gaps between the corium and the lower head could be
established if the gaps are steam filled. Steam-filled gaps could develop if water is not
present in the lower head or as a result of the boiling process. Radiation heat transfer will
augment steam convective heat transfer at low to moderate temperatures, although
radiation is expected to become the dominant mode of heat transfer as temperatures rise in
steam-filled gaps.

To date, most experimental investigations for narrow gap heat transfer have focussed on
predicting the CHF in a narrow gap. Table 2 summarizes characteristics of several recent
experimental investigations conducted to quantify CHF. As indicated in this table, test
conditions varied significantly. For example, the Monde tests used nearly saturated
conditions with an open-ended test apparatus; whereas many other tests considered a
closed-ended test apparatus in which CCFL were evaluated. In general, test results
suggest the CHF in a narrow gap increases with pressure, coolant subcooling, and gap
width. In hemispherical geometries, the CHF has been observed to occur at multiple and
varied locations near the middle and upper portions of the hemisphere. Although the test
conditions varied significantly, Figure 6 compares correlations proposed by Monde, FAI,
Benson, Koizumi, and Chang and Yao for an assumed gap of 2 mm and an assumed mean
test facility diameter of 0.5 m. This figure also includes a correlation that was developed
using a method proposed by Jeqng in Reference 15. The large variations in correlation
predictions may primarily be attributed to the significantly different test conditions (wall
superheat, surface orientation, surface geometry, and scale). In general, one may conclude
that curves in Figure 6 suggest that correlations predict lower heat transfer if CCFL
phenomena are considered. Furthermore, variations in these curves suggest that additional
research is needed to better understand phenomena affecting heat transfer in narrow
channels.



Table 2. Tests investigating heat transfer from coolant in a narrow gap.
Organization/Country/Design Characteristics

Monde/Japan/CHF Tests1 ̂

Length

Width

Coolant: Water
Pressure: 0.1 MPa
Length: 0.02 to 0.05 m.
Width: 0.01 m
Wall Superheat:8 < 20 °C
Gap = 0.45 to 7 mm

FAI/US/Narrow Gap Cooling Tests13

-Diameter

Coolant: Water
Pressure: 0.1 MPa
Diameter: 0.1 m
Length: 0.25 m
Wall Superheat: < 700 °C
Gap = 2 mm

Siemens/Germany/BENSON Tests14

Diameter.

Coolant: Water
Pressure: 1, 5,10, and 11.5 MPa
Diameter = 0.6 m
Wall Superheat: < 46 °C
Gap = 1, 3, 5,10 mm

KAERI/Korea/CHFG Tests14

Diameter

Coolant: Water and Freon-113
Pressure: 0.1 -1.0 MPa
Diameter - 0.5 m
Wall Superheat: < 40 °C
Gap = 0.5-5.0 mm

Fujita/Japan/Confined Narrow Space Tests11

Length

Coolant: Water
Pressure: 0.1 MPa
Length: 0.03 to 0.12 m.
Width: 0.03 m
Wall Superheat: < 30 °C
Gap = 0.15 to 5 mm

NSI RAS/Russia/CTF Tests16

Length

Coolant: Water
Pressure 0.1-8 MPa
Width: 0.190 m, Height: 0.061 - 0.397 m
Length: 0.400 m
Wall Superheat: < 500 °C b

Gap = 0.5-5.0 mm
Width

Chang and Yao17

Diameter

Coolant: water, Freon-113, and acetone
Pressure 0.6 - 4 MPa
Outer Diameter: 0.064 m
Height: 0.0254 to 0.076 m
Wall Superheat: < 20 °C
Gap= 0.32 to 2.58 mm

Koizumi18^

r—Diameter

Coolant: water and Freon-113
Pressure 0.1 MPa
Inner Diameter: 0.1 m
Wall Superheat: < NA °C
Height: 0.5 m
Gap= 0.5 to 5 mm

a. Difference between wall temperature and saturation temperature.
b. Only at selected locations.

ENHANCED COOLING MODELS FOR SYSTEMS ANALYSIS CODES

As noted above, enhanced cooling data are inadequate to develop a validated model to
predict the coolability of material that relocates to a water-filled lower head. Nevertheless,
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Figure 6. Comparison of narrow gap CHF correlations (2 mm gap size)

several organizations have developed or are developing models for investigating the
potential impact of enhanced cooling on severe accident progression. Table 3 compares
several of these models.

As indicated in Table 3, the models are focussing on the debris-to-vessel gap that forms
after relocation and the cooling due to steam or water present in this gap. None of the
models are currently trying to consider other postulated debris cooling phenomena, such
heat transfer through cracks within the solidified corium material. All three models require
user assumptions for the initial gap size and correlations for predicting boiling heat transfer
from the corium to the coolant. Hence, model predictions are very sensitive to user input.

Table 3. Analytical Models to Predict Enhanced Cooling of Relocated Corium

Developer/
Model

FAI/MAAP19

JAERI/
CAMP20

INSS/
SCDAPSIM228

Phenomena Modeled

• Cooling due to debris-to-
vessel gap

• Vessel wall expansion

• Three-dimensional ves-
sel deformation due to
thermal stress and
expansion and elastic
deformation from internal
pressure

• Cooling due to debris-to-
vessel gap with one-
dimensional water
ingress

• Cooling due to debris-to-
vessel gap with one-
dimensional water
ingress

• Gap width expansion (to
be incorporated)

Approach/Assumptions

• Uniform, narrow steam-filled gap initially present
• Monde CHF correlation applied if water ingress occurs
• User-specified initial gap width
• Gap growth due to vessel expansion

• Finite volume thermo- and fluid-dynamic scheme coupled to a
finite element deformation model

• Uniform, narrow steam-filled gap initially present
• User-specified initial gap width
• Gap growth due to vessel expansion (but vertical displacement

at bottom center fixed)
• Vessel supports effect on deformation neglected
• Wallis21 -type flooding correlation applied to predict water ingress
• Non-validated "narrow gap" boiling curve used to predict heat

transfer if water ingress occurs
• Comparisons with ALPHA test data used to develop model.

• Interfaces with existing RELAP5 coolant thermal-hydraulics
models and two-dimensional COUPLE lower head finite element
heat transfer models

• Uniform, narrow steam-filled gap initially present
• User-specified initial gap width
• Non-validated "narrow gap" boiling curve used to predict heat

transfer if water ingress occurs

a. Reference describes the design of a proposed model.
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At this time, all models assume that a uniform gap is initially present. Although all of the
models allow the gap width to increase due to vessel deformation, none of the models
currently consider the impact of heat transfer through direct debris-to-vessel contact points.
Figure 7 compares the configuration assumed by these models with two hypothesized
configurations in which the debris and vessel are in direct contact at certain locations. Note
that this direct contact could lead to localized spots in the vessel, where temperatures are
higher than locations with a debris-to-vessel gap. Furthermore, none of the models
consider the effects of crust failure or corium material shrinkage during solidification.

Boiling/convection/radiation
to overlying fluid

Crust—

Natural convection
inside volumetrically

heated pool

Lower head

Gap

Radiation and convection
heat transfer to surroundings

(a) Gap configuration assumed by many models.

Boiling/convection/radiation
to overlying fluid

Lower head

Gap

Natural convection
inside volumetrically

heated pool

Corium-to-vessel
contact resistance

Radiation and convection
heat transfer to surroundings

(b) Possible endtate assuming bottom center support.

Boiling/convection/radiation
to overlying fluid

Crust

Natural convection
inside volumetrically

heated pool

Corium-to-vessel
contact resistance

Radiation and convection
heat transfer to surroundings

(c) Possible endstate assuming distributed support.

Figure 7. Possible geometries for intermittent corium-to-vessel heat transfer

Clearly, additional data are needed to assess these models. Data are needed to assess the
impact of intermittent debris-to-vessel contact and differences between prototypic and
simulant test results. Furthermore, data are needed to develop a geometry-specific narrow
channel boiling curve with CCFL considerations.

SUMMARY AND RECOMMENDATIONS

During the last several years, analytical and experimental work has been performed by
various international organization to understand enhanced cooling that may occur when
materials relocate from the core to a water-filled lower head of a reactor vessel. This paper
summarizes the status of this research and provides recommendations for future research.
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In this review, three types of data sources were considered: prototypic materials, simulant
materials, and separate effects tests investigating cooling through narrow channels. In
addition, analytical models being developed to model enhanced cooling were reviewed.
Insights gained from each source are summarized below.

Prototypic Materials

• Enhanced cooling, beyond that possible with conduction, occurs when corium materials relo-
cate to a water-filled lower head of a reactor vessel during a severe accident.

• Oxidic corium materials do NOT ablate vessel and nozzle structures.
• Coolant flowing through gaps between the vessel structures and relocated corium and cracks

within solidified corium, "furrows" within relocated materials, and/or interconnected pores
within the solidified corium may be responsible for enhanced cooling.

• Large corium-to-vessel gaps may occur in scenarios with molten materials relocating to a
water-filled head.

• Prototypic data are insufficient to estimate key parameters required to model this cooling.

Simulant Material Tests

• Intermittent gaps (between 1.0 to 5.0 mm) formed between (Fe, AI2O3) simulant material and
simulated vessel surfaces.

• Cracks and a rough upper surface formed in simulant (AI2O3) oxidic simulant material.
• The vessel/test plate thermal response suggested that the crust-to-vessel gap acts as a ther-

mal resistance and that water penetrates the gap to enhance test vessel/plate cooling.
• Tests with only oxidic melts (AI2O3) draining into the test vessel exhibited larger gaps and

higher cooling rates.
• Simulant test data are insufficient to quantify sizes of cracks and gaps present within the

solidified melts as a function of time.
• The applicability of simulant test data is limited because material properties associated with

crack and gap formation are not well known for either corium materials or aluminum oxide.
Those properties that are known suggest that the simulant materials may behave differently
than prototypic materials.

Narrow Gaps Heat Transfer Investigations

• CHF increases with pressure
• CHF increases with coolant subcooling
• CHF increases with gap width (for small gap widths)
• Additional research is needed to quantify the entire boiling curve for narrow gap heat transfer.

Model Reviews

• Analytical models currently require user assumptions (initial gap size, boiling heat transfer
correlations to the gap coolant, etc.) that can significantly impact systems analysis code pre-
dictions.

• Models initially assume a uniform gap between relocated corium materials and the vessel.
This is not consistent with the intermittent contact and irregular gap sizes observed in FARO,
ALPHA, and LAVA tests. Hence, models may overpredict heat losses to the gap cooling
water because they neglect contact points where enhanced crust-to-vessel heat transfer
occurs.

• If water is present in the gap, some models apply a CHF heat transfer correlation to predict
heat losses to the coolant. In the real case, convection, nucleate boiling, CHF, or film boiling
may occur. Note that the recent documentation on several of these models suggest that boil-
ing curves have or will be implemented.

• None of the models consider the effects of crust failures or corium material shrinkage during
solidification.



Recommendations

The applicability of simulant test data is limited because material properties associated with
crack and gap formation are not well known for either corium materials or aluminum oxide.
However, it is suggested that all of the models for enhanced cooling be benchmarked using
data from simulant tests until prototypic data are available. In addition, it is suggested that
additional material properties be obtained so that differences between prototypic and
simulant material behavior may be better understood.

Appropriate correlations for each heat transfer regime (e.g., nucleate boiling, CHF, film
boiling, steam convection, radiation, etc.) should be applied. Additional geometry-specific
data are needed to validate the assumed (or proposed) boiling curves for narrow gap
conditions.

The assumed uniform gaps in these models may overpredict heat losses to the gap cooling
water because they neglect contact locations where enhanced crust-to-vessel heat transfer
occurs. It may be possible to use data from tests, such as FARO, ALPHA, LAVA, to
determine what fraction of the material contacted the test crucible and ratio the heat
transferred to the vessel. If sufficient data do not exist from previous tests, such data might
be possible from future COTELS tests planned by the Japanese Nuclear Power
Engineering Corporation.

In summary, INEEL recommends that additional development is needed for all of these
models. Currently, these models have the potential to overpredict heat transfer because
they neglect heat transfer that may occur at locations where the crust directly contacts the
vessel (either during the initial relocation or due to crust failures). It is recommended that
additional data be obtained to demonstrate that results from the proposed model aren't
overpredicting heat removal from enhanced cooling. Furthermore, it is recommended that
narrow-channel boiling data be obtained to obtain geometry-specific heat transfer for each
heat transfer regime that may occur.
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