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A global view of the in-vessel retention idea, as rendered recently in DOE/ID-10460 and DOE/ID-10541, is provided, 
with updates on on-going confirmatory work on fundamental aspects of the problem, and projections about potential 
future applications of the technology. The author's point of view on assessment of complex problems and scaling is 
emphasized. 

1. INTRODUCTION 

In-vessel retention (IVR) is a severe accident management (SAM) strategy which, based on externally flooding the 
reactor pressure vessel, is aimed at arresting the downward progression of an assumed (unmitigated) core melt accident. 
Starting with Loviisa (Theofanous. 1989), and independently with the AP600 (Henry et aI., 1991; Henry and Fauske, 
1993), this concept has gained major and continuing international attention, and led to a plethora of research activities. 

The principal attraction of such an approach is that, if successful, it would eliminate the whole ex-vessel sequence 
of highly complex, and potentially threatening to containment integrity, phenomena. The corollary attraction is that, if 
an adequately robust, for its success, case could be made, there would be no need to wrestle with the inherently more 
uncertain consequent evolution. especially concerning on-the-floor coolability. Such a "neat" case is not only efficient 
from the research and engineering standpoints, it is also very helpful in terms of improving risk perception attitudes 
(i.e., acceptance of nuclear power by the puhlic). Moreover. preventing the spreading/dispersion of such large amounts 
of radioactive materials would appear to be attractive for the post-accident tasks. 

For Loviisa, IVR was made the cornerstone of the whole severe accident management strategy (Tuomisto and 
Theofanous, 1994). This was accepted by the Finnish regulatory authority (STUK), and implementation of the whole 
SAM scheme is essentially complete (Lundstriim et aI., 1996). For the AP600 also, IVR constitutes a key .element of 
SAM, and the certification review by the U.S. Nuclear Regulatory Commission (USNRC) is almost complete. The low 
power density and lack of lower head penetrations make these two cases very similar - they evolved in close relation 
to each other and form the basis for much of what is to be discussed here (Theofanous, et aI., 1997a; Theofanous et 
aI., 1996h; KymaUiinen et aI., 1997). Presently, IVR is considered for possible implementation in several operating 
reactors, and for possible adoption in several advanced designs. These "other" applications require consideration of 
larger cores, higher power densities, and lower head penetrations. 

Beyond its classical consideration at the pressure vessel boundary. the IVR technology has been suggested in 
further, both "upstream" and "downstream," contexts. The "upstream" context would work in a situation like in the 
AP600, where the thick radial reflector and the low power density cause a significant delay in melting through the 
core hanel, and where, in the case of direct vessel injection (DVI) LOCA, cavity flooding would lead to internal 
vessel reflood, prior to melt relocation. Consequent cooling of the core barrel would stabilize the accident at this stage 
(Theofanous et aI., 1996a, Vol. 2). Clearly, a reactor cooling system can be engineered so that such a reflood behavior 
occurs passively, to follow any significant core degradation. In the "downstream" context, the IVR technology has been 
proposed (Theofanous, 1993) as an ex-vessel core catcher. Called, in this case, basemat-internal thermal boundary 
(BITHERB), it (a lower-head like structure, supported underneath appropriately to allow sufficient space for coolant 
flow, while at the same time resisting any dynamic loads) was configured to be embedded in the 10-m-thick concrete 
basemat (of the SBWR), and to come into play in case the core-on-the-f1oor failed to produce a stable, coolable state. 
Clearly, exposed or temporarily (weakly) covered configurations can be equally well selected, based on particular 
design conveniences. These "alternative" implementations of the IVR technology possess significant flexibility, and 
they deserve the most careful consideration. 

The case for in-vessel retention consists of two major technical components, as summarized in Figure I, which 
can be visualized with the help of Figure 2. Very simply, in the "Steam Explosion Regime," we are looking for the 
integrity of the lower head under the dynamic loads that could arise from steam explosions, potentially occuning 
during the relocation of the melt from the core region to the lower plenum. In the "Thermal Regime," we are looking 
for the integrity of the lower head under the natural convection thermal loads, from the molten pool, on the inside, 
and the cooling due to water boiling on the outside. In this case, significant 'wall meltthrough could occur, and the 
thermally-induced stresses must also be considered. In the former case, the delivered local impulse is important, and 
integrity can be assessed by comparison to the impulse needed to produce failure (IF). In the latter case, the local 
heat flux is important, and integrity is assessed by comparison to the flux needed (qCT) locally, to produce departure 
from nucleate boiling. This is necessary and sufficient, because the the role of themlal stresses is subsummed by this 
mechanism (Theofanous et aI., 1996a). In both cases, we can speak of generalized "loads" and "fragilities," and it is 
essential that both of these be expressed in a manner that reflects uncertainties. 
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Fig. I. The two major technical components of in-vessel retention qw (0) and qc H F (0) are the local heat fluxes at the wall and the local 
critical heat flux on the outside. respectively; btu (0) and bwo are the local and the initial wall thickness, respectively; I is the local impulse 
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Fig. 2a. Illustration of the "Steam Explosion Regime .... 

Fig. 2h. Illustration of the "Thermal Regime," in the AP600 cavity geometry. 
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For problems of this type, besides the usual uncertainties due to stochastic variability, we have also what is known as epistemic uncertainty, and for this, we need rather careful methodological treatment, including extensive review procedures to produce usable results (Theofanous, 1996). In particular, for the AP600 case, besides the USNRC review noted above, two independent international groups of 17 and 16 experts were engaged in the review of the two aspects of the IVR problem, respectively (Theofanous et aI., 1996a; 1996b). All comments and responses are documented in these volumes, so that issues can be followed clearly to resolution. These interactions are helpful not only in providing a perspective of where the more "difficult" aspects of the problems lie, and in hopefully preventing the resurrection of settled questions, but also in allowing the reviewers' own and synergistic contributions. 
In this paper, I concentrate on the "Themlal Regime," and include some more recent, fundamentally-oriented, confirmatory work that we have carried out at UCSB in the past few months. Similarly, we have made significant advancements in the assessment of the "Steam Explosion Regime," especially including a new code, the PM-ALPHA.L (Eulerian-Lagrangian, 3D). These can be found in an addenda to DOE/ID-l 054 I, 10503, and 10504 which are about to be published. Regarding the overall approach it will become apparent that I favor a synthesis based on key physics and fundamentals, even if they lead to complex computations, rather than the usual system-level code calculations. The presentation is structured and presented in the following order: 

• Thermal Failure Criteria 

• Melt Progression Considerations 

• Loads Evaluation Methodology 

• Quantification of Thermal Loads and Integrity Assessment 
• Concluding Remarks 

Finally, in closing these introductory remarks, I wish to make it clear that it is not among my objectives to include a literature survey here - this was done rather thoroughlyin the main AP600 documents (DOEIID-l 0460 and DOE/ID-10541), which also made use of the works of others, as appropriate. 

2. THERMAL FAILURE CRITERIA 
For a completely depressurized primary system (which is the case of interest for IVR), the thermal failure mechanism is boiling transition. The heat flux that causes such a transition is called critical heat flux (CHF), qcr' Generally speaking boiling transition manifests itself by the formation of dry patches on the boiling surface, which causes rapid deterioration of heat transfer, complete dryout, and escalation of the surface temperature to a new level necessary to accommodate the heat flux under film boiling. Also generally speaking, the CHF is adversely affected by the presence of vapor, and this is especially interesting to the present configuration, with a large, nearly horizontal surface around the pole of the lower head (see Figure 2b). This is a situation peculiarly unique to IVR. As we get away from the pole, the situation looks increasingly more and more like normal two-phase flow. Unlike situations studied previously, however, here the outer boundary of the two-phase boundary layer is free, the phases within it are subject, depending on position, to various degrees of stratification, and both of these factors make the relation to known results impossible. Furthermore, complications also arise, due to instabilities in the global natural circulation flow, and the presence of subcooling ('" 12°C caused by the gravity head). 

For the AP600 assessment, the thermal failure criteria was based on direct, full-scale simulations in the ULPU-2000 facility. The facility is illustrated ill Figure 3, and the result of the simulations is shown in Figure 4. The line in this figure was drawn by (8 in degrees) 

(1) 

such that it bounds from below all data points. That this is a conservative bound was demonstrated by many more ex periments (Theofanous et aI., 1996a), including sensitivity studies to natural circulation flow rates (carried out by throttling the flow), a heater made out of reactor vessel steel covered with a typical baked-in paint used for protection, and the presence of baffles representing the reflective thermal insulation in the reactor. The other large-scale facility, the SULTAN in Grenoble, was designed for studying separate effects, and produced results that confirm those of ULPU-2000 (Rouge, 1997). 

Briefly, the design criteria for ULPU-2000 were to match the heater surface length scale, shape, and thermal inertia, power shape, and natural circulation path height and hydraulic diameter. Thus we arrive at tne full height (",6 m), "slice" geometry, shown in Figure 3. The heater element is made of three 7.6 cm-thick copper blocks, with a width of 15 cm, and an overall radius of curvature of ,,-,2 m. The surface is aged and well-wetted, as is expected to be the case for the reactor. Heating, to a maximum /lux of 2 MW/m2, is obtained by cartridges imbedded in the copper blocks. They are, individually, under computer control, and the power shape is adjusted such as to properly represent any specified power shape (see below) in the axisymmetric reactor geometry. In its present version, the facility is equipped with a 
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Fig. 3. Schematic of the ULPU facility. Configuration III is obtained by installing a baffle, to simulate the reactor vessel thermal insulation. 

Fig. 4. The coolability limits of a reactor pressure vessel lower head, from ULPU simulations. The data points at fJ rv 00 are shown displaced 

to the right for clarity. 

curved baffle, with a continuously adjustable positioning, aimed to focus on optimizing performance with respect to 

convective effects. 

The side windows in the ULPU test section (see Figure 3) allow direct visualization of the boiling transition 

phenomenon, and hence an unprecedented identification of the mechanisms. This fortunate circumstance is a conse

quence of the inverted geometry and the ULPU slice design, but the mechanisms may also be relevant to normal boiling 

geometries, where such direct observations are not possible. In our most recent efforts, we use these observations, 

and related surface microthermocouple responses, together with theory, to better understand, predict, and ultimately 

influence critical heat flux (Angelini et al., 1997). 

So far, this work has focused on the pole region (fJ rv 0 0
). In the absence of significant forces to remove the 

boiling bubbles rapidly enough, even under moderate heat fluxes, they coalesce to form something like a thick vapor 

film, or a "lens," which first grows and then slips away by growing radially, under the action of gravity, as illustrated 

in Figure 5. During this vapor, or lens, "residence time," the surface continues to be cooled by a thin liquid layer, left 

hehind at the base of the growing bubbles. The initial thickness of this layer has been estimated at rv 1 00 /Lm, so the 

time required for it to completely vaporize under a given heat flux can be readily estimated. Transition occurs if the 

liquid, sweeping behind the lens departure, arrives after this sort of dryout has occurred. How these two times come to 

intersect as we increase the heat flux, is illustrated in Figure 6. In this figure, taken from measurements in an ULPU 

test, the "depletion time" refers to the time required to completely vaporize the liquid film, and the "residence time" is 

as defined just above. The surface temperature excursion following transition is shown in Figure 7. It is possible to 

simulate this boiling transition behavior with a much smaller ewerimental facility called mini-ULPU, in which a 5-cm 

in diameter heater is made to plunge and retract from the surface of a water pool, at a controlled frequency (see Figure 

8). With the surface now more accessible, we can undertake more detailed measurements, and with the convenience 

of such a small facility, we can study the various factors (surface properties, especially) more efficiently. 

Thus, the prediction problem is basically reduced to predicting the frequency of the lens formation and departure 

cycle. A first attempt at a dynamic model for this purpose is presented by Angelini et al. (1997a). Therein, it is shown 

that the problem scales with the group uTI R, where u is the vapor supply velocity, R is the heater radius of curvature, 

and T is a characteristic time given by (R/g)1/2, g being the acceleration of gravity. Moreover, we find that both the 

departure of an initially stationary lens, as well as the growth and departure cycles in the actual process, occur at a 

dimensionless time, tiT, of order unity. That is, t rv T, 'which is ",,0.5 s, in agreement with the rv2 Hz frequency 

observed in ULPU (and also in the CYBL experiment, Chu et aI., 1997). 

The Microlayer Depletion Time 

Both in ULPU and mini-ULPU we have found that near BC the surface superheat builds to a sufficient level to acti

vale a dense array of rapidly growing vapor bubbles. These bubbles were found to merge within a lime period of "-' 1 Oms 
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Fig. 5. Conceptual illustration of the formation, residence, and release cycle. The residence time is defined as TR = t5 - t[. 
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Fig. 6. Illustration of boiling crisis as the intersection of the vapor lens 'residence' time, and the microlayer "depletion" time. The former is 
from data obtained in ULPU. The latter is calculated based on a microlayer thickness of I 10 Ilm. 

Fig. 7. Illustration of a temperature excursion following boiling transition. Note the rewets. 
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Fig. 8. Schematic of the mini-ULPU experiment. The test section is meticulously insulated, and the mechanical device needed special care 
to damp out unwanted vibrations. 
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(the 'nucleate' boiling time Tb). This yields a microlayer thickness (2 JV jTb) of rv 100 f-im, which is consistent with 
the times required for its evaporation (Angelini et aI., 1997). That this is a good 'reference' value of the microlayer 
thickness, relevant to the BC phenomenon, is supported by the mini-ULPU data, shown in Figure 9. The liquid film 
thickness on the mini-ULPU heater surface can be deduced from these data by the requirement that it is completely 
vaporized within one cycle .. We thus calculate rv450, 270, and 160 f..Lm at 0.5, I, and 2 Hz respectively. Remarkably, 
the sensitive upper portion of the data (w > 2 Hz), indicates that this 160 f-im thickness is an asymptotic value (i.e., 
800 kW/m2 at 2.3 Hz yields 157 f-im). Two important points can be made now. 
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Fig. 9. The critical heat flux data obtained in mini-ULPU. Both heated surfaceswere aged, and well wetted. 

(a) The externally imposed oscillation in mini-ULPU leaves an excess quantity of water on the surface, but this excess 
diminishes with increases in frequency (and critical heat flux). Ultimately, at frequencies greater than ",2 Hz, 
the nucleation density and bubble frowth rates are high enough to produce separation of the liquid film (bubble 
coalescence) prior to the mechanical withdrawal. In this case the liquid film on the heater is the true 'microlayer.' 

(b) As seen in Figure 6, at BC, the contact frequency in ULPU is ",2 Hz. Based on the above, this is sufficient to 
produce a true microlayer. Moreover, the order of magnitude estimate of its thickness, rv 100 11m, is in good 
agreement with that found in mini-ULPU. 

Clearly, more precise estimates can be made, and prediction accuracy could be enhanced, by accounting for such things 
as nucleation site density (effect of wetting properties, cavity sizes, etc.), liquid subcooling (a small amount present 
in ULPU due to gravity head), and heating surface superheat, in affecting bubble growth rales and time scales for 
coalescence. However, the ",100 f..Lrrl estimate should serve, in the meanwhile, as a good, mechanistically sypported, 
reference value for well-wetted surfaces. Typical images of this microlayer in the process of dryout are shown in Figure 
10. 

The Vapor Lens Residence Time 

An initial attempt to predict lens growth and departure was made by Angelini et al. (l997). They used a simple 
mechanical energy balance and several ad hoc elements such as: simplifying the lens shape (as in Figure 5) so that 
it can be parametrized by only two quantities, the lens thickness (b) and the radius (RL ); neglecting inertia effects; 
neglecting condensation, as the lens grows into regions with subcooled water; and assuming as an initial condition a 
proportionality relationship between the lens growth rates in the radial and downward directions. Here we address the 
problem by direct numerical simulation, which requires no significant ad hoc assumptions, 

We use the commercial code FLOW-3D (Hirt, 1987). Calculations were carried out in cylindrical coordinates to 
simulate the ULPU geometry. In all cases the lens growth is initiated from a 20 cm in "radius" (length, RL in Figure 
5) 2 mm thick, vapor bubble, and the vapor supply corresponds (through the latent heat and density) to the applicable 
heat flux. The vapor is taken to behave isothermally. Two kinds of calculations were carried out. In type A runs we 
keep the vapor supply area constant, equal to the initial value, and we allow no condensation. In type B runs the vapor 
supply area is modified at each time step to include the newly exposed heater surface to the vapor in the lens. Since 
this area is very close to the area of the liquid-vapor interface (where condensation is to occur if subcooling exists), 
we can use the results of series B runs (heat flux as the parameter) without condensation, to predict the behavior for 
any, separately estimated, condensation rate, by adding the corresponding heat flux to the flux of the heater (this will 
be made more clear below). 
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Fig. 10. Visualization of the dryout phenomenon in mini-ULPU. The area shown is a 10 mm x 20 mm (horizontal x vertical) region on the 
heated surface. 
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Typical pressure histories are shown in Figure 11. We see an initial, inertia dominated region, of ",50 ms, and a 

rather rapid transition to continuity-controlled growth for the remainder of the time. In the earlier simple model, an 

initial velocity had to be assumed in lieu of this early inertia region. 
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Fig. II. Selected predictions of lens pressure histories. 

In Figure 12. we show typical results of vapor lens shapes, through the growth-departure cycle. The relatively 

flat base is in good agreement with the shape assumed in our previous, simple model (Figure 5). However, we see a 

rather significant difference at the radial front, and at the juncture of this front with the base. Sample results of the' 

lens thickness (at the pole, the "b" in Figure 5) variation with time are shown in Figure 13. Note that growth is more 

gradual, while the collapse portion of the cycle is rather sudden. This is in agreement with visual records from the 

experiments, and contrasts to the symmetrical behavior predicted by the simple model. 

The most important results, the lens residence times, are summarized in Figure 14. In this figure, the series A 

runs are shown without accounting for any condensation. The lens dynamics is controlled solely by buoyancy, and the 

residence time is seen to be rather insensitive to the heat flux (vapor supply). The series B runs, in the same figure, 

are shown scaled with a condensation heat flux of 200 kW/m2. This was estimated from direct contact condensation 

on a turbulent eddy (Theofanous et aI., 1976) having a characteristic, newal, time of 0.015 s, and condensing under 

constant subcooling of 10 K (as in ULPU). These results are similar to those of series A, but exhibit a slightly greater 

sensitivity with heat flux. Finally, as seen in the figure, both results are quite close to the data obtained in the ULPU 

facility. Clearly, more precise estimates for any given situation would require knowledge of the liquid subcooling (it 

may vary as a function of the distance from the heating surface), and of the turbulence length and velocity scales. Since 

the lens surface area (liquid-vapor interface) remains quite close to that of the heater in contact with it, the above series 

B results can be scaled back or forth, depending on the condensation rate predicted - provided, of course, that this rate 

remains approximately constant with time, as used in the calculations. Note, however, that due to the slight sensitivity 

with heat flux this adjustment for condensation is not very important. For more complex situations with variable rates, 

the FLOW-3D calculations need to be run again. 

Discussion 

To gain some perspectives on effects, uncertainties, and implications, we have put together the above results, to construct 

Figure 15. The microlayer depletion times are shown for thicknesses of 110 fLm ±20%. The lens residence times are 

shown for a saturated system, as well as for a constant condensation rate of 200 kW/m2. We can see that for a saturated 

system the CHF can be as low as 300 kW/m2, as indeed was found in ULPU under pool boiling, saturated conditions. 

We also see that with condensation typical of that found in ULPU under natural circulation, the CHF may be as high 

as nearly half the pool boiling (upward facing) value. This was found in ULPU, too. 

We can conclude now that the basic mechanisms are at hand, and that we have the first order "a priori" predictions. 

These in turn suggest the directions for further quantitative refinements and scaling (i.e., the effect of changing the 

radius of curvature). These results also suggest approaches to test (using mini-ULPU), and improve CHF performance 

in engineering applications. 

Guided by the mechanisms outlined above, we can speculate that lower head penetrations (normalIy confined to 

the cenlermost portion of the lower head) are unlikely to affect lens departure, and consequently the coolability limits. 

Still, it would be prudent that this be checked by properly scaled experiments. Moreover, there would appear to be 

much room for improving performance, especially by appropriate thermal insulation designs that maximize the benefit 

of convection. This work could certainly benefit from guidance by the basic understanding outlined above. Finally, 

fin-like structures will have to be considered, as relevant mainly to the ex-vessel context of the IVR technology. 
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Fig. 12(a). Selected FLOW-3D predictions of lens growth and departure histories Run type A at 500 kW/m2. 
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Fig. 14. The prediction of the lens residence time in comparison to ULPU data. The series A results are without condensation, while series B 
is scaled for a condensation heat flux of 200 kW/m2. 

Fig. 15. CHF prediction scheme. The microlayer depletion times are shown for 110 I-Lm ±20%. The lel)s residence times are shown for 
saturated liquid ( ...... J, and for a condensation heat flux of 200kW/m2 (--J. 

3. MELT PROGRESSION CONSIDERATIONS 

By melt progression, here we mean all the intermediate evolution between core uncovery and initial heatup, through 
the rapid oxidation (of cladding) phase and the formation of a molten pool in the core region, to the initial relocation 
event of interest for the explosion loads (Figure 2a), and to the fully relocated core state of interest to the thermal loads 
(Figure 2b). This progression is notoriously complex, and it should be rather clear that, even if a detailed enough 
mechanistic model could be written down, its validation would constitute an essentially impossible task. The principal 
reason is that the process involves, locally, multiple melting, motion, refreezing cycles-that is. inherent uncertainty. 
which is magnified by superposition, and non-feasibility of prototypic enough experiments. Rather, what we need is 
an approach that is basic-principles-based, and captures the main features of interest here. These. in turn, derive from 
three basic questions. directly related to the two aspects of our problem: 

(a) What is the relative likelihood of the sidewards (Figure 2a) versus a downward (through the core support plate) 
relocation path? 

(b) Is the reactor vessel adequately submerged at the time the debris and them1al loads on the lower head become 
significant? 

(c) Can the core melt relocation process create intermediate debris configurations delivering thermal loads greater 
than those characteristic of the final state (Figure 2b)? 
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The answers to these questions depend very much on system design, and the evaluation must include applicable 
scenarios in a rather comprehensive and detailed manner. The AP600 assessment is indicative of the approach and 
attention to detail required. A brief summ,ary follows. 

On the first question, it was possible to conclude that the downwards relocation path is physically unreasonable. 
This conclusion was based on the heat sink potential at the lower end of the fuel bundle, and on the radiative coolability (to 
the water and core support plate below) of bottom-end blockages, having all kinds of compositions and configurations. 
Moreover, this conclusion was bolstered by detailed consideration of the further heat sinks and transient freezing 
phenomena below the fuel region, including the cladding in the fission gas plenum, the Zr plug (see Figure 16), and a 
IA-cm-thick stainless steel plate, perforated with 0.48 cm holes to an area fraction of ,,-,35%, found across the top of 
the bottom-end-fitting. This region would present a second strong barrier, should a crust within the fuel pellet region 
were ever to rupture. The relevant time frame was estimated from the times required to melt the core and penetrate the 
I 3-cm-thick radial reflector (a special feature of the AP600) and core barrel, illustrated in Figures J7 and 18, and it 
was shown that this is well within the time of heat sink effectiveness (for blockage coolability)-as estimated from the 
time required to vaporize the water to a level below the core support plate, and the thermal inertia of the 36-cm-thick 
core support plate itself. 
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Fig. 16. lllustration of AP600 lower fuel assembly and core support plate features. 

Fig. 17. Cross-sectional geometry of the reactor vessel and reflector. 

I 

Based on these results, a timeline of the accident could be put together as illustrated in Figure 19. The cavity 
flooding and consequent vessel reflooding status was obtained from thermal hydraulic calculations carried out by 
Westinghouse (1. Scobcl) using the code MAAP4.0. The "fast" scenario arises when the break that caused the accident 
is inside one of the two so-called valve rooms, and the exact timing of it depends on the size of the drains in these room. 
For our purposes, this is enveloped by the "medium" scenario which, as well as the "slow" scenario, arises from the 
water level rising to the top of the reactor vessel, under the operation of two or one lines of the cavity flooding systems, 
respectively. First, we see that even with half of the cavity flooding system assumed failed, the reactor is completely 
submerged at the time of the first relocation. This answers the second question above, and allows that the fragility in 
Figure 4 be applicable. Second, we note that the "medium" scenario leads to vessel reflood close enough with the first 
relocation event that it may well stabilize most of the core material to within the reflector region. This is the "in-core" 
IVR context mentioned in the Introduction, and it could be further improved upon by appropriate design features that 
allow the vessel to passively reflood at times that encompass the uncertainty in the timing of the first relocation. Third, 
it is clear that, except for a short, essential singularity in time, the relocated debris can only encounter saturated water 
in the lower plenum. This is important for the evaluation steam explosion loads, as discussed further below. 
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Fig. 18. Illustration of AP600 in-vessel structures. 
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Fig. 19. Timeline of melt progression and vessel (internal) rdlood scenarios. 

Finally, one the third question, the key is in the quantities and behavior of the metallic in- vessel structures. The 
mechanism of concern is called "focusing," and involves a thin metal layer on top of a large oxidic pool. Simply put, if 
radiative heat transfer on top is inadequate to discharge the thermal power received from below, the temperature of the 
metal layer would increase, and increasing amounts of energy flow would be directed to the vessel wall. This "focusing" 
would increase as the metal layer thickness decreases, until the thermally-induced turbulence in it is sufficiently low 
for it to sustain significant radial thermal gradients. Assuming the emissivity of a pure metal (0.4), this focusing effect 
becomes threatening to the vessel wall of the AP600 at a thickness of ",20 cm, and no case has been made so far that 
this can be mitigated by radial gradients. So, the question translates to whether the quantities of metal involved in a 
significant quantity of relocated melt can be so low as to limit its thickness to under ",20 cm. For the AP600 with 
40 tons of steel each in the radial reflector and the core barrel, and 25 tons in the core support plate, the height of the 
metallic pool is estimated at over 0.8 m, i.e., well outside the focusing zone. As expected, this aspect of the evaluation 
attracted major attention in the peer review, and the reader is referred to the exchanges, and Appendix 0 of DOEIID-
10460 for further elaboration of relevant melt progression mechanisms. Further, it was noted that a focusing-induced 
failure, were it to occur, would be very localized, and hence inconsequential to the debris retention coolability of the 
lower head. Moreover, such a failure would allow vessel reflood and an easier still stabilization and coolability of any 
nOl-yet-relocated debris. 

4. LOADS EVALUATION METHODOLOGY 

The AP600 assessment is founded on the Risk Oriented Accident Analysis Methodology (ROAAM) (Theofanous, 
1996), the principal aim of which is to handle epistemic uncertainty in a manner that is robust and persuasive. Towards 
this end, the methodology includes as key elements the following. 

(a) A consistent integration of stochastic and detenninistic elements is used to identify the appropriate severe accident 
management "window." In particular, a screening frequency is employed to discard sequences that are "remote 
and speculative," and for those that cannot be so discarded, a physics-based approach is used to make failure in 
question "physically unreasonable." 
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(b) Problem decomposition is employed to explicitly identify and distinguish between well-behaving quantifiable 

portions and inherently unpredictable ones. The former are called "causal relations" (CRs) and are subject 

to the normal engineering practice of scaling, prediction, and assessment of uncertainty. The latter are called 

"intangibles" (1's), and they can onlybe subjectively assessed. A special probability scale is used for the temporary 

"quantification" of the intangibles, as probability density functions (pdf's), so as to allow the necessary integration 

of the various parts to a whole. The manner in which tl1is is to be done is specified by a logical structure call 

a "probabilistic framework." The "quantification" of each intangible is done in a conservative 

fashion. 

(c) Scenario splits that are of an intangible character arc pursued without regard to any "judged" relative likelihood. 

These are called "splinter scenarios" and are pursued comprehensively, except for those that can be shown to be 

"physically unreasonable." 

(d) A broad array of independent experts, so as to cover well all subject areas, are engaged as critics and reviewers 

of a fully developed and documented case, not in the usual expert elicitation style for developing the case. The 

review is pursued until all issued are resolved, and a clear dClcumentation is kept and published at the completion. 

The actual implementation of these procedures in treating the two problems discussed here is probably the hardest to 

summarize within the physical and time confines of this lecture. The reader is referred to the two main documents

DOE/ID-10460 and DOElID-1 054 I-and here we limit our attention to the two probabilistic frameworks only. They 

are shown in Figures 20 and 21, and discussed briefly in the following. 
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Fig. 20. Schematic of the probabilistic framework utilized in evaluating explosion loads for lYE in AP600. 

Fig. 21. Schematic of the probabilistic framework utilized in evaluating thermal loads for IVR in AP600. 

Referring to Figure 20, we can see that the framework converts any specified melt relocation rate to an effective 

wall impulse through the usc of two computer codes, the PM-ALPHA.3D and ESPROSE.m-3D. They calculate the 

premixing and propagation of steam explosions, respectively. The "composition map histories" in the figure refer to the 

time-sequence of spatial distributions of melt, water, and steam volume fractions. These maps "quantify" premixtures, 

in the sense that they strongly affect triggerability and the energetics of an explosion propagated through them. The 

melt relocation rate is specified as an intangible, while the two computer codes are in the role of causal relations. Two 

other intangibles, the degree of breakup during premixing, and the timing of the explosion trigger, are conservatively 
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enveloped in the manner described in SecrirufQ. Verification of the "fitness for purpose" of these two codes has also 
been discussed. ~ 

Referring to Figure 21. we can see that the framework converts any specified input des;ay power. fraction of Zr 
oxidized. and quantity of metal in the melt, to a heat flux distribution to the wall. through the use of a simple model for 
the convection-radiation link (CORAL). The three inputs are specified as intangibles, and the model is in the role of a 
causal relation. A fourth intangible. the metal surface emissivity, is conservatively enveloped, and normal uncertainties 
in properties are reflected by randomly sampling nonnal distributions through specified ±2a ranges. Verification of 
"fitness for purpose" of the model is discussed in Section 5. 

Details on the specification of the intangibles, for both problems, can be found in the original documents. 

5. QUANTIFICATION OF THERMAL LOADS AND INTEGRITY ASESSMENT 

The bulk of the decay power is in the oxidic pool, and the principal consideration in addressing a problem such as the 
one illustrated in Figure 2b concerns the partition of this power into energy flow through the upper (horizontal) and 
lower (curved) pool boundaries. Oxidic crusts surround the melt on all sides, imposing an isothermal boundary, so 
that the problem is completely specified by the geometry, power density, and melt properties. The appropriate scaling 
groups are the internal Rayleigh number (Ra') and the Prandtl number, and the relevant value for them, for the specific 
case considered here, are "-' 1016 and ,,-,0.6, respectively. For large reactors with high power density, the Rayleigh 
number may be greater than 1017 . 

Correlations for the Nusselt number take the form 

Nu; = CRain Prm (2) 

and the values of nand m are such as to suggest small length scale and Prandtl number dependencies. The Nu; and Pr 
numbers are defined in the usual way 

v 
Pr= -

a 
(3) 

where q, is the heat flux through boundary i, Tmax and Tw are the liquid bulk and wall temperatures, respectively, L 
is an appropriate length scale (the height or equivalent height of the pool), and a and v are the thermal diffusivity and 
kinematic viscosity, respectively. The internal Rayleigh number is actually the product of an external Rayleigh number 
(Ra) and the Damkohler number defined by 

. 5 '3· 2 , (3gQL (3g(Tmax - Tw)L QL 
Ra == --- = == Ra . Da 

avk av k(Tmax - Tw) 
(4) 

where Q is the volumetric power density and (3 and k are the fluid thermal expansion coefficient and conductivity, 
respectively. The internal Rayleigh number is used in volumetrically heated (internally-driven) systems, because the 
power density, rather than the temperature difference, is the independent variable. The converse is true in cavities heated 
and/or cooled from the outside; that is, they are externally-driven, and the Ra rather than the Ra' is then appropriate. 
The Damkohler number will be recognized as eq!Jal to the Nu, number for cases in which QL represents the heat flux 
through boundary i-this is exactly true in cavities with only one boundary cooled (upper), or heated (lower), and 
approximately true in horizontal layers with both boundaries cooled, if the lower stratified (conduction) layer is very 
small compared to the whole depth. In all other cases, the Damkohler number is significantly greater than Nu;. 

The problem of finding an appropriate specific expression for Eq. (4) has been in the requirement that in ex
periments both the Ra' and Pr numbers must match the prototypic ranges, in a similar geometry, while the answer 
cannot be found in numerical simulations in that the thermal turbulence and stratification mechanisms have not yet 
been properly closed. On the other hand, direct solutions of the Navier-Stokes equation at the Ra' numbers of interest 
are prohibitive, even with today's computers. It is interesting that, notwithstanding these difficulties, all previous work 
insisted in seeing the internally-driven problem as something very special and thus failing to take advantage of its 
relation to a corresponding externally-driven problem as suggested by Eq. (6). For example, Cheung (1980) repeated. 
for the internal problem for a horizontal layer, the theory of Kraichnan (1962), originally developed for the external 
problem. Also. due to experimental difficulties, the Prandtl number dependence in Eq. (4) has remained unknown. 
The relationship began to be exploited only recently with the introduction of the ACOPO experiment (Theofanous and 
Liu, 1995 and Theofanous et aI., 1996c). ' 

The basic idea is· that at fully developed turbulence (high enough Rayleigh numbers) the physics of the rate 
processes in the two problems should be exactly the same. Further, recognizing that for large enough volumes the time 
constant of boundary layer adjustment to changes in bulk conditions is short, compared to the time constant of the bulk 
change itself, the sequence of quasi-steady stales in an externally-driven transient cooldown could be identified as an 
equivalent set of true steady-stales with internal heating, In the ACOPO experiment, this takes the form of a 2 m in 
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diameter hemisphere (half the reactor scale), heated to some initial temperature, and then allowed to cool by suddenly 
imposing a lower temperature at all boundaries. This is done by circulating coolant through a constant temperature 
bath, and the "jacket" that forms the boundary is segmented (see Figure 22) so as to allow the measurement of the 
local heat fluxes. Experiments conducted with water at initial temperatures near '"'"' 100°C, and the boundaries at ",,0 
°C reached internal Rayleigh numbers of'"'"' 1016, and led to the correlations 

Nuup = 1.95 Ra 
,0.18 

(5) 

NUdn = 0.3Ra 
,0.22 

.(6) 

NUdn 0) B B B B ( () ( )2 ()3 
NUdn = 0.1 + 1.08 Bp - 4.5 Bp + 8.6 Bp for 0.1 < Bp < 0.6 (7) 

N~~:~) = 0.41 + 0.35 (:p) + (~) 2 for 0.6 < :p < 1 (8) 

used in the AP600 assessment. In Eqs. (7) and (8), Bp is the angular position at the top of the oxidic pool, the pole 
being the 0° . 

Fig. 22. Schematic of the ACOPO test vessel, showing the individual cooling units and the vessel support. 

A further step in exploiting the similarity noted above wasmade.more recently (Theofanous and Angelini, 1997), 
with the help of special ACOPO experiments run with only the top boundary cooled. The principal result is shown 
in Figure 23, which unifies the well-known Steinberner-Reineke (1978) correlation for the internal problem, and 
the also classic Chu-Goldstein (1973) and Garon-Goldstein (1973) correlations for the external problem. Thus, it 
unambiguously demonstrates the ACOPO elaim made above. The unified result is 

Nuup = 0.206 RaO. 303 PrO.084 (9) 

where properties for the Ra and Pr numbers are evaluated at the bulk fluid temperature, which is important for the 
ACOPO data with maximum 6.1"s of"" 100°C. The thermal conductivity in Nusselt numbers is based on the film 
temperature, but this is not important. Also important in this unification was to bring in the Prandtl number dependency, 
which in fact has been observed in some externally-driven experiments but remains neglected theoretically. Here this 
was derived mainly from ACOPO, with 2 < Pr < 7, but it agrees with the 0.074 value of Globe and Dropkin (1959). 
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Fig. 23. Nusselt number dependence on external Rayleigh number. In the plot all previous listed correlations are printed. over the full range. 
as dotted lines. 

Beyond the exact similarity between the two problems demonstrated in Figure 23, the fundamental significance 
of it is in showing that the theoretically predicted II3-law (Kraichnan (1962) is not reached, even at Rayleigh numbers 
as high as 1013 . This contradicts the results of Goldstein and Tokuda (1980) that the 1/3-law is reached already at 
lOlO < Ra < lOll. In fact, the ACOPO results taken in the succession of previous data shown in Figure 21, indicate a 
much more gradual but unmistakable transition from the 217- to the 1/3-laws, as illustrated in Table I below. The other 
fundamental significance of these results is that no sudden regime transition can be expected as Ra -+ 00, contrary to 
some recent ideas falling under the name "hard turbulence" (see, for example, Caistang et aI., 1989 and Belmonte et 
aI., 1994). In particular, the -1/7 Prandtl number dependence that characteristically arises in these models is shown 
here to not be true. 

The practical implication of this unification is that the thermal boundary layers in all horizontal boundaries, within 
both the oxidic pool and the metal layer can be treated on the same basis, using Eq. (9), which can be taken as verified 
up to Ra and Ra' numbers of 1013 and 1016 , respectively. This by far exceeds the matching requirements for the 
AP600, and due to the very gradual change in exponent shown in Table I, it could safely be extrapolated to whatever 
Ra' number range is required in larger reactor applications. 

Table 1. 

Corr. Ra Range rn 

C-G 2.76 x 105 -1.05 X 108 0.278 

G-G 1.36 x 107 - 3.29 X 109 0.293 

S-R 2.9 x 1010 - 1.07 X 1011 0.304 

Eq. (9) 2 x 1010 - 1013 0.303 
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Using these results, the up-to-down heat flux split can be readily estimated from 

(10) 

which for Ra' numbers equal to 1015 and 10 16 , respectively, yields 1.63 and 1.49, respectively. For any given oxidic 
pool volume and power density, the total power can be thus partitioned, and the heat fluxes across each of the two 
boundaries can be found by dividing-in the respective areas. The (average) flux through thc curved boundary can then 
be used in Eqs. (7) and (8), to determine the local fluxes, and thus assess coolability through the use of Figure 4 or 
Eq. (l). For the AP600, this shows huge margins, and it can readily be seen that coolability is possible even for much 
higher power densities. For example, for a debris of volume V that fills the hemisphere completely, using an energy 
balance and Eq. (10), we obtain 

,lOR . 
qdn = (1 + 0.5R)- -3- rv O.2QR (11 ) 

Now, scaling the power density directly according to power (in reality it would be lower) from those of the AP600 (rv2 

OW, 0 rv 1.3 MW/m3) for a 3.4 OW reactor, we obtain 0 = 2.2 MW/m3 , and the above equation yields an average 
heat flux of 0.88 MW/m2 • Then, from Eqs. (7) and (8) and Figure 4, we can see that there would be absolutely no 
problem at the bottom (8 rv 0°). The upper end (8 rv 90°) needs to be looked at closer in terms of the specifics, since 
the delivered heat flux of rv 1.76 MW/m2 is higher than qcr' But the difference is small, and the result in Figure 4 does 
not include any features to optimize performance. 

To complete the assessment, the heat flux through the upper boundary, obtained in the manner explained above, 
can be used to drive the metal layer. 

A universal representation of the convection-radiation processes in the metal layer has be written as 

where 

with 

'T'* * *3 
.Lb = Te,o + Tc,o 

q* = ~ (T.* - T* )4/3 
C,w 2 b R.m 

T.* = 1£,0 
C,o t' 

T.* _ Tc,m 
R,m -, j' , 

t = - ,q = wT4 , A = O.15k L (
A)3/8 _ . (/3)1/3 
(0 av 

(12) 

(13) 

(14) 

(15) 

(16) 

and solved once and for alL Results in graphical form, convenient for hand calculations, can be found in Theofanous 
et aL (1996a). A sample is provided in Figure 24, and the focusing problem can be visualized with the help of Figures 
25 and 26. In the above equations, a is the Stefan-Boltzman constant, f is the emissivity, Tb , Tt,o, and Te,m are the 
bulk, layer top surface, and the vessel wall liquidus (in contact with the metal layer) temperatures, respectively, He is 
the metal layer thickness, R is the radius of the vessel, and qe,w is the heat flux to the vessel wall in contact with the 
metal layer. This latter is the quantity of interest, to be determined and compared to the thermal failure criteria, at the 
appropriate angular position. 

A sample of results of a detailed analysis using a model that includes all other details (which turn out to be mostly 
unimportant to the conclusions), and the complete framework discussed in Section 5 is shown in Figure 27. The result 
of an extreme parametric case carried out to test the failure boundaries due to the focusing effect is shown in Figure 28. 

Regarding future appliations to larger, higher power density reactors, the rough estimates of flu~es provided above 
indicate that the focusing effect can become a real problem. Special attention in this regard needs to be paid to internal 
design fcatures, as they affect melt progression and relocation phenomena, and the quantities of molten metal involved 
in them. It also may be worth looking out for any radial transport limitations in large aspect ratio metal layers, as noted 
above. Finally, in case all these fail to produce adequate, robust results, IVR should be considered ih the "ex-vessel" 
context noted in the Introduction. 

70 



2 

-- H,IR= O.l 
H,/R~ 0.2 

-~~-:-.:~.~ ~:~~: g~ 
---------- H,IR a 0 5 

... ----

Fig. 24. Sample solutions to the system of Eqs. (12) - (14). Each group of He! R lines corresponds to one value of le,m. The four values that correspond to the four groups shown are 0.116, 0.126. 0.134. and 0.141-these are in the order of increasing values for q~P for the starting points of the four solid lines (He! R = 0.1) that lead each of the four groups. 
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Fig. 25. Solution tothe systems of Eqs. (12) - (14) in physical variables, with the emissivity as the parameter. quP = 400 kW/m2 , and A = 2764 W/m'2· K4/ 3 . For the chosen value of qup, the peak heat flux at the edge of the oxidic pool is 350 kW/m'2, and the intersections shown represent the values of He/ R below which the heat flux at the layer-wall contact would exceed this value. These signify the "focusing" threshold. 

6. CONCLUDING REMARKS 
The in-vessel retention idea, as a severe accident management strategy, is welJ-based on hoth, fundan)ental and practical considerations. It is of proven validity for low power density, medium size reactors, such as Loviisa and the AP600 design. For very large, high power density reactors, the concept requires a closer examination, and perhaps some help from appropriate, new, design features. More importantly, the IVR technology could be beneficialJy employed to arrest an accident either inside the core barrel, or ex-vessel, in a core-catcher that resembles the lower head. It is important to recognize that the ex-vessel application allows considerably more flexibility than is possible in-vessel, and thus opportunities to optimize and accept much larger, and higher power density cores. 
Regarding the thermal loading aspects of the problem, the technology is sufficiently mature, but it would be prudent to also accumulate the real-materials experience as provided by the international RASPLAV program at the Khurtsatov Institute. 

Regarding the explosion loading aspects, IVR provided the impetus for important fundamental advances in the past few years, so that, now, a rational approach to this problem begins to appear possible. This work is likely to have a long lasting impact to areas much wider than IVR, or even nuclear reactor safety. 
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Fig. 27. Probability distributions of the heat fluxes normalized by the local Cicr for selected positions around the lower head. The position 
B = 85 0 corresponds to the top of the metallic layer. The double-hump behavior at position B = 75 0
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Fig. 28. Results of an extreme parametric study carried out to "test the failure boundaries." H = 1.18 m. H£ = 0.22 m, and Q = l.4 
MW/m3. 
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